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In order to translate nanotechnology into medical practice, magnetic nano-
particles (MNPs) have been presented as a class of non-invasive nanomate-
rials for numerous biomedical applications. In particular, MNPs have opened
a door for simultaneous diagnosis and brisk treatment of diseases in the
form of theranostic agents. This review highlights the recent advances in
preparation and utilization of MNPs from the synthesis and functionalization
steps to the final design consideration in evading the body immune system
for therapeutic and diagnostic applications with addressing the most recent

the potential of nanobiotechnology in
the form of various functional agents for
biomedical applications. In particular, by
exploiting the unique properties of nano-
particles the ideal notion of simultaneous
therapeutic and diagnostic applications
has been made practical on a single so
called “theranostic” agent.?

Among the broad spectrum of nano-
particles, magnetic nanoparticles (MNPs)

examples of the literature in each section. This study provides a conceptual
framework of a wide range of synthetic routes classified mainly as wet chem-
istry, state-of-the-art microfluidic reactors, and biogenic routes, along with
the most popular coating materials to stabilize resultant MNPs. Additionally,
key aspects of prolonging the half-life of MNPs via overcoming the sequential
biological barriers are covered through unraveling the biophysical interactions
at the bio—nano interface and giving a set of criteria to efficiently modulate
MNPs’ physicochemical properties. Furthermore, concepts of passive and
active targeting for successful cell internalization, by respectively exploiting
the unique properties of cancers and novel targeting ligands are described in
detail. Finally, this study extensively covers the recent developments in mag-
netic drug targeting and hyperthermia as therapeutic applications of MNPs.
In addition, multi-modal imaging via fusion of magnetic resonance imaging,
and also innovative magnetic particle imaging with other imaging techniques

for early diagnosis of diseases are extensively provided.

1. Introduction

Nanotechnology as a promising strategy has successfully
allowed for an unprecedented resolve of a wide range of
impasses incurred in science. Surprisingly, intersection of
nanotechnology with biology has enabled a superb thrust for
active developments in an emerging field, termed as nano-
biotechnology.l! To this end, nanoscale particles have been
considered as an important class of biomaterials to unleash
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have attracted a significant attention to be
investigated as an appropriate and prac-
tical theranostic platform.’l To this end,
MNPs have to embark a long journey from
the first steps of synthesis and functionali-
zation to the final modulation for biomed-
ical applications (Figure 1). Synthesizing
MNPs, magnetic cores with appropriate
coating shells are the undoubted primary
components.  Superparamagnetic  iron
oxide nanoparticles (SPION) have received
a wide range of attentions due to their
unique properties of being biodegradable
and biocompatible to serve as scaffolds for
building theranostic agents. Such mag-
netic cores render the theranostic agents
trackable which come in handy for map-
ping and steering them to the specific site
of disease.! While magnetotactic bacteria
contain biogenic MNPs in the form of
iron oxide and greigite,” there are chemicall® and mechanical’!
routes to prepare synthetic MNPs. In particular, state-of-the-art
microfluidic reactors have been extensively exploited to produce
suitable MNPs with appropriate physicochemical properties for
biomedical applications.®! The presence of a coating shell on
the surface of MNPs is a prerequisite to stabilize them in the
colloid during their maintenance and promotes favorable inter-
actions between the MNPs and the biological system. Different
organic and inorganic coatings including silica, gold, small
molecules, synthetic and natural polymers, or copolymers have
been investigated.’)

Furthermore, since such nanoparticles are implemented
within a very complex system of body, a set of design criteria
should be fulfilled to engineer MNPs for both prolonging the
blood circulation time and promoting better interaction with
the vascular wall.'% In fact, the physicochemical properties of
MNPs, such as size, shape, surface charge, and hydrophobicity
should be greatly modulated to evade the immune system of the
body and undergo a successful endocytosis process.'!l In the
matter of evading the body immune system, large nanoparticles
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Figure 1. Different steps to design magnetic nanoparticles for theranostic applications.

are readily taken by the reticuloendothelial system (RES), and
also increase the chances of vessel embolism.? On the other
hand, very small nanoparticles can be renally excreted from the
body due to small pores of the basal lamina of kidney, =10 nm
sized.¥] Furthermore, hydrophobic and negatively charged
surface of nanoparticles make them prone to the adsorption
of opsonin proteins which alters their chemical identity and
makes them more visible to phagocytic cells and removal of the
body. Hence, a wide range of polymeric and biomimetic coat-
ings as well as zwitterionic molecules have been shown prom-
ising to reduce the hydrophobicity of nanoparticles and inhibit
the formation of protein corona.' In addition to evading the
RES, cellular internalization of nanoparticles is also highly
affected by their size and shape. Although larger nanoparticles
increase the propensity of migration near the vascular wall,
their chance to be taken up by tumor cells may be decreased."!
Additionally, compared to spherical nanoparticles, elongated
and disk-like nanoparticles have shown better cellular uptake
due to exhibiting larger lateral drift velocities and lowering the
hydrodynamic forces.[®!

Within this last step, functionalization of MNPs to prepare
a practical theranostic agent takes place by loading targeting
ligands, imaging modalities and also therapeutics via conju-
gating them on the surface of MNPs by encapsulating them
within the coating shell.'%17] The presence of targeting ligands
is beneficial to increase the MNPs affinity toward the specific
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site of disease.l¥l Types of specific coating as well as diagnostic
and therapeutic payloads highly depend on the end therapeutic
and/or diagnostic applications which not only determine the
nature of surface coatings and the final size of the MNPs, but
also have a great impact on biokinetics and biodistribution of
MNPs in the body.!

In the matter of diagnostic applications, MNPs can serve as
potential contrast agents for MRL, ! as well as novel tracers
for magnetic particle imaging (MPI).2% Furthermore, MNPs
enable a successful dual/three-modal imaging by serving as
workhorses to load other imaging modalities, such as posi-
tron emission tomography (PET),?!! optical,?? single photon
emission tomography (SPECT),?¥ computed tomography
(CT),1”Y and photoacoustic®’l imaging techniques. On the other
hand, numerous therapeutic applications of MNPs have been
widely investigated during the last decades. Thermal ablation
and hyperthermia,l?®l targetable drug delivery,?”) tissue engi-
neering,?®l gene delivery (transfection),??”! cell or DNA purifica-
tion and separation3% are of some most important therapeutic
applications facilitated by the novel MNP theranostic agents.

In this review, the most recent advances to prepare thera-
nostic agents will be described. The review will start with a con-
ceptual framework of a wide range of synthetic routes classified
as wet-chemistry, microfluidic reactors, and biogenic routes
along with the recent examples of the literature which is, to the
best of our knowledge, provided for the first time. This section
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will be followed by describing the exigencies and approaches
of coating MNPs as well as pros and cons of different types
of coating materials. Within the next section, we will provide
a better understanding of the in vivo behavior of MNPs along
with a set of criteria to overcome the biological barriers in order
to prolong their blood circulation time. This section will be fol-
lowed by unraveling the fundamentals of passive and active
targeting by taking advantage of EPR and targeting ligands to
increase the propensity in going through the cell's gate to per-
form their designated function. Finally, we will provide infor-
mation on magnetic drug targeting and hyperthermia as two
of the most popular therapeutic applications of MNPs. Further-
more, extensive information on the superb potential of MNPs
for state-of-the-art multi-modal imaging via fusion of MRI and
MPI with other imaging techniques will be described in detail.

2. Synthesis of MNPs

Numerous synthetic routes have been developed to produce
MNPs with good control of shape, size, and distribution. Fur-
thermore, the synthesis method determines the way of coating
MNPs, whether by an in situ or a post processing method.B3!
Broadly speaking, the batch production of magnetic core of
MNPs, which is iron oxide in most cases, can be performed
either by top-down or bottom-up techniques. Lots of different
mechanical and physical techniques such as ultrasonication,
irradiation, laser ablation, microwave and electrochemical, and
physical vapor deposition are used in top down approaches to
produce MNPs by “green” methods.*?! In particular, these envi-
ronmental friendly methods consist of transforming the bulk
phase material into nanometer sized.l3*! Top-down options are
preferred in industry because they are simpler, less expensive,
and easy to scale up the production. Although it is a viable
green technique and requires limited manual operation,**
particles functionalization will be more problematic and the
resultant NPs through these inexpensive routes will be in
a wide distribution of size and shapes®)! which directly limit
their utilization for biological applications. On the other hand,
bottom up techniques (also known as wet chemistry routes)
refer to the chemical synthesis of nanoparticles wherein the
primary nucleation of nanomaterials followed by growth and
aggregation will finally result in desired nanoparticles with
specific size and shapes.?® In addition to batch production by
conventional top-down and bottom-up approaches, microfluidic
reactors and biogenic synthesis have also been widely exploited
to improve the quality of MNPs (Figure 2).

A qualitative comparison of these three synthetic routes is
provided in Table 1. Wet chemistry routes lead to the batch pro-
duction of nanoparticles by exploiting macro-scale equipment
to perform the reaction process. These conventional routes
are more energy consuming compared to microfluidics (MF)
and biogenic synthesis of MNPs. Furthermore, controlling the
determining factors of size, shape, and morphology are also
more difficult. In contrast with batch synthesis, with micro-
fluidic manipulations, all the laboratory is miniaturized on a
single small chip that handles whole reaction process for the
synthesis of nanoparticles. These novel systems offer a good
mixing of reagents in microchannels to produce high quality
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MNPs with controlled shape and size. Continuous produc-
tion parallel to the automation of the process is of the distinct
advantages offered by microfluidic systems.?” Last but not
least, a lot of efforts have been directed to biogenic synthesis of
MNPs by exploiting magnetotactic bacteria, its pioneering pro-
tein (Mms6), fungi, and ferroxidase to produce nanoparticles
under mild conditions. These routes are advantageous in terms
of being very low energy consuming and providing high quali-
fied MNPs with narrow size distribution.*8l

Practical manipulation of bio—nanomaterials in theranostic
applications highly owes to fulfilling a range of prerequisites
related to their shape, size, and crystal structure. To this point, a
series of anatomical size restrictions exerted by renal ultrafiltra-
tion in kidney, and other organs such as spleen and liver makes
it compulsory for the nanoparticles to have a narrow size dis-
tribution for eluding such physiological barriers. On the other
hand, since magnetic property of MNPs render them trackable
and capable for therapeutic applications such as hyperthermia
and magnetic drug targeting, it will be necessary to ensure
the uniformity of all nanoparticles for a predictable and con-
cordant respond to the magnetic field. In the matter of MNPs
nanoparticles which comprise transition metals such as iron, a
self-assembling process occurs wherein metal solutes nucleate,
grow and agglomerate into nanoclusters (Figure 3a).3% For a
better control of reaction, understanding both kinetics and ther-
modynamics of the reaction is critical.*¥) Reagent concentra-
tion, reaction temperature and residence time are of the most
critical factors in controlling the size, crystallinity, and shape
of the resultant nanoparticles (Figure 3b).!! Following the pri-
mary nucleation of nanoparticles, critical growth parameters
such as surface energy and growth rate along with the factors
mentioned determine the final shape of the resultant nanopar-
ticles during the crystal growth.[*?l Presence of a homogenous
reaction environment followed by ultrafast mixing along with
controlling the mixing time of reagents can lead to the fabri-
cation of nanoparticles desired properties.[*’] Despite the wide-
spread utilization of wet-chemistry routes, they still suffer
from some inherent properties to control the mentioned fac-
tors which results in uneven mixing and local temperature
fluctuations.**!  For instance, although the coprecipitation
method offers a good control over the shape and phase uni-
formity of nanoparticles,*’! maintaining and controlling the
product homogeneity is problematic and needs multipurifica-
tion steps for obtaining stable monodisperse nanoparticles.*®!
However, pH, the ratio of salts and the nature of the base can
be regulated for a better control over the reaction.*”] On the
other hand, type of precursor and surfactant, their relative ratio
and solvent within the thermal decomposition have significant
effects on the quality of the final product, nevertheless, tuning
of the nanoparticles’ shape is still remaining.*8! Moreover, con-
fined growth due to the use of surfactants and polymers is one
drawback of these methods and is an area for improvement.*’]

In contrast, microfluidic devices offer a potential controlling
ability over the mixing time, reaction temperature, and con-
centration of reagents which directly results in preparation of
nanoparticles with narrower size distribution.”” In fact, by per-
forming the reaction by means of fluid flows that are geometri-
cally constrained within microenvironments, smaller volumes
of reagents will be used in a continuous safer process which
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Figure 2. Different strategies for MNPs preparation: a) wet chemistry routes, b) microfluidic reactors, and c) biogenic synthesis.

can be easily scaled up. In the first place, an accurate control
over the synthesis process is attainable owing to large surface
areas of microfluidic devices and their unique ability for fast
heating/cooling of the reaction mixtures which prevents the
formation of large temperature gradients.P!) More importantly,
different modules of single-phase and multiphase microfluidics
devices, combined with optimized designs geometrical chan-
nels networks ensure the homogeneity of the reaction through
enhancing the continuous mixing of reagents toward a uniform
heating and mixing.’?l Furthermore, by tuning the channel
length and regulating the flow of reagents a precise control over
the reaction time is achieved for quenching the reaction when-
ever the nanoparticles reach the appropriate size and shape.”>?l

2.1. Wet-Chemistry Routes
Bottom up approach synthesis which generally uses wet chem-

istry routes, is grouped into hydrolytic and non-hydrolytic
approaches both having some advantages and disadvantages
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(Figure 4). Table 2 compares different bottom up synthesis
approaches. In this section, we provide common chemical
routes which have been mostly used for the synthesis of MNPs
and some of experimental works related to them.

2.1.1. Hydrolytic Approaches

2.1.1.1. Coprecipitation: The most commonly used way to pro-
duce MNPs in a large scale is hydrolytic coprecipitation which
relies on Massart method,> where iron oxide nanoparticles are
synthesized by alkaline coprecipitation of Fe?"/Fe3* salt solu-
tions at room temperature or elevated temperature (Figure 4a).
Within this process, NPs are synthesized by the quick increase
of monomers over critical supersaturation followed by a slower
growth phase.'® Then the nuclei growth take place at the
same rate to produce monodisperse NPs.’® Although this
quick method offers excellent shape and phase uniformity con-
trol, it suffers from poor size control.*’! The size and shape of
the produced nanoparticles are highly affected by experimental
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Table 1. Qualitative comparison between bottom-up (wet-chemistry), top-down,

nanoparticles.
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microfluidic reactor-based, and biogenic synthesis of magnetic

Properties wet-chemistry routes Mechanical routes Microfluidic reactor Biogenic synthesis
Minimal practical size Small Small Very small Very small
Practical size distribution Large Very large Small Very small
Reproducibility poor Good Good Poor
Yield High Very High High Low
Mixing quality Good - Very good -
Mass and heat transfer Moderate - Very good -
Scale up efficiency Good Very good Very good Poor
Surface area to volume ratio Small Small High High
Operational stability Very good - Good Poor
Automation Poor Good Very good Poor
Safety of operation Good Poor Very good Very good
Continuous synthesis Poor Good Very good Poor
Energy consumption High Low Low Very low
Control over reaction time Poor - Good Poor
Control over shape and size Good Very poor Very good Poor

parameters such as the temperature of the reaction, pH value,
types of salts used, the ratio of Fe’"/Fe*" and the nature of
the base. Among them, pH is a key parameter that has an
impact on MNP size.*’] Specifically, as the pH of the reaction
increases, the induced repulsion among primary MNPs leads
to smaller magnetite nanoparticles. Overall, this process takes
advantage of cheap chemicals and mild reaction conditions,

(@ | I

with the possibility to be performed for the direct synthesis of
nanoparticles in water.

Iron chlorides, nitrates or sulfates are generally the ferrous
and ferric salts used in the reaction. Such salts are combined
with an acidic material (hydrochloric acid as an example). Sub-
sequently desired iron oxides will precipitate upon addition of a
base with strong alkaline nature (such as ammonia or sodium
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Figure 3. Diagram of the self assembly, nuclation, and growth of nanoparticles. a) Individual molecules first nucleate (I and Il), followed by aggregation
of nuclei into nanoparticles (I1). If the reaction is not quenched or stabilized, nanoparticles tend to agglomerate into bulk material (IV). b) Surface
energy, growth rate, and temperature of the reaction highly control the final size and shapes of the nanoparticles.
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permission.l*2

hydroxide). Finally a centrifugation procedure in the presence
of ethanol and water takes place to wash unreacted chemicals.
Coprecipitation process has the potential of producing highly
concentrated ferrofluids thanks to the high density of hydroxyls
groups on the surface. In contrast with thermal decomposi-
tion method, surfactants are not added to the solvent until the
coprecipitation process is finished. However, this step should
be done precisely with great care to avoid any further oxidation
of the resultant MNPs in ambient conditions.’”] A good disper-
sity and size stability maintenance of the resulting MNPs can
be achieved by adding hydrophilic polymers such as polyvinyla-
lcohol (PVA) during the process to act as coating agents or sta-
bilizing matrixes.’®) MNPs with either of these surface coating
materials can disperse at high concentration in water or oil to
form stable ferrofluids. Such ferrofluids contain small enough
MNPs, due to which neither magnetic nor gravitational fields
can cause their precipitation.l>’

In a pioneering study performed by Cabuil and co-workers
nickel-zinc ferrite particles were synthesized by coprecipitation
of an aqueous mixture of metallic salts (nickel chloride, zinc
chloride and iron (III) chloride) in an alkaline medium. Studies
of the magnetic properties of resultant particles revealed that
the saturation magnetization can be varied through modifying
the zinc amount.*¥) Another study by the same group pro-
duced superparamagnetic liposomes as highly efficient MRI
contrasts for in vivo imaging.®!l In the first place, magnetite
nanoparticles were fabricated by alkaline coprecipitation of iron
(II) chloride and iron (III) chloride salts. Subsequently, a thin
film hydration method coupled with sequential extrusion was
used to encapsulate the resultant nanoparticles within large
unilamellar liposomes sterically stabilized by polyethylene gyl-
cole (PEG) chains. These magnetic micelles presented long-
circulating behavior in blood among with proper potential for in
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vivo magnetic resonance (MR) imaging. In a study performed
by Chen et al. MnFe,0, particles were synthesized through
coprecipitation of FeCl;-6H,0 and MnCl,-4H,0 salts and
using NaOH as the reaction agent to study the size effects on
the magnetic properties of the resultant nanoparticles. Their
results showed that the curie temperature and saturation mag-
netization decrease relative to the bulk as size decreases.l
Another group synthesized superparamagnetic MgFe,O, nano-
particles by coprecipitation of FeCl;-6H,0 and MgCl,-6H,0
by adding NaOH to study their superparamagnetic relaxation
of magnetization. It was obtained that the relaxation time was
correlated with the particle size and temperature and is con-
sistent with Neel theory.l®] Kang et al. synthesized Fe;0, iron
oxide nanoparticles with a narrow size distribution through
coprecipitation method without using surfactants.® In con-
trast, many researchers have reported efficient routes for the
synthesis of monodispersed MNPs by adding surfactants such
as dextran or PVA in the reaction media to have better control
of the size distribution.I®! Influence of surfactants on the struc-
tural and magnetic properties of NPs have been studied(®® and
it was concluded that the estimated average particle and crystal-
lite size distributions depend on the choice of the surfactant.
This method allows coating the produced MNPs to make them
stabilized and biocompatible especially for biomedical appli-
cations.[”] Salunkhe produced superparamagnetic iron oxide
nanoparticles from ferrous chloride and ferric chloride salts by
applying a new generation base diisopropylamine, which elec-
trostatically complexes with iron ions, reduces them and sub-
sequently caps the nanoparticle.l®®! A comprehensive study was
performed by Hauser et al.l®”] to investigate the chemical prop-
erties of dextran coated iron oxide nanoparticles via four varia-
tions on the coprecipitation method. The time of the addition
of dextran into the reaction mixture was the varying parameter
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in the methods named as: two step, semi-two-step, simulta-
neous semi-two-step, and one-step synthesis. They reported the
greatest batch-to-batch reproducibility of nanoparticles and the
least variation in nanoparticles synthesized by a simultaneous
semi-two-step method. In this method the reducing agent
and dextran solution were injected into the reaction vessel at
the same time. On the other hand, their results showed that
one-pot synthesis resulted in significantly smaller MNPs, very
stable in phosphate buffered saline (PBS), with lower specific
adsorption rate (SAR) values. In another comparative study,
Roth et al. investigated the impact of synthesis parameters on
the coprecipitation process SPIONs.I"% They reported synthesis
of MNPs with diameters between 3 and 17 nm by variation of
iron salt concentration, reaction temperature, ratio of hydroxide
ions to iron ions and ratio of Fe’'/Fe*. Their results also
revealed that employment of high iron salt concentrations and
molar ratio of Fe?*/Fe3" below 2:1 can enhance the saturation
magnetization of resultant MNPs. On the other hand, higher
iron salt concentrations and a hyperstoichiometric normal ratio
of hydroxide ions to iron ions of 1.4:1 can increase the size of
MNPs. Kumar et al. also elucidated the effects of precursors in
the formation of different forms of iron oxide and oxyhydroxide
by using trioctylamine as the reducing agent in a coprecipita-
tion process.’!l Their results showed that the constitution,
shape, size, and properties of phases significantly changed by
changing the cations.

Topel el al. performed a modified coprecipitation method to
produced functionalized polyethyleneimine (PEI) coated Fe;O,
nanoparticles, with a diameter of around 10 nm, covalently
conjugated with fluorophore molecules.”? Their investiga-
tion from in vitro tests on two human cancer cells showed the
easy penetration of the resultant MNPs into cell cytoplasm in
the living cells to be very promising for bio-imaging applica-
tions. In a very recent study performed by Bhandari et al.,”?!
a simple coprecipitation method was used to produce cur-
cumin functionalized magnetite nanoparticles and they were
analyzed for cell viability assay against an inflammatory agent.
Pereira et al.’¥l prepared small sized ferrites by using alkanola-
mines as the alkaline source and as complexing agents which
resulted in better magnetic properties. In a recent study, block
copolymers were used in a coprecipitation process, where iron
salts (1:2 molar ratio of FeCl,/FeCl; at 0.065 M) were pre-mixed
with different amounts of diblock copolymer in aqueous solu-
tions, to make magnetic nanoparticles for use as MRI contrast
agents.I” In other study performed by Mireles et al.,”® three
differently functionalized magnetite iron oxide nanoparticles
were prepared by the alkaline coprecipitation of FeCl, and
FeCl; in diethylene glycol (DEG). The heated mixture of the
salts under N, at 170 °C was followed by the addition of NaOH
to obtain black precipitates of bare MNPs. Two additional sam-
ples were prepared by further functionalization of the produced
MNPs via direct reaction with silanes. Their results indicated of
weak surface functionalization due to the catalytic effect of the
magnetic cores. In addition, unavoidable contaminations which
could possibly cause problems in biomedical applications were
obtained.

Coprecipitation method can also be used for the syn-
thesis of shape-controlled iron oxide nanoparticles. Recently,
Shen et al.”’l have reported the synthesis of monodispersed
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magnetite (Fe;0,4) nanoparticles with high saturation magneti-
zation, including nanospheres, nanoneedles, and nanocubes by
changing the amount of sodium dodecyl sulfate through copre-
cipitation method. Transmission electron microscopy (TEM)
showed that by varying the amount of sodium dodecyl sulfate
the morphology of magnetite nanoparticles changed from
nanospheres to nanoneedles and to nanocubes.

In summary, mild reaction conditions, as well as cheap
chemicals for direct synthesis in water and easy surface modifi-
cation are of the advantages of coprecipitation method. Types of
salts, the ratio of Fe?*/Fe3*, reaction temperature and pH value
highly affect the size and shape of nanoparticles. However,
despite the excellent control over shape and uniformity, con-
trolling the size of nanoparticles is problematic through syn-
thesis strategy. MNPs produced by the coprecipitation approach
tend to be polydisperse. In particular, the blocking temperature
depends on the particle size, hence a wide particle size distribu-
tion results in a wide range of blocking temperatures. In this
regard, in order to produce monodisperse MNPs, a short burst
of nucleation and slow controlled growth are required and also
in most cases, it requires a consequent size sorting procedures
to reduce the polydispersity index of the batches.®’l In addition,
adjusting the pH value of the reaction mixture in both steps of
synthesis and purification faces this approach with some dif-
ficulties. Furthermore, subsequent treatments are required for
protecting the environment from the generated wastewaters
with very basic pH values.”®!

2.1.1.2.  Hydrothermal/or ~ Solvothermal — Synthesis: General
problem related to all hydrolytic approaches is that various
numbers of parameters deal with the complex aqueous chem-
istry and rich phase diagram of iron oxide phases must be
monitored to control the synthetic outcome.l*”] An old acces-
sible way termed as solvothermal synthesis has been devised
to produce MNPs with various morphologies, narrow size
distribution, and good shape control.’! This method involves
a sealed container or an autoclave within which the chemical
reaction is performed under high temperature (130-250 °C)
and high vapor pressure (0.3-4 MPa).” The process is called
hydrothermal synthesis in case of using water as the solvent of
the reaction. Performing the reactions in such aqueous solu-
tions at high temperature and pressure conditions produces
high crystalline MNPs with uniform small size. A review on
hydrothermal synthesis of metal oxide nanoparticles has been
published,® which gives detailed information on what exactly
happens within hydrothermal process. Herein we briefly
explain the basic mechanism behind this method. A diagram
of the solvothermal synthesis method is shown in Figure 4b.
The ions or molecular groups to be nucleated at initial stage
are formed in a solvent or mixture dissolving metallic precursor
and surfactants.®! Subsequently, the entire setup is placed into
a constant temperature vessel until the materials are “pressure
cooked” at elevated temperatures.”’) In particular, a driving
force produced by the intense convection effects due to tem-
perature difference between the bottom and top of the sealed
container is in charge of transporting these ions or molecular
groups to the low temperature area. This phenomenon con-
tinues until a critical supersaturated solution for nucleation
is generated, which subsequently leads to a large amount of
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magnetic nuclei. Eventually, high crystalline nanoparticles will
be resulted by repeated dissolution and recrystallization pro-
cesses induced in the growth of MNPs.[82

There are numerous reports in the literature on exploiting
the hydrothermal synthesis for producing iron oxide MNPs,
either in the presence or absence of stabilizing surfactants./®*!
In 1980, a comprehensive study conducted by Sapieszko et al.,
utilized the hydrothermal decomposition of metal chelates in
mixture with different additives for producing colloidal solids
of different chemical compositions and morphologies.®4 Spe-
cifically, ferric oxide colloidal particles of a variety of morpholo-
gies were prepared under the hydrothermal aging of strongly
alkaline solutions of ferric salts and triethanolamine at 250 °C.
In another work, magnetite nanoparticles with fairly uniform
size were produced by precipitating Fe?* ion with ammonium
hydroxide in the absence of surfactants.®®] The reaction was
performed under hydrothermal conditions at a temperature of
134 °C and a pressure of 2 bars for 3 h. The average size of the
produced MNPs was 31.1 + 6.1, which was dependent on con-
centration of the reactants and the reaction solvent composi-
tion. In a very recent study, iron oxide nanoparticles containing
nanosized cavities were produced by developing a surfactant
free hydrothermal method.B% The prepared samples were cal-
cined in air and nitrogen, resulting in MNPs with cavities of
diameter 7-15 nm and 5-12 nm, respectively.

Hydrothermal synthesis can also be performed under a con-
tinuous process wherein micropumps are employed to flow
the reagent within tubes.®”] Xu et al.®® conducted a pioneering
study to investigate the factors that affect the size, size distri-
bution, and morphology of iron oxide nanoparticles obtained
in the presence and absence of PVA, via continuous hydro-
thermal synthesis. Temperature and residence time increased
the average particles size. Presence of PVA significantly limited
the aggregation of resultant MNPS. Their results also showed
narrow particle size distribution with increasing the PVA con-
centration. In a very recent study, iron oxide nanoparticles were
synthesized within a low temperature hydrothermal approach
by using two series of iron precursors, sulfates, and chlorides.®”!
MNPs with a mixture of both spherical and rod morphologies
were obtained when iron sulfate was used as the precursor of
the reaction at 180 °C. While spherical MNPs with size range
5-20 were obtained in the case of using iron chlorides. On the
other hand, by increasing the temperature up to 190 °C, spher-
ical MNPs were resulted from both types of precursors.

Gyergyek et al.’% also presented a study to investigate the
influence of the temperature and the concentration of ricinoleic
acid on the size and magnetic properties of iron oxide nano-
particles produced by coprecipitation from aqueous media and
hydrothermal treatment of the media. Their results showed that
at high temperatures (180 °C) the growth of MNPs becomes
more pronounced, while they have broader size distribution.
In addition, presence of ricinoleic acid surpassed their growth
under the hydrothermal conditions. A relatively good control
over the average size of the MNPs was achieved by varying the
concentration of ricinoleic acid.

A method introduced by Li and co-workers®! involves use
of liquid-solid-solution (LSS) reaction. The system consists
of metal linoleate (solid), an ethanol linoleic acid liquid phase,
and a water—ethanol solution at different reaction temperatures
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of the reaction makes along with the need
for special reactors or autoclaves makes this
strategy not be energy efficient compared to
other synthesis methods.

Liquid

2.1.1.3. Sonochemistry: Ultrasound refers to
acoustic fields at frequencies greater than
those audible to humans. Despite the appli-
cations of ultrasound radiation in medicine,
mainly for diagnosis, ultrasound has also
paved its path in chemistry.”> Currently, ultra
sound is a laboratory tool used to dispersing
nanoparticles and colloids, as well as driving
chemical reactions.’® Ultrasound offers a
non-invasive control over the fabrication
process of materials by generating localized
heating and/or mechanical forces.”’} It was
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Figure 5. The liquid—solid—solution (LSS) phase transfer synthetic strategy.

permission.®l Copyright 2005, Nature Publishing Group.

under hydrothermal conditions. As illustrated in Figure 5, in
this process, a general phase transfer and separation occur at
the interfaces of the ethanol linoleic acid liquid phase (liquid),
metal linoleate (solid), and the water—ethanol solutions (solu-
tion) of the present phases during the process.’” Through this
approach, reaction conditions, such as solvent, temperature,
and time have great impacts on the properties of the synthe-
sized nanoparticles. The competence between the rate of pro-
cess of nucleation and particle growth can control the MNP size
in crystallization. By maintaining other parameters at constant
values, these rates are highly dependent on the temperature
of the reaction. At higher temperatures the nucleation process
takes place faster than MNP growth which results in a decrease
of MNP size. In contrast, prolonging the reaction time would
favor MNP growth.[*’]

Chen et al. were inspired by this method and used pre-
synthesized iron-oleate and zinc-oleate precursors to produce
zinc-doped iron oxide MNPs as T,-weighted MRI contrast
agents.”dl They transformed the resultant hydrophobic MNPs
into hydrophilic ones by strong ultrasonic treatment in the
presence of cetyltrimethylammonium bromide (CTAB) sur-
factant. Li et al.™ reported a PEI-mediated approach to synthe-
sizing folic acid (FA)-targeted magnetic iron oxide nanoparticles
(Fe304 NPs) for in vivo MR imaging of tumors. A hydrothermal
synthesis method was applied through their study and MNPs
with a spherical shape and quite uniform size distribution with
a mean diameter of 15.0 nm were obtained.

Overall, improved size control within hydrothermal syn-
thesis method directly leads to narrow size distribution of
MNPs. More importantly, this strategy is applicable for con-
tinuous synthesis to improve the production yield of nanoparti-
cles. However, the need of high temperature and high pressure
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in 1996 when Suslick®®l published a review
on the application of ultrasound radiation
for producing nanomaterials. Sonochem-
ical synthesis has merged the hydrolysis,
and thermolysis with radiation of ultra-
sound to prepare nanostructured materials
under non-equilibrium conditions under
cavitation induced by acoustic waves.[’!
Subjecting the reacting bath to ultrasound
irradiation will result in concentrated spots
of extremely high temperatures. These “hot spots” which are
produced by acoustic cavitation can significantly accelerate the
rate of hydrolysis of metal ions.’? Figure 4c illustrates a typ-
ical laboratory-scale sonochemical apparatus. As it is shown, a
piezoelectric transducer drives a high-intensity ultrasonic tita-
nium horn which directly introduced into a thermostated glass
reactor.” In particular, applying powerful ultrasound radiation
(20 kHz-10 MHz) to a mix of reagent dissolved in a solvent, the
alternating expansive and compressive acoustic waves result in
oscillation of the unseen particles, or microscopic gas bubbles
generally present in the liquid which indeed enable the creation
of the bubble.’¥ Since the bubbles are created, they accumulate
ultrasonic energy effectively and a vacuum induces diffusion
of solute vapor into their volumes which leads to the growth
of bubbles. This growth continues until the collapse of bubble
occurs upon reaching to the maximum size to release the stored
energy.””l Specifically, chemical bonds are broken upon a very
localized cavitational implosion wherein extremely high tem-
peratures (5000-25 000 K) are obtained.'°] Nanosized particles
are resulted due to extremely short duration of the process.[*®l
Although, the high cooling rates of the collapsed bubbles lead
to amorphous nanoparticles in the case of volatile precursors,
nanostructured products can be produced from non-volatile
precursors.1% In the case of non-volatile precursors, a 200 nm
liquid phase ring surrounding the collapsing bubble is in
charge of housing the reaction.'®! The macrostream produced
due to collapse of bubbles creates a relatively uniform reaction
condition for atomic mixing in the synthesis process.[1%2]

Kim et al. performed a sonochemical synthesis of superpara-
magnetic iron oxide nanoparticles coated by oleic acid and with
high crystallinity.' An aqueous solution of FeCl, and FeCl;
salts was irradiated by ultrasonic waves and black nanoparticles

Solution

Reproduced with
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(65 nm in size) were resulted by rapidly adding NH,OH to the
mixture. A ferrofluid was prepared by dispersing the resulted
MNPs in chitosan to be used for MR imaging. Their results
showed that the contrast of MR images prepared by their fer-
rofluids were similar to those of Resovist. Islam et al.l'% also
developed a sonochemical synthesis of magnetite nanoparti-
cles with a relatively narrow size distribution and moderate
monodispersity.

Well crystallized MNPs with good dispersivity and thermo-
stability were also produced by enhancing the coprecipitation
of iron salts by ultrasonic.l'®! The resultant MNPs were subse-
quently modified by anionic surfactant sodium dodecyl sulfate.
Abbas et al.'%l synthesized uniform ferromagnetic magnetite
nanocubes by applying a sonochemical method in the absence
of any surfactants. They enhanced the crystallinity of the mag-
netic nanocubes by annealing treatment up to 600 °C. However,
further increase in annealing temperature decreased the satu-
ration magnetization due to the presence of a thin magnetic
dead layer at the surface. Bang et al.'%) reported a preparing
of nanosized hollow iron oxides by using carbon nanoparticle
templates. The produced hollow iron oxide nanoparticles were
thermodynamically stable crystalline hematite with very weak
ferromagnetism. Pectin coated magnetite nanospheres were
synthesized via using a sonochemical method by Dai et al.[1%!
The produced MNPs had high saturation magnetization and
superparamagnetic property along with high biocompatibility
and biodegradability. Dang et al. exploited an ultrasonic irradia-
tion to coat magnetite nanoparticles with silica by preventing
the agglomeration of magnetite nanoparticles and accelerating
the hydrolysis and condensation of tetraethyl orthosilicate
(TEOS).1%) In a recent study, aqueous solution of ferrous salts
were coprecipitated in a basic aqueous solution of ethylene
glycol under irradiation of ultrasound to prepare iron oxide
nanoparticles loaded by folate and cisplatin. Results of the
study showed that cisplatin loading on MNPs were proportion-
ally increased with ultrasound frequency.

Overall, despite the need for ultrasound irradiation equip-
ment, the sonochemistry method highly accelerates the reac-
tion time by enhancing the mixing through a non-invasive
source of energy. As a matter of fact, not only nanoparticles
with relatively narrow size distribution are produced, but also
they possess high crystallinity and good dispersity.

2.1.1.4. Reverse Micelle (Microemulsion): The main drawback to
hydrolytic approaches is their limited ability in controlling the
size distribution of the produced nanoparticles. Thus, amphi-
phlic molecules (surfactants) were exploited to enhance the
reaction condition through providing nanoreactors wherein
coprecipitation process can occur within confined environ-
ments, either as micelles!''” or reverse micelles.''! Specifi-
cally, capability of amphiphilic molecules with hydrophilic tail
and hydrophilic heads to undergo a self-organization process
of forming spheroidal aggregates is the key factor contributing
to the formation of such nanoreactors.'? By dissolving sur-
factants in polar solvents (e.g., water) strong interactions of
hydrophilic heads lead directly to the formation of a normal
micelle with a hydrophilic core and a hydrophobic outer layer.
On the other hand, using organic solvents results in stronger
affinities with the hydrophobic tails to form spheroidal
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aggregates which are structurally reverse of normal micelles,
that is having an external shell of hydrophobic hydrocarbon
chains and hydrophilic polar cores capable of solubilizing
polar solvents.''3l In fact, such a reverse micelle (also named
as microemulsion) is an isotropic dispersion of two immis-
cible liquids within a thermodynamically stable condition in
which microdomain stabilization of either or both liquids is
performed by an interfacial film of surfactant molecules.?"!
Eicke et al. were the first to study the physical properties of the
reverse micelles as water-in-oil (w/o0) microemulsions in a com-
prehensive manner.'* The same group also demonstrated that
exchange of material between the reverse micelles was feasible
for the Aerosol OT (sodium bis(2-ethylhexyl) sulfosuccinate)
system.['5] Additionally, transfer of small ions between reverse
micelles was investigated by using flow methods.[''® Fletcher
et al. also provided a detailed investigation of the temperature,
oil solvents and additives on the exchange kinetics in AOT
systems.[117]

By the superb advantages of such interfacial film of sur-
factants to split the confined nanoreactors of the encompassing
solution as well as its ability for exchanging material, micro-
emulsions (typically 1-50 nm in diameter)'® can serve as a
proper asset to stabilize the entire solution!!*! and offer excel-
lent control over shape, size and phase of the produced nano-
particles.’”) Synthesis of MNPs under microemulsion process
entails simple stages as follows:

In the first place, two separate microdroplets, one containing
the metal precursors and the other containing the precipitating
agent are required. Subsequently, a continuous collision, coa-
lescence and break of microdroplets happen as two w/o micro-
emulsions are mixed (Figure 4d).'2% These phenomena lead to
the faster mixing of the reactants to be nucleated and grown in
the form of a precipitate within the microemulsions. Finally,
a demulsifying agent such as acetone or ethanol is added to
extract the resultant nanoparticles by filtering, centrifuging or
exploiting a magnetic field. Temperature, kind of counterion and
microstructure of microemulsion are among the parameters
which affect the nanoparticles size. The sizes of nanoparticles
which are prepared with the microemulsion are easily controlled
and consequently particles tend to be very homogenous in size.
Determination of the size of the reverse micelle depends on the
molar ratio of water to surfactant and type of surfactants.l!2!]
The radius of the spherical droplets made in a system of water
and surfactant dispersed in oil is given by R, = 3V,([H,0]/0[s],
where square brackets indicate concentration, S refers to sur-
factant, o is the area per head group of the surfactant molecule
and V,q is the volume of a water molecule.’!

Historically, Pileni and co-workers were of the first groups
attempting at exploiting the reverse micelles for nanoparticles
synthesis.'?Z They synthesized copper metallic clusters by
mixing two micellar solutions, one containing the reducing
agent and sodium AOT and the other mixed copper and sodium
AOT."?2] Through a similar approach, cadmium sulfide
nanoparticles were synthesized by mixing two AOT reverse
micelle solutions, containing cadmium nitrate and sodium
sulfide, respectively in the presence and absence of sodium
hexametaphosphate.'??¢l In addition, numerous researches
in the literature have exploited the microemulsion process
for producing high quality MNPs, mainly coated by silane
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will be added by the precipitating agents. Reproduced with permission.['24

groups.[1231 Okoli et al.'?* reported fast synthesis of MNPs for
water purification with two different microemulsion composi-
tions (Figure 6). In the first approach they synthesized MNPs
by mixing two w/o microemulsion solutions. Microemulsion
I was obtained by adding FeCl, and FeCl; iron precursor solu-
tions to the mixture of the surfactant, and for microemulsion
IT a precipitating agent solution was added to the mixture. Sub-
sequently formation of MNPs was indicated by black colora-
tion as both microemulsions were combined with each other.
Finally an external magnetic field was applied to separate the
produced MNPs. In the second approach a single-step prepa-
ration route was applied wherein only one type of microemul-
sion is required for formation of nanoparticles. Through this
approach, formation of magnetic nanoparticles was achieved by
adding NHj as precipitating agent to the microemulsion con-
taining the precursor upon vigorous stirring until the required
pH was achieved. Finally, the obtained MNPs were washed with
a mixture of chloroform, methanol and water to remove all the
surfactant and oil left in the system.

In a more recent study, w/o microemulsion route was used
to synthesize magnetite nanoparticles by using different kinds
of surfactants to investigate the morphology, size, size distri-
bution and crystalline feature of the resultant MNPs.l!2] They
used n-heptane as the oil phase, conventional single-chain
surfactants and novel Gemini surfactants, and n-hexanol as

Adv. Healthcare Mater. 2017, 1700306

1700306 (11 of 80)

the co-surfactant phase. Their results showed that nucleation
and growth of the nanocrystalline are significantly affected
by the film flexibility of the reverse micelles and life time of
a surfactant molecule in the micelle. In addition, temperature
of samples played an important role in regulating the crystal
defects, where the hydrophobic chain length of the surfactants
showed a great influence on the lattice defect against the tem-
perature variation.

Microemulsion method can be also used for the post pro-
cessing of the produced MNPs to be functionalized, mainly
by silica coatings.l'?l In this strategy, the solid structure of
the produced MNPs is exploited as a seed or templated for the
growth of silica shell.'?’] Addition of silica precursors to the
dispersion of MNPs which are under continuous stirring leads
to the growth or coating of the silica shell via increased interac-
tion between silica source and MNPs. Single core MNPs which
are uniformly coated with silica are resulted through this pro-
cess.[1?81 Zhao et al. performed a modified reverse microemul-
sion synthesis to prepare MNPs coated by silica, with average
size of 40 nm. TEOS molecules were immediately added to
the resultant MNPs and the reaction was continued for 24 h at
room temperature. The core-shell MNPs were finally modified
by alcohols and emulsifier pair.

Overall, thanks to improved size control offered by micro-
emulsion route, it has considerable potential in synthesizing
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MNPs with a narrow size distribution and uniform magnetic
properties. However, MNPs with lower yields and poor crystal-
linity are produced by microemulsion route compared to the
coprecipitation one. However, it has been shown that as the
reverse micelle is heated up, improvement of the crystallinity of
iron oxide and other ferrite is achieved.?"] In addition, scaling
up is complicated due to the sensitivity of preparation condi-
tions, the need for large amounts of organic solvent, and dif-
ficulty to remove the surfactants.

2.1.2. Non-Hydrolytic Approaches

2.1.2.1. Thermal Decomposition: In contrast with hydrolytic
routes, wherein complex aqueous chemistry is applied to
form hydroxyl and oxyhyrdoxy species as intermediates, high
quality ferrite MNPs have been synthesized by more recent
and faster non-hydrolytic routes, specially thermal decomposi-
tion.[3% Actually, this non-hydrolytic method has been devoted
to the fabrication of uniform MNPs by inspiration from semi-
conductor nanocrystals and oxide formation in non-aqueous
media.l*0¢131] As its name implies, it involves breaking down of
materials to form new compositions at various temperatures.’*’]
If one starts with low-valent complexes bound with olefinic
ligands, a decomposition reaction which would leave behind
the metal oxides can be envisaged.®®132 The process consists
of decomposition of metal precursors in boiling organic sol-
vents!!*3 in the presence of surfactants to produce stabilized
MNPs with well-defined magnetic properties thanks to their
high crystallinity, controlled size and narrow size distribution
(Figure 4e). Quick burst nucleation followed by crystal growth
is the main reason to make this approach successful. This pro-
cess can be controlled through the involved parameters such
as type of precursor and surfactant, their relative ratio, solvent,
temperature of the reaction and the reaction time.l*?"l However,
despite the controlled size synthesis of the MNPs with desir-
able magnetic properties,*® tuning of the MNPs shape for sub-
stituted ferrites is still remaining.

Versatile ligands such as cupferron (N-nitrosophenylhy-
droxylamine), cyclooctatetraene, cycloocta-1,5-diene, acetylace-
tonate, and carbonyls bound with Fe can form practical iron
containing organometallic compounds as initiating precursors
to produce iron oxide nanoparticles.””132l An effective crystal
nucleation and growth can be achieved by surfactants to pro-
duce MNPs with stabilizing coatings which prevents their
fouling and aggregation. Fatty acids,/'*l oleic acid,'**l and hexa-
decylaminel!*! and oleylamine are of the common surfactants
which enable clear dispersions of MNPs in non-polar media.
Octyl ether, phenyl ether, 1-octadecene, or benzyl ether often
serves as the high boiling point organic solvents. After mixing
all organometallic compound, surfactants and solvents in one
flask, oxygen is purged from the container. Subsequently, upon
heating the flask for a short period of time, MNPs will form
through thermal decomposition of metal precursors. Finally,
MNPs are washed and any excess chemicals are removed by
centrifuging the sample in the presence of ethanol for several
times.>’)

Iron (III) oleate (Fe[CigH330,]3), iron oxyhydroxide FeOOH,
or iron pentacarbonyl (Fe[COJs) are of the very common
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precursors in the synthesis of nanoparticles due to their high
levels of reactivity and solubility.'3”) Additionally, type of sol-
vent in which produced MNPs can be well dispersed is directly
determined by the type of surfactant used.!'*] Although a well
dispersion of such MNPs can make ferrofluids in non-polar
media such as toluene, hexane or chloroform, a phase transfer
into aqueous media of the nanocrystals is required before
their in vivo injection.'3% In particular, a surface functionali-
zation with biocompatible material is essential to enable their
dispersion in polar solvents such as water. Two basic strate-
gies are ligand addition and ligand exchange, where the former
involves addition of a biocompatible coating on top of the orig-
inal coating,'*" while the latter strategy involves removal of
the original coating and replacing it by another biocompatible
coating.'""l As an alternative strategy, a very simple synthesis of
water-soluble magnetite nanoparticles was reported. Maity et al.
also reported direct synthesis of water-soluble magnetite nano-
particles by thermal decomposition of iron (III) acetylacetonate,
Fe(acac)s, in tri(ethyleneglycol).l'*2]

In 2001, an elaborate study performed by Hyeon et al. a
thermal decomposition method led to the synthesis of highly
crystalline and monodisperse maghemite nanoparticle through
two different approaches.*3] Within the first approach, mono-
dispersed y — Fe,O3 nanoparticles were synthesized through
the oxidation of iron nanoparticles. At first, iron oleate complex
was prepared by adding Fe(CO)s to a mixture containing oleic
acid and octyl ether at 100 °C. As reported by Wongterghem
et al.,'"* decomposition of iron pentacarbonyl resulted in the
production of iron(II) complex at this stage. Subsequently, by
heating the resultant iron complex aging for 1 h at 300 °C, iron
nanoparticles were being generated as the solution color gradu-
ally changed to blacked. In the final step, ¥ — Fe,03 nanoparti-
cles were produced by oxidizing the resultant iron nanoparti-
cles with trimethylamine oxide ((CH3);NO) as a mild oxidant.
The produced MNPs demonstrated an excellent uniformity
of the particles size (Figure 7a) and highly crystalline nature
(Figure 7b). Within the second approach, y — Fe,O; were pre-
pared through the direct oxidative decomposition of iron penta-
carbonyl in the presence of surfactant and oxidant. Specifically,
Fe(CO)s was injected into a solution lauric acid, octyl ether
and and trimethylamine oxide in an argon atmosphere fol-
lowed by vigorous stirring. Subsequently, MNPs started being
formed by stirring the solution for 1 h at 120 °C and heating it
to reflux. Finally, upon adding excess ethanol and centrifuging
process black precipitates of maghemite nanoparticles were
obtained. TEM images of the resultant nanoparticles through
this approach also demonstrated very uniform and highly crys-
talline MNPs with a diameter of 13 nm (Figure 7c).

Peng and co-workers have reported a general thermal decom-
position approach in which MNPs could be synthesized with a
narrow size distribution over a wide size range (from 3 to 50)
with great control over their shape to be whether in the spher-
ical or cubic form.[3 Nogues et al. also applied thermal decom-
position method for the synthesis of highly monodisperse cubic
and spherical maghemite (Fe,0;) nanocrystals.l'”] In a recent
study, Hufschmid et al. evaluated and compared synthesis of
iron oxide nanoparticles from decomposition of different pre-
cursors for their capability to produce iron oxide nanoparticles
with specific size and phase-purity requirements.'*% It was

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

(a)

www.advhealthmat.de

Figure 7. a,b) TEM and high resolution TEM images of a 2D hexagonal assembly of 11 nm y — Fe,O3, showing the uniformity of particle size and
crystalline nature of MNPs produced by oxidation of iron nanoparticles. c) Low-resolution and high-resolution TEM image of a single nanocrystallite
(inset) of 13 nm MNPs produced through the oxidative decomposition of iron pentacarbonyl Reproduced with permission.['*3l Copyright 2001, ACS.

concluded that pentacarbonyl synthesis is suited for synthesis
of small (<10 nm) SPIONs, while both iron oleate and oxyhy-
droxide surpass the thermal decomposition method for produc-
tion of larger (10-30 nm) particles.

Particle size plays an important role on the blocking temper-
ature of nanomagnets, thus a narrow size distribution of mag-
netic particles prevents polydispersion in a resulted sample. %]
In addition to the ratio of precursors and ligands to start with,
shape and size of the formed MNPs by thermal decomposition
approach are governed by the rate of heating, the final tempera-
ture of the reaction and the annealing time.l"*%! In a study per-
formed by Herman et al.,'*’] they studied the effect of altering
the symmetry and metal-ligand bond dissociation energy
of the organometallic precursor on controlling the size and
size distribution of iron oxide nanoparticles within a thermal
decomposition synthesis. Three iron sandwich compounds
having different decomposition profiles where decomposed in
1-octadene solvent in the presence of oleylamine as a capping
agent. Their results showed that organometalic compounds
with optimal symmetry and bond dissociation energy give nar-
rower decomposition temperature range which directly results
in monodispersed nanoparticles. However, the importance
of thermal control during the reaction has hampered a facile
scale-up of this process.l'*®! In particular, it is more difficult to
control the reaction temperature as the batch becomes larger,
which indeed leads to less consistent particles with wider size
distributions. To overcome such hindrances, Glasglow et al.l1*’]
reported the first continuous synthesis of iron oxide nanopar-
ticles via thermal decomposition. They constructed a high-
temperature continuous flow reactor which offered a precise
control over flow rate, temperature and precursor composi-
tion (Figure 8). A precursor solution consisting of iron oleate,
oleic acid, and trioctylamine was stored in a sealed flask. As the
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solution flew within the tubes, iron oleate underwent a rapid
decomposition in a nitrogen atmosphere at 300 C. Their results
showed the iron oleate/ligand ratio in the precursor to play an
important role in the final particle size.

Overall, drastically opposite to coprecipitation method,
thermal decomposition offers good control over the size of
MNPs, but suffers from tuning their shape for substituted fer-
rites. Specifically, monodisperse MNPs with high crystallinity
and tunable magnetic properties are resulted due to quick burst
nucleation followed by crystal growth. Surfactants can also be
added as stabilizing coatings to prevent the aggregation and
fouling of nanoparticles. However, this strategy suffers from
the need for phase transfer, toxic organic solvents, and high
temperature. In the matter of former, thermal decomposition
method results in MNPs which are dispersable in non-polar
media, which entails a phase transfer into aqueous media
needed for in vivo applications.

2.1.2.2. Microwave Assisted Synthesis: Same as ultrasound,
microwaves can also be exploited to accelerate the reaction
synthesis of nanoparticles. Specifically, electromagnetic waves
with wavelengths in the range of 1 mm-1 m (frequency range
0.3-300 GHz) are termed as microwaves. Also microwaves
have been extensively used in the food industry since 1940s, it
was in 1986 that they paved their way to applications in chem-
istry, especially through works published by Baghurst and
Mingos.[>% In fact, microwaves can be used as an alternative
source of heat, individually or in assisted with other synthesis
routes (Figure 4f).°U Since microwave assisted technique
is mostly combined by thermal decomposition, we have cat-
egorized this method as a non-hydrolytic approach. However,
hydrolytic approaches such as hydrothermal,'>? sol-gel*® can
also be accelerated upon utilizing microwaves. This method
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Figure 8. Diagram of the continuous flow reactor via a thermal decomposition synthesis route. Reproduced with permission.**l Copyright 2016,

Elsevier.

uses microwave radiation for heating materials containing
electrical charges for instance polar molecule in the solvent or
charge ion in the solid. Rapid processing, high reaction rate,
reduced reaction time, high yield of product along with sim-
plicity and high energy efficiency are some advantages of this
method. However, its expansion in the area of organic chem-
istry has been much faster than that of inorganic chemistry.
Overall, iron oxide nanoparticles have gained considerable
attention to be synthesized by microwave assisted method.

Wang et al. synthesized magnetite and hematite by using
microwave radiations during 10 min. They used FeCl;, poly-
ethylene glycol, and N,H,H,0 as precursors and found that
controlling the final phase of Fe;O, is highly dependent on
the amount of N,H,H,0.°" In a recent study, FITC-dextran
coated iron oxide nanoparticles were synthesized by the hydra-
zine mediated reduction of iron (III) chloride salts in the pres-
ence of dextran under continuous stirring and microwave irra-
diation.l'>! Subsequently, a gel filtration chromatography was
used to perform the purification of the sample and removing
unreacted iron salts and the excess of hydrazine. MNPs with
small size (21.5 nm) and an excellent reproducibility were syn-
thesized. They also showed good performance as a positive
contrast agent for MRI as well as optical probes for fluorescent
imaging. Microwave assisted method is very capable for scaling
up the synthesis of nanoparticles.>® Gonzalez-Moragas et al.
have also recently reported the scale-up synthesis of water-
dispersible iron oxide nanoparticles by microwave assisted
thermal decomposition.”] They utilized multimode equip-
ment and increased the reaction volume from 4.5 to 50 mL
(tenfold scale up) whose vessels were simultaneously irradiated
with microwaves and notably reduced the time and energy cost
for production of large amounts of MNPs (3 g per reaction in
less than 1 h).

In summary, the rapid processing and high reaction rate
within this strategy leads to reducing the reaction time for
the production of narrow sized distribution MNPs with high
crystallinity and water dispersibility. Although the penetration
depth of the microwave is limited, high yield of production
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within a high energy efficient and simple process can be
achieved.

2.2. Microfluidic Synthesis of Nanoparticles

Manipulation of magnetic nanoparticles needs to fulfill some
requirements in exhibiting physical and chemical properties to
make them efficient for their utilization in biological applica-
tions. These properties of nanoparticles are highly determined
by their size, shape, and crystal-structure. Therefore, a better
control of reaction, both kinetic and thermodynamic, is critical
in order to synthesize nanomaterials of required properties.*’!
Hence, fabrication of nanoparticles with small size and narrow
size distribution need a homogenous reaction environment
followed by ultrafast mixing.¥l A number of these challenges,
particularly in the size control have been overcome by the
batch synthesis routes!'®®! presented in the previous section.
Although wet-chemical methods have been widely used, they
are still suffering from some of their intrinsic properties. Con-
ventional batch routes are time-consuming, mostly involving
thermo-decomposition (requiring a long reaction time, up
to several hours) or a coprecipitation (requiring a short, usu-
ally within less than half an hour)."° Within these processes,
controlling the product homogeneity is difficult and requires
multipurification steps in order to obtain stable monodisperse
nanoparticles.*®®! Furthermore, when it comes to physical fab-
rication techniques, greater challenges in fabrication of high
quality nanoparticles are faced.'®® The resulted nanoparti-
cles are “bare,” hence, they require post processing in order
to prevent their intensive oxidation and agglomeration that
decrease their ability for post-synthesis processing and manip-
ulation in practical applications.’®% On the other hand, both
expensive equipment and small production rates limit their
commercialization.['6]

MF is an intrinsically interdisciplinary field of science that
provides a powerful tool for better researches in physics, chemi-
stry, biology, and materials science.'® As with many new
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Figure 9. Micromixing based reactors made of a) glass, b) silicon, c) ceramic, and d) PDMS. a) Reproduced with permission.'*d b) Reproduced with
permission.['®8 Copyright 2009, RSC. c) Reproduced with permission.'®'l Copyright 2004, RSC. d) Reproduced with permission.'*? Copyright 2014,

RSC.

techniques, initial claims regarding performance, uniqueness,
and applicability were optimistic and wide ranging.'%3 The utili-
zation of MF systems has found many applications in chemical
industries for applications such as chemical synthesis, diagnosis,
and crystallization due to their state-of-the-art developments in
recent years. The first use of MF devices dates back to 1940,164
for the fabrication of a chip-based chromatography.l'®! Later in
the early 1990s, with the development of MF reactors which are
the key components of a lab-on-a-chip (LOC) for use in synthetic
chemistry, MF devices were used for chip-based separation.!%¢!
Such MF reactors have played a significant role in improving
the reaction conditions and production of chemicals./'¢”]

In contrast with conventional batch systems, the use of MF
to study and optimize the fabrication of a wide range of nano-
particles is attracting more and more attention'”! and their
use for chemical synthesis gained a quick development with
notable contributions from researchers at GlaxoSmithKline
(UK),!1%81 Massachusetts Institute of Technology (USA),1%% the
Institut fiir Mikrotechnik Mainz (Germany)!'’% and Imperial
College London (UK).'! Since the first use of MF to prepare
Cd nanoparticles on a lab-on-a-chip device,'’2 advancement
in the area of chemical synthesis of nanomaterials has been
accelerated over the past decade.* Since then, various nano-
particles such as metal,l'”? metal oxide,'” semiconductors,!”>!
organic,l'’% inorganic, etc., have been synthesized in MF sys-
tems, for example CdSe, Cds, Ti,O, boehmite, Au, Co, Ag, Pd,
Cu, BaSO,, and CdSe — ZnS core-shell nanoparticles.l'””] In
nearly all cases MF synthesis has demonstrated clear advan-
tages over conventional batch methods in terms of monodisper-
sity and shape control.l'7%]
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MF systems offer a versatile range of advantages over fabri-
cation of nanoparticles due to the manipulation and controlling
fluid that are geometrically constrained within environments
having internal dimensions on a scale of micrometers.[%3 Gen-
erally, shrinking entire chemical and analytical laboratories on a
single microchip would be the ultimate goal.l'”?) Different types
of materials, such as glass,’® silicon, '8! ceramic,'8? polymers
(PVC and PEEK), and stainless steel can be used to make MF
devices. Operating conditions, ease of fabrication, and type
of chemistry process define what construction material to be
selected.'®3 Glass microreactors (Figure 9a) enable the reac-
tion process to be visualized, but difficulty in creating high
aspect ratio structures makes them to be limited.'® Microre-
actors made of silicon (Figure 9b) can be fabricated through
photolithography, deep reactive ion etching and wet etching
techniques.['® Transparent reaction channels can be created
through capping silicon structure by anodic bonding to Pyrex
which enables process at high temperatures and pressures. Sil-
icon also has a high coefficient of heat transfer that enables a
precise control over temperature. Ceramic-based microreactors
(Figure 9c) are chemically inert and can withstand high temper-
ature but they have a complicated microfabrication process.[8
Polydimethylsiloxane (PDMS) is an interesting material for
the fabrication of polymer-based microreactors (Figure 9d) for
low temperature applications. This material takes advantage of
being cheap, flexible, and transparent.['®”] Metal microchannels
can be created through mechanical micromachining, stamping,
and Lithographie, Galvanoformung, Abformung (LIGA) tech-
niques.['® Such microchannels can sustain high pressure and
temperature, but are vulnerable to strong acids.'8"]

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

Figure 10. a) Potential advantages offered by the state-of-the-art microfluidic reactors for synthesizing nanoparticles. b) Photographs of two micro-
fluidic reactors for process development kg production and also viewing the chemistry. Reproduced with permission.'® Copyright 2012, de Gruyter.

By all the advantages offered by MF systems, better size con-
trol (mono-dispersity), and material control (monocrystallinity)
can be easily achieved. In addition, produced nanoparticles are
highly capable for a subsequent rapid coating and functionali-
zation without need of surfactants or other primary stabilizing
and capping agents (Figure 10).

The most highlighted advantages offered by MF systems are
as below:

a. Small reagent volumes:

The inherent small reactor volumes required to process rea-
gents in micro/nanoliter volume result in minimal reagent
consumption.'® Hence, it is economically beneficial in
processing or testing where minimal amounts of precious
reagents are available.'®) Particularly when used for infor-
matics rather than for product synthesis, MF reactors con-
sume far less reagent than bulk systems to gather the same
(and in most cases more) chemical information.*?!

b. Process screening:

MF devices provide a high chemical detection that enables
an efficient screening of chemical process and formulations
under controlled conditions that can’'t be achieved in convec-
tional macroscopic systems.® This in situ monitoring of
chemical reactions comes in handy for time-resolved anal-
ysis or mechanistic studies.[*l

c. New concepts production:

Producing new concepts are possible by using MF. In par-
ticular, new compounds can be synthesized by integrating
large numbers of independent chemical reactions on a

d.

single chip with microfabricated networks having individu-
ally addressable microchannels and reservoirs.!'’]

Automation:

MF devices are also capable of automating multi-step pro-
cesses, such as combining analysis, reactions, and purifica-
tion in a single microchip, thus becoming the LOC systems
or micro total analysis systems.*?l In this case, MF devices
culminate in “black box” techniques to completely automate
the synthetic process which afford quality and product of
materials with specific properties (Figure 10b).[1772

Selectivity:

In process of chemical and biological reactions in a same
reactant pool, more than one product can be generated
depending on local conditions. This phenomenon is often
ascribed to kinetic versus thermodynamic control of the
reaction pathway.'®®l By such a high degree of control over
local conditions that are provided by MF devices, selection of
one product over another with a high precision is possible.

Continuous synthesis:

Unlike the bulk synthesis routes, the flowing mechanism of
reagents in MF channels offers the possibility of a contin-
uous synthesis of nanomaterials by running up to 24 h d!
and carrying out analyses on-line.'*?]

Safer operation:

Since the process consumes much reduced hazardous
chemicals and reagents, complications in bulk synthesis
associated with safety issues such as explosion and leakage
of toxic and flammable solvents are minimized resulting
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in a safer operation and environmental friendliness.[7>200]

Furthermore, by eliminating the need to store and transport
potentially hazardous materials, flexibility for tailoring com-
plex functional nanomaterials is provided.0!

h. Easy Scale out:

MF devices can be easily transformed into industry based
on the concept of parallel processing of reactor systems
combined with their continuous synthesis ability. It should
be noticed that in this case microfluidics are scaled out by
numbering up the devices rather than to be scaled up by
increasing the characteristic dimension of channels.?

i.  Small footprints:

Due to more efficient heat transfer, the need for heat-
exchange equipment is minimized which leads to smaller
footprint per kilogram of product in MF systems than in
macroscale reactors.20%]

j. Green credentials:

Microreaction technology takes advantage of the large sur-
face area-to-volume ratios within microchannels which can
afford a high heat-exchanging efficiency compared to that
of traditional ones. Hence, the amount of energy consumed
per unit temperature rise can be made extremely small,
resulting in environmental benefits.[2

k. Rapid reactions:

Higher area to volume ratios accelerate heat and mass trans-
port and lead to rapid changes in reaction temperature and
concentrations. Thus, more uniform heating and mixing
take place which dramatically impacts the synthesis process
for higher space-time yields (product formed per reactor
volume and time)."’! It is, however, difficult to make direct
comparisons, as bulk reactions are rarely optimized to ter-
minate exactly at the final equilibrium position of the reac-
tion (reaction completion or endpoint), but often incorporate
extra time to ensure completion has been reached. Reac-
tions in MF reactors are rarely run for longer than required
to reach the reaction endpoint, as they can be closely moni-
tored to determine reaction completion. Accordingly, reac-
tion times from literature syntheses are almost always
incompatible with times associated with MF formats.[163]

1. Precious control over temperature and concentration:

The ability to manipulate reagent concentrations in both space
and time within the channel network coupled with large area
to volume ratios in MF systems facilitate fast and accurate tem-
perature control for synthesis process of nanoparticles, that is
actually not attainable in bulk stirred reactors where concentra-
tions are generally uniform.['"’" These properties with intrinsic
ones of MF, like very small reaction volumes, make microre-
actors suited for synthesis of nanoparticles that requires fast
reactions with a large heat effect, in nearly isothermal condi-
tions at high reactant concentrations. Furthermore, the possi-
bility of fast mixing of reactants and fast heating and cooling
of reaction mixtures enables precise control of the reaction
temperature and preventing large temperature gradients, thus
improving the yield of reaction intermediates while reducing
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by-product formation. In general, it takes only seconds or sub-
seconds to raise a solution in a microchannel from room tem-
perature to hundreds of degree °C [201]

m. A precious control over reaction time:

As reagents flow through microchannels, a potential control
over the reaction time in MF systems is achieved by varying
reagent flow rates or channel geometry. In particular, the
reaction time relates to the distance that continuous flows
of reagents have traveled through channels.'7® This way,
the reaction can be controlled and quenched through the
channel length tuning or reagents adding at precise down-
stream locations during the particle formation process.l*’)

n. A precious control over the shape and size of resultant nano-
particles:

Two important properties of nanoparticles used in biological
applications are the size and shape of nanoparticles. Nano-
particle synthesis process involves nucleation, growth, and
agglomeration.?®! Inorganic nanoparticles undergo self-
assembly where metal solutes nucleate, grow, and agglom-
erate into nanostructures.?%! The critical factors effecting
the preparation of nanomaterials are reagent concentra-
tion, reaction temperature, and residence time for the size
of nanoparticles, and crystalline surfaces for their shape.*!]
Since MF systems provide a potential controlling ability over
reaction time, reaction temperature, and concentration of
reagents, particles with better narrow size distribution can
be achieved by quenching the reaction whenever the desired
size of the NPs is reached.?"’]

2.2.1. Microfluidic Strategies for Synthesizing Nanoparticles

Microfluidic approaches for nanoparticle synthesis can be gener-
ally classified into two categories: continuous-flow (single-phase
flow) approach and segmented-flow (multiphase) approach.>%1%l
Table 3 compares these two microfluidic strategies by their
advantages and disadvantages. This section will summarize
these two approaches with focus on introducing some basic con-
cepts and their applications in the synthesis of MNPs.

2.2.1.1. Continuous Flow Microreactors (Single-Phase Flow):
Continuous flow microreactors have attracted significant
interest in applications of material synthesis by virtue of their
unique properties, such as simple and controllable operation,
high throughput, and easy separation. Reaction time, temper-
ature, efficiency of mixing, and concentration of the reagents
are among the factors which determine the product quality.*2!
The homogeneity of reaction solutions can be highly improved
by this more productive method, leading to a more uniform
product.?%® These systems enable facile and rapid change of
conditions by decreasing flow channels to micron size.?*! Fur-
thermore, continuous variation in the chemical composition of
the mixture can take place since numerous kinds of reagents
can be added along the microfluidic channels.?'® As men-
tioned previously, one advantage of microfluidic devices is its
easy scaling-up. These continuous synthesis platforms are able
to simply run reactions in parallel that shortens their transition
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Table 3. Comparison of single-phase and multiphase microfluidic reactors.
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Microreactor categories Type of microractor Flow Pattern Production Advantages Disadvantages
Single-phase microreactor Capillary tubes High Simplicity Longer channel lengths
o — High temperature Wide RTD and broad size
Fmescen ‘LD- adaptability distribution of produced
nanoparticles
Contamination of channel wall
Channel clogging
Coaxial flow microreactor High
Multiphase microreactor ~ Gas-liquid or liquid-liquid High Enhanced mixing Difficulty in subsequent
Reduced RTD addition of reagents
Narrow size distribution
——— N Reduced risk of fouling
Segmented Flow
Droplet-based High

from lab scale to industrial scale.?'” One of the other advan-
tages of these systems is their ability to link individual reac-
tions into multistep sequences wherein one reaction flows into
another resulting in combining multiple synthetic steps.l?!!]
This way, reliable kinetic information for chemical process
design can be extracted through online monitoring of complex
transformations.[20%]

However, some limitations still remain in synthesizing
multiple functional and high-quality nanoparticles. In these
systems, the mixing and reaction of the reagents take place
under diffusion-based laminar flow conditions. In the con-
tinuous flow systems the parabolic velocity profile limits the
reaction into slow diffusive mixing. Thus, wider residence time
distribution (RTD) occurs that results to a wider particle size
distribution. In most cases, the laminar flow is disturbed by
both mass transfer and growth of nanoparticles resulting in
a hard control of mixing conditions and residence time.[*212
Moreover, when it comes to the selection and design of micro-
reactors using single-phase flow, great caution must be carried
out due to the probability of channel clogging and blockage.?!3!
Based on the internal microchannel networks, continuous
flow microreactors are grouped into capillary tubes which
are constructed through mechanical assembly and chip-based
microfluidics.

2.2.1.2. Capillary Tubes Microreactor: The simplest microreactor
used for synthesizing nanoparticles is made of capillaries at
the micrometer length scale. A typical capillary microreactor is
illustrated in Figure 11a. Two streams of reagents flow within
two separate capillaries and subsequently pass through a micro-
mixer. In the next step, the reaction temperature is controlled
by entering a single capillary submerged in a heated water or
oil bath. Finally, the synthesis of nanoparticles starts with their
nucleation and growth within the heated capillary. A facile
improvement in size and composition control in the synthesis
of nanoparticles along with an accurate temperature control
can be easily achieved due to the microscale diameter of the
capillaries. Nakamura et al. showed that only 0.4 s was needed
for heating a 200 mm diameter channel from 20 to 300 °C.[2'4
Hence, the temperature of the reaction ranges from below
room temperature to several hundred degrees.

Adv. Healthcare Mater. 2017, 1700306

1700306 (18 of 80)

Structural and magnetic properties of the spinel structure
of materials can be significantly varied by substituting various
transition metals into them. It has been reported that the satu-
ration magnetization value of iron oxide nanoparticles increases
with partial substitution of them with zinc.*'”! With respect to
this improvement, a study was conducted by Simmons et al.l?%]
to synthesize zinc doped iron oxide nanoparticles within a
continuous microreactor. They modified the same procedure
reported in their previous work.?'8l While the precursor solu-
tion (consisting of iron and zinc salts) was pumped into the
central microchannel, the basic solution (sodium hydroxide)
was pumped through two lateral microchannels to focus the
precursor solution between the two flows of base (Figure 11b).
This strategy greatly reduced the amount of precipitating nano-
particles upon the microreactor walls and prevented blocking of
the channel. Resultant Zn, Fe; ,O, superparamagnetic MNPs
had an average size of 5 nm. Their results also showed a linear
increase of the saturation magnetization with increasing Zn
content.

Recently, a simple natural-rubber-based microfluidic device
has been proposed to prepare controlled amounts of magnetite
nanoparticles decorated with Au nanoparticles.?'®l Within this
process, magnetite nanoparticles were produced by a conven-
tional coprecipitation method. Subsequently, two inlets of the
microfluidic device were used to introduce concentrations of
magnetite nanoparticles to the suspension of gold nanoparti-
cles (Figure 12a). TEM images highlighted that the resultant
Au nanoparticles were homogenous in terms of their size
and their distribution on the surface of magnetite nanoparti-
cles (Figure 12b). The histogram also shows that the average
size measured for the Au nanoparticles was around 6.3 nm
(Figure 12c).

In a very recent study, Thu et al.?'”! have developed a con-
venient approach to combine the traditional coprecipitation
method and microfluidic devices for producing iron oxide nan-
oparticles. They designed a microfluidic reactor and exploited
soft-lithography techniques to build it out of PDMS. Their
results confirm the production of MNPs with narrows size dis-
tribution and more controllable behaviors. Ma et al.??% reported
the synthesis of magnetic nanohybrids with the formula of
Sn(1_Fe,@Fe,Sn(;_,O, via a simple programmed microfluidic
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Figure 11. Capillary microfluidic reactors for the synthesis of nanoparticles. a) Schematic illustration of a typical capillary microreactor. b) Schematic
diagram of a microreactor set up used in the synthesis of Zn,Fe;_,O, nanoparticle synthesis. Reproduced with permission.?'> Copyright 2015, RSC.

process through simply tuning the reaction temperatures. Their
results indicated that synthesis temperature allow to control the
reaction rate. In particular, nanohybrids with rod shape were
synthesized at 30 °C, while increase of the temperature to 90 °C
significantly changes their shape into spherical nanosystems.

2.2.1.3. Coaxial Flow Microreactor: Although capillary tube
microreactors are very simple, highly flexible, and facile in
operation, these systems still suffer from adhesion to the
channel surface, blockage, and broad size distribution of
resulted nanoparticles. To overcome these problems in single
tubing microfluidic reactor, a microfluidic device was developed
by the assembly of coaxial dual tubes (Figure 13a).1221

Hassan et al.???l synthesized iron oxide nanoparticles from
the reaction of an aqueous solution of iron chloride with a
basic solution of NaOH, NH,OH, or tetramethyl ammonium
hydroxide (TMAOH). They used a coaxial flow microreactor
which consists of two tubular reactors coaxially arranged to
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contact the two solutions (Figure 13D). A well-defined jet, cen-
tered in the channel, is produced by a coaxial injection of iron
chloride solution (outer flow) through a silica capillary tube that
is introduced inside a millifluidic channel where the basic solu-
tion is flowing. Through this approach, nucleation and growth
of iron oxide nanoparticles take place far from the channel
walls at the border of which the two fluids diffuse in each other.
Such a configuration was found to lead to small size distribu-
tion. Later, fluorescence confocal laser scanning microscopy!?2°!
was used to experimentally map the coaxial flow at different pH
values for a better understanding of the influence of pH distri-
bution. To avoid the formation of FeOOH for a better synthesis
of monodisperese and high quality iron oxide nanoparticles,
a rapid and well defined change in the pH value is required
which can be provided by the use of coaxial microflows. The
same group has recently reported the production of cobalt fer-
rite (CoFe,0,) nanoparticles using two coupled microreactors
(Figure 14a).22%1 The first reactor was exploited to induce the
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Figure 12. a1) An empty natural rubber-based microfluidic device (NRMD) with internal magnetic separation. a2) Flow of MNPs through inlet | to be
decorated with Au nanoparticles flowing through inlet 1. b) TEM images of Fe30, — Au nanoparticles, and d) and the histogram showing the diameter
distribution of Au nanoparticles coating the surface of Fe;0, MNPs. Reproduced with permission.[2'® Copyright 2015, RSC.

fast homogenization of the reagent mixture, while the second
reactor accounted for fast aging and the evolution of resultant
MNPs into faceted and crystalline CoFe,0,. Interestingly, it
only took 16 min to yield MNPs of the desired size at 98 °C
(Figure 14b). To prove the mixing and time efficiency of the
process, simultaneous bulk coprecipitation and hydrothermal
synthesis of the same MNPs were performed for 16 min and
their products were analyzed by TEM. It was shown that only
amorphous hydroxides were obtained by bulk coprecipitation
and even by heating the mixture at 98 °C in a hydrothermal
bomb, the total transformation of amorphous hydroxides into
crystalline and well-defined nanoparticles could not be achieved
(Figure 14c,d). However, obtaining the CoFe,0, nanoparticles
similar in size to those produced by the microfluidic synthesis
in 16 min at 98 °C needed a 50 min heating at 200 °C in a
hydrothermal bomb and 2 h boiling at 100 °C in normal bulk
coprecipitation method.

They have also demonstrated a multistep continuous-flow
microsynthesis of magnetic and fluorescent g — Fe,0;@SiO,
core/shell nanoparticles (Figure 15a).2?) MNPs with approxi-
mately the same shape and dimensions in bulk synthesis
were obtained, but the production time was reduced to a few
minutes (7 min) compared to several hours in the bulk. The
TEM images of the resultant MNPs showed almost spherical
chore—shell structure with an average overall size of 50 nm
(Figure 15b—d). However, since the silica shell was not func-
tionalized to protect the MNPs against aggregation, produced
MNPs were very sensitive to aggregation.

In another study performed by Nguyen et al.?* fluorescent
magnetic nanoparticles were synthesized in a microchannel
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using the La Mer process. This method includes wet chemical
coprecipitation of ferrous and ferric ions with ammonia where
ammonia is mixed with a stirred solution of ferrous and ferric
ions. Three inlets were used to introduce the prepared chemi-
cals into the microchannel as shown in Figure 13c. combi-
nation of FeCl, and FeCl; flowing in inlet 1 was mixed with
NH,OH solution that was injected through inlet 3 and resulted
in a rapid initiation of the synthesis of magnetic nanoparticles
as soon as these two reactants met. Aggregation of nanoparti-
cles on the wall surfaces resulted to channel clogging because
of the zero velocity that was imposed on the wall due to non-
slip condition and insufficient force of the fluid that was not
able to flush the produced magnetic nanoparticles attached to
the wall. A Dichloromethane or a non-polar organic solvent was
introduced through inlet 2 that led to a formation of a five lay-
ered lamination flow in a microchannel. The produced nano-
particles were finally functionalized and became biocompatible
coating them with chitosan.

2.2.1.4. Segmented Flow (Multiphase) Microreactors: In contrast
with continuous flow microreactors which suffer from Taylor
dispersion, cross-contamination and relatively long channel
lengths along with wide RTD due to the parabolic velocity,
segmented flow microreactors can overcome some of the
aforementioned drawbacks and provide high quality synthesis
of nanoparticles to fulfill the true potential of system minia-
turization. In particular, by creating discrete segments in a
second immiscible phase within the microchannel, a great
enhancement in the mixing of reactants occurs through recir-
culation within the segments. They also reduce the risk of
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Figure 13. Coaxial microfluidic reactors for the synthesis of nanoparticles. a) Schematic of a simple coaxial microfluidic device. b) Photograph, and
cartoon of a 3D view and a cross sectional view of the coaxial microfluidic reactor for the synthesis of iron oxide MNPs. c) Five layered laminar flow
formed to synthesize the MNPs in the flow-through a coaxial microreactor. a) Reproduced with permission.?2'l Copyright 2004, Elsevier. b) Reproduced
with permission.?22l Copyright 2008, RSC. c) Reproduced with permission.[?2%l Copyright 2014, Springer.

fouling by wetting the channel surface and therefore provide
a high level of control of the synthesis conditions.’®??’] Either
liquid-liquid/gas-liquid segmented flow microreactors or
droplet-based microreactors can be used for this purpose.?
Reagents can be highly localized by virtue of these immiscible
fluids in both commercial and laboratory systems.?28]

2.2.1.5. Gas-Liquid or Liquid-Liquid Microreactors: Through
this approach, mixing process is induced by manipulating two
phase flows of gas/liquid or liquid/liquid wherein one liquid
phase contains the reactants and the other gas or liquid acts as
inert fluid for low segmentation.’”] By this strategy, one can
control the initiation of the reaction as well as the whole time
of reaction evolvement before it is separated or combined with
other reactions. Furthermore, axial dispersion within the micro-
channel, i.e., wide RTD due to parabolic velocity in continuous
flow synthesis, will be eliminated which leads to a narrower size
distribution of nanoparticles. However, reactions at high tem-
perature and pressure cannot be performed through gas/liquid
flow due to dramatic volume change of gas by temperature. On
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the other hand, for liquid/liquid flow, both phases must remain
liquid and immiscible during the process.?’]

A notable study has been recently conducted by Larrea et al.
wherein growth of iron oxide nanoparticles has been highly
controlled by exploiting gas slug microfluidics in a two-stage
process.??l Firstly, two aqueous solutions (one consists of
sulfuric acid and ferrous sulfate, and the other consists of
NaOH and KNO3) were mixed in a Y-junction and subsequently
were irradiated by ultrasound to avoid the formation of micro-
metric aggregates (Figure 16).

In the next stage, different types of gas flows (N, (inert),
0, (oxidizing), CO and H, (reducing)) were introduced to the
mixture for the formation of gas slugs. Their results showed
the potential effect of the gas on phase on the morphology
and crystalline structure of the resultant MNPs. In the case of
N,and Hjblack dispersion of MNPs with their characteristic
octahedral shape were produced. While injection of O, and CO
resulted in orange dispersion of crystalline iron (III) MNPs
with a crystalline structure corresponding to feroxyhyte, in the
form of nanoflakes and hexagonal nanoplates, respectively.
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Figure 14. The experimental setup designed for the synthesis of cobalt ferrite nanoparticles. TMAOH = tetramethylammonium hydroxide. Tem images
of nanoparticles obtained at 98 °C after a 16 min of aging a) in the microreactor synthesis, and its corresponding size histogram, b) in bulk synthesis,
c) in bulk, in a hydrothermal bomb. Reproduced with permission.??l Copyright 2012, RSC.

2.2.1.6. Droplet-Based Microreactors: One of the most prom-
ising strategies in nanomaterial synthesis is performing reac-
tions inside aqueous plugs (droplets large enough to block the
channel)2*% surrounded by a continuous oil phase (Figure 17).
In this type of microreactor, reagents are encapsulated in a
co-flowing stream just before a droplet is formed and the reac-
tion occurs later inside the droplet. Chaotic advection results
in a rapid mixing of reagents encapsulated in droplets as they
are carried along the winding channel which eventually leads
to a perfect synthesis of monodisperse nanomaterials by elimi-
nating the dispersion problem related to continuous flow
microreactors. In addition, channel clogging should be taken
into full consideration. The chance of fouling inside the micro-
reactor can be inhibited by isolating solid nanoparticle products
to keep them away from inner wall of the channel.?”-23

Frenz et al.?*2l demonstrated a synchronized production of
droplet pairs that are stabilized by surfactant for the synthesis
of iron oxide magnetic nanoparticles by coprecipitation ferrous
and ferric salts in a presence of a base. The microfluidic device
was designed to pair perfect one-by-one droplet by the use of
two hydrodynamically coupled nozzles and surface-modified
channels (Figure 18a,b). Subsequently, a very fast (2 ms) precip-
itation of iron oxide nanoparticles (Figure 18c) were obtained
Dby the fusion of droplets by electrocoalescence which prevented
the channel clogging and enabled the increase of the compound
concentration compared to previous synthesis of nanoparticles
through droplet-based microfluidic approach. The TEM of the
iron oxide particles produced showed that compared to bulk
mixing, microfluidic compound mixing resulted in particles
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with smaller average diameter which are monocrystalline with
no visible stacking faults (Figure 18d).

Later in 2012, Kumar et al.?33l reported a simpler passive
methodology for direct synthesis of dextran-coated superpara-
magnetic iron oxide nanoparticles in a capillary-based droplet
reactor where droplets are formed close to the end of a length of
silicone tubing at the contact point between two auxiliary capil-
laries. Compared to Frenz et al. method,?* there was no need
for the surface modification of the channel and high voltage
power sources. Aqueous reagents were fed into the capillaries
by implementing two separate syringe pumps, while a constant
flow of immiscible octadecene carrier was maintained through
the main capillary by a third syringe pump (Figure 19a). A dis-
crete droplet containing reagents subsequently budded off into
a polytetrafluoroethylene capillary. Immediately after the con-
fluence of the reagents streams, brown particles of iron oxide
particles were observed. As it is illustrated by TEM images of
nanoparticles (Figure 19b) and its corresponding histogram of
particle size (Figure 19c), the purified nanoparticles were iso-
tropic in shape with a narrow size distribution (mean diameter
of 3.6 nm and standard deviation of o = 0.8 nm).

2.2.1.7. Micromixing-Based Reactors: Intensifying the mixing
in microfluidic reactors is one the most important objectives
to obtain nanoparticles with desired properties. Low Reyn-
olds number results in mixing of reagents to be primarily
dependent upon molecular diffusion due to absence of turbu-
lence. On the other hand, laminar flow regime leads to a broad
distribution of residence time which results in polydisperse
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Figure 15. a) Schematic illustration of two step microfluidic reactor used for (i) synthesis of iron oxide MNPs (ii) and subsequent coating with silica.
b-d) TEM images of showing typical architecture of core/shell MNP@SiO, nanoparticles. Reproduced with permission.[224l

nanoparticles.’*?3] Micromixers have overcome these limi- the contact surface area inside the channel form the basis of
tations by providing a better mixing of the reagents to have  micromixers.

more control over the synthesis of nanoparticles with appro- Based on the two different basic principles exploited to
priate properties. Exploiting various channel geometries as well ~ induce mixing during the formation of nanomaterials, micro-
as external forces to decrease the mixing path and increasing  mixers are generally classified as being passive or active. Table 4

@ Mixing stage:60s Mixing stage:60-360s — i )¥ _
e

1
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Gas Inlet: N2,H2,02and Co

Figure 16. a) Microfluidic setup for the production of MNPs in continuous gas-liquid segmented flow and TEM images of MNPs synthesized by the
liquid segmentation of reagents with different gas sources: b)N,, 100 °C, and 6 min; c), H, 100 °C, and 1 min; d), O, 100 °C, and 1 min; e) CO, 80 °C,
and 1 min. Reproduced with permission.??’l Copyright 2016, ACS.
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summarizes different types of passive and active micromixers.
Reducing diffusion length and enhancing chaotic advection as
well as increasing the surface area form the basis of passive
micromixers. In fact, by the use of passive micromixers no
external forces are applied to the systems and they all rely on
fluid pumping energy.

The surface area between different flows of reagents is
increased by particular channel geometry which leads to a
decrease in diffusion length of fluid flows. In the case of active
micromixers, time-dependent perturbations are introduced
to the fluid through both fluid pumping energy and external
use of energy input accelerate the mixing process.?*’! Although
higher mixing efficiencies are provided by active micromixers,
complex and expensive fabrications process as well as the
requirement of the integration of peripheral devices such as
external actuators for the external power source into the micro-
devices have limited implementation of these kinds of micro-
mixers in practical applications. More specifically, when it
comes to biological applications, biological fluids can be dam-
aged by the high temperature gradients produced by ultrasonic
waves.[248]

In a recent comparative study, Larrea et al. analyzed four
different approaches to synthesize MNPs.2*! Those four
approaches were as follows: (a) mixing by internal diffusion.
(b) Mixing by liquid segmentation. (c) Mixing by ultrasonic
vibration. (d) Mixing with ultrasonic vibration and reaction with
a gas segmented flow (Figure 20). In all approaches, solution
of FeSO, was precipitated in a basic medium (NaOH) with a
mild oxidant (KNOs). Both solutions were mixed in a PEEK
polymer Y-junction. In the case of liquid segmentation, sili-
cone oil was injected after the Y-junction to accelerate the reac-
tants mixing. Their results indicated that MNPs with narrower

Figure 18. a) Pairing module, injection of two aqueous phases by the outer channel and their emulsification by the central oil channel, b) fusion module,
coalescence of droplets by applying voltage U between the two electrodes. c) formation of iron oxide precipitates after coalescence of pairs of droplets.
d) TEM image of the nanoparticles. Inset: HRTEM image of a particle showing (220) spinel planes. Reproduced with permission.[?*2
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Figure 19. a) Scheme of the capillary-based droplet reactor showing the injection of separate precursor streams and NH,OH into a continuous stream
of octadecene carrier fluid; formation of iron oxide nanoparticles take place inside the droplets. b) TEM images of the resultant nanoparticles, and
c) its corresponding histogram of particle size. Reproduced with permission.?33 Copyright 2012, RSC.

size distribution were produced by using silicone oil for liquid
segmentation; however, aggregates were flowing along inside
discrete droplets. On the other hand, irradiation of the chem-
ical reagents by ultrasonic waves at the mixing stage avoided of
aggregates of micrometric scale. In the case of fourth approach
where both ultrasound vibration mixing and N, segments were
exploited, the production rate was significantly increased, while
MNPs with the same quality compared to mixing by liquid seg-
mentation or ultrasonic vibration were produced.

A complete reactor system can also be made by integrating
other units around the micromixer by using micro-electro-
mechanical-system (MEMS) technology. A MEMS-based
microreactor has been designed for the synthesis of iron oxide
magnetic nanoparticles by integrating a double-loop rotary
micromixer, two micropumps, and a microvalve on a single
chip (Figure 21). The synthesis process started by using PDMS-
based micropumps and a microvalve for transporting ferrous
and ferric ions to be mixed at a predetermined concentration

Table 4. Passive and active micromixers to enhance the mixing of reagents.

Passive micromixers Reduce diffusion length and enhance chaotic advection as well as increasing the surface area between fluids. No external Ref.
forces are applied
T- and Y-shaped T- and Y-shaped channels guide the two liquids to be mixed in contact. Roughening the channel walls and adding obstacles [236]
can enhance the mixing efficiency.
Parallel lamination Increase the contact surface area by laminating the inlet main stream into n sub-streams and their subsequent rejoining. [237]
Sequential lamination Increase the mixing efficiency by sequentially laminating the inlet main stream to exponentially increase their contact surface area. [238]
Focusing enhanced A long microchannel with three inlets and one central outlet is used to constrain the central sample solution by fluids from side [239]
channels to achieve a smaller stream and thin lamination width
Chaotic advection Use 2D, 3D channel shapes modified by inserting obstacles on the channel to generate a transverse component of flow, termed [240]
as chaotic advection, to cause an exponential growth of the interfacial area.
Active micromixers Introduce time dependent perturbations to the fluid by the external use of energy input to accelerate the mixing process. Ref.
Pressure field Induce a pressure field disturbance by using a micropump which alternatively drives and stops the flow for altering periodically [2471]
the flow rate in the inlet channel from high to low.
Elecrokinetic Induce mixing in microfluidic channels or chambers by taking advantage of electrokinetic disturbance. The fluid interfaces with the [242]
ability to stir the fluid stream in highly laminar flow are rapidly stretched and folded by the cause of fluctuating electric fields.
Dielectrophoretic Use a non-uniform electric field to induce polarization of particles, termed as dielectrophoresis. Mixing of the fluid surrounding the [243]
particles is achieved through the chaotic advection produced by the synergistic effect between particles movement toward or away
from the electrodes and the channel geometry.
Electrowetting Electrowetting on dielectrics (EWOD), control the interfacial tension of droplets formed in multiphase microreactors by means [244]
of an electric field to enhance the mixing efficiency inside droplets. Shaking, splitting, and merging of droplets can enhance mixing
by creating recirculating patterns.
Magneto-hydrodynamic Induce Lorentz body forces in an electrolyte solution by coupling an electric field, produced by deposited electrodes in the channel [245]
walls, with a magnetic field. This complex flow field enhances the mixing efficiency by making deformations and stretching the
material interface.
Ultrasound Ultrasonic waves are introduced into the channel to create acoustic stirring perpendicular to the flow direction by means of integrated ~ [246]

piezoelectric ceramic transducers.
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Figure 20. Schematic representation of four different micromixing based reactors for synthesis of MNPs via mixing by: a) internal diffusion, b) ultra-
sonic vibration, c) liquid segmentation, and d) ultrasonic vibration and gas segmented flow. Reproduced with permission.?*l Copyright 2015, WASET.

ratio followed by the addition of organic acid as an adherent.
Together, they provide a fast and efficiency approach for the
synthesis of uniform iron oxide nanoparticles within a shorter
period of time (15 min) without requiring any extra additives or
heating.*!

2.3. Biogenic Synthesis of MNPs

A broad range of hierarchical intricate systems comprising
astonishing material properties have been built by the nature
to the point that often synthetic materials fail miserably to repli-
cate. Exploiting the state-of-the-art advances in nanotechnology,

(@)
[ EMV | [ EMV
\ il

Mlcromlxer

/ micropump

| micropump T
.

-
‘ Y S | l
_— N =
-~ 6170 - > < < X
- -
unit: 4 m $

fluid channel

air channel (PDMS 1) ,- P S microvalve

it has become possible to understand the natural mechanism
and structures for a successful mimicry with less energy and
minimum waste generation. In the case of material syn-
thesis, diametrically opposed to the conventional chemical and
mechanical synthetic routes which are energy consuming and
require the usage of extreme conditions (such as high pressure,
temperature, and acidity), biologically inspired synthetic routes
take place under mild reaction conditions.!?’!

The controlled formation of stable and well-ordered solid
inorganic compounds by biological systems, referred to as
biomineralization,?®?*!l has resolved many of the problems
related to conventional synthetic routes by providing a strict
control over particle size and shape that take part in many
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Figure 21. Schematic representation of the microfluidic system (top view).

a) Automation of sample transportation, mixing and reaction within

a PDMS-based microfluidic system consisting of two micropumps, a microvalve and micromixer. b,c) Respectively, a schematic illustration and a
photograph of microfluidic system containing three sample inlets on each side of the chip. Reproduced with permission.l*’l Copyright 2009, Springer.
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Figure 22. TEM images of various magnetotactic bacteria, showing the diversity of cell morphology: a) Magnetospirillum magneticum strain AMB-1,
b) a coccus with two double chains, c) a rod-shaped bacterium, d) a vibrio with cubooctahedral magnetosomes. a) Reproduced with permission.[25¢l
Copyright 2008, RSC. b) Reproduced with permission.?64 Copyright 2008, ACS. c) Reproduced with permission.?¢’] Copyright 2007, Mineralogical

Society of America.

interesting activities in living organism.?°®?°? In fact, this
involves the uptake of specific elements from the environ-
ment by the organism, to form and maintain highly ordered
inorganic mineral structures, ranging in size from nanometers
to centimeters, under precise biological control.l?>3l A diverse
range of organisms, including birds,*¥ insects,>° algae,!>®
mollusks, >’ or even humans have been reported to biominer-
alize ferromagnetic materials. As it was mentioned, formation
of nanomaterials by biological systems is performed under mild
conditions. The required mild condition is provided by a special
organelle which mediates the environment for the growth of
the nanomaterial. In the case of magnetite nanoparticles, mag-
netotactic bacteria, a special isolated protein from this bacteria
and finally fungi account for mediating the growth conditions.

2.3.1. Bacteria Mediated Synthesis of Magnetite Nanoparticles

Bacteria use two mechanistically different methods to biomin-
eralize biogenic magnetite nanoparticles, including biologically
induced mineralization (BIM)?%®l and biologically controlled
mineralization (BCM).>”) In the case of BIM, magnetite
nanocrystals are produced through the metabolic activity of
organism, most commonly recognized and studied in the
dissimilatory iron-reducing bacteria. On the other hand, the
nucleation and growth of the minerals are significantly con-
trolled in BCM through forming them on or within organic
matrices or vesicles.?*%) Magnetotactic bacteria (MTB) are the
most ancient and simplest organisms capable of performing
BCM of magnetite (Fe30,4) or, less commonly, greigite (Fe;0,)
in bacterial magnetosomes.[?®!l A significant breakthrough in
biological synthesis of iron oxide nanoparticles has been made
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since the first observation of MTB by Bellini in 196312621 and
the report of this unprecedented discovery by Blakemore in
1975.2631 MTB are ubiquitously distributed in aquatic environ-
ments and have been found exclusively in water columns or
sediments with no extreme environmental conditions such as
acidic mine tailing and thermal springs,?*Yl beside the singular
report of MTB from waterlogged soil.l?®l These bacteria can be
easily separated from mud or water samples in the presence
of magnetic fields.?®! Various morphological types of MTB,
including rod-shaped, vibrio-like, coccoid and helicoidal forms
have been found in freshwater sediments and coastal environ-
ments (Figure 22).1264

Several surveys into the ecology of MTB have been carried
out revealing that MTB show a locked-in behavior which directs
the bacteria to the bottom of the aquatic body they inhabit, a
region that is depleted in oxygen. Actually, MTB are mostly
found in aquatic environments wherein oxygen and other redox
active compounds are horizontally stratified (Figure 23a).l2%8!
Specialized compartments consisting of a lipid membrane and
a crystalline magnetic mineral, referred to as magnetosomes,
account for this ability to exploit the earth’'s magnetic field for
navigational purposes to efficiently find low oxygen environ-
ments.’”% The alighment of magnetosomes, which usually
measures 50-70 nm in diameter, in chains within the bacteria
are postulated to function as biological compass needles by
providing the means for alignment with magnetic fields which
enable the migration of bacteria along oxygen gradients in
aquatic environments (Figure 23b).[266.268]

The essential part of magnetosome is the magnetic mineral
which yields its superior magnetic property.””!! By the help
of electron microscopy, closer view of magnetosomes clearly
shows these magnetic crystalline minerals enclosed by a faint
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Figure 23. a) a schematic model of magnetotactic bacteria (MTB) migration along the earth’s
magnetic field. MTB (black) exploit the earth’s magnetic field (gray lines) as guides to efficiently
localize to the oxygen—poor oxic anoxic transition zone, while other organisms (white) must rely
on 3D method for finding the same region. b) magnetosomes chains impart magnetic dipole
moment which perform as compass needles to align the MTB along the earth’s magnetic field.
a) Reproduced with permission.[?®l b) Reproduced with permission.?l Copyright 2014, ACS.

black circle (Figure 24a). This circle is an indicative of an
organic membranel?*®! that mainly consists of phospholipids
and proteins.?’? Iron oxidel?”l or/and iron sulfide minerall?’4l
constitute the inorganic core of magnetosomes. Different
crystal habits or morphologies of magnetic crystals have been
observed in MTB by various forms of electron microscopy.l?”!
Different shapes include: bullet-shaped, elongated prismatic,
rectangular, hexagonal, square-like, and cubooctahedral
(Figures 24b—d).

Obtaining high yields of MTB cells and magnetosomes is a
primarily major challenge to practically utilize these astonishing
MNPs for biological applications. Although the molecular
biology of the magnetosome and magnetotactic bacteria have
not been yet fully elucidated, some great biomimicries have
been done to synthesize magnetite nanoparticles in vitro.?”¢!

www.advhealthmat.de

These high yields of MTB cells and magne-
tosomes can be produced by either simply
scaling up of batch cultures?’”! or by using
a growth method where the oxygen concen-
tration is precisely controlled and yields high
level of magnetosomes.*’8l Surprisingly,
there are several species of MTB that can be
cultivated in vitro under conditions where
growth and magnetite biomineralization are
optimized to collect their biomineralized
magnetosome for biological applications.*”’!
A series of three publications have described
the optimization of the growth of the most
popular type of MTB, Magnetospirillum gryph-
iswaldense MSR-1, to enable industrial devel-
opments required for the large production of
magnetosomes. 28

As it was mentioned, MTB exploit the
alignment of magnetosomes to migrate into
zones where oxygen and other redox active compounds are
horizontally stratified. Thus, controlling the level of oxygen to
provide microaerobic and anaerobic conditions?®!l as well as
controlling the redox potential?®?l are of two most important
factors which are absolutely required for magnetite biominer-
alization in MTB. Utilizing an oxygen-controlled fermenter pro-
vides a precise control over the culture of MTB, especially the
most popular investigated model, Magnetospirillium species.[?%!
Sun et al. used a fermenter to control the level of dissolved
oxygen and after 60 h of culture incubation obtained magnetite
yield of 16.7 mg L7! d1.% In a similar study performed by
Liu et al. magnetite yield 55.49 mg L' d™! after 36 h of culture
was reported in a condition where the amount of carbon and
electron source were decreased.l?®!! In a different strategy, Silva
et al. used a statistical-based experimental factorial design to

Magnetosome
Chain

lum

Figure 24. TEM images of magnetosome chains. a) a close view of magnetic crystalline shows that minerals are enclosed by a faint black circle. b—d)
different shapes of magnetosomes: b) cubo-octahedral; c) bullet-shaped; d) elongated prisms. Reproduced with permission.2%6l Copyright 2008, RSC.
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culture high yields of the marine MTB M. blakemorei by deter-
mining the key components and amounts in growth medium
for maximum vyields.?®! After cultivation of MTB, mature
magnetosomes are extracted from the MTB through methods
which use sodium hydroxide (NaOH), sonication, a French
press, or a pressure homogenizer to lyse the bacterial cells.l?””]
Subsequently, magnetosomes are purified, most commonly by
using a system of magnetic isolation which is followed by low
power ultrasonication and a proper treatment with proteins K
and electro-elution to remove adsorbed and surface proteins as
nucleic acids.[28¢

2.3.2. Protein Mediated Synthesis of Magnetite Nanoparticles

One of the interesting tools for engineering approaches toward
material science is taking advantage of various bioassemblies
which are able of templating complex inorganic nanomate-
rials. Numerous recent molecular studies have been directed
toward uncovering the interfaces between proteins and inor-
ganic materials which are directly involved in crystallization
mechanisms. Different proteins isolated from biominerals have
opened the door for bio-inspired synthesis of nanostructured
materials with unique properties. In fact these materials can be
synthesized through in vitro use of proteins as mineralization
templates. 28]

In the previous section, biogenic synthesis of magnetite
nanoparticles took place in a mediated growth condition pro-
vided by MTB under fairly mild conditions. In a pioneering
study carried out by Arakaki et al, Mms6 protein was identi-
fied as a protein which is tightly associated with the magnetite
formation in Magnetospirillum magneticum AMB-1.2%81 Mms6
is an amphiphilic protein which mainly consists of an N-ter-
minal hydrophobic region responsible for the self-aggregation
of the protein,®% and C-terminal hydrophilic region containing
multiples of acidic amino acids which is suggested to act as an
iron-binding site.? It was suggested by Arakaki that Mms6
protein is a dominant protein and regulates the biomineraliza-
tion and controls the morphology of uniform magnetosomes
by acting as a template to guide the shape and size of the mag-
netite crystals formed.?°!l Surprisingly, the combination of these
biomineral-associating proteins and their mimic peptides has
enabled the biomimicking of inorganic materials, especially mag-
netite nanoparticles.?*? In fact, this protein has been isolated
from MTB to facilitate in vitro chemical synthesis of cuboidal
magnetite nanoparticles similar to the ones produced in MTB.[28!

Two main synthetic methods have been used to elucidate the
function of the Mms6 protein for preparing magnetite crystals
and use the function for an effective biomimicry.?*%2%% In the
first case, the function of Mms6 during the biomineralization
of magnetosomes in BTM was elucidated through the analysis
of the Mms6 deletion during the coprecipitation of ferrous
and ferric ions. It was concluded that highly ordered cuboidal
magnetite crystals consisting of (1 0 0) and (1 1 1) crystal faces
with sizes ranging from 20 to 30 nm were formed in the pres-
ence of Mms6, while smaller and irregular-shaped magnetite
crystals consisting of mainly (1 1 1) faces were formed in the
absence of the protein.?)l Some other studies have been also
performed to elucidate the function of Mms6 protein during
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the biomineralization of magnetite nanocrystals.?$24 Alter-
natively, magnetite nanocrystals were prepared with the addi-
tion of Mms6 through a method involving partial oxidation of
ferrous hydroxide.?%?l It was concluded that addition of Mms6
results in the production of magnetite crystals of uniform size
with narrow size distribution similar to those of magnetosome
observed in the M. magneticum strain AMB-1. As opposed to
the crystals formed in the presence of Mms6, deletion of this
protein resulted in larger magnetite crystals with increased size
distribution.

Recently, Lenders et al. have presented a design of a bioin-
spired method for aqueous precipitation of magnetite at room
temperature as a mimic of the magnetosome membrane.>*!
Through this method, the controlled formation of ferrimag-
netic magnetite with particle sizes up to 60 nm in the presence
of Mms6 protein has closely mimicked the biomineralization
process taken by MTB. It was suggested that Mms6 is a mag-
netite nucleation protein which binds iron ions specifically to
nucleate the formation of magnetite. Galloway et al. have pro-
vided a new approach for the synthesis of magnetite nanocrys-
tals on gold surfaces.?*! They used micro-contact printing to
pattern Mms6 protein onto gold surfaces and subsequently
biomineralized consistent magnetite nanocrystals. Recently,
they have also performed a study with some variations of
previous approach to pattern engineered Mms6 proteins con-
taining an N-terminal cysteine capable of binding directly onto
the surface and biotemplating magnetite nanocrystals.*””] This
surface based biomineralisation experiment therefore offered
a unique in vitro method of studying Mms6 in an environ-
ment similar to the native state, anchored in the magnetosome
membrane. In their very recent study, they have used a similar
biomimetic system to investigate the differences between the
Mms6 C-terminal peptide and the intact Mms6 protein in mag-
netite synthesis.[?%!

2.3.3. Fungi Mediated Synthesis of Magnetite Nanoparticles

Fungi mediated synthesis of nanoparticles is one of the other
alternative strategies which is considered as a “green”, environ-
mentally friendly fabrication route. However, the use of fungi
in deliberate synthesis of oxide-based nanomaterials was not
explored for the first time until the early 2000s.2°%! During the
last decade, there have been several reports on the extracellu-
larly biosynthesis of numerous metal oxide nanoparticles by
employing fungal microorganisms as efficient biological enti-
ties. Capability of fungi to be easily cultured under controlled
environments, resistance to mutations as well as their ability to
produce abundant amounts of extracellular enzymes and pro-
teins to control and mediate the synthesis process are of impor-
tant advantages offered by fungi which make them preferable
candidates for the synthesis of nanomaterials.>%!

In the case of fungi-mediated biosynthesis of magnetite nan-
oparticles, up to our knowledge, there is only one study per-
formed by Bharde et al.l’%! Within this elegant study, magnetite
nanoparticles with appropriate stoichiometry were produced by
challenging F. oxysporum and Verticillium sp. with an aqueous
solution containing a mixture of ferricyanide [Fe(CN)¢]** ions
and ferrocyanide [Fe(CN)g]*" ions. TEM images of the resultant
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Figure 25. Transmission electron micrographs of magnetite nanoparticles synthesized using a) fungus Fusarium oxysporum, b) fungus Verticillium

sp. Reproduced with permission.[0'l

magnetite nanoparticles revealed that magnetite nanoparti-
cles of quasi-spherical shape in the 20-50 nm size range were
synthesized by F. oxysporum, while verticillium sp. synthesized
cubo-octahedral assemblies of magnetite nanoparticles in the
100-400 nm size range (Figure 25). It was found by higher
transmission electron microscopy magnification that nano-
particles produced in the latter case are composed of smaller
10-40 nm particles.

3. Proper Coating of MNPs

3.1. Exigencies of Coatings MNPs

Proper coatings are needed without a shadow of doubt to trans-
late bare iron oxide magnetic cores into robust MNP systems
which come in handy for a wide range of in vivo and in vitro
applications. Agglomeration, oxidation, anchoring capability as
well as the ability of evading the RES are the obvious motives
for developing a various coating chemistry. Diminishing the
agglomeration and water-insolubility of MNPs in physiological
environment is the first exigency of coating them. Many of the
powerful synthetic methods result in nanoparticles covered
by hydrophobic surfactants, causing insolubility in water.3%?
On the other hand, since the size of desired nanoparticles is
decreased below 100 nm, they become highly reactive sites due
to proportion of surface atoms and hydrophobic interactions
between the sub nm size particles (large surface area to volume
ration).["?l This will lead to less stable nanoparticles as a result
of strong tendency to undergo agglomeration. Appropriate sur-
factant coating can decrease the particle—particle interactions to
derive colloidally stable, water soluble MNPs.3%3

Bare MNPs are prone to be attacked by oxidative or corrosive
environments in a way that their stability in solution and physi-
ological media can be easily compromised due to their high
surface-to-volume ratio.3**! Furthermore, subsequent formation
of reactive oxygen species (ROS) will result in loss of magnetic
properties of oxidized MNPs on one hand, in a decrease of their
biocompatibility on the other hand.3%! Although, magnetite
(Fe30,4) nanoparticles are highly magnetizable and resistant
to oxidation, a loss in their magnetism properties occur once
they are oxidized and convert into hematite nanoparticles.3%!
Hence, coating is a major determinant of MNPs stability to
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protect them from oxidation and corrosion in ambient condi-
tions. It also allows them to retain as single-domain structures
for exhibiting better superparamagnetic properties in biological
applications.B!) However, use of nonmagnetic coating will also
decrease the magnetic saturation of MNPs.3%! Most impor-
tantly, coatings should provide functional groups (e.g., amine,
carboxyl groups) for accommodating therapeutics, targeting
ligands, and reporter moieties as an important step that assists
labeling specificity of MNPs toward different applications.3%%
Type of coating is very close to biocompatibility and blood circu-
lation time of MNPs, as it will be described in design considera-
tions section. In fact, a good coating should prolong the half-
life of MNPs through limiting undesirable fouling of protein
plasma on the surfaces to evade RES."]

3.2. Coatings Materials

3.2.1. Small Organic Molecules (Carboxylates
and Organophosphorus Molecules)

Surfactants such as small organic molecules are mostly fre-
quently used for stabilizing nanoparticles prone to oxidation
and aggregations, through forming liposomal or micellular
structures. Generally carboxylates, phosphates, and phospho-
nates are preferred due to their high affinity for iron oxide
surfaces.’%! Adsorption of carboxylic acid on metal oxide sur-
faces occurs due to their nucleophilic character through strong
anionic and physical interaction with hydroxyl groups present
on the electrophilic surfaces.?! Among carboxylic acids, citric
and dimercaptosuccinic acids have been used commercially for
stabilizing iron oxide MNPs.?1% Stable colloidal suspensions
are resulted due to adsorption of these polyacids on iron oxide
MNPs due to their high coordination on their surfaces via one
or two of the carboxylate functionalities.?!!! Hydrophilic and
negatively charged nanoparticles are consequently resulted due
to, at least, one carboxylic acid group exposed to the solvent.12]
However, this method suffers from labile carboxylic functions
which can be easily broken by due to elevation of temperature or
presence of carboxylic compounds with higher affinities to the
surface.}%! Organophosphorus molecules, such as phosphonic
acid, alkylphosphoric acid, and their salts, phosphates and
phosphonates have been investigated as promising stabilizing
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Table 5. Advantages offered by different polymers used in coating MNPs.
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Polymers Advantages Refs.
Polyethylene glycol (PEG) Easy to functionalize, hydrophilic, improves biocompatibility and blood circulation time as well as internalization efficiency [323]
by reducing uptake, non-antigenic, and non-immunogenic properties.
Polyvinylpyrrolidone (PVP) Prevents particles’ coagulation, gives rise to monodisperse MNPs, improves biocompatibility [324]
Polyvinyl alcohol (PVA) Stabilizes the colloid, plays a role in preventing further growth of MNPs followed by the formation of large agglomerates [325]
by chemisorption on the surface of particles, excellent emulsifying properties.
Polyacrylic acids (PAA) Potential properties to be used for long-termed therapy and imaging studies in vivo, increases biocompatibility and helps [326]
in bioadhesion.
Poly (lactic-co-glycolic acid) Approved by FDA and European Medicine Agency in drug delivery systems, stealth effect for longer blood circulation time [327]
(PLGA) and better interaction with biological materials, biodegradability, and biocompatibility, possibility of sustained release and also
protecting drugs from degradation.
Polysaccharides (Dextran) Enhances blood circulation time, biodegradability, and biocompatibility, constitutes a versatile platform for conjugation to [328]
targeting ligands.
Chitosan Hydrophilic, biocompatibility, antibacterial property, wound healing activity, and mucoadhesive properties, enhances the contact [329]
between drug and ocular mucosa due to its high mucoadhesive properties. Potential use in non-viral gene delivery

Gelatin Hydrophilic and biocompatible emulsifier, natural polymer, efficient drug loading properties. [330]
Starch Biocompatibility, possibility of being transported in the extracellular spaces as well as being internalized in nerve cells [337]
poly methyl methacrylate Biocompatible, having moderate properties, easy handling, and processing, low cost [332]
(PMMA)

Polystyrene Highly stable, forming uniformly sized particles in suspension [333]

candidates.?’! They provide more stronger bonds compared
to carboxylic acid molecules through creating Fe—O—P bond,
which equip iron oxide MNPs with coatings having good sta-
bility over several weeks at neutral pH.!

3.2.2. Polymer Coating

Generally, polymer coatings on MNPs are infinitely preferable
to meet the rigorous design considerations such as oxidation,
non-toxicology, overcoming biological barriers along with being
appropriate cargos for delivering therapeutics and function-
alities.3™! An ever-growing number of different polymers both
synthetic and natural have been used for coating nanoparticles
in different kinds of biological applications demanding bio-
compatibility and long blood circulation time, ranging from
drug delivery to magnetic resonance imaging. Moreover, poly-
mers provide surface functional groups (e.g., carboxylic acids,
amines, thiols, etc.) to facilitate the conjugation of therapeutic,
diagnostic and optional targeting ligands. Table 5 summarizes
advantages of different types of synthetic and natural polymers
which have been used mostly for biological application.
Synthetic polymers are divided into biodegradable and non-
biodegradable polymers. The degradation rate of the coating
polymer has a direct influence on the drug release rate and
needs to be considered for the design of the controlled biode-
gradable drug releases. Biodegradation of polymers is influ-
enced by factors such as chemical structure and composition,
molecular weight distribution, administration route, physical
factors (shape, size, defects), and degradation mechanism
(enzymatic, hydrolysis, and microbial).?'®l Compared to natural
polymers, synthetic polymers provide longer periods of sus-
tained release with a better drug releasing control. The most
widely used synthetic polymer is PEG, which is non-toxic and
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prolongs blood circulation time by providing efficient hydrophi-
licity onto the surface of MNPs.3!]

On the other hand, natural polymers, such as dextran, chi-
tosan, gelatin, alginate, and pullulan are advantageous in terms
of biocompatibility and having milder formulation processes
and can also be used as stabilizing agents, but have limitations
in tunability of release for targeting applications. Ferrumox-
tran-10 and Feraheme are of commercially available MRI agents
coated with natural carbohydrate polymers.!®l Due to strong
magnetic dipole—dipole attractions between MNPs, there is an
innate tendency to aggregate. To overcome this, hydrophilic
polymers such as starch and dextran ensure good aqueous dis-
persion of the MNPs.3™! Dextran is also one the most widely
used natural polymers for coating MNPs because of its biocom-
patibility and biodegradability.32”l A number of MNPs coated by
dextran have been used to enhance the contrast of MR imaging
during the past decades.[2!l Furthermore, chitosan coated iron
oxide nanoparticles have been well exploited for targeting pho-
todynamic therapy.??!

3.2.3. Copolymers

To take the most advantages of distinct functionalities of dif-
ferent single coating polymers, copolymers as their constituents
have been developed to synergize the advantages and overcome
disadvantages of each component.l3** This method may lead to
robust conjugation of payload molecules as well as improving
the stability of MNPs and reducing the nonspecific uptake of
biomolecule to have longer blood circulation times for biomed-
ical applications.?*) SPIONs coated with copolymer of PEG-g-
chitosan-g-PEI were developed by Kievit et al.33%l for delivering
DNA. They reported a good stabilization of SPIONs along with
efficient DNA complexation and gene transfection achieved
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by three polymers grafted together. Chen et al.1’*”] coated iron
oxide nanoparticles obtained from thermal decomposition
with a PEGylated amphipilic triblock copolymer consisting of
a polybutylacrylate segment, a polyethylacrylate segment, a
polymethacrylic acid segment and a hydrophobic hydrocarbon
side chain, to make them water soluble and function-extend-
able.’38 They were also conjugated with peptides and imaging
moieties which consequently showed excellent tumor targeting
efficiency, relatively long circulation half-life and limited liver
macrophage uptake. Chen et al.**¥ reported the development of
an antibiofouling polysiloxane containing amphiphilic diblock
copolymer, poly (ethylene oxide)-block-poly(g-methacryloxy-
propyl trimethoxysilane) (PEO-b-PgMPS), for coating and func-
tionalizing nanoparticles such as iron oxide and quantum dots.
This study demonstrated that PEO-b-PgMPS coated nanoparti-
cles, with nearly neutral surface charge, were colloidally stable
in biological medium and showed low non-specific binding
by macromolecules after incubation with 100% fetal bovine
serum. Furthermore, they evaluated the non-specific and RES
uptake through both in vitro experiments with macrophages
and in vivo biodistribution study in mice. Their results revealed
that PEO-b-PgMPS has also an antibiofouling effect which
highly reduces the non-specific cell and RES uptake. In a very
recent study, Hsiao et al.}*?! developed hexanoyl-chitosan-PEG
(CP6C) copolymer coated iron oxide nanoparticles which were
loaded by paclitaxel (PTX) and conjugated by chlorotoxin (CTX)
for targeted drug delivery to human glioblastoma (GBM) cells.
They reported a successful targeting of GBM fells with thera-
peutic efficiency greater than that of free PTX which makes
copolymer coated iron oxide nanoparticles as potential platform
for loading and delivery of many hydrophobic drugs.

3.2.4. Silica

Functionalization of magnetic cores through an inorganic
approach is most widely done by exploiting silica matrices,
which greatly preserves the unique properties of the nanopar-
ticles on one hand,?*!l and enables transferring the nanopar-
ticles synthesized in organic media to aqueous media on the
other hand.?*? Silica is in fact, an amorphous material which
possesses hydroxyl surface groups that provide intrinsic hydro-
philicity and offer versatile choices for grafting the particles
with targeting molecules.?®! Silica is also a heat-resisting
material, with a low specific gravity, high surface area, high sta-
bility under aqueous conditions (low pH) and high mechanical
strength which specifically makes them suitable for diagnostic
applications.}*l Moreover, MNPs coated with silica are nega-
tively charged at blood pH which results in avoiding the aggre-
gate formation in body fluids.?*! Also, the transparent matrix
of silica allows the efficient passage of excitation and emission
light for better imaging diagnosis.*¢!

Modification of magnetite nanoparticles was firstly per-
formed by Philipse et al.?*’] through a sol-gel approach. They
reported a good dispersion of coated magnetite nanoparticles
in aqueous suspensions due to intrinsic hydrophilic property
of silica. Silica coated MNPs can be exploited for separation of
biomolecules through electrostatic interactions due their high
capability to be charged above the isoelectric point of silica
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(pH = 2).38 Successive functionalization can also be easily
introduced thanks to the presence of silanol groups (—Si—OH)
on the surface to prevent any direct contact of the magnetic
core with additional reagents to avoid unwanted interactions,
such as acidic corrosion.

Normally Stéber method,**] reverse microemulsions (water
in 0il)?% or direct micelle assisted methodsi**!l are used to
coat silica on MNPs. The common Stober process includes the
hydrolysis and polycondensation of TEOS under alkaline con-
ditions in ethanol.?*! Two major classes of silica coatings are
form of solid (dense) and mesoporous, wherein mesoporous
silica provides additional drug delivery functionality.’>?l Shi
et al. prepared magnetic nanoparticles coated with a silica shell.
They first prepared hematite nanoparticles as the initial cores
and covered it with a mesoporous silica layer formed from
simultaneous sol-gel polymerization of TEOS and n-octadecyl-
trimethoxysilane (C18TMS) followed by removal of the organic
template through calcination. Subsequently Fe;O,/Fe was pro-
duced by reducing the hematite cores in a flowing gas mixture
of H, and N,.3%3 In a very recent study, Kuzminska et al.l3>¥
reported thin and thick coating of Fe;04 MNPs with (3-amino-
propyl)triethoxysilane and TEOS to increase their hydrophilicity
and their pH stability. Their stability tests showed that coating
with silica shell and grafting with organosilanes considerably
improve the stability of MNP at pH = 3; the thicker the silica
layer the less iron oxide dissolved.

However, recently attentions have been more directed
toward multifunctional mesoporous silica nanocomposites
for either encapsulating nanoparticles within a silica shell or
assembling nanoparticles on mesoporous nanoparticles. A pio-
neering study conducted by Hyeon group in 2006 reported a
novel method which enabled encapsulation of inorganic nano-
particles in mesoporous silica shell.>>*] CTAB served both as a
phase transfer agent and as an organic template for the forma-
tion of mesoporous silica spheres. In this method, Transferring
the resynthesized iron oxide nanoparticles stabilized with oleic
acid from an organic phase to an aqueous phase was performed
through capping the with CTAB. Subsequently, mesoporous
silica sphares embedded with iron oxid nanoparticles resulted
from a sol-gel reaction followed by the removal of surfactants.
(Figure 26). Moreover, to enhance physicochemical qualities of
mesoporous silica-based nanoparticles, their surface can be fur-
ther functionalized with camouflage to prolong their blood cir-
culation time.?*® Chen et al. developed a novel magnetic drug
delivery system in which SPIONs conjugated with doxorubicin
were coated with porous silica shell and subsequently function-
alized with PEG.B7]

However, the large size of such nanoparticles is still a chal-
lenge and can lead to their unspecific uptake by the RES. To
address this problem, Hyeon et al. the synthesized core—
shell mesoporous silica nanoparticles smaller than 100 nm
embedded with MNPs and modified with PEG to render them
biocompatible by hindering the nonspecific adsorption of pro-
teins on them upon entering the body (Figure 27).3%8] The
same group employed mesoporous silica-coated hollow manga-
nese oxide nanoparticles as contrast agents for T; MR imaging.
Their results showed that water accessibility to the manganese
core was increased due to the feasibility of water exchange
across the porous coating, combined with the large surface
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Figure 26. a) Schematic representation of monodisperse magnetite nanoparticles embedded in mesoporous silica spheres (M-MSS). b,c) TEM, and
d) high resolution TEM images of M-MSS. Reproduced with permission.?*! Copyright 2006, ACS.

area to volume ratio of nanoparticles, which led directly to the
enhancement of T; contrast.?> The unique intrinsic structure
of mesoporous nanoparticles impart high capacity for drug
loading as well as employing drug control release modules onto
such carriers.

In a recent study, ferrite nanoparticle-incorporated
mesoporous nanoparticles fabricated by Thomas et al. provided
a noninvasive system to remotely control the drug release. In
fact, a nanovalve system was perfectly designed by combining
controlled drug release ability of mesoporous nanoparticles
with hyperthermic effect of MNPs, wherein zinc-doped iron
oxide nanoparticles were encapsulated within mesoporous
silica shells and subsequently cyclic cucurbituril was used for

(a)

water transfer += <=
using CTAB / f)

Fe,0, in chloroform Fe 0,/ CTAB in water

mesoporous silica

coating

Removal of
Fe,0, cores 0

hollow mSiO, Fe,0,@mSiO,
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capping the pores.?*¥ Interestingly, upon exerting an oscillating
magnetic field, the electrostatically bound nanovalve molecules
were removed by the induced heat generated by incorporated
magnetic nanoparticles, and resulted in cargo release.

Despite all the advantages, silica coatings suffer from the
intrinsic instability of the system under basic conditions along
with the probability of oxygen and other species to be diffused
and reach the magnetic core due to the presence of pores in
the amorphous layer. On the other hand, the secondary nuclea-
tion of silica particles as well as controlling the thickness of the
silica shell is among the problems in using stober process for
coating MNPs.['!8 In addition, although silica is known to be
biocompatible, they have are not biodegradable.['?]

Fe,0,@mSi0,-PEG

Figure 27. a) Schematic illustration of the synthetic procedure for magnetite nanocrystal/mesoporous silica core—shell nanoparticles and TEM images
of Fe;0, @mSiO, with b) 60 nm and c) 90 nm core. Reproduced with permission.13>8 Copyright 1989, Oxford University Press.
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3.2.5. Gold Coating

The low reactivity of gold to avoid oxidation on one hand, and
its surface chemistry and lack of toxicity on the other hand,
have made this precious metal to be a perfect candidate for
conjugation with variety of biomolecules.’®!l Protein purifi-
cation,?®?l bioseparation and immunoassay,*%3! biomolecule
immobolizatgion and detection,?*) and MRI are to number a
few applications where gold-coated MNPs have been utilized.
It can be simply functionalized with thiol (—SH) organic mol-
ecules to form compact and ordered self-assembled monolayers
(SAM) on its surface to modify the surface properties. In addi-
tion, anchoring of other systems such as molecules, proteins,
DNA, and nanoparticles is possible thanks to the presence of
the exposed end group (—NH,—COOH,—SH,—Cl,—CHj,...).
Another good advantage of gold coating is that the superpara-
magnetic nature of magnetic cores is retained with either a
decreasel®] or an increasel*®® in the value of saturation mag-
netization. Furthermore, the near-infrared (NIR) light sensi-
tivity of gold surfaces combined with the intrinsic potential of
MNPs for MR imaging render them practical for MR/optical
dual imaging applications.?®”] Currently, there have been con-
siderable number of reports on synthesizing magnetic nano-
particles covered by gold through microemulsion,?%! chemical
reduction,?®) coprecipitation, seed mediated growth,7% self-
assembly,”!! sonochemical reduction,?’? thermal decomposi-
tion,®! and laser irradiation®”3 approaches. Bao et al.l’l have
also reported synthesis of gold-magnetite composites involving
discrete gold nanoparticles on magnetite surface which can
be useful for applications such as protein separation, optical
imaging, or catalysis, where a full coating is not required.
Overlaying of gold can be facilitated by attachment of gold
seeds that form a protective layer to increase the particle sta-
bility against particle aggregation and make them resistant to
chemical attacks.’””] Recently, in a very comprehensive study,
the effect of gold coatings on the clearance of MNPs has been
studied by investigating a long term fate of gold coated MNPs
after intravenous injection in mice. The in vivo degradation of
magnetic particles and coating shells were shown and com-
pared by two different amphiphilic polymers or glycol coating.
It was revealed that the initial surface properties have impact
on the degradability and on the kinetics of elimination of mag-
netic iron and gold from liver and spleen.l”®l

Overall, although gold offers a lot of advantages for MNP,
there are some difficulties that should overcome. The direct
coating of iron oxide with gold is hard due the dissimilarity in
the nature of the two crystalline surfaces making the coating
to be weak which can be overcome by using TiO, as a bridging
material.?77]

3.3. Coatings Approaches of MNPs

The coating process of MNPs can be achieved by two major
approaches mainly classified as in situ coating and post syn-
thetic coating. Through in situ strategy which is also known as
“one-pot synthesis,” the same reaction solution contains both
precursors of magnetic cores and coating materials wherein
magnetic cores will be first nucleated on the coating materials.
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As a matter of fact, simultaneous formation of both magnetic
cores and their coating occurs.’’®l In situ coating process is
mainly used in synthesis approaches which lead to surface free
nanoparticles in water.’’") That would subsequently result in
the formation of magnetic cores and the coatings at the same
time that uniformly encapsulates the NP core. However, this
strategy may have some negative effects on the magnetic sus-
ceptibility of MNPs by limiting their crystallinity.''® On the
other hand, the selected coating materials should have good sol-
ubility at pH values necessary to precipitate MNPs, i.e., in situ
coating of MNPs with chitosan was problematic due to its poor
solubility at the desired pH values.*®% The precipitating agents
are often synthetic polymers such as PEG, PVA, poly (acrylic
acid) (PAA), poly (methylacrylic acid) (PMAA), poly (lactic acid)
(PLA), polyvinylpyrrolidone (PVP), PEI and biopolymers such
as carbohydrates (dextran, chitosan, alginate, arabinogalactan).
In contrast to in situ approach, within the post synthesis
strategy, bare magnetic cores will be introduced by coating
materials onto their surface through ligand exchange, 140381
direct grafting®®? or hydrophobic interactions.?®? Silica, poly-
mers, gold and other organic dye molecules are of the most
commonly used materials through this approach.['?!

In order to bind the coating material onto the surface of
resultant MNPs, two different strategies have been employed;
the first one exploits the weak interactions (van der Waals
forces, hydrogen bonds, etc.) for a reversible physisorption of
the surfactant, macromolecules, and amphiphilic polymers
on the surface of metal oxide nanoparticles and the second
one involves the attachment of macromolecular chains onto
the nanoparticles surface via chemisorption.’® In the matter
of former approach, a so called “ligand addition” process can
be performed wherein the physical interaction between the
hydrophobic tails of amphiphilic molecules (e.g., phospho-
lipids) and hydrophobic ligands on the surface of MNPs takes
place.’®] In fact, interaction of the long-chain hydrocarbons
with hydrophobic surfactants of the core surface leads to lipo-
somal or micellular structures that can interact with water by
either ionic interactions or hydrogen bonding due to the hydro-
philic heads of surfactants. Since amphiphilic molecules can
be formed around the nanoparticles regardless of their compo-
sition, this method can apply to other kinds of nanomaterials
such as carbon nanotubes, quantum dots, and noble metal
nanocrystals.?% This strategy comes in handy especially in
synthesis methods such as thermal decomposition which result
in nanoparticles capped with hydrophobic surfactants that are
incapable of suspending in polar solvents such as water of
PBS solutions.l'*!l Wang et al. presented a surface modification
method for increasing the dispersity of MNPs in aqueous phase
based on the formation of inclusion complex between sur-
face-bound surfactant molecules and o~cyclodextrin (o0 — CD)
(Figure 28a).’*”) They first used a thermal decomposition
method for preparing Fe,O; nanoparticles coated with oleate
and stored in hexane. Subsequently, an aqueous mixture of
o — CD was created and the phase transfer was conducted by
vigorously stirring the two solutions under room temperature.
After a 20 h stirring, MNPs’ coating were exchanged from the
oleate to the o — CD coating as the top hexane layer became
colorless (Figure 28b). Furthermore, amphiphilic copolymers
derived from polysaccharides and PEG can be employed to
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Figure 28. a) Schematic illustration of transfer of oleic acid stabilized nanoparticles from organic into aqueous phase by surface modification using
o~cyclodextrin. b) photographs of two phase mixture of 10 nm iron oxide nanoparticles (I) before and (Il) after phase transfer, and (Ill) aqueous
suspension after centrifuge. Reproduced with permission.*3”) Copyright 2003, ACS.

further enhance the aqueous stability of MNP-containing
micelles.3®!  Although large hydrophobic and hydrophilic
regions of copolymers wrapped around the magnetic cores lead
to great chemical and thermal stability,®! compared to the
nanoparticles coated with simple organic molecules the above
strategy results in nanoparticles with substantially increased
diameters.3% Furthermore, the possibility of the molecules des-
orption due their weakly bound ligands can lead aggregation,
precipitation, and loss of functionality of the nanoparticles.3%!
In an alternative strategy, covalent binding of polymeric
coating onto the surface of nanoparticles can be performed
either by the “grafting to” or “grafting from” methods. In
former case, pre-synthesized end-functionalized polymer
chain is attached by using the affinity of the polymer end-
group and complementary functional groups located on the
surface of nanoparticles to form tethered chains.?% How-
ever, the overlapping problem of earlier attached chains faces
this approach with activation barrier that limits the amount of
polymer capable to be tethered onto the nanoparticles. On the
contrary, in situ growth of the polymer chains from the sub-
strate surface by attaching initiating groups, mainly by covalent
bonds, can overcome the intrinsic problem related to the prior
method.?%! A wide range of polymerization techniques such as
ring-opening metathesis polymerization,**¥ living cationic,*!
living anionic,?* ring-opening polymerization (ROP),?*’! and
controlled/“living” radical polymerization (CRP)3%! have been
developed during the last decades for coating numerous nano-
particles with polymeric materials. By a study performed by
Kang et al. a reversible addition-fragmentation chain transfer
(RAFT) process utilizing peroxide and hydropreoxide function-
alities was used to functionalize Fe;0, MNPs with polystyrene
and poly(acrylic acid).’?) A flexible methodology was also pro-
posed by Lattuda et al. for the preparation of MNPs coated with
poly(lactic acid) end-tethered chains which were grown by sur-
face-initiated ROP and poly(methacrylate) end-grafted chains
obtained by atomic transfer radical polymerizations.*?!
Overall, some inherent limitations of physical adsorp-
tion of coating materials onto nanoparticles can be overcome
through applying polymers which are able to bind with more
than one chemical group that directly lead to fully encapsulated
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nanoparticles which are much more stable under physiolog-
ical conditions.**!l Both linear-/partially branched polymers
(such as dextran,*%2 PAA#0 modified hyaluronic acid, %4
and various copolymers)®l and hyperbranched-polymers
(such as branched PEI and other types of dendrimers) are
used for encapsulation of MNPs. In contrast to the hyper
branched and linear branched polymers which encapsulate
the nanoparticles, an end-grafting approach can be employed
for coating MNPs through connecting the magnetic core and
coating material via utilization of surface binding groups such
as carboxyl groups,’®! thiol groups,*% hydroxamic acid,*%’]
alkoxysilanes,**®®! phosphine oxide,**! and catechol-based!*%l
ligands on one end of the coating materials. In an interesting
study performed by Jun et al., a cross-linked “mesh” formed
by dimercaptosuccinic acid (DMSA) on the surface of ferrites
MNPs provided better chemical stability.*!% In this case, the
surface-capping molecules formed disulfide bridges which not
only enhanced the stability, but also left available free thiols for
further bioconjugation. Additionally, the highly stable polysi-
loxane shells formed by alkoxysilanes on the surface of MNPs
have also gained extensive attention.'2%493>411] However, avail-
ability of functional groups for biocunjugation and the colloidal
stability of MNPs can be adversely affected within end-grafting
strategy. In fact, the bulky nature of some high affinity cap-
ping groups may result in low surface density of end-grafted
polymers. In addition, end-grafting coated MNPs are prone to
agglomerate due to the probability of linkages break down and
coating loss which is caused by the limited amount of binding
groups per coating molecules.38¢]

4. Design Considerations for Entering the Body

Despite the vast perpetual improvements in the quality of
MNPs, principal design factors should be taken into full con-
sideration in every step of production process to increase the
probability of reaching the target by both prolonging the half-
life of nanoparticles and increasing their cellular internaliza-
tion (Figure 29). Potentially, pessimistic insights are given by
the inherent properties of MNPs for hyperthermia and MRI,
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Prolonging the half-life

Size and Shape

Materials bigger than 100 nm are readily taken up by RES.
Also to avoid vessel embolism and pass through capillary
system of organs, particles should be less than 100 nm.
Nanoparticles with anisotropical shape and with high length-
to-width aspect ratio have better blood circulation time by
decreasing the systemic absorption and excretion. Such
nanoparticles also showed decreased liver distribution and
urinal excretion.

The basal lamina of kidney consists of pores approximately
10 nm sized. For a better design particles should not be less
than 20 nm to prevent their renal excretion.

Surface charge

Negatively charged surfaces are less prone to the
adsorption of opsonion proteins which will finally reduce
the unspecific uptake by phagocytic cells.

Hydrophobicity

The rapid formation of protein corona around the NPs
through absorption alters their chemical identity and
makes them more visible to phagocytic cells. Protein-
repellent coatings such as poly(ethylene glycol) and
zwitterionic  molecules such as polybetaines or
polysacharides can be used to reduce the hydrophobicity
of NPs to inhibit the formation of protein corona. In
addition, biomimetic coatings derived from the membrane
s of erythrocytes, leukocytes, platelets and macrophage
cells can disguise NPs.

www.advhealthmat.de

NPs consideration for
entering the body

Regulating cellular internalization

Size and shape

Larger NPs increase the propensity of margination behavior to be
migrated near the vascular wall. NPs larger than 60 nm are poorly
taken up by tumor cells. NPs with the size of 50 nm have shown
optimal cellular uptake. Disk-like NPs exhibit larger lateral drift
velocities and lower the hydrodynamic forces due having smaller
cross section and larger surface of adhesion compared to spherical
NPS. In addition, elongated nanoparticles have shown better
cellular uptake compared to spherical nanoparticles.

Surface charge

Positively charged NPs have better interactions with the anionic
cell membranes and increase the chance of endocvtosis.

Toxicity concerns

Some organs may capture and store magnetic NPs, hence a
surface modification is needed to prevent their direct contact
with cells. Also, iron oxide nanoparticles in concentrations > 100
micro*g/ml demonstrate levels of cytotoxicity and produce mild
transient side effects. Magnetic targeting of MNPs also increases
their concentration in a localized are which can cause adverse
biological effects such as inflammation.

Toxicity concerns

Targeting ligands are complementary to unique receptors on
target cells and increase the affinity and chance of specific cell
binding. NPs are decorated with ligands such as antibodies,
aptamers, proteins, peptides and small molecules to specifically
bind to either pre-existing surface molecules or receptors
overexpressed on target organs.

Figure 29. MNPs consideration for entering with prolonged half-life and regulated cellular internalization.

as well as by their high surface to volume ratio which have
translated them into potential vehicles capable of carrying an
arsenal of therapeutics and imaging modalities. In one special
case, incapability of conventional drug formulations to be local-
ized in mass has been one major impetus that a wide range
of research efforts have been aimed at exploitation of nano-
particles to overcome the pharmacokinetic limitations associ-
ated with such therapeutics leading to substantially prolonged
blood circulation times.*!2 Practically, however, achievement of
proper therapeutic and diagnostic outcomes has been severely
hindered by a series of biological barriers that nanoparticles
encounter during their journey within the highly complex
system of the body. Although nanoparticles have dramatically
expanded the therapeutic window of drugs, these barriers leave
nanoparticles incapable of reaching the target, to the point that
in most cases, 5% or less of the injected nanoparticle dose ends
up in tumor tissue and the bulk of injected dose still accumu-
lates in healthy tissues which cause adverse effects in other
organs.[*3]
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Irrespective of the vehicle and cargo types, unspecific uptake
Dby the cells of mononuclear phagocyte system (MPS) as well as
a series of anatomical size restrictions exerted by renal ultrafil-
tration in kidney, and other organs like spleen and liver are the
main physiological barriers for elimination of nanoparticles.*!
In addition, nanoparticles are faced with a sequential fashion
of cellular barriers (such as the cell membrane, the endosome/
lysosome) to go through the cellular gates and deliver their car-
goes. In order to overcome these hindrances in the way of tran-
sitioning nanoparticles with mere potential to the ideal ones
for unprecedented biomedical applications, a vast amount of
researches have been carefully invested on better understand-
ings of biophysical interactions at the nano-bio interface for
proper negotiation with biological barriers.'! In the light of
the extensive researches, it has been concluded the modula-
tion of physicochemical properties of nanoparticles such as
size, shape, surface chemistry, and surface charge play impor-
tant roles in incorporating new design features within conven-
tional nanoparticle constructs. Herein, we highlight profound
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implications on directing MNPs to a happy ultimate fate for
overcoming these barriers and performing their designated in
vivo functions in a clinical field.

4.1. Overcoming Elimination by the Body Immune System

Interaction of MNPs with the immune system of the body and
non-targeted cells can be limited or enhanced depending on the
physicochemical properties of MNPs. In the first step, the phys-
icochemical properties of nanoparticles should be modulated
in a way that prolongs the blood circulation time of nanoparti-
cles through bypassing the MPS (also called reticuloendothelial
system or macrophage system) as well as size restrictions in the
renal ultrafiltration system (kidney, spleen, and liver).'%#16] To
this end, along with better understanding between nanopar-
ticles and body system, a series of considerations should be
applied on modulating surface chemistry (hydrophobicity and
surface charge), size and shape of MNPs to avoid engulfment
and filtrations from the bloodstream.

At the core of these considerations is designing MNPs that
maintains an appropriate “biological identity” during their
journey to the target site, which actually means to protect their
primary suitable physicochemical properties against being
altered by the adsorption of serum protein on their surfaces.*!”!
This is extremely vital to avoid the immediate sequestration of
MNPs by preventing changes in their original identity which
may promote MNPs recognition and uptake by MPS.*18 In par-
ticular, nonspecific uptake of opsonized nanoparticles by MPS,
consisting of the phagocytic cells located in reticular connective
tissue, mainly limit the delivery of therapeutic cargos at dis-
ease sites by depositing a small fraction of the total dose in the
tumor.*1% Specifically, upon the intravenous injection of MNPs
into the body, the sequestration process begins with opsoniza-
tion by which they are covered with opsonin proteins, including
serum albumin, apolipoproteins, and immunoglobulins.*a
This adsorption has significant impacts on biological, biochem-
ical, and cellular behavior of MNPs and transforms the original
chemical identity of the surface of MNPs into a biological iden-
tity.*2% Physicochemical properties of MNPs are dramatically
altered by this rapidly forming protein corona to the point that
protein corona will be what cells actually see.*?!] This corona
now pinpoints the biological effect on interaction with cells
membrane and the uptake mechanism by defining the bio-
logical identity of MNPs.[*22 Following the protein adsorption,
MNPs become more visible to macrophages and other phago-
cytic cells residing in the spleen, lymph nodes, and liver. Sub-
sequently phagocytosis happens by undergoing attachment to
specific receptors on the surface of phagocytes.

Although many interactions contribute to the formation of
protein corona, it is now understood that hydrophobic inter-
actions and surface charge are mainly in charge of protein
adsorption on the surface of nanoparticles (Figure 30).1*2%
However, some studies have reported on quantitativel'*? and
qualitativel*#l size influence on protein composition. The sur-
face charge which quantitatively is measured as an electrical
potential in the interfacial double layer on the nanoparticles in
suspension plays a significant role in their colloidal stability,
adsorption of proteins and cellular uptake.'?l Although many
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attempts have been made to investigate the effect of surface
charge on the formation of protein corona, there is still a dis-
parity in whether positive or negative surface charged nanopar-
ticle are better suited for biological applications.*?! A series of
studies have reported that negatively surface charged nanopar-
ticles strongly correlate with reduced protein adsorption, which
consequently leads to low phagocytic uptake and longer blood
circulation time. Surprisingly, some studies have shown that
protein binding affinities are independent of the nanoparticle
charge and are not determined by the isoelectronic point of the
proteins.*28l Overall, it may be implied that undesirable clear-
ance by RES can be reduced with slightly negative charged nan-
oparticle to reach the target cells.l*’]

It has also been demonstrated that nanoparticles with hydro-
phobic surfaces are more likely to be covered with proteins
compared to hydrophilic ones.[*?8l Furthermore, these hydro-
phobic interactions lead to a poor dispersion in water and
organic solvents and also loss of superparamagnetic proper-
ties.! To inhibit nanoparticles agglomeration and adsorption
of plasma protein to the surface of hydrophobic nanoparticles,
they have to be equipped with protein-repellent surface to pre-
vent recognition by the RES and extend circulation time in the
body.[*?%l This has led to the development of stealth nanoparti-
cles which are a promising tool for avoiding their elimination
by the body’s defense system.

Avoiding the formation of protein corona, one strategy
is modifying the hydrophobic surface of nanoparticles with
hydrophilic materials such as PEG as a standard approach to
increase the circulation of variety of nanoparticles.*3% Tight
associations formed between PEG subunits and the water
molecules result in generation of a barrier that blocks protein
adsorption.l¥! This steric hydrating layer significantly reduces
the recognition of MNPs by MPS and extends the half-life of
nanoparticles in circulation. Although PEG reduces the overall
protein binding, investigations on PEGylated nanoparticles
have represented high amounts of clusterin in the protein
corona which was formed on their surfaces.*3?l In a recent
study, the role of clusterin on nanoparticle uptake by phago-
cytes was evaluated and it was revealed that clusterin has
a stealth effect on the cellular uptake of not only PEGylated
nanoparticles but also non-PEGylated nanoparticles.[*3*!
However, some studies have reported the reduced cellular
internalization of nanoparticles through pre-incubation with
clusterin proteins.[*34l Despite all the advantages of PEG, there
are some drawbacks such as non-biodegradability, the chance
of accumulation in the body, detachment of chains, and the
occurrence of accelerated blood clearance (ABC) phenomenon,
which necessitates the search for alternatives to PEG.*34 Spe-
cifically, rapid particle clearance happens within the ABC phe-
nomenon due to formation of antibodies against PEG upon
repeated administration of PEGylated nanoparticles.**] In
addition, targeting ligands loaded on nanoparticles are prone
to be shielded by the outer PEG layer, which will mask their
cell-specific recognition and hamper specific targeting.[*3!
Such drawbacks have necessitated search for alternatives to
PEG. To this end, poly(phosphoester)si*3?l and zwitterionic
molecules*3® such as polybetaines or polysaccharides are also
capable of translating hydrophobic surfaces of nanoparticles
into hydrophilic ones.
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Figure 30. Effect of surface charge and hydrophobicity on the adsorption of proteins on the surface of MNPs. Coating the MNPs with protein-repellent
material results in stealth of MNPs and prevent their unsepecific uptake while hydrophobic coatings result in formation of protein corona and unspecific

uptake by phagocytic cells.

To mimic the whole function of blood cells with synthetic
biomaterials cannot be completely performed due to the
complexity of living cells and organisms.**”] To address this
dilemma, biomimetic coatings have emerged as an alternative
intriguing strategy to bestow natural characteristic upon nano-
particle surfaces for evading the MPS by “disguising” them with
sending “don’t eat-me” signals.**®l In fact, derived and purified
cellular membrane from a cell source is integrated with the
surface of nanoparticles to somehow “camouflage” them. Sev-
eral reports have proved significant MPS evasion and tumor
accumulation of nanoparticles through coating them with the
membranes of erythrocytes,*3% leukocytes, %! platelets,*#!l and
macrophage cellsi*? as well as “self” peptides such CD47.1#
A simple sonication method can be applied to fully coat nano-
particles by exploiting the asymmetric charge of the cell mem-
branes.***l In a very recent study, for the first time, iron oxide
nanoparticles were camouflaged with stem cell membranes
within a sonication method.***! They reported significant
decreased in the nanoparticles uptake by measuring the intra-
cellular Fe content through in vitro analyses.

Hydrodynamic size highly determines MNPs ability to
manage biological barriers and escape from the RES and avoid
elimination by clearance organs, including liver, kidney, and
spleen.[*®] Furthermore, concentration profile of MNPs in the
blood vessel**’] and permeability out of the vasculaturel*®!
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are also greatly impacted by hydrodynamic size. Materials
greater than 100 nm are prone to be taken up by liver, spleen
or destroyed by the bone marrow.'” Hence, combined size of
the core and coating along with anchored functionalities, such
as targeting ligands, imaging modalities, and therapeutics,
must be considered at each stage of the designing process to
produce an end product with small size (<100 nm). This will
make them able to remain in the blood circulation and be
capable of passing through capillary systems of organs and tis-
sues avoiding vessel embolism.["?) Another physiological barrier
encountered by MNPs is kidney, with the basal lamina which
consists of pores =10 nm sized.** There have been reported
that small sized nanoparticles (<20 nm) are filtered out of the
blood through kidney and are consequently excreted renally.[!3]
So, MNPs with hydrodynamic sizes between 10 and 100 nm are
too large to undergo renal elimination and as such have greatly
reduced liver and kidney uptake.[®” This will finally lead to
prolonging the half-life of MNPs and therapeutics to enhance
the efficacy of designated application through accumulation of
MNPs at the tumor sit.[*]

A number of comparative studies have investigated the
effect of nanoparticles shape on distribution within the body
system.** Typically, the cellular uptake of nanoparticles is
better for elongated and cylindrical nanoparticles compared
to spherical ones.*>3l In a very recent study Li et al. reported
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Figure 31. Enhancing cell internalization through exploitation of a) enhanced permeability and retention effect in passive targeting, b) and targeting
ligands for active targeting. a) Adapted with permission.[*'l Copyright 2015, Elsevier. b) Adapted with permission.[*62 Copyright 2014, Elsevier.

nanoparticles with decreased in vivo biodegradation, liver dis-
tribution and urinal excretion.*? Also, some studies have
reported that nanoparticles with an anisotrpical shape have
better blood circulation time and have a greater impact on
different aspects of cellular function, including cell prolif-
eration, apoptosis, cytoskeleton formation, adhesion, and
migration,[#09452b]

4.2. Overcoming the Endocytosis Barrier
4.2.1. Passive Targeting

In addition to all the design considerations for increasing the
blood circulation time to approach the surface of tumor cells,
these carriers should undergo a so called “endocytosis” process
in order to fully internalize the cancerous cells and deliver their
cargos. Unique physiological features displayed by tumor along
with equipping nanoparticles with targeting ligand form key
concepts in passive and active transport oncophysics (Figure 31).
Specifically, preferential accumulation of MNPs inside tumor
is achieved by exploiting their predetermined physicochemical
properties and more importantly the enhanced permeability
and retention (EPR) effect, investigated firstly by Maeda and
Matsumura in 1986, for targeting metastatic solid tumors.*>4
The permeation portion of EPR can be denoted by little extrava-
sation resistance encountered by small macromolecules and
NPs out of the vasculature upon distributing to the tumor inter-
stitium due to the production of new poorly organized blood
vessels having leaky fenestrations.*> In fact, the normal vas-
culature in the vicinity of tumor tissue is unable to sufficiently
supply the increasing oxygen required by the growing tumor,
which motivates the budding of new blood vessels.*>! Trreg-
ular blood vessels produced within this process can have leaky
fenestrations from 200 to 2000 nm due to lack of the basal
membrane of the normal vascular structure and presenting
discontinuous epithelium.*”] On the other hand, enhanced
retention component of EPR effect is represented by selective
accumulation of NPs due to inefficient lymphatic drainage
in the tumor tissue which subsequently leads poor clearance
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of the extravasated NPs.**8l Molecules smaller than 4 nm
are readily reabsorbed by diffusing back to the blood circula-
tion.*>% Although tumors have defective lymphatic function,
larger nanoparticles cannot rely on diffusive and convective
forces to return to circulation due to their larger hydrodynamic
radii.*®" These inherent properties will consequently lead to
poor clearance of nanoparticles which have reached the perivas-
cular space and their accumulation in the tumor interstitium.

Since the discovery of EPR effect, it has become the leit-
motiv of many scientists to elucidate this effect and the fac-
tors affecting that by using dozens of animal models and
tumor types.*>7403 Proper contact with the endothelial sur-
face has been shown to be the most important prerequisite
for increasing the chance of internalization. A wide range of
studies have unraveled physicochemical properties of admin-
istered nanoparticles, such as surface charge, size, and shape
to be among the most important factors affecting margination
behavior and interactions with vascular wall.*62 Specifically,
within the margination effect, white blood cells and platelets
migrate to a “cell-free layer” formed near the vascular wall due
to accumulation of red blood cells within the center of the blood
vessel.**Yl Engineering the nanoparticles to enter this “cell-free
layer” highly increases the likelihood of contacting the vascular
wall to have better cellular internalizations.!*’]

Generally, it has been shown that positively charged nano-
particles will have better interactions with the anionic cell
membranes which lead to increased endocytosis.*%°] Further-
more, the vascular dynamics and cell interaction of nanopar-
ticles is highly affected by the geometry of administered nano-
particles. In the matter of size effect on margination behavior,
several studies have been reported on increasing the mar-
gination propensity by increasing the diameter of nanoparti-
cles,[1>4%%] however, there is no agreement on the optimal size
for margination.*”] It has been shown by several studies that
nanoparticles of =50 nm in size achieve an optimal cellular
uptake.*%8] Such nanoparticles appear to have the highest inter-
nalization and modest exocytosis rates,*®”! while nanoparticles
with hydrodynamic sizes larger than 60 nm are poorly taken
up by tumor cells.*’%! In a recent study, Salva et al. have also
reported that manganese oxide nanoparticle with an average
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diameter of 25 nm showed high tumor accumulation in an
orthotopic lung cancer model.l'% In the matter of shape effect
on margination behavior, larger lateral drift velocities have been
exhibited by disc-like nanoparticles compared to spherical and
quasi-hemispherical ones.*’! In fact, small cross section and
larger surface of adhesion offered by disc-like nanoparticles
lead to lower hydrodynamic forces and better adhesive interac-
tion under shear flow.*’?) In addition, it has been revealed that
the endocytic kinetics of nanoparticles upon approaching to the
cell surface is highly controlled by the local curvature of their
non-spherical shape.[*’3]

4.2.2. Active Targeting

Despite all the advantages offered by passive targeting and
exploitation of EPR effect, complex biological processes
including vascular permeability, angiogenesis, and heterogenei-
ties in the tumor microenvironment and lymphangiogenesis
have somehow hampered the mark of practicality. Furthermore,
biological and physicochemical properties of administered NPs
affect the distribution and accumulation quality in tumors.*74
These reasons coupled with advent personalized medicine
fairly bear signs of passive targeting approach to be dimin-
ished from the arsenal of vital nanotheranostics by the bloom
of active targeting.

Due to limitations of passive targeting, nanoparticles are
modified by conjugating targeting species to increase their
affinity for specific cell binding to capitalize their full potential
benefit.** Although this approach has been proposed about
40 years ago,*’% ligand-decorated nanoparticles have recently
paved their way to clinical trials.*””] Increase in affinity and its
consequent specific cell binding is achieved by NPs equipped
with targeting species which are complementary to unique
receptors on target cells. Accessibility of the specific antigen
on targeted cells for an appropriate binding to ligand-decorated
NPs is crucial during this approach. Hence, this strategy dis-
plays an increased degree of complexity. In particular, ligands
including antibodies, aptamers, proteins, peptides, and small
molecules are chosen to specifically bind to either pre-existing
surface molecules or receptors overexpressed on targeted
organs.*’#l Lipids, sugars, and proteins can be target molecules
to which ligand-mediated nanoparticles will bind.*”° Through
accommodating extensive copies of the ligands on the surface
of NPs, they will gain an extreme avidity for their targets.[*8%
Consequently, upon administration of these novel cargos,
interactions with targeted cells are highly increased that leads
to enhancing internalization of therapeutic payloads without
affecting the overall biodistribution.

However, a major challenge in the way developing active tar-
geting is that recognition of administered NPs would not occur,
unless they are in the vicinity of their target antigens.[*8! Since
targeting molecules are usually located in the extravascular
space of the tumor,*®2#82 hoth passive and active targeting
come in handy. In fact, optimal targeting will be achieved by
first optimizing the blood circulation time and relying on the
EPR effect to reach the target cells, and subsequently exploiting
the ligand affinity on the surface of NPs to form efficient
bonding with target cells.[83]
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4.3. Targeting Ligands
4.3.1. Antibodies

Antibodies (Ab), also called immunoglobulin (Ig), represent
the most commonly used ligands for developing specific tar-
geting due to their high inherent affinities along with the
remarkable ability they possess in recognizing a specific part
of targets. Typically, Abs are large Y-shaped proteins com-
posed of two large heavy chains and two smaller light chains
which are covalently linked through interchain disulfide bonds
wherein each chain consists of variable and constant domains
(Figure 32a).%1 Among the five major classes of soluble serum
glycoproetins, IgGs which are the major components, contain
a variable domain and three constant domains: CH;, CH,, and
CH; domains.*®! Generally, the small hypervariable dimeric
region at the tip of the antibody, called F(ab’),, is in charge
of forming a wide range of tip structures as bonding sites for
recognizing a variety of antigens.*®?l On the other hand, less
variable regions at their bases (CH, and CHj) constitute the Fc
fragment of antibodies, which are responsible for triggering the
elimination of antigens.[*8]

Despite the bulky structure of antibodies, they can equip the
nanoparticles to specifically bind to their targets, even if they
are conjugated in low densities at the surface of nanoparti-
cles.*®8] Antibodies were firstly used in 1980s to modify lipo-
some nanoparticle surfaces wherein the antigens on the target
cells were recognized.*®’] Since the first approved antibody in
1986,14%% muromonab-CD3, numerous antibody platforms such
as chimeric, murine, and humanized antibodies have been
developed with more than 30 types of them being approved for
clinical uses.*””] The inherent antibodies ability to distinguish
between healthy and cancerous cells and even among cancer
cell types fairly motivates their use for active targeting.'¥ Anti-
HER2 Mab (also called Herceptin or trastuzumab),**! rimux-
imab (Rituxan),*Z Anti-CD3 Mab,**3l Anti CEA Mab,[**Y and
huA33 mABM*”] are of some mostly used anitbodies for deco-
rating nanoparticles in treating cancers.

Despite all the advantages offered by antibodies, many limi-
tations and challenges are encountered by antibody conjugated
nanoparticles within their use in active targeting applications.
One of the major barriers is large hydrodynamic size of anti-
bodies (=150 kDa, 10-15 nm long and 7-9 nm wide),**®l which
makes it difficult to be effectively conjugated on the surface of
nanoparticles and increases the overall sizes up to 30 nm.*%!
Since fewer antibodies can be conjugated, both targeting effi-
ciency and the potential for multivalent binding effects may be
reduced.*® In addition, increased size of nanoparticles results
in lack of tumor extravasation, specifically non-uniform uptake
into the tumor mass.**”) Accumulation of intact antibodies in
the liver can also occur due to large hydrodynamic diameter of
antibodies.”%

However, since the antigen recognition is not directly attrib-
uted to the constant domains of antibodies, this problem has
been somehow circumvented by proposing smaller antibody
fragments which still retain the antigen-binding activity.%”]
These smaller antibody fragments, including antigen-binding
fragments (Fab), ScFVEGFR, and ScFcCD7, allow a drastic
reduction of total molecular weight and immune response.l%!l
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Figure 32. Schematic representation of a) conventional antibodies b) and heavy chain antibodies and the antigen-binding fragments thereof.

Reproduced with permission from .71 Copyright 2010, Springer.

Such smaller formats of antibodies provide more efficient
tumor penetration, faster organ clearance, and better suit-
ability for structural analysis compared with the whole antibody
molecules. However, aggregation and low expression yields in
heterologous systems within their generation from conven-
tional antibodies as well as decreased affinity and stability are
the technical challenges upon their utilization.*57:502]

Another limitation of antibody decorated nanoparticles is
immunogenicity and purity concerns due to Fc fragment of
antibodies which is responsible for the recognition of the pro-
tein by the MPS and the immune system.[*?] In particular, such
nanoparticles can be perceived as foreign proteins by the body
which nullifies the action of active targeting by their effective
clearance from the blood.[**%°03] Humanized monoclonal Abs
or their production as a chimeric protein have been reported for
avoiding unwanted immune responses in patients.P%l Slight
improvements have also been observed through removing the
Fc fragment®®! or employing antibody carbohydrates for pros-
pering the orientation of antibodies on the surface of nano-
particles.%l Another limitation encountered by antibodies is
that they have fragile structures, which leads to rapid loss in
their targeting affinity with slight alternations to their struc-
ture by environmental challenges such as temperature and
enzyme.[*%507] Hence, technical challenges during synthesis
and storage will be created which makes the development and
modification of antibodies a complex and expensive process
and have direct effects on the cost/efficiency ratio of produced
nanoparticles.[18462]

4.3.1.1. Nanobodies: An answer to several of concerns men-
tioned above is provided by a serendipitous discovery of a
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special antibody repertoire of camelids by Hamers-Casterman
et al. which revolutionized the potential of antibodies for bio-
medical applications.’%! Discovered antibodies consist of only
heavy chains and as a result are referred to as heavy-chain
antibodies (HCAbs, =95 kDa) (Figure 32b). Although the first
constant domain (CH,) and the light chain are both absent in
the structure of HCADbs, extensive antigen recognizing along
with sufficient binding affinities similar to those of conven-
tional antibodies have been displayed.’%! Surprisingly, only
the N-terminal variable domain of the heavy chain of HCADs
(VHH) is responsible for the specific binding to the targets.>!”!
The Belgian company Ablynx coined the term “nanobodies”
with respect to the nanometer size range of these naturally
derived antigen-binding fragments, which are also termed as
single domain antibodies.P'!) Nanobodies, demonstrate essen-
tial characteristics such as high specificity and affinity,?%* high
solubility, stability in aqueous solutions,”'? high thermal and
chemical resistance,'? capability to be chemically modified,
ease of cloning, and ease of gene manipulation**®®! which
relieves some restrictions related to conventional antibodies.
Additionally, low immunogenicity of nanobodies which is both
attributed to their high similarity with human VH sequencesP!4l
as well as absence of Fc fragment, made nanobodies to pave
their way into biomedical applications more easily.*9*515] In
particular, compared to conventional antibodies where vari-
able domains of both heavy and light chains are required,
nanobodies with much smaller molecular weight (=15 kDa)P>1¢l
can be highly exploited for preparing more practical targeting
ligands.

With respect to all these advantages, multiple nanobodies
have been shown promising to effectively and specifically
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target the human epidermal growth factor 2 receptor (HER2)
and epidermal growth factor receptor 2 (EGFR2) for cancer
diagnosis and therapy."'”! Specifically, nanbobodies have been
used as antagonistic drugs®'®l and targeting agents of effector
domainsP' in cancer immunotherapy. On the other hand, sev-
eral molecular imaging modalities of SPECT2 and PET,2!
optical imaging,P?2 and ultrasound imaging®’l have been
actively directed toward the target by means of nanobodies con-
jugated to them. Additionally, grafting nanobodies on nanopar-
ticles have shown a considerable potential for increasing their
affinity toward the target.’* Conjugation of liposomes,?4l
micelles, %! albumin,?%! gold,P?”! and magnetic?® nano-
particles with nanobodies has been widely reported for active
targeting in drug delivery applications, especially via receptor-
mediated internalization.

4.3.2. Aptamers

Another class of efficient ligands for active targeting is nucleic
acid-based aptamers (Apts) which have been presented as
binding molecules since their development by Szostak, Gold,
and Joyce groups.”?*! Ellington et al. coined the term aptamer
in 1990 when they purified RNA molecules through an in vitro
process by using dye columns with specific binding capabili-
ties.”3% In fact, aptamers are artificially selected sequences of
short single-stranded nucleic acids such as DNA, RNA or modi-
fied oligonucleotides which can fold into numerous unique
3D conformations.*”7>3! These conformations which origi-
nate from intramolecular Watson—Crick interactions,*®? have
extremely high affinity in binding small and large biochemical
targets.’3? However, finding the appropriate sequence able to
participate in ligand binding is akin to finding a needle in a hay-
stack. To thoroughly comb through vast populations of nucleic
acids, a process referred to as systemic evolution of ligands by
exponential enrichment (SELEX) was proposed.’?*®! Through
this process aptamers are isolated by successive rounds of in
vitro screening of random sequence libraries for their binding
ability to antigens with high specificity and affinity and sub-
sequently selected and amplified by using polymerase chain
reaction.*®2477] In recent years, the utility of aptamers has been
enhanced through many techniques, in particular the one in
which SELEX is performed with complex mixtures of biological
materials and cell-SELEX.*9%333] By this technique aptamers
which recognize specific cell lines are generated within an in
vitro selection performed with whole live cells.**®>3* Finding
more efficient aptamers for specific applications, they have also
been selected in vivo by Mi et al. in 2010.53°]

Aptamers have gained a lot interest in numerous cancer
diagnostics and therapeutics over the past few years.3®l They
have been represented as promising candidates of targeting
ligands due to their incredible degree of versatility for binding
to a wide variety of targets, such as proteins,”*”] small mole-
cules,>*® and carbohydrates.l*°] Ease of isolation, low cost, sim-
plicity of aptamers chemical derivation, faster and reproducible
synthesis,[*62540 and high affinity comparable to antibodies
are of some advantages offered by aptamers.’*!! More impor-
tantly, aptamers have shown remarkable stability over wide
range of pH (=4-9) and temperature, low immunogenicity,
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and rapid diffusion through solid tumors due to their small
sizes.’3225% Along with these possibilities, aptamers are
suited to be conjugated on the surface of nanoparticles, ena-
bling their active targeting. Aptamers can be found naturally
in riboswitches.>*3] However, when it comes to nanoparticles
decorated with aptamers, they are artificially engineered.**? In
particular, aptamers can be synthesized to have a specific func-
tional moiety, such as aldehyde, amino or carboxylate, at only
one end of them.’?¥ This will lead to formation of homog-
enous mixtures by facilitating the conjugation process.”* In
particular, aptamers can be engineered to be effectively bound
to iron oxide nanoparticles to ensure their targeting ability
especially in imaging applications.”*®! Tron oxide magnetic
nanoparticles can be decorated with aptamers by employing
peptide bond between the carboxylic acid group on the sur-
face of nanoparticles and amine group on the aptamers,>*! by
modifying the surface with avidine for interaction with bioti-
nylated aptamers.’*! In addition, aptamers can be modified
to have longer blood circulation timesP*”! while they remain
non-toxic.*! Due to small size of aptamers compared to anti-
bodies, aptamers can also bind enzymatic reactive sites and
binding sites present on the nanoparticles surface which leads
to forming compact structures.”*! An important benchmark is
the internalization efficacy of ligand-decorated nanoparticles in
active targeting. Xiao et al. have recently developed a cell-uptake
strategy to discover efficient targeting ligands and exclude non-
internalizing ligands.’>% Since the report of targeting the pros-
tate-specific membrane antigen (PSMA) by aptamer-decorated
nanoparticles in 2004,5°! a vast range of in vivo and in vitro
researches have been conducted to prove the effectiveness of
aptamers in targeted delivery of multiple types of drugs and
imaging applications.’®” Dhar et al. synthesized nanoparti-
cles decorated with aptamers having high affinity for PSMA to
deliver cisplatin (a platinum-based chemotherapeutic) to pros-
tate cancer cells. Their results demonstrated a drastic increase
in therapeutic effectiveness of encapsulated Pt(IV) compared to
free cisplatin.

Despite all the advantages offered by aptamers, nucleic
acids are easily degraded by their biologically abundant nucle-
ases which remain a concern for stability of ligands on nano-
particles surface in in vivo applications. To circumvent this
problem, there have been attempts at replacement of the
nuclease with other moieties.>>? The basic structural modifica-
tions to prevent nuclease degradation for improving pharma-
cokinetics have made reproducible synthesis of aptamers to
be an expensive, lengthy process.”>* Additionally, the negative
charge of aptamers due to their phosphodiester backbone is
an obstacle to their deployment as targeting ligands by having
direct effects on the blood circulation time and kinetics of the
nanoparticles.>>!

4.3.3. Peptides

Another class of targeting moieties is linear or cyclic sequences
of amino acids, termed as peptides, with high specificity and
affinity which have gained a lot of interest in active targeting of
tumors as a compromise between large antibodies and small
molecules. Peptides have numerous benefits due to their ease
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of conjugation, high activity per mass unit, high stability and
low cost allowing for long-term storage.**>°% In particular,
the physicochemical properties of the nanoparticles decorated
with peptides are not likely to be changed due to small sizes
of peptides (much smaller than anitbodies).>>”! Besides, sim-
pler structures of peptide which is inherently originated from
their shorter chains lead to more environmentally resistant
molecules with improved stability.*?l In addition, low immu-
nogenicity of peptides reduces the risk of undesirable effects
and also allows for longer blood circulation time for in vivo
applications.’¥ Furthermore, functional groups can be intro-
duced along with optimizing the biological activity of peptides
by modifying their sequences for the preparation of peptide
decorated nanoparticles.¥a A phage display is typically used
as a screening tool for discovering peptide ligands with high
affinities for targets to be selected.> Through this cyclic selec-
tion process, desired peptide ligands, which range from 10-15
amino acids, with affinity for targets are collected and nonspe-
cific binders are washed away. Specifically, peptide ligands for
myriad of targets have been synthesized thanks to improved
screening techniques and development of highly specific pep-
tide phage libraries and plasmid peptide libraries.>°l

Integrins are mostly the targets of peptide decorated nano-
particles for performing their designated in vivo function. In
fact, integrins act as receptors for molecules of the extracellular
matrix (ECM) and also a signaling pathway for communica-
tion between the cell and the ECM.[*985601 Among the total 24
known integrins, o f3; integrin has been mostly exploited as
a target for diagnostic and therapeutic applications. o4 f3; inte-
grin receptor is expressed on angiogenic endothelial cells as
well as at elevated levels on tumor cancer cell membranes to
supply nutrients to the growing tumor.®! A series of studies
have demonstrated that peptides with RGD (arginine—glycine—
aspartic acid) sequences have great binding affinity for owf3
integrin.®? In fact, since o,f8; receptors are widely expressed
and directly accessible, the need for nanoparticles to diffuse
into the tumor interstitium is reduced.’®! Hence, a variety of
nanoparticles such as polymeric, metallic, and dendrimers have
been decorated with both cyclic and linear RGD peptides for
targeted drug delivery and imaging applications in cancerous
tissues.”®!l In the case of SPION decorated with cyclic RGD
peptides, strong specific uptakes into tumors have been shown
compared to undecorated SPIONs.5®] Although RGD peptides
offer some advantages, nonspecific adhesion is still a remaining
challenge since o,f3; integrin receptors are also expressed on
normal tissue and non-cancerous inflamed tissues.[*”’]

4.3.4. Small Molecules

Small molecules are of other attractive targeting ligands con-
jugated to nanoparticles for active targeting in therapeutic and
diagnostic applications, especially due to their low immuno-
genicity. Small molecules are technically advantageous in terms
of having small size which offers higher ligand densities on the
surface of nanoparticles, stability, and ease of handling by being
less degradable compared to biomolecular ligands, along with
a range of facile coupling chemistries being available for their
conjugation and low cost reproducible synthesis.[*’7-%l Also,
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thanks to advances in diversity-oriented synthesis, small mol-
ecules with functional groups have been available for a wide
range of targeting ligands.>®”) However, the main challenge
is that there is no systematic approach for developing small
molecule ligands.? In fact, since there is a relative lack of
utilities for appropriate multiplex screening of small molecules,
high throughput screening procedures and serendipity are both
noticeable to identify new small molecular weight ligands.!*6?
As a result, most of the small molecule ligands used to decorate
nanoparticles for active targeting rely on the ones widely known
hitherto.

FA, vitamin B9 has been used extensively as a biologically
active small molecule ligand, especially for targeted drug
delivery applications.’%8 Specifically, FA binds to the glyco-
sylphosphatidylinositol-liked folate receptor with high affinity
(KD = 107 wm), which is frequently up-regulated and overex-
pressed at surface of many human cancer cells.*3%] In fact,
a series of reports have demonstrated the active internaliza-
tions of nanoparticles decorated with FA via receptor-mediated
endocytosis and their subsequent effective direction to folate
receptor cancer cells.’®”) Hence, numerous delivery vehicles
such as liposomes, dendrimers to metal oxide and polymeric
NPs have been designed and reached cancer cells to deliver
therapeutics and imaging modalities linked to them with no
harm to normal cells.’”%! The inherent limitation toward in vivo
application of FA decorated nanoparticles is that folate recep-
tors are constitutively expressed in normal tissues and epi-
thelia of many organs.*62l Hence, in order to make sure that
the “stealth” ability of nanoparticles is not lost, optimal FA den-
sity should be taken into full consideration to avoid their rapid
sequestration by MPS.P7! Additionally, a careful consideration
is needed to maximize the binding quality on nanoparticles due
to hydrophobic nature of FA ligands.>”?

Other vitamins such as biotin (vitamin H), which is a cell
growth promoter,?”3l have been also conjugated on silica,
liposome, iron oxides, and polymer based nanoparticles with
avidin (strept) functionalities on their surfaces for targeting
cancers, oral delivery of insulin and in vitro applications.’7#
However, clinical applications of biotins are somehow limited
due their bacterial origin and consequent immunogenicity.>2%
Cobalamin (vitamin B12) has also been used to coat nanopar-
ticles to overcome subcutaneous administration drawbacks for
an effective delivery of insulin and protein drugs by the oral
route.b”!

Other examples of small molecule as targeting ligands are
selectin, 7l selegiline,’””] curcumin,’® triphenylphosphonium
(TPP),’”” and benzamides (anisamide, in particular).’8% But
more importantly, carbohydrates have gained more interests for
their low molecular weight, inexpensive manufacturing, and
efficient modification and characterization by well-known sugar
chemistries to serve as nanoparticle small molecule targeting
ligands. Lectin receptors, especially asialoglycoprotein receptors
(ASGPR),P®1 which are expressed on the cellular membrane
of a number of cells have been the main targets of nanoparti-
cles decorated with carbohydrate moieties such as galactose,’82
mannose,’®! and glucose.’® A drawback of this targeting
method is that multiple interacting carbohydrates are needed to
achieve strong bindings with targets.*>*! Overall, although it is
convenient to employ small molecules as biologically targeting
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ligands, they suffer nonspecific interactions, especially in the
case of folic acid.®!

4.3.5. Proteins

Compared to antibodies and peptides, some studies have also
exploited proteins affinity to actively bind to their endogenous
targets, including cell membranes, via receptor-mediated endo-
cytosis.l® However, the bulky nature of protein ligands leads
to increase sizes of nanoparticles which may trigger immune
responses to be taken up by RES. One of the most abundantly
studied protein ligands is the iron transport protein, termed as
transferrin (Tf), which has a high affinity for Tf receptors (TR,
also known as CD71) as potential diagnostic targets by enabling
endocytosis and internalization into the cellular cytoplasm.P®’]
In fact TR is a glycoprotein in charge of mediating the uptake
of the iron concentration in biological environments.[*98588]
Since TfR are overexpressed both on the endothelial cells of the
blood-brain barriers and in solid tumors, it has been extensively
used to decorate nanoparticles for achieving brain delivery and
actively targeting cancerous tissues.’®”) Specifically, TfR over-
expression on cancer cells stems from the increasing need of
the growing tumor for iron to continue its proliferation./>87>
Exploiting the high affinity of Tf ligands, numerous chemother-
apeutics, including cisplatin, doxorubicin, gemcitabine, mito-
mycin, and siRNA nanocomplexes have been delivered to their
targets either by being encapsulated in nanoparticle vehicles
or directly conjugated to Tf ligands.’®! Additionally, given the
short time of Tf internalization cycle, high turnover rates of Tf
molecules per cell per minute is yielded, that comes in handy
for stronger MRI signal in the case of internalizing superpara-
magnetic iron oxide nanoparticles.[*%®!

4.4. Toxicity Concerns of MNPs

In spite of all the valuable biological applications offered by
MNPs along with increasing development in fabrication of well-
shaped monodisperse magnetic cores, a clear understanding
of toxicological profiles of these engineered nanomaterials is
necessary to prevent the onset of unexpected adverse health
effects.’*? Due to direct contact of MNPs with different tissues
and organs, the gap between the fast increasing data on produc-
tion of engineered nanomaterials and that of scarce toxicity data
has to be filled in order to understand and overcome the pro-
hibiting prospects of a safe design of nanoparticles. To this end,
appropriate animal models have been used to evaluate the tox-
icity of magnetic cores. Evaluation of toxicity profile of admin-
istered nanomaterials is carried out by considering how they
interact with the body during the lifetime of performing their
designated in vivo function and also how they affect the body
during biodegradation and liver processing.’®’ Since MNPs are
typically excreted from the body as a construct, it is necessary
to use components that can individually be biodegraded by the
body. Studies have shown that among all the magnetic mate-
rials such as pure metals, bimetallic or magnetic alloys and
metal oxides, iron oxide nanoparticles are highly biocompat-
ible nanomaterials with none or low toxicity which do not pose
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serious threat to the organism.’* Iron oxide nanoparticles are
biodegradable and can be cleared from the body through kid-
neys or be used for production of red blood cells after they are
metabolized in the liver. However, free iron is toxicl®%! and it
is expected to be metabolized and regulated by normal physio-
logical iron homeostatic mechanisms. Iron oxide nanoparticles
demonstrate acceptable safety profile and non-cytotoxicity in
concentrations <100 ug mL1.5%! However, some studies indi-
cated that iron oxide nanoparticles demonstrate a slight level
of cytotoxicity at doses >100 g mL™'%”) and produce mild and
transient side effects. Note that any aggregated NPs, regardless
of material composition, will be toxic to cells and tissues.l>%!
In particular, when iron oxide nanoparticles are magnetically
targeted to a tissue/organ to provide their maximum benefit of
a diagnostic or therapeutic application, high concentrations in
a localized area occurs. Consequently, this iron overload may
lead to adverse biological effects such as inflammation, the
formation of apoptotic bodies, impaired mitochondrial func-
tion (MTT), membrane leakage of lactate dehydrogenase (LDH
assay), generation of ROS, increase in micronuclei (indicators
of gross chromosomal damage; a measure of genotoxicity), and
chromosome condensation.%’]

5. MNPs as Theranostic Agents
in Treating Diseases

Diagnosing disease at its earliest stages, even prior to disease
manifestation, and its brisk treatment are of two most impor-
tant factors within an effective medical procedure, especially
for treating cancers. Development of separate approaches in
diagnosing and treating of the same target can somewhat miss
the mark of practicality. Combination of sensitive and accurate
diagnosis with a possibly better efficacy of the treatment on a
single nanosclae platform has emerged as a promising tech-
nique in biomedical applications and has attracted much atten-
tion in the community for adding another piece to mosaic of
personalized medicine.[®® Exigencies of an accurate diagnosis
and better efficacy of the treatment have devoted tremendous
efforts in biomedical researches to construct magnetic nanopar-
ticle-based theranostic agents.

These potential magnetic nanotheranostics embrace the
aspect of simultaneous diagnosis and treating for real-time
tracking which address the shortcomings of conventional tech-
niques.[®! Nanotheranostics provide an integrated design capa-
bility for imaging, cell targeting, and therapy by using MNPs as
their building blocks which render them as ideal MR imaging
probes by showing high magnetization in an external magnetic
field to locate and report cancerous lesions on one hand, and
being appropriate therapeutic cargos with a set of well-devel-
oped surface chemistry to deliver therapeutics preferentially to
those lesions on the other hand (Figure 33).1°°% Surprisingly,
modifications to treatment can be provided by converging
imaging, treatment and the data about the evolving course of an
illness on this new nanotheranostic trend. To do so, MNPs are
engineered as intelligent cargos with large surface to volume
ratio which can easily accommodate multiple functionalities to
create a library of novel, personalized therapeutics and imaging
moieties.
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Figure 33. Theranostic applications of MNPs. Targeting ligands can also be conjugated for enable acitve targeting.

5.1. Therapeutic Applications of MNPs
5.1.1. Magnetic Drug Targeting

In most of the chemotherapeutic approaches, intravenous
administration of therapeutic drugs and their subsequent
non-specific distribution make drugs unable to accumulate at
affected areas in the body.'7*3% This leads to a general sys-
temic distribution of them where normal, healthy cells as well
as cancer cells are indiscriminately attacked, exerting a plethora
of side effects such as bone marrow depression, inflammation
of the lining of the digestive tract (mucositis), reduced immu-
nity, and hair loss (alopecia).’3l On the other hand, rapid
metabolism and excretion of some drugs cease their effective
journey toward the affected areas. Thus, a critical concern is
to enhance the effectiveness of drug delivery by increasing the
drug concentration and lowering the doses of cytotoxic com-
pounds to ensure that substantial amount of them has reached
and accrued at the exact desired area for performing their phar-
macological action.[604]

In this regard, nanotechnology and drug delivery have
merged into so-called “magic bullets,” proposed firstly by Paul
Ehrlich, to eliminate these substantial shortcomings by over-
coming biological barriers and selectively reaching the can-
cerous tissues for on-demand release of their cargos in the
optimal dosage range.?*! These novel drug delivery platforms
offer attractive features to significantly improve the phar-
macokinetics of conventional drugs by: (1) protecting drugs
against harsh environments to increase the halflife of drugs,
(2) providing specific targeting to spare healthy cells, (3) capa-
bility to ferry multiple types of anticancer drugs as well as
imaging modalities, (4) and offering precise control over the
drug release thanks to stimuli-responsive coating and material
designs.[60°]

In one special case, there has been an increasing interest in
loading the therapeutics on MNPs for magnetic drug targeting
(MDT) which provides external means of guiding drug parti-
cles within the body.'"™¢% Magnetic polarization and magne-
tophoretic mobility under an external magnetic field (EMF)
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along with field gradient form the bases of MDT application.
The intrinsic magnetic properties of MNPs and their response
to an applied magnetic field render them trackable to literally
drag drug molecules to their target (Figure 34). Specifically,
significant accumulation of loaded MNPs at the target site is
ensured through applying an EMF to create a suitable magnetic
field gradient. Hence, drugs will be remaining ultimately local-
ized upon their injection, resulting in a more efficient capture
and extravasation into the tumor cells.®*%] Tracking particle
fate for favoring the cell internalization and allowing a magneti-
cally guided accumulation in tumor tissues are of important
advantages of these devices.®””] Combined with possibilities
offered by EPR effect in passive targeting and high affinities
of active targeting, a wide range of therapeutics including bio-
therapeutics (such as gene, siRNA, peptides, and proteins),®%]
chemotherapeutics (such as doxorubicin, paclitaxel, and metho-
trexate)®®! and radiotherapeutics/®!% have been integrated into
MNPs to be specifically delivered into their target sites.
SPIONSs have been widely used as ideal MNPs because they
do not retain any remnant magnetization upon removal of the
magnetizing field.°!?] This property is advantageous in case of
reducing the chance of agglomeration to escape the MPS on
one hand, and pose no danger of thrombosis or blockage of
blood capillaries on the other hand.[6032613] The initial princi-
ples for fusion of magnetism and drug delivery can be traced
back to the 1960s. It was in 1960 that Freeman et al. intro-
duced the concept of transport of magnetic particles through
the vascular system and their increased concentration by
means the EMF.[®' Senyei et al. discussed also the physical
laws underlying the intravascular magnetic guidance of Fe;O,
microspheres consisting of an albumin matrix and Adria-
mycin HCI as the prototype drugs. They showed the retention
of the microspheres in the area of applied magnetic field by
using an in vitro analog of the human circulatory system.[]
Since then, a lot of efforts were devoted in this area to improve
MDT by designing various magnetic particles with minimized
early clearance and more specific targeting to reduce the total
dose required by increasing the concentration of drugs in
blood vessels, especially in treating cancers.®03 In 1970s,
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Figure 34. Schematic representation of magnetic drug delivery system under the influence of external magnetic field. Reproduced with permission.["]

Copyright 2010, Elsevier.

Zimmermann et al. delivered cytotoxic drugs by using mag-
netic erythrocytes.[®!%l Three years later, Widder et al. reported
the delivery of doxorubicin anticancer drugs encapsulated
within magnetic albumin microspheres.®”l In addition, MDT
strategy was developed by several authors in the 1980s to use
magnetic microspheres and microcapsules to deliver different
drugs.[°'® There were significant growths in the 1990s when
90Y beta-emitter radiotherapeutics were loaded on poly(lactic
acid) coated magnetite microspheres and applied to subcuta-
neous tumors.°") In addition, Lubbe et al. performed the first
clinical trial wherein epirubicine was chemically bounded to
magnetic particles coated by starch polymers to be magneti-
cally targeted in human patients.?) A magnetic field strength
of 0.8 was provided in tumors located near the body surface by
using propetrly arranged permanent magnets to concentrate the
resulting ferrofluid in the target regions.l?!]

In addition to all these developments, exploiting the stim-
uli-responsive systems allows for tailored release profiles with
excellent spatial, temporal, and dosage control (Figure 35). Spe-
cifically, by recognizing their microenvironment, they enable
on-demand processes (also termed as “switch on/off”) and
react in a dynamic way, which in turn mimic the responsive-
ness of living organisms.[%??] It was in the late 1970s that Yatvin
et al. suggested the concepts of stimuli responsive drug delivery
by employing thermosensitive polymers and hyperthermia
for the local release of drugs.°?%l Broadly speaking, tempera-
ture changes, light, ultrasound, electric fields, and magnetic
fields are of exogenous stimuli exploited for triggering drug
release.’?!l On the other hand, endogenous stimuli-respon-
sive drug delivery systems take advantage of variations in pH,
redox potential, or the concentrations of enzymes or specific
analytes.[0%°]

Generally, magnetolipsomes,®®l core-shell MNPs[®?’] and
porous metallic nanoparticlesl®® are of practical candidates
suitable for performing MDT through focusing an extracor-
poreal magnetic field. Depending on the nature of magnetic
response taken by MNPs (whether to be a magnetic guidance
or increase in temperature) both magnetically and thermore-
sponsive modules can be designed for triggering the drug
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release. Interestingly, drug delivery can be triggered by using a
permanent magnetic field. In this manner, ferrogels consisting
of MNPs embedded in polymers gels account for an essential
category of stimuli-sensitive hydrogels which are responsive to
externally applied magnetic fields.®?”) Their distinctive mag-
netoelastic property that makes the ferrogels to be endowed
with great magnetically controlled drug-releasing modules has
recently gained an extensive attention.[®**) However, since fer-
rogels have an intrinsically hydrophilic nature, most of these
studies are focused only on water-soluble drug. In this matter,
a pioneering study performed by Qin et al.%3! addressed the
problem of effective incorporation of important hydrophobic
drugs in ferrogels by employing Pluronic-F127 micelles encap-
sulating SPIONS. In fact, in addition to proper biocompatibility,
high stability, and low toxicity features,[®*?! Pluronic copolymers
could associate into micelles via hydrophobic interactions above
a certain critical concentration and temperature. Upon applying

*Temperature changes

+ Magnetic field

Exogenous . -{ Electric field

Stimuli responsive +

drug triggering Lisht

L

Endogenous ).{ Redox potential

|
|
|
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Figure 35. Exogenous and endogenous stimuli responsive strategies for
triggering drug release.
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Figure 36. Schematic representation of ordered microstructure of superparamagnetic iron oxide nanoparticles and Pluronic F127 copolymers: a) before
applying the magnetic field, indomethacin drug molecules are encapsulated in the hydrophobic moiety of micelles; b) upon applying the magnetic field
drug releasing is enhanced due to orientation of MNPs and squeezing the micelle. Corresponding photographs of the ferrogel in a capillary c) before

and d) after applying a magnetic field. Reproduced with permission.[31]

a magnetic field, SPIONs orient and approach each other
which squeeze the micelles and lead to the release of drugs
(Figure 36). In another study, a syringe-like system designed by
Cai et al. enabled actively controlled reversible pulsatile release
of drugs out of a biodegradable polymeric reservoir. They
employed MNPs as switching carriers in a multireservoir device
made of poly(D,Llactic acid) (PDLLA) as the biodegradable sub-
strate for the main body of device, and biodegradable porous
polycarbonate as the sealing membrane, which allowed for the
complete release of drugs before the device degraded.[63’]

In the matter of delivering nucleic acids, including siRNA
and genes, MNPs have been shown promising for a practical
magnetofection through exploiting nanoassemblies integrated
with cationic coatings to nucleic acids.[®** This approach has
especially enhanced the efficiency of siRNA transfection under
a permanent magnet in both in vitro and/or in vivo experi-
ments against breastl®3] and prostatel®*®l cancers. In addition,
utilizing MNPs coated with PET has shown a great potential
for complexation of plasmid DNA on the surface of nanopar-
ticles for delivering DNA vaccine.*”) In an alternative strategy,
Tang et al. utilized bacterial magnetic particles (magnetosomes)
as a carrier of DNA vaccine for tumor immunotherapy.l®3l
Moreover, MNPs have been employed for delivering antioxidant
enzymes to increase resistance to oxidative stress.[63%]

In contrast to permanent magnets which take advantage of
the guidance response taken by MNPs, an oscillating or alter-
nating magnetic field provides a novel on—off fashion for trig-
gering drug release. In fact, by employing thermo-responsive
polymers®? and lipids®! onto the surface of MNPs and
exploiting the hyperthermia effect the energy transformed
into heat through Brownian fluctuations and Neel fluctua-
tions can lead to promising magnetic responsive drug delivery
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systems.[**2l Two main approaches can be postulated for
applying hyperthermia-based drug release (Figure 37). In the
first approach, a thermo-responsive linker is used to attach drug
to MNPs. An AMF trigger releasing of drug due to heating of
the linker molecule attached to the surface of MNPs, termed
as drug delivery through bond breaking (DBB) (Figure 37a).14]
The second approach takes advantage of AMF and EMF to
trigger releasing drugs encapsulated in polymeric matrices
(Figure 37b).1044

Katagiri et al. prepared magnetoresponsive hybrid liposomes,
embedded with thermosensitive polymers and hydrophobized
Fe;0, nanoparticles.**) MNPs which were synthesized via
a hydrothermal process were incorporated into a liposomal
micelle using hydrophobic interactions. The release of heat by
exerting an AMF induced the transition of the thermosensi-
tive segment of the copolymer for releasing drug (Figure 38).
They showed a proper control over the release rate of hybrid
liposomes through varying the amount of MNPs embedded
into the liposomal membrane. In addition, their results showed
that varying the design of polymer plays an important role in
tuning the magnetoresponsive release rate.

In another study, novel thermosensitive magnetic liposomes
containing doxorubicin were equipped with folic acid to com-
bine MDT and hyperthermia effects within a thermo-chemo-
therapy of cancer. The high sensitivity of liposome to tempera-
ture increase, as well as high responsiveness to the localized AC
magnetic field led to a simultaneous folate receptor-mediated
uptake into tumor cells along with inducing hyperthermia.l®*]
In a very recent study, Al-Jamal et al.[*%] utilized long-circulating
polymeric magnetic nanocarriers, encapsulating increasing
amounts of SPIONSs in a biocompatible oil carrier, to study the
effects of SPION loading and of applied magnetic field strength
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Figure 37. Schematic representation of triggering the drug release which are: a) attached to the linker molecules, b) encapsulated in a polymeric matrix.

on magnetic tumor targeting in CT26 tumor-bearing mice
(Figures 39a,b). It was shown that uptake in tumors exposed to
magnetic field (TU4) is significantly higher compared to that of
unexposed (TU-) (Figure 39c). Magnetic targeting was found to
offer enhanced therapeutic efficacy (Figure 39d) and improve
mice survival compared to passive targeting at drug doses of ca.
5-8 mg of DTX kg

Selective controlling of interparticle interactions with the
adsorbed molecules can be made due to the small pore size

Thermosensitive

polymer
1
4 B

Lipid
bilayer

Alternating
magnetic field

of silica. In drug delivery systems where silica coated MNPs
are used, the drug release rate is slow and can be controlled
by tailoring the thickness of the coating as a function of the
drug characteristics, which is an advantage compared with
polymer-coated MNPs that a faster drug release often take
place. Novel drug delivery systems have been synthesized
based on mesoporous stimuli responsive silica coatings.!®*’]
In this case, therapeutic cargos are capable of releasing their
payloads due to the presence of organic or inorganic moieties

Release of dye

-

c.v °

"Heat
generation
Transition from hydrophilic
to hydrophobic

Figure 38. Schematic representation of the release mechanism of hybrid liposomes upon alternating magnetic field irradiation. Reproduced with

permission.[64%]
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Figure 39. a) Schematic illustration of magnetic nanocarriers, comprising a core—shell structure. b) Cryo-TEM image of magnetic nanocarriers.
c) Tumor accumulation profiles. d) Magnetic targeting efficacy at different magnet field strengths (dimensions of 8, 7, and 6 diameter). Reproduced

with permission.[®l Copyright 2016, ACS.

that are responsive to a certain stimuli.*¥l Special gate keepers
such as coumarin molecules,/®*)) azobenzene molecules,®>%
thymine,[®>] and polymers(®? which are responsive to light
source as well as grafting of thermosensitive polymers based
on poly-N-isopropylacrylamide (PNIPAM) and its deriva-
tives(®>2053] have been exploited for a very precise control release
of therapeutics in mesoporous silica coated nanoparticles. In a
very recent study, Saint-Cricq et al.l®? reported design of ther-
moresponsive polymeric cap for magnetic core-shell Fe;0,@
SiO, mesoporous nanoparticles by incorporating azo bonds
into the backbone of poly(ethylene glycol) (azo-PEG) for a
controlled drug release (Figure 40). Since azo-PEG responds
to temperature, the drug release was triggered by applying an
external magnetic field to produce heat locally with a nonscopic
volume. They reported that this approach exhibits no cytotox-
icity toward fibroblasts, demonstrating its safety.

Overall, although MDT has been shown promising they
suffer from some inherent drawbacks. In the first place, such a
strategy is limited to accessible tumor nodules, but not metas-
tasis or disseminated tumors. Another issue is related to the
complexity in an EMF set-up. In fact, to ensure the practicality
of this approach, the EMF should be adequately focused and
needs to be deeply penetrated into the tissues to reach the
diseased area with sufficient strength.[®®¥ Furthermore, upon
being exposed to the heat generated by an AMF, nanocarriers
are prone to structural alternation such as deformation of the
single-crystal nanoshell lattice, />’ disintegration of the core, 65l
or increase in the porosity of shell.[%]

5.1.1.1. Strategies in Applying Magnetic Field for MDT: A prereq-

uisite aspect for a good operation of magnetophoretic devices
is to generate a strong and localized magnetic field gradient at
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different length scales, ranging from a few hundred microm-
eters to a few centimeters, at the target location in the body.[°>]
In MDT applications, magnetic particles experience a very large
hydrodynamic drag in the arteries that has to be overcome
for a guided biotransport and aggregation in arterial systems
by means of a strong enough magnetic field.®*® Generally,
external fields including permanent magnets and electromag-
nets are used for MDT of targets close to the body’s surface
(Figure 41). However, due to rapid fall off in the magnetic field
strength, magnetizable inserts are used as alternatives for MDT
of tissues deeper within the body.[6?!

5.1.1.2. Permanent Magnets: Permanent magnets are ferromag-
netic materials which retain their magnetization in the absence
of magnetic field. These permanent magnets are cheap, widely
available, and easy to operate. They are able to generate strong
magnetic fields and gradients in a well localized area for a
desired volume of materiall®!l and need no auxiliary power
supply.[°¢2 However, due to the difficulty in mapping the mag-
netic field distribution around permanent magnet, it is difficult
to predict the respond of magnetic particles in the blood stream
to these magnets.[®®] On the other hand, although permanent
magnets have large magnetic fields, they produce small gradi-
ents and the rapid drops in magnetic field of permanent mag-
nets in space, makes them not strong enough to manipulate
particles deep within the body.®®* Furthermore, the field of a
permanent magnet is more coherent immediately adjacent to
the magnet surface which causes them not to be promising
for steering particles far from the surface farther from the
source.l®® And also, due to the constant and not adjustable
value of the desired magnetic field and force under different
circumstances, one can't change their location to fit carrying
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Figure 40. Surface modification of amino-modified Fe;0,@SiO, nanoparticles (MSN) with azo-PEG (MSN-azo-PEG), and Drug release after magnetic

heating. Reproduced with permission. (652

tumor shapes and sizes. Thus, careful design is required to pro-
duce the desired magnetic field geometry. In addition, proper
orientation of the magnetic field is necessary in order to direct
the particles.[603]

5.1.1.3. Electromagnetic Fields: Electromagnets are able to gen-
erate strong magnetic fields farther from the source, i.e., a loop
of current-carrying wire generates its most uniform, clinging
field along its central axis, which provides a promising particle
steering far from the source. They provide an easy change in
the location and current for fitting different tumor shapes and
sizes.[004665] A dynamic control of magnetic field strength and
orientation enable a magnetic manipulator operating on an
alternating magnetic field which is useful to target and guide
the magnetic particles.[®® Electromagnets can produce good
magnetic fields, stronger than permanent magnets, but they
typically require liquid cooling to produce such fields. Super-
conducting magnets such as in MRI can produce fields that far
exceed those achievable by permanent magnets. However, such
magnets are much more complex and costly.[6¢]

5.1.1.4. Implant Assisted Magnetic Drug Targeting (IA-MDT):
Although MDT is new to the realm of targeted drug delivery, 6]
the current approach of using permanent magnets and electro-
magnetic fields in studies is faced by some fundamental issues
which hamper the development of MDT past the exploratory
stagel®®” and makes the wide spread acceptance of the tech-
nique to be still looming.[°®®¢7% One problem is associated with
the considerable hydrodynamic force generated by high blood
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velocities in the vascular systeml®®l which is the only significant
force that should be overcome to prevent adverse hydrodynamic
conditions on accumulation of MNPs at the target zone.l7!]
Even in the most favorable situation that the magnetic source
is located close to the target zone, which is rarely the case,/®!]
the drag force exerted on the particles by the blood flow may
dominate the magnetic force.l’”Zl Another important problem
is the inherent tendency of magnetic fields to be homogeneous
over the target zone, which results in very small magnetic field
gradients that makes it difficult to collect appreciable amounts
of drugs in that region.l”? Typically, the magnetic force exerted
on MNPs depends on both magnitude and gradient of the
field 100674 With the maximal magnetic flux density at the
magnet pole face and its short ranged magnetic force, inherently
weak forces can be focused at a distance from the magnet.[®7]
As the field intensity decreases abruptly with distance, for tar-
gets that are more than a few centimeters deep in the body, the
hydrodynamic force of blood flow overwhelms the magnetic
force.l”! Thus, retention of the magnetic drug carrier particle
(MDCPs) becomes quite low to the inherently weak nature of
magnetic field,”'* which in turn, limits the location of this
site to be less than a few centimeters deep inside the body.[°6%]
These obstacles in the way of performing external magnetic
fields for MDT limit its application to superficial tumors and
locations in the body that are very near to the surface of the skin
wherein both strong magnetic field and field gradients as well
as very low-velocity fields of blood flow are present.

An alternative strategy to circumvent the limitations of tradi-
tional MDT is introduced to literature based on high gradient
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permanent magnets

e advantages: 1.cheap 2. widely available 3. strong magnetic
generation for desired volume of material 4. need no auxiliary
power supply 5. ease of operation

e disadvantages : 1. difficulty in mapping the magnetic field
distribuition and predicting the MNPs respond 2.having small
gradients 3. Not usable for manipulation particle deep in the
body 4. Poor particle steering far from the source 5.Constant
value of magnetic field

electromagnetic fields

e advantages: 1.strong magnetic field farther from the
source. 2. dynamic control of magnetic field strength and
orientation due to ease of change in location and current.

3. Good magnetic manipulator operation

e disadvantages: 1. Need of prohibitive level of current in
generation of strong fields 2.Need of liquid cooling

3.expensive fabriaction 4.Complex operation

¢ disadvanta

Magnetizable inserts

e advantages: 1. Ease of strong magnetic field generation
by applying weak external magnetic field 2. Localized
magnetic field to attract MDCPs. 3. Better and more
intense internal magnetic field

es: 1.risk of surgery 2. Costl

Figure 41. Different strategies in apply magnetic field for magnetic drug targeting.

magnetic separation (HGMS) concept.[’%l Based on this con-
cept, a wide range of theoretical,l’””) experimental in vitrol®78l
and ex vivol®’? studies have shown that a relatively external
magnetic field applied on a ferromagnetic material is capable
to create a strong localized magnetic field deep within the
body.l76%680] Tny this new approach referred as Implant assisted
(IA) MDT, a ferromagnetic implant placed at the target site
combined with an external magnetic field improves the attrac-
tion and retention of the MDCPs.[®®!l The implant is magneti-
cally energized by the external magnetic field and generates a
short ranged local force to positively affect any MDCP in the
vicinity of its surroundings/®®” due to increase in both mag-
nitude and gradient of the magnetic field.[72673"] These gradi-
ents can be produced by magnetizable implants in the form
of stents, 671683 wireg (083684 needles or seeds.®8°] However,
despite the promising potential of IA-MDT, its wide clinical
application is encumbered by the cost and risk of surgery.[8¢]
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5.1.2. Magnetic Fluid Hyperthermia (MFH)

Despite all the progress in medical sciences integrated with
materials and nanotechnology to decline adverse effects of
diseases, cancer is still a main cause of death in the world.[%®]
The biology of the disease has faced current chemotherapy and
radiotherapy treatments with fundamental challenges including
difficultly in delivering anticancer drugs into the tumor tissue
as well as their collateral damages to the human body.®®! In
particular, the unregulated growth of cells and chaotic vasculari-
zation of tumor hamper the aimed therapeutic dose of cytotoxic
drugs to be delivered in radiotherapy-affected regions. Hence,
more effective treatment with less aggressive effects is crucial to
alleviate the above limitations. As a consequence, hyperthermia
has emerged as an alternative thermal treatment to radiotherapy
and chemotherapy to cure cancer cancers at elevated tempera-
tures through delivering toxic doses of heat to the tumor.[*®]
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Difference in physical and chemical properties of both
tumorous and healthy tissues is the main reason why hyper-
thermia is useful for treating cancers. In particular, tumorous
tissues have a chaotic vasculature and as a result contain
hypoxic areas where both pH and oxygen pressure are low,
while healthy tissues have an undistributed architecture of vas-
culature. Hence, healthy tissues that have been normally oxy-
genated are more resistant compared to the tissues invaded by
cancerous cells which deteriorate more easily at elevated tem-
peratures (=41-46 °C). The susceptibility of cancerous cells to
heat and the subsequent response of the tissue to the applied
heat are of factors which partly depend on the inevitable cancer
biology and the mode of heating.[®"!

Broadly speaking, depending on the location of the disease,
hyperthermia therapy can take place as a local hyperthermia,
regional hyperthermia and whole-body hyperthermia.®®!l Gen-
erally, in classical hyperthermia, metastatic cancers are treated
by directly applying a source of the thermal energy such as
hot water or microwave radiation on the whole body of the
patient or on a selected part where the tumor is localized.[®?
In the case of regional hyperthermia, whole tissue or organ are
subjected to heat, while in local hyperthermia a smaller area
such as tumor is of interest to heat subjection. However, two
unsolved challenging tasks regarding with these techniques are
poor diffusion of heat through the tissue along with remaining
localized heating of a selected area which consequently leads to
challenging control of spatial extent of heating in tissues as well
as damaging the healthy tissues.l®®3l On the other hand, these
traditional treatments suffer from limited penetration of heat
into deep tissues, which increase the unavoidable heating and
damaging of healthy tissues as well.4

These substantial shortcomings were eliminated by devel-
oping MFH which was first introduced by Gilchrist in 1957
to exploit the inherent capabilities of MNPs for shifting the
heating source where it exactly should be, inside the tumor
tissue, while preserving the healthy tissues as well.! This
promising tool revolutionized the existing hyperthermia
through enabling localized remote heating of bodily tissue
by easily placing MNPs in tumors having pore sizes in
380-780 nm range,[® either as a stand-alone intervention
for magnetic thermoablation or adjunct to chemotherapy and
radiotherapy for “moderate” hyperthermia.l®’:¢9’ In the case of
thermoablation, generated heat rise the temperature between
43 and 55 °C to provoke strong cytotoxic effect causing cells to
undergo direct tissue necrosis, coagulation or
carbonization.®®® While “moderate” hyper-
thermia involves the rising temperature up
to 45—47 °C to make cells more sensitive for
conventional chemotherapy or radiotherapy
by initiating degradation mechanisms like

B
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can be used to deliver the magnetic fluid carrying MNPs to
the tumor, including arterial injection, direct injection, in situ
implant formation, and active targeting.[**9 As it was men-
tioned in the section of targeting ligands, the infinity of MNPs
to cancerous cells is greatly enhanced by decorating them with
targeting ligands to specifically deliver and retain these heat
sources inside the tumor tissue. The frequencies of the applied
magnetic field also harmlessly pass through the tissues of the
body and consequently generate heat only in the region con-
taining MNPs.”%! Furthermore, these pioneering heat sources
can be potentially used for simultaneous delivery of anticancer
drugs and imaging as real theranostics platforms. In a very
especial case, MNPs are combined with thermo-responsive
cargos for controlled delivery of drugs.®*4! Gilchrist et al. were
the first to apply MFH for heat lymph nodes in dogs!®®! and
made the initial progress to apply it for humans."%? Since then,
numerous animal experiments and studies were carried out to
further the potentiate of this technique toward a more practical
and safer treating for cancers, especially for the case of gliomas
and prostate cancers.[20.703]

The heating efficiency of the employed MNPs is of great
importance to improve the overall hyperthermia process with
lower doses of MNPs.7% SAR or specific loss power (SLP)
are the general terms to define transformation of magnetic
energy into heat due to an externally applied alternative mag-
netic field.[%®"! Generally, three primary mechanisms account
for the generation of thermal energy, including hysteresis loss,
Brownian relaxation and Neel relaxation wherein domina-
tion of each mechanism depends largely on the size of MNPs
(Figure 42).7%1 It has been proven that magnetic particles in the
range of nanometer have higher heating efficiencies compared
to micrometric particles.”%! In addition to size, other effective
parameters are shape, crystal structure, magnetic anisotropy of
MNPs as well as amplitude and frequency of the applied alter-
native magnetic field.”%”]

Hysteresis is the main source of generating heat in large
MNPs (>100 nm), which is caused by the coupling of atomic
spins to the crystal lattice.®%3) Specifically, higher saturation
magnetization leads to larger hysteresis loop area which in fact
accounts for better heating efficiency and larger amounts of
energy loss to generate heat.”%! Although the biocompatibility
of iron oxide has made it to one of the most desirable MNP
used in hyperthermia,[4?l larger sizes of such MNPs are more
prone to aggregation and have more difficulties in penetrating

DNA cross linking, protein folding, and
protein denaturation.[8®%®] Through these
strategies, MNPs are embedded inside or in
close vicinity of the tumor and by externally
applying an alternating magnetic field, mag-
netic energy is converted to heat, proportional
to the frequency of that field, by loss pro-
cesses arising due to the changes of the MNP
magnetization.”® Four different approaches

magnetic field.

Adv. Healthcare Mater. 2017, 1700306

Hystersis Loss

1700306 (52 of 80)

| Neel 1
v_ ~ Relaxation
H
, _ 2.
Brownian
) oo (>
“ T Relaxation
N

Figure 42. Different mechanisms responsible of the generation of heat under an alternative
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and dispersing within tumors.’* For smaller sizes of iron
oxide nanoparticles, the total heating efficiency regarding with
hysteresis loss is reduced as a result of decrease in the satu-
ration magnetization,”'?! while Brownian and Neel relaxations
become the relevant mechanisms to generate heat.[042]

Specifically, the rapid rotation of the particles themselves
within a medium account for Brownian relaxation which is hin-
dered by the viscosity of the medium to peter out the movement
of particles.”'!l On the other hand, Neel relaxation is defined
by the fluctuations of the spins within the particles which is
hindered by inherent tendency of anisotropy energy toward ori-
enting magnetic domain in a given direction relative to crystal
lattice.[8®712] Tt has been reported that movement of MNPs is
hindered by intracellular components upon their internaliza-
tion, which indeed largely leaves the total contribution of heat
generation to Neel relaxation.”"?!

Generally, iron oxide nanoparticles with a size between 5
and 20 nm are superpamagnetic due to the presence of a single
magnetic domain. This property enables them to cease their
magnetization upon removal the external magnetic field which
indeed allows for rapid relaxations and continuous heat genera-
tion by applying an alternative field with higher frequency.”*
In particular, higher frequency of the applied magnetic field
results in larger specific power loss values. The phase lag of
magnetization (M) behind the applied field (H) makes the heat
generation to happen through both hysteresis loss and relaxa-
tion mechanisms.

To further improve the heating efficiency of MNPs,
researchers have proposed different strategies which mainly
rely on tuning physical parameters such as effective anisotropy,
size, and saturation magnetization.l®®715] Compared to other
materials such as Fe or Co, iron oxide nanoparticles have lower
saturation magnetization which directly leads to lower mag-
netic response with an external field.[® A class of promising
MNPs is based on obtaining ferrites by adding other ions such
as Ni%*, Mn?', and Co?' to Fe;0,for tuning the magnetic
flexibility for more efficient hyperthermia applications.'%l Iron
oxides doped with Gd, Fe, and Mn also represent a newer class
of MNPs in hyperthermia treatments.”"” Drake et al.”'®! per-
formed a study which developed Gd-doped iron oxide nanopar-
ticles with the size of 13 nm for use in magnetic fluid hyper-
thermia in mouse models. They reported the SAR values of
the prepared MNPs to be four times higher than Fe;O, SAR
values. In addition, the models treated with doped iron oxide
displayed much slower tumor growth compared to standard
iron oxide.

Furthermore, magnetosomes of the magnetotactic bacteria
have also showed a great promise in the field of hyperthermia,
either in the form of individual magnetosomes or in chains.l”*’]
Thanks to their monodomain, ferromagnetic, and cubic-shaped
structure, they produce large amount of heat proportional to
their large sizes.”””! However, it should be mentioned that
this superiority is only true for magnetic field strengths larger
than 10 mT,"?! unless the losses per cycle will be consider-
ably smaller compared to chemically synthesized MNPs.["22
Alphandéry et al.’?)l reported a considerable increase in
heating efficiency of magnetosomes by introducing cobalt
quinate and chelating agents such as EDTA and rhodamine
BI7?4 to increase their size and magnetocristalline anisotropy.

Adv. Healthcare Mater. 2017, 1700306

1700306 (53 of 80)

www.advhealthmat.de

Magnetic cationic liposomes (MCL) with superparamagnetic
iron oxide nanoparticles were developed by Mastsuka et al.l’%’]
to investigate the in vivo efficacy in hyperthermia application.
Resultant MCLs were directly injected into a hamster osteosar-
coma. Subsequently an alternating magnetic field was applied
to trigger hyperthermia heat generation. They reported a suc-
cessful diminishing of the average tumor volume by heating
that above 42 C.

Considering the difficulty in accumulating enough amounts
of MNPs into the cancer cells, as well as the high propensity
for them to leak into the surrounding tissue or blood vessels,
Xu et al.7?% exploited the self-setting ability, biocompatibility,
and biodegradation of calcium phosphate cement (CPC) to
develop an injectable magnetic media which can confine MNPs
and cease their migration out of the targeting tissue to increase
their efficacy for hyperthermia application. To do so, Fe;0, nan-
oparticles were distributed inside a paste formed by mixing
CPC (as the solid phase) and PEG-600 (as the liquid phase) that
could prevent the leaking of MNPs out of it. The efficiency of
magnetic CPC (MCPC) at an iron/CPC weight ratio of 10%
was evaluated for in vivo thermal ablation of tumors of mouse
model under the guidance of ultrasound imaging. Applying an
AMF fields for 180, the thermal images (Figure 43a) and cor-
responding time-temperature curve (Figure 43b) greatly con-
firmed the heating efficiency of injected MNPs. Photographs
during a two-week thermal ablation showed the high efficiency
of injected MNPs in reducing the tumor size to be finally
diminished after 15 d (Figure 43c). Comparison of the micro-
scopic structure and size of the ablated and non-ablated tumors
respectively in Figure 43d and Figure 43e obviously confirm the
practicality of MNPs for hyperthermia.

5.2. MNPs in Different Diagnostic Techniques

Numerous imaging techniques have been developed for
acquiring in vivo images of anatomy and physiology in both
animals and humans in the past few decades. They mainly
include MRI, PET, SPECT, CT, optical imaging, magnetic par-
ticle imaging, and photoacoustic imaging (PAI) (Table 6).7%"]
However, limitations of individual techniques do not allow for a
comprehensive characterization of all functional and anatomic
information.”?l MRI and CT provide acceptable anatomic
information, while PET, SPECT, MPI, PAI, and optical imaging
are used for acquiring molecular information. To overcome the
respective limitations of each individual technique, they have
been synergistically combined by applying nanotechnology in
the form of imaging probes, enabling multimodal imaging
with enhanced sensitivity.”?’) Reducing the number of separate
imaging sessions, this strategy can save time and effort and
provide accurate simultaneous imaging of both anatomic and
molecular information.”3% Superparamagnetic iron oxide nano-
particles have gained a lot interests to serve as workhorses for
fusion of MRI with other biomedical imaging modalities due to
their high surface to volume and degradability (Figure 44). Spe-
cifically, SPIONs have been shown promising to enhance the
contrast agents of MR imaging and they have high capability
to be loaded with PET, SPECT, PAI, CT, and optical imaging
modalities.”3!]
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Figure 43. Tumor surface temperature monitoring and efficiency of the magnetic hyperthermia ablation: a) Thermal images of tumor containing 0.36 g
10% MCPC which was exposed to an alternating magnetic field for 180 s. b) Corresponding time-temperature curve. c) Size reduction of tumor during a
two-week magnetic hyperthermia ablation treatment. d) Microscopic structure of the ablated and non-ablated tumor tissue. €) The time-tumor volume

curve. Reproduced with permission.’26l Copyright 2015, ACS.
5.2.1. MRI

Over the past decade, MRI has been widely used as a pow-
erful noninvasive technique to obtain anatomic and functional
information.[’28" This technique exploits the nuclear property
of hydrogen that originates from water molecules present in our
body to offer high spatial and temporal resolution of contrast
differences between soft tissues.l’>°732] In fact, protons present
in the nucleus have an inherent tendency to be excited and
aligned parallel to an external applied magnetic field.”*¥! The
spins of protons are flipped at a particular frequency, known
as the “resonance frequency.”"' Specifically, when the gen-
erated radiofrequency (RF) pulse is in resonance with body’s
hydrogen atoms, makes protons in the hydrogen nucleus to be
fully aligned parallel to the applied magnetic field direction. By
removing the electromagnetic field, an RF signal is produced
during a “relaxation” process wherein protons release energy
while they realign back to their original states. The variation in
realignment speed for protons in different tissues corresponds
to precisely delineate the tissues. T} and T, are respectively the
needed time for longitudinal and transverse components of
magnetization vectors to return to their original thermal equi-
librium state.”33] Either T or T, relaxation times can be meas-
ured by receiver coils to subsequently produce an MR image by
a computer algorithm 734

5.2.1.1. Contrast Agents: Developing effective contrast agents is
a crucial aspect to enhance and widen the diagnostic utility of
imaging techniques, especially for early diagnosis of cancerous
tumors. Contrast agents are capable of changing the response of
nearby atoms to modify the relaxation rates at T; or T, through
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localized interactions with protons of water molecules that leads
to produce distinct signals which can more effectively discrimi-
nate and illuminate the tissues.”’! In actual practice, due to
the small intrinsic differences, better delineation of tissues can
be achieved by using exogenous contrast media. Gd-chelates
consisted of high-spin paramagnetic Gd*" ions, were the first
generation of these contrast agents. For about three decades,
paramagnetic gadolinium (Gd(III)) have been combined with
chelating ligands as Tj contrast to improve the positive signal
quality of T;-weighted MR images with brighter tissues where
the Gd complex is located.”3%l The inherent shortcoming of
gadolinium chelates is their high levels of toxicity to biological
systems which require encapsulation of free gadolinium ions
into dendrimers and liposomes.””] In addition, gadolinium
chelates suffer from poor cellular uptake and short life span./”*?!

However, small size tumors cannot be effectively detected
due to relatively low sensitivity of traditional techniques. In
addition, due to high toxicity of contrast agents such as Gd che-
lates, it may be risky and difficult to deliver enough of them
in cancers.”*®! Hence, MNPs have aroused the interests as
potential alternatives to conventional imaging agents. By modi-
fying the pharmacokinetics of MNPs, they can accumulate in
the tissue and enhance the MR contrast through shortening
either T; or T, relaxation of surrounding protons.!''® The ratio
of relaxivities (inverse of the relaxation time) is the determi-
nant fact for MNPs to be either used as a positive or negative
contrast. Yet, MNPs have shown better capability to reduce
the T, signal intensity and are more used for providing nega-
tive contrast.”>) Among the promising MNPs, the next gen-
eration was (ultrasmall) superparamagnetic iron oxide (SPIOs
and USPIOs) nanoparticles that have been developed for both
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Figure 44. Combination of MRI with other imaging techniques and their specific imaging modalities.

standard and functional MRI by shortening T, relaxation
time.”# Ferucarbotran, ferumoxtran-10, fetumoxytol (Fera-
heme), ferumoxides, ferristeneand, and ferumoxsil are of some
contrast agents at current clinical trials.”3* Feridex and Reso-
vist are approved by food and drug administration (FDA) for
liver imaging.

Similar to other paramagnetic substances, SPIOs and
USPIOs lose their magnetization by removing the mag-
netic field. But the substantial higher value of the magnetic
moment, due to presence of extensive Fe atoms, can easily
increase the relaxation rate of surrounding proton spins more
than gadolinium chelates.”#!] This will lead to precise deline-
ation of tumor margin as well as the vascular blood supply to
tumors.742

Given the higher uptakes by RES, SPIOs can surprisingly
distinguish smaller lesions of about 2-3 mm in liver in clin-
ical applications.’#3] In particular, SPIONs are biocompatible,
chemically stable, and also biodegradable. They are metabo-
lized directly by the liver, rather than by the kidney and have
been approved for human clinical studies by being much safer
than gadoliniums, iodines or other metal alloy based contrast
agents.”*] However, when it comes to targeting tissues with
high initial signal, such as lung, discrimination between the
negative contrast induced by nanoparticles and artifacts (e.g.,
blood flow, motion, and air) is difficult. In addition, relatively
long acquisition times are needed to get bright iron signals,
which address another shortcoming of these contrast agents./”#’]
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5.2.2. Optical Imaging

Optical imaging has been used from diagnosing cancers in its
earlier stages’*®l to immunostainings,’#’! fluorescence-guided
surgery, and endoscopic imaging.”#8! This technique is based
on the detection of light, absorbed and emitted by fluorochrome
concentrations as a source of contrast.”*l Specifically, fluores-
cent molecules emit photons with longer wavelengths than
that of formerly adsorbed.”>" Generally, fluorescent agents that
emit photons with wavelengths NIR range (650-900 nm) cor-
respond to optical imaging due to their capability of passing
through biological tissues allowing for a whole body tomog-
raphy in rodents.’*®>751 In addition, this shifting to the NIR
spectrum has overcome some shortcomings of optical imaging,
including photon absorption, scattering, and background
from endogenous tissue autofluorescence.”? Overall, optical
imaging is advantageous for their cost effectiveness, and use
of no ionizing radiation to provide intravital image resolutions
on the order of millimeters.”>%’>3 In addition, non-toxicity,
sensitivity, and versatility of the optical contrast agents qualify
them to be used for in vivo applications.”#¢7>4 However, optical
imaging suffers from limited penetration of light which makes
it difficult to image deep tissues.

Given the incapability of MRI to measure molecular events,
a vast amount of researches have been dedicated to comple-
ment this technique by optical imaging to develop MRI/optical
dual imaging techniques.”> Hence, the anatomic information
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Figure 45. a) Schematic representation showing the synthesis of fluorescent magnetic nanoparticles (FMNPs) for targeted imaging. b) In vivo fluo-
rescence images and simultaneous T;- and T,-weighted MRI of mice injected with FMNPs acquired pre-injection and at 1 and 6 h post-injection.

Reproduced with permission.’83 Copyright 2015, RSC.

provided by MRI, as well as functional details of a molecular
event can be elucidated through manipulation of fluores-
cent agents either conjugated or doped within nanoparticles
to produce pictures with improved quality.”>'"! These optical
imaging agents are commonly combined with magnetic nano-
particles, chemically or physically, to produce an end product
which retains as a compact ideal probe through its journey
toward the target.”>®l Iron oxide nanoparticles, mainly with
polymer coatings such as dextran, have been widely conjugated
with fluorescent agents to provide with dual imaging modality
which both enhances the MR contrast and gives functional
information.[129.7290.757]

Either organic dyes (such as cyanine (Cy5.5), rhodamine B,
and isothiocyante (FITC)) or synthetic/inorganic semiconductor
quantum dots (QDs)B338758 have emerged as optical probes.
Although these fluorescence units can be directly conjugated
on the surface of MNPs, the energy transfer between the MNPs
and fluorescent molecules due to low distance between them
will lead to fluorescence quenching. As a result, employing
thicker coating materials, such as silica, or longer chemical
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linkers come in handy to prevent the quenching phenomenon
by increasing the distance between MNPs and fluorescent mol-
ecules.”” In an effective approach, core—satellite compounds
were developed by decorating 30 nm dye-doped silica nano-
particles with 9 nm iron oxide (Fe;0,) nanoparticles.’% They
were used for acquiring MRI and optical imaging of polysialic
acid (PSA)-positive cells and exhibited increased T, MRI and
fluorescence signal compared to individual iron oxide nano-
particles conjugated with optical dyes.’>!l In another strategy,
a silica shell was used to encapsulate both MNPs and fluo-
rescent units’®! to enhance the photostability of organic dyes
through protecting them against photochemical destruction
and photobleaching.7¢?!

In a very recent study performed by Wang et al.”®! ultras-
mall Fe;0, magnetic nanoparticles (2-3 nm) NIR emissive
semiconducting polymers (PFBT and PFTBT), and amphi-
philic polymers bearing carboxylic acid groups were inte-
grated into one particle by one-step synthesis (Figure 45a).
For the first time, such combination was used as MRI/optical
imaging agents, providing both NIR fluorescence imaging and
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simultaneous Tjand T)-weighted MRI of tumors in a living
body (Figure 45Db).

5.2.3. Positron Emission Tomography

A great enhancement in diagnostic accuracy has been achieved
by the fusion of MRI and PET modalities on novel nanopar-
ticles to introduce a cocktail of imaging modalities capable of
being simultaneously monitored in body.®*>728] In its very first
stages of development, different information were obtained
by using superparamagnetic iron oxide nanoparticles and
18F-Fluorodeoxyglucose as separate PET and MRI agents for
imaging myocardial infraction in rats.”®* Since then, PET/
MRI dual imaging strategy have been clinically used for pan-
creatic and lung cancer”®! as well as human brain imaging!’®l
applications. Although MRI offers anatomic information with
high spatial resolution, it mainly suffers from inability to pro-
vide functional and molecular information. On the other hand,
accurate molecular imaging can be achieved by high sensitive
PET as a nuclear imaging technique based on radionucleotide
emitting positrons to illuminate functional biological process.
However, the partial volume effects in PET images which are
resulted by limited positron range in tissue, lead to inconclu-
sive anatomic information with low spatial resolution.”®”! Upon
this pioneering integration, both molecular imaging and soft
tissue contrast provided respectively by sensitive and quantifi-
able PET and MRI signals, synergistically compensate for above
limitations of each other.[”3%

Specifically, by accommodating PET imaging modalities on
nanoparticles which enhance the contrast of MRI, the partial
volume effects of PET are corrected with MRI spatial resolu-
tion. However, sensitivity difference of two imaging techniques
must be taken into full consideration to design PET/MRI probes
which maintain a relatively low concentration of PET along with
a relatively high contrast of MRI. Hence, designed probes should
ideally supply sufficient dose of radiotracers to be detected in
PET imaging along with MRI agents with sufficiently high
MRI contrast ability.’%8! Since FDA approved iron oxide nano-
particles, they have been served the most popular MRI contrast
components to further the utilization of PET/MRI multimodal
imaging by influencing the T, relaxation time of nearby water
protons as well as being biodegradable and nontoxic.’®% Fur-
thermore, other metals such as manganesel’’%l and cobalt’”!]
have been added to iron oxide nanoparticles to increase their
contrast-enhancing efficiency by gaining superior magnetic ani-
sotropy,”’? as well reducing the particle size for longer blood
circulation times.”73] Simultaneously, PET signals are in charge
of resolving the lack of functional information provided by MR
images."”’4 The high sensitivity of PET imaging, down to the
pico-molar level deposited in the living subjects,’”>! combined
with its no penetration limit come in handy for numerous in vivo
diagnostic applications. Some reports demonstrated the useful-
ness of radionuclide imaging for noninvasive in vivo imaging of
pharmacokinetic, biodistribution, and renal clearance of nano-
particles and drugs.*>77¢ Within PET imaging technique, a
PET scanner is used to acquire the radiation emitted by radio-
isotopes (also known as radiotracers) to construct tracer con-
centration dependent images.”””) In fact, the radiation involves
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pairs of high-energy gamma rays which are produced by either
radiohalides or radiometals during their natural decay of emit-
ting positrons, a process called as annihilation. Once the radi-
otracers are accumulated in a desired organ in the patient’s
body, their distribution in the body can be provided by detecting
the emitted waves by the y detector. Half-life and maximum pos-
itron energy are of two important factors for selecting the accu-
rate PET imaging modality. In general, isotopes with optimal
half-lives and lowest maximum positron energy are included
as right radionuclides to minimum the loss in spatial resolu-
tion by contributing positron emission to the total absorbed
dose.728778] 1Mp 18 64Cy, 39Zr or 241 are commonly used
radionuclides for PET imaging.””! Among which, F and *Cu
have low enough maximum positron energy and optimal half-
lives for longer in vivo imaging. Except for (!**I and '3F),8
other practical radionuclides require a chelation process to
gain enough in vivo stability.”®!) Commonly, polyazacarboxylate
macrocycle such as 1,4,7-triazacyclododecane-N,N’,N”-triacetic
acid (NOTA) and 1,4,7,10-tetraazacyclododecane-N,N’,N”,N"”’-
tetraacetic acid (DOTA)”82 have been used to complex radionu-
clides with sufficient stability.

In one notable study performed by choi et al.,”®3 124 radio-
nuclides were conjugated on Mn-doped ferrite nanoparticles
coated by serum albumin (Figure 46a). They were applied as
PET/MRI dual imaging agents and precisely delineated small
sentinel lymph nodes. In another study, Fe;O, contrast agents
were coated by polyaspartic acid and applied for in vivo tar-
geting of tumor xenografts to provide both MRI and PET
images.”® Subsequent to their surface coating, they were
labeled with 64 cu radionuclides and DOTA stabilizing mate-
rial. RGD peptides were also employed to specifically target
integrin (of3). In a recent study oleic acid coated iron oxide
nanoparticles were labeled with ®Ga and DOTA respectively
as radionuclide and chelating agents for dual PET/MR imaging
of prostate.”®’] Additionally, they were decorated with gluta-
mate-urea-lysine targeting ligands to increase their affinity for
prostate-specific membrane antigen (PSMA) (Figure 46b). The
resultant PET/MRI dual images showed a high uptake of the
NP by the PSMA-positive tumor with high resolution.

5.2.4. Single Photon Emission Computer Tomography

Same as PET, single photon emission computer tomography
has also been another representative of the leading nuclear
imaging technique for the last few decades.”®! Providing
important biological information, SPECT directly leads to
improved detection of functional processes in living subject
with high sensitivity.”®”] A revolving gamma camera constructs
2D or 3D images via a computer to record data emitted by
in vivo distributed radionuclides. The specific radioisotopes
used account for the key difference between SPECT and PET
imaging from a material point of view. ™Tc, !, 67Ga, 1271,
111, and 2°Ti are of the common radionuclides used for SPECT
imaging in researches and biomedical applications.”®® Among
these, %™Tc has been extensively established due to being less
expensive and more available than PET."®! A potential advan-
tage toward using SPECT imaging is that parallel biological
events can be simultaneously visualized. Specifically, through
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Figure 46. a) Mn-dopped iron oxide nanocomposites coated with serum albumin (SA) and labeled by radioisotopes ('l — SA — MnFe,0,) for deline-
ation of the sentinel lymph nodes (axillary and brachial lymph nodes) with adequate PET signals and the anatomical MR image. b) Iron oxide nano-
particles labeled with radionuclides and equipped with targeting ligands to actively reach the prostate for PET/MRI dual imaging. a) Reproduced with
permission.’®] b) Reproduced with permission.’®] Copyright 2016, the authors, published under CC-BY-NC-ND license.

the energy identification of the emitted photons, simultaneous
imaging of different SPECT imaging radionuclides becomes
possible.[”*%

As it was mentioned for PET imaging, SPECT imaging
also suffers from incapability to identify anatomic structures.
Hence, an imaging technique such as MRI or CT comes in
handy to accurately localize an area of increased activity.”!
Same as PET radionuclides, SPECT imaging modalities can
be used for fusion of SPECT/MRI to synergistically compen-
sate for limitations of single techniques.”? The overall scan
time will be also reduced which leads to fewer errors as well
as avoiding multiple anesthesia sessions.’®3 Similar to MRI/
PET dual imaging, the morphological and functional meta-
bolic information on molecular process along with anatomical
information are provided by SPECT radionuclides conjugated
with SPIONs which account for enhancing the contrast of MR
images.”1>794] Integrated by targeting ligands, a potential class
of radiopharmaceuticals capable of specific localization and
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illumination in cancers has emerged. Furthermore, it provides
a non-invasive determination of the biodistribution of nanopar-
ticles tagged with radiotracers, even in the pico-molar concen-
tration range.[’2

In a study performed by Sandiford et al.?3! iron oxide nano-
particles were loaded by *™Tc radionuclides which were stabi-
lized with bisphosphonate (BP) chelates (Figure 47a). Prepared
nanoparticles were applied for MRI/SPECT dual mode imaging
of cardiovascular organs such as heart and aorta. In one notable
study, Fe;O, MNPs were respectively coated by Fe and PEG to
construct the scaffold for dual MRI/SPECT imaging guided
photothermal therapy in vivo (Figure 47b).”> They were conju-
gated with 2T and c(RGDyk) respectively as imaging modality
and targeting ligands. Their results clearly indicated increased
T, contrast in MR imaging with simultaneous PET imaging.

However, technological challenges in operating MRI/
SPECT dual imaging simultaneously are perhaps the reason
why this technique is still in its infancy and has somewhat
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Figure 47. a) Superparamagnetic iron oxide (SPIO) nanoparticles labeled with *™Tc for MRI-SPECT dual-modal imaging of cardiovascular organs.
b) SPIO nanoparticles labeled with 2| radioisotopes and equipped with c(RGDyk) ligands to actively target tumor of a mice for both MRI and SPECT
imaging. a) Reproduced with permission.?l Copyright 2012, ACS. b) Reproduced with permission.’?’l Copyright 2016, ACS.

lagged behind PET/MRI development.”3>79] Specifically, the
revolving gamma camera for detection of a radiotracer creates
artifacts in the MR images. On the other hand, designing a
SPECT scanner within an MR instrument is problematic due
to both limited space inside the magnet and generation of
eddy currents which hamper successful realization of SPECT/
MRLI7*l However, high-performance PET detectors have been
fully incorporated within PET/MRI scanners thanks to avail-
ability scintillation materials and novel gamma ray detectors
based on avalanche photodiodes (APDs) to overcome the above
limitations.73>7%7)

5.2.5. Computer Tomography

Computer tomography is of anatomic imaging techniques
which has aroused considerable interest in clinical applications
owing to its low cost, availability, short acquisition time, deep
tissue penetration and high hard-tissue imaging contrast and
capability to evaluate the hyper vascularization.”®®! By means
of X-rays, images with high spatial resolution are obtained
through slices of the body area.”! Ilodine and gold-based
compounds have been commonly used as CT contrast agents
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to block X-rays in a specific part of the body and construct CT
images.[®® Anatomical structures are hence delimited by dif-
ferentiations in X-ray attenuation of different tissues.[8!
However, subsequent side effects such as anaphylactic
shock, itching, and vomiting may occur upon introducing
iodine-based contrast agents into the body.®? In addition, their
short blood circulation, lack of tissue specifity, and limited vas-
cular permeation provide insufficient short imaging times.[8%!
Hence, developing safer contrast agents based on the intrinsic
physical properties of gold has gained a lot of attention in the
community to produce strong CT contrast (up to twice that of
iodine).B% Specifically, better X-ray attenuation coefficient of
gold than that of omnipaque (a conventional iodine-based CT
contrast agent)®®! has made it to an interesting material in the
arsenal of contrast agents, either as single gold nanoparticles or
combined with other nanoparticles.®%! Thanks to high atomic
number of gold and X-ray absorption coefficient, CT images
with higher contrast can be obtained for diagnosis various dis-
eases and gaining suitable anatomical information./8’]
Although presence of gold layers lower T, signal intensity in
MRI compared to normal SPION, SPION-dumbbell nanocom-
posites did not lower the T, signal intensity during in vivo MRI
study.® In addition, detectable signals of MRI/CT agents can
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Figure 48. a) Schematic representation of the synthesis of hyaluronic acid-modified Fe;O,/Au composite nanoparticles and their application for tar-

geted dual mode MR/CT imaging of tumors. b) Procedure for the preparation of Fe;O, —

Au nanoparticles and their application for CT and T,-weighted

MR imaging of fatty liver bearing rat, pre and 45 min post contrast in transversal view. a) Reproduced with permission.['% Copyright 2015, RSC.

b) Reproduced with permission.”%"] Copyright 2015, CRC Press.

accurately delimit tumor margin in a less harmful way which
is crucial to preserve other important structures upon using
intrasurgical imaging tools.?*8%8] Performing the imaging pro-
cedure in exactly the same area for both techniques via MRI/
CT dual imaging agents also leads to better diagnosis. Further-
more, it reduces the total dose of contrast agents administered
into the patient’s body, which indeed results in less consequent
side effects.”>%

Despite the advantages offered by CT, the similar X-ray
absorption of soft tissues makes it difficult for CT to precisely
distinguish between subtle changes in them.®% To produce
images with better qualities, extensive experience with use of
gold as appropriate shells for iron oxide magnetic nanoparticles
along with the capability of these nanoparticles to enhance the
contrast of MR images have been extremely exploited to build
MRI/CT dual imaging probes.®!% Simultaneous combination
of the anatomic information provided by both techniques cer-
tainly comes in handy for better diagnosis and further deci-
sions to overcome the limitations of each single procedure as
a result of higher payload of contrast producing material with
longer blood circulation times.®'!l These hybrid dual imaging
agents composed of gold and iron oxide nanoparticles (GION)
can be used to provide better CT contrast and relatively higher
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T, relaxivity in MRI even in the form of core shell nanoparticles
or SPION—-gold dumbbell nanocomposites. 12

Hu et al.81%! prepared Fe;0, /Au composite nanoparticles
for targeted dual mode MR/CT imaging of tumor. In the first
step, they used PEI as a stabilizer to synthesize PEI-Au nano-
particles. Subsequently, in the presence of resultant nanopar-
ticles coprecipitation of Fe(II) and Fe(III) was applied to form
the Fe;0,/Au nanocomposites and eventually modified them
with hyaluronic acid (HA) (Figure 48a). The end production
showed high r, relaxivity in MRI and good X-ray attenuation
property to increase the contrast of both imaging approaches.
In a very recent study performed by Zhao et al.7*%"! strawberry-
like Fe304 —Au hybrid nanoparticles were synthesized for per-
forming MRI/CT dual imaging. The Fe;O, nanoparticles were
synthesized via coprecipitation method and further modified
them with in situ reaction of HAuCl, by DMSA at room tem-
perature (Figure 48b). The resultant nanoparticles, after being
verified in normal animals, were applied for in vivo CT and
MR imaging of three different kinds of liver disease bearing
animal models (alcoholic liver, liver cirrhosis, and hepato-
cellular carcinoma (HCC)). Their results exhibited contrast
enhancement for both MR and CT images, especially for fatty
liver model.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

5.2.6. MPI

As it was explained in previous sections, iron oxide core of
MNPs can be either exploited for enhancing the contrast of MR
images, or they can serve as the workhorses for loading other
imaging moieties. In both cases, the iron oxide core itself was
not in charge of sending any signal to the imaging systems. In
particular, interaction of MNPs with the protons of water mole-
cules modifies the relaxation rates of nearby atoms to produce
better MR images. On the other hand, in the cases of SPECT,
PET, and optical imaging, radionucleotides, and optical probes
are just loaded on MNPs to be carried into the area of particular
interest. In 2001, Gleich and Weizenecker conceived of a new
imaging technique wherein MNPs are not just supportive
contrast agents, but the only source for sending the signals
out to the imaging system. This totally clarifies why the used
MNPs are referred to as tracers rather than contrast agents.[’!3l
In 2005, they unveiled the first completely new imaging tech-
nique since the invention of MRI, named as magnetic particle
imagingl®*l which used iron oxide nanoparticles as clinically
safe tracers to directly measure the magnetization for quanti-
fying their local concentration. ]

In particular, the non-linear response of these tracers to
applied oscillating fields over a broad frequency range allows
for a 3D visualization of their distribution in space. The inher-
ently quantitative property of this technique addresses the pro-
portional dependency of the signal strength to the amount of
MNPs.B1l Since MPI is very dependent on iron oxide tracers,
the size, monodispersity, and stability of MNPs are extremely
critical parameters to achieving high sensitivity and good spa-
tial resolution of MPI images.?*817) MPI has been shown
promising for cancer imaging, stem cell tracking, and angiog-
raphy,®'® and even monitoring the therapeutic effect of mag-
netic hyperthermia.[81%

Compared to other imaging techniques such as CT, MRI
and PET, MPI combines high temporal resolution, sub-millim-
eter spatial resolution images and high sensitivity®% with the
ability of fast volumetric imaging.®?!l Surprisingly, far better
resolution of 250 um and sensitivity of 20 x 10~ m appear fea-
sible in theory.®2!l Short acquisition time also allows for real
time applications, to the point that in vivo 3D real-time MPI
scans could reveal the details of a beating mouse heart.[822
In addition, MPI is free of ionizing radiation and utilizes two
static and oscillating magnetic fields to quantitatively map con-
centrations of iron oxide nanoparticle distributions.?3 Within
this technique, diamagnetic tissues of the human body®?3! are
transparent and no background signal originates from sur-
rounding tissues, which eliminates problems associated with
background signals.”%"! As a result, no signal of the anatomical
structure of the body interferes with the MPI signals of interest,
leading to a superb contrast.%1¢!

Detailed explanations of MPI principles as well as building
the scanners and relative applications have been provided in
a series of books written by leading innovators of this tech-
nology.®?* Essentially, the superparamagnetic characteristic of
MNPs and the harmonic composition of their response make
MPI possible at all.B3 In brief, measuring the magnetiza-
tion change in a tracer material upon applying a time-varying
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external magnetic field is exploited to determine the spatial
distribution of MNPs with high sensitivity and resolution.
Based on Langevin theory,®?! there is a nonlinear relation
between the external magnetic field and magnetization of
MNPs. Such non-linear curve is an indicative of a magnetiza-
tion response which contains both fundamental frequency
of the MPI excitation field and harmonics of this frequency.
Image reconstruction specifically takes place by encoding
these harmonics. To do so, an additional static gradient field
is introduced to locate the origin of the detected signal and
spatial encoding. This field is designed through arranging two
magnets in a Maxwell configuration, wherein a symmetric
point with zero magnetic field, named as field free point is
exhibited. The saturated MNPs out of the FFP cannot follow
the excitation field, while the ones inside the FFP are free to
align and to be magnetized for contributing to MPI signal gen-
eration.®2%l Subsequently, images can be obtained by sweeping
the FFP throughout the imaging field of view (FoV). Specifi-
cally, a nearby receiver coil detects the induced magnetization
reversal upon the FFP movement over an iron oxide nanopar-
ticle. Finally, two MPI image reconstruction techniques can be
used for processing the detected signal: the “system matrix”
approach, or x-space MPI.18%]

In 2009, Weizenecker et al.[22% injected a mouse with com-
mercially available Resovist MNPs and used a cylindrical sup-
port with an inner diameter of 29 mm for keeping the mouse
in a supine position. Subsequently the animal was inserted into
the receiver coil cylinder of the MPI scanner in a way that its
heart was within the FoV. They obtained raw data after bolus
injection and reconstructed images to 1800 3D volumes. After
MPI scanning of the selected mice, reference MR images were
also acquired to relate the MPI signal to the mouse anatomy.
Figure 49 shows the results of interpolating the dynamic MPI
data to the corresponding static MRI images.

Resultant images with very high spatial and temporal resolu-
tions were obtained while the heart was actually beating. Their
results proved the efficiency of MPI to be used for monitoring
cardiac activity in real-time. In a very recent study, iron oxide
nanoparticles were doped with zinc to perform a MPI-guided
hyperthermia.l?”! Their results showed a twofold enhance-
ment in MPI signal. In addition, fusion of MPI and hyper-
thermia allowed for focused and selective heating within the
FFP. In particular, by the presence of the static gradient field,
the zinc-doped cubic MNPs were potentially saturated outside
of FFP and did not contribute to heat generation. In another
study, Kuboyabu et al.®% investigated the feasibility of visual-
izing and quantifying the spatial and temporal distribution
of MNPs within a tumor to predict the therapeutic effect of a
hyperthermia treatment using MPI. Three groups of treated
animal were injected with different concentrations of Reso-
vist to perform a hyperthermia treatment by using an alterna-
tive magnetic field. A MPI scanner was used to scan the mice
immediately before, immediately after, 7 and 14 d after the
treatment (Figure 50). MPI images which are superimposed
on the X-ray CT images show the qualitative evaluation of the
temporal change of the MNPs spatial distribution in tumors.
Their results showed the feasibility of MPI for predicting the
hyperthermia effect.
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Figure 49. Dynamic MPI images of a beating mouse heart (left) and their fusion with corresponding static MR images (right). Reproduced with
permission.[#22°1 Copyright 2009, 10P.
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After

Before

Figure 50. MPI superimposed on the X-ray CT images showing the
qualitative evaluation of temporal change of MNPs spatial distribu-
tion immediately before, immediately after, 7 and 14 d after magnetic
hyperthermia. Reproduced with permission.[®28l Copyright 2016, SCIRP.

5.2.7. PAI

PAI, also called optoacoustic or thermoacoustic, is an inter-
esting hybrid imaging modality based on the photoacoustic
effect reported by Alexander Graham Bell in 1880.%2% This
imaging technique is capable of providing functional imaging
based on physiological parameters and thus has gained a wide-
spread acceptance for imaging applications.®3% A considerable
combination of excellent absorption contrast and high spatial
resolution respectively achieved by ultrasound imaging and
optical techniques, enables PAI to produce images with high
spatial resolution and with sufficient penetration depth simul-
taneously.®3! It relies on detecting the acoustic waves which are
produced by the thermoelastic expansion of tissue through the
adsorption of electromagnetic energy by chrmophores. Specifi-
cally, images are produced depending on the absorption magni-
tude of short pulsed illumination by biological chromophores
like melanin and hemoglobin.[?” Biological chromophores with
strong optical absorbing such as melanin and hemoglobin can
be exploited as endogenous contrast agents to provide a non-
invasive PAI of these chromophores in vivo.®32l Although this
strategy is practical for visualization of the vasculature tissues,
other biological processes with shortage of intrinsic chromo-
phores need additional exogenous contrast for performing PAI.
Gold nanoparticles,®33 QDs 4 indocyanine green (ICG),[®3
and single wall nanotubes (SWNTs)®3 are of extrinsic contrast
agents which enables high optical absorption for better image
contrast.83]

Similar to PET, SPECT, and optical imaging, the PAT extrinsic
contrast agents can be loaded on iron oxide nanoparticles. In
addition to the simultaneous fusion of MRI and PAI to provide
better anatomical and functional information, one can make
sure that PAI contrast agent has long blood circulation time
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and can reach the target thanks to other targeting ligands on
the surface of MRI agents. To this end, gold-coated MNPs have
been shown as promising agents for MRI/PAI dual imaging
applications. In a study performed by Ji et al.®*®! nanohybrids
consisting of iron oxide core and a gold nanoshell were synthe-
sized to investigate their potential for MRI and photothermal
therapy. Along with the superparamgnetic behavior, they
showed a significant absorbance in the near-infrared region
which is essential for PAIL. In another study, the feasibility of
iron oxide nanoparticle itself to be exploited for dual PAI/MRI
imaging was shown.*”! The group subcutaneously injected
commercial available Endorem MNPs into five Wistar rats and
scanned the resected lymph nodes using a tomographic PA
setup. PAI detected the iron oxide accumulations in the nodes
containing MNPs and the PA response pattern was comparable
with the location of MRI signal decrease (Figure 51). Their
results showed the potential of iron oxide nanoparticles to be
used as a PAI contrast agent for lymph node analysis.

6. Conclusion

The concept of theranostic applications greatly benefits from
the fact that nanobiotechnology has been introducing potential
nanoparticles with engineered surfaces to accommodate thera-
peutics and imaging modalities. Thanks to inherent properties
of MNPs such as biodegradability and biocompatibility, along
with their high surface to volume ratio, they have been trans-
lated into appropriate candidates in theranostic applications.
Regarding the implementation of such nanoparticles within the
very complex system of the body, it is essential to fulfill a set
of design criteria to ensure prolonged blood circulation time
as well as efficient cellular internalization for a precise delivery
of cargos to the exact area. Since a series of anatomical size

PA

Figure 51. Photoacoustic and MR images comparison of lymph nodes.
Reproduced with permission.l’]
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restrictions is exerted by the body, nanoparticles with narrow
size distribution range near to the optimum size and shape will
be drastically required to prevent their filtration from the blood-
stream. On the other hand, surface properties of MNPs such
as surface charge and hydrophobicity play an important role in
defining their biological identity within the body. To this end,
first of all, it is extremely necessary to select an appropriate syn-
thesis and coating strategy which results in MNPs with modu-
lated physicochemical properties, based on optimum design
considerations.

Although numerous wet-chemistry routes have been widely
used for the batch production of MNPs, they suffer from some
of their intrinsic properties, mainly a relative lack of homog-
enous reaction environment, ultrafast mixing, high energy,-
and time-consuming. Bloom of state-of-the-art microfluidic
reactors in the field of chemical synthesis as powerful tools
has shrunk the entire chemical and analytical laboratories on
a single microchip and provided a precise control over the syn-
thesis of nanoparticles with desired physicochemical proper-
ties. The reaction conditions and production of chemicals have
been significantly improved thanks to advantages of microflu-
idic reactors such as small reagent volumes, enhanced heat
and mass transfer, automation, continuous synthesis, easy
scale out, and most importantly precise control over reaction
time which indeed gives a precise control over the shape and
size of the resultant nanoparticles. In addition to wet-chemistry
routes and microfluidic reactors, biologically inspired synthetic
routes have enabled production of MNPs under mild reaction
conditions without any need of high pressure, temperature and
acidity. Although, magnetosomes exerted from magnetotactic
bacteria possess considerable properties for biomedical appli-
cations, obtaining high yields of magnetotactic bacteria cells is
a primarily major challenge. Overall, poor reproducibility, poor
scale up efficiency and poor control over reaction time signifi-
cantly hinder practical translation of biogenic MNPs into bio-
medical applications.

Engineering the surface of MNPs, presence of an appro-
priate coating shell on their surface is significantly important
to ensure their stability and also to promote favorable inter-
actions with biological system of the body. Diminishing the
agglomeration and water-insolubility of MNPs and protecting
them against oxidative or corrosive environments can be
reached through appropriate coatings selections. In addition,
approaching to more practical theranostic applications requires
extensive availability of functional groups to accommodate the
imaging, therapeutic and targeting arsenal. Most importantly, a
successful limiting of undesirable fouling of protein plasma on
the surface of MNPs can be reached by using polymers, copoly-
mers, biomimetic coatings and zwitterionic molecules to practi-
cally evade unspecific uptake by RES.

Fundamental principle of theranostic applications is mainly
the early diagnostic of disease and its brisk treatment within an
effective medical procedure. In the matter of diagnostics, capa-
bility of MNPs for multimodal imaging is potentially advanta-
geous for accurate anatomical delineation of cancer tumors
simultaneously with precise molecular information. In addi-
tion to such a potential imaging capability and drug delivery,
the hyperthermia effect of MNPs has also came in handy for
tumor ablation and triggering the drug release. Without a
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shadow of doubt, successful developments in MNPs biomedical
applications will aid a wide range of in vivo and in vitro appli-
cations, from cancer imaging, treatment, bioseparation, and
immunoassay.
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