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Abstract

Superparamagnetic nanoparticles (NPs) have been attractive for medical diagnostics and therapeutics
due to their unique magnetic properties and their ability to interact with various biomolecules of
interest. The solution phase based chemical synthesis provides a near precise control on NP size, and
monodisperse magnetic NPs with standard deviation in diameter of less than 10% are now routinely
available. Upon controlled surface functionalization and coupling with fragments of DNA strands,
proteins, peptides or antibodies, these NPs can be well-dispersed in biological solutions and used for
drug delivery, magnetic separation, magnetic resonance imaging contrast enhancement and magnetic
fluid hyperthermia. This Perspective reviews the common syntheses and controlled surface
functionalization of monodisperse Fe30,4-based superparamagnetic NPs. It further outlines the
exciting application potentials of these NPs in magnetic resonance imaging and drug delivery.

1. Introduction

Superparamagnetic (SPM) nanoparticles (NPs) are a typical class of ferromagnetic materials.
The magnetic moment of the NPs as a whole is free to fluctuate in response to thermal energy
while the individual atomic moments maintain their ordered state relative to each other and
there is no remanence in this rapidly changing magnetic state.! Fig. 1 shows the magnetization
curve, also called the hysteresis loop, of a group of SPM NPs. Normally, these NPs magnetized
under an external magnetic field (H) have a saturation magnetization (Ms). This Mg under the
fixed magnetic field is, however, NP size-dependent as the magnetization directions of the
SPM NPs are subject to thermal fluctuation, leading to the magnetization randomization. To
achieve the same Mg value, a stronger magnetic field is needed. Due to the same thermal
fluctuation, the SPM NPs have no remnant magnetization value, i.e. without external magnetic
field, the net moment of the particles is randomized to zero.

The SPM NPs have been considered as attractive magnetic probes for biological imaging and
therapeutic applications.2 In normal biological conditions, these SPM NPs are not subject to
strong magnetic interactions in the dispersion due to the randomization of their magnetization
and are readily stabilized in physiological conditions. Under an external magnetic field,
however, they exhibit a magnetic signal far exceeding that from any of the known biomolecules
and cells. This makes SPM NPs readily identified by a magnetic sensing device from the ocean
of biomolecules. At a core diameter at less than 20 nm and overall hydrodynamic diameter at
less than 50 nm, these NPs have the size that is comparable to the nuclear pore size (~50 nm)
and is much smaller than a cell (normally 10-30 um). Once coupled with a target agent, they
can serve as a nano-vector and interact specifically with biomolecules of interest through well
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established biological interactions, providing controllable means of magnetically tagging bio-
identity. Under the normal range of magnetic field strengths used in magnetic resonance
imaging (MRI) scanners (usually higher than 1 T), these SPM NPs in the targeted area can be
magnetically saturated, establishing a substantial locally perturbing dipolar field that leads to
a marked shortening of proton relaxation (T, relaxation) in MRI process and giving a “darker”
image of the targeted area over the biological background. Furthermore, under an alternating
magnetic field with controlled field amplitude and field reversal frequency, magnetization of
the SPM NPs attached to the bio-identity can be switched back and forth. This magnetization
re-orientation may result from either a physical rotation of the particle (Brownian relaxation),
which creates friction between the NP and its surrounding liquid medium, or internal
magnetization switching from one direction to another (Néel relaxation). In both cases, these
SPM NPs function as a heater to heat the area they target to. This magnetic field induced NP
heating has been known as magnetic fluid hyperthermia and has been studied extensively for
future cancer therapy.3

To succeed in biomedical applications, SPM NPs should be monodisperse so that each
individual NP has nearly identical physical and chemical properties for controlled bio-
distribution, bio-elimination and contrast effects. These SPM NPs should also have high
magnetic moment, and can chemically withstand physiological conditions without property
degradation in the detection or treatment time period. The NPs should be small with a
hydrodynamic size of <50 nm so that they can have extravasation ability and are stable against
uptake by the reticuloendothelial system (RES).* More importantly, the NPs can be modified
so that they are capable of binding specifically to biomolecules of interest through biological
interactions.

Magnetite (Fe304) NPs are thus far the most attractive SPM NPs used for biomedical
applications due to their chemical stability and biocompatibility.3¢:> To obtain uniform SPM
Fe304 NPs with controlled chemical and magnetic properties, various synthetic methods,
especially high temperature solution phase syntheses, have been developed. The synthetic
efforts have also led to numerous surface modifications and various kinds of bio-compatible
SPM Fe304 NPs have been produced.1:6 The syntheses have been extended to the SPM NPs
of MFe,0, (M = Mn, Co, or Ni)” and high moment Fe,8 CoFe9 to maximize contrast effects
in MRI. Some bifunctional NPs of the dumb bell-like Au-Fe30,4 or Ag-Fe304 are also prepared
so that both optically and magnetically active NPs can be incorporated into one nanostructure
to achieve the desired NP targeting and the sensitive NP detection.10 This Perspective
highlights the recent developments in the synthesis and surface modification of SPM Fe30g4-
based NPs as well as their potential applications in diagnostics and therapeutics.

2. SPM NP synthesis

SPM NPs can be synthesized by a variety of methods ranging from traditional co-precipitation
of metal salts in basic solution, high temperature organic phase decomposition, and chemical
vapour deposition. SPM NPs used in biomedical applications are often synthesized by the co-
precipitation of ferrous and ferric ions at 1 to 2 ratio in an alkaline medium.3¢:52 |n recent years,
high-temperature organic phase reductive decomposition of metal salt or organometallic
precursors has been applied to produce monodisperse SPM NPs. With proper surface
functionalization, these SPM NPs have shown great potential for diagnostic and therapeutic
applications.

2.1 MFe,0O4 NPs

Magnetic ferrite MFe,O4 NPs, especially magnetite Fe3O4 NPs, are widely studied due to their
chemical and magnetic stability. This oxide represents a well-known and important class of
iron oxide materials where oxygen forms an fcc packing, and M2* and Fe3* occupy either
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tetrahedral or octahedral interstitial sites. By adjusting the chemical identity of M2*, the
magnetic configurations of MFe,0O4 can be molecularly engineered to provide a wide range of
magnetic properties.

MFe,0, NPs are commonly made by hydrolysis/condensation of M2* and Fe3* ions by a base,
usually NaOH, or NH3-H,0, in an aqueous solution,! or in reverse micelles.1? Although this
co-precipitation method is suitable for mass production of magnetic MFe,0, ferro-fluids, it
requires careful adjustment of the pH value of the solution for particle formation and
stabilization, and it is difficult to control sizes and size distributions, particularly for particles
smaller than 20 nm. An alternative approach to make monodisperse iron oxide NPs is via high
temperature organic phase decomposition of Fe(CO)s in the presence of (CH3)3NO, air or 3-
chloro-peroxybenzoic acid.13

More conveniently, MFe;,O4 NPs are synthesized by reductive decomposition of metal
acetylacetonates or carboxylates in an organic phase.’ For example, monodisperse FezO4 NPs
are prepared by high temperature (up to 305 °C) reductive decomposition of Fe(acac)s in the
presence of a long chain 1,2-hydrocarbon diol, oleic acid and oleylamine.1* MFe,O4 NPs (with
M = Co, Ni, Mn, etc.) are made by simply adding a different metal acetylacetonate precursor
to the mixture of reactants used for Fez0,4 synthesis.” The size of the NPs is controlled by
varying the reaction temperatures or changing the concentrations of metal precursors.
Alternatively, with the smaller NPs as seeds, larger NPs up to 20 nm in diameter can be
synthesized by seed mediated growth.

Fe304 NPs can also be made by chemical conversion of FeO NPs.15 FeO NPs are synthesized
by heating the mixture of Fe(acac)s, oleic acid and oleylamine. When treated under atmospheric
pressure and air at 120 °C for 90 min, the assynthesized FeO NPs are converted to Fe3O4 NPs.
Using this method, large Fe304 NPs up to 100 nm in diameter can be made.

By combining decomposition/oxidation of Fe(CO)s and reductive decomposition of iron oleate
complex, 1 nm size control of iron oxide NPs can be achieved.13%:16 Monodisperse NPs with
particle sizes of 6, 7, 9, 10, 12, 13 and 15 nm have been produced. The monodispersity of the
NPs can be readily seen in the representative TEM images of 7, 8, 9 nm NPs in Fig. 2.

Large-scale synthesis of iron oxide NPs is achieved through high temperature decomposition
of iron oleate.16 In the synthesis, iron chloride reacts with sodium oleate to form a waxy iron-
oleate complex that is subject to further thermal decomposition at 320 °C in 1-octadecene,
leading to the formation of monodisperse iron oxide NPs. Another method that has the potential
for large scale synthesis of magnetic NPs is via a liquid-solid-solution (LSS) phase transfer.
17 The chemistry for the synthesis is illustrated in Fig. 3. It involves the reaction of metal
precursor at the interfaces of metal linoleate (solid), ethanol—linoleic acid liquid phase (liquid)
and water—ethanol solutions (solution) at different designated temperatures. A phase transfer
process occurs spontaneously across the interface of the solid and the solution. The NPs
generated at the interface are coated with a layer of linoleic acid, resulting in a spontaneous
phase-separation and the formation of hydrophobic NPs that are easily collected at the bottom
of the container.

Recently, the ultra-small Fe304 NPs ranging from 2.5-5 nm were made by thermal
decomposition of Fe(CO)s in benzyl ether at 300 °C followed by room temperature air
oxidation. Different from the previous synthesis methods, this preparation used a small
molecule 4-methylcatechol (4-MC) as the surfactant and the sizes of the NPs were tuned by
the MC—Fe ratio.18 More importantly, the 4-MC coated Fe30,4 NPs can be directly conjugated
with a peptide, c(RGDyK), via the Mannich reaction, rendering the biocompatible SPM NPs
with a hydrodynamic diameter of around 8 nm, suitable for target-specific delivery and imaging
applications.
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2.2. Fe30y4-stabilized SPM Fe NPs

Magnetic metallic NPs (Fe, Co and CoFe) have high magnetization value, ~160 emu g1 for
Co, ~218 emu g1 for Fe, ~245 emu g1 for CoFe, making them ideal candidates for highly
sensitive magnetic applications. However, unlike iron oxide NPs, these metallic NPs are
chemically unstable, prone to fast oxidation once exposed to ambient conditions.

Monodisperse 7 nm Fe NPs (Fig. 4a) are made by reduction of iron(I1) bis(trimethylsilyl)amide
(Fe{N[Si(CH3)3]2}») in the presence of hexadecylamine and oleic acid or
hexadecylammonium chloride at 150 °C in mesitylene with dihydrogen as the reducing agent.
19 To stabilize Fe NPs against fast oxidation, crystalline Fe3O, is used to coat Fe NP surface.
8 In a recent stabilization demonstration, monodisperse Fe NPs are first produced by
decomposition of Fe(CO)s in octadecene (ODE) at 180 °C and then subject to controlled
oxidation by an oxygen transfer agent (CH3)3NO at 250 °C. This controlled oxidation gives
core/shell structured Fe/Fe304 in which Fe304 has inverse spinel structure and acts as an anti-
oxidation layer (Fig. 4b). The thickness of the shell is tuned by controlling the amount of
(CH3)3NO added into the reaction mixture. After this treatment, the chemical and dispersion
stability of the particles are improved dramatically. For Fe/Fe304 NPs containing 4 nm (radius)
Fe core and 2.5 nm Fe30, shell, their saturation magnetization reaches 123.5 emu g1 [Fe]
([Fe] = Fe + Fe30,). Taking into account of the lower magnetization caused by the presence
of the Ije304, the saturation magnetization of the Fe core are close to the bulk value of 218
emug-.

High moment FeCo NPs are synthesized by reductive thermal decomposition of Fe(CO)s and
Co(n3-CgH13)(n*-CgH12) or Co(N(SiMez),), in the presence of 1 equiv. hexadecylamine and
1 equiv. oleic acid.® CoFe NPs can also be made by polyol reduction of Co(acac), and Fe
(acac)s under a gas mixture of 93% Ar + 7% H, at 300 °C.20 The 20 nm NPs have a
magnetization value of 207 emu g-1. The stability of the CoFe NPs can be enhanced by
embedding them into a carbon matrix.2! In the synthesis, Fe and Co salts are first absorbed
onto the high surface-area silica powder by impregnation in a methanol solution. The metal-
loaded silica is dried at 800 °C under H, and then subject to methane chemical vapour
deposition (CVD) for carbon deposition on FeCo. Once cooled down to room temperature, the
silica is etched away in HF, leaving pure FeCo/graphitic carbon NPs that show dramatic
stability against deep oxidation and are promising for bioimaging applications.

2.3. Fe3z04-based bifunctional NPs

Bifunctional NPs are those containing two different nanoscale functionalities within one
integrated identity. Dumb bell-like and core/shell NPs are two representative bifunctional
systems that have shown great potential for biomedical applications.

The dumb bell-like Au-Fe3O4 NPs are prepared via the decomposition of iron pentacarbonyl,
Fe(CO)s, at 300 °C over the surface of the pre-formed Au NPs followed by oxidation in air,
as illustrated in Fig. 5a.19° The Au NPs can be either synthesized in situ by injecting
HAUCIy solution into the reaction mixture or pre-made in the presence of oleylamine. The size
of the Au NPs is tuned by controlling the temperature at which the HAuCl, solution is added,
or by controlling the HAuCIl,—oleylamine ratio. The size of the FesO4 NPs is controlled by
amount of Fe(CQO)s added in the reaction mixture. Fig. 5b shows the TEM image of the Au-
Fe304 NPs with Fe304 at around 14 nm and Au at 8 nm. Fig. 5¢ is a typical high-resolution
TEM (HRTEM) image of a dumbbell-like NP with Fe3O4 at 12 nm and Au at 8 nm. In the
structure, a Fe304 (111) plane grows onto an Au (111) plane, giving the dumbbell-like
structure. These dumbbell-like NPs show a plasmonic absorption at around 530 nm and have
a saturation magnetization of 80 emu gl—a value close to the pure Fe30, NPs.10P
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Different from Au-Fe30,4 NPs, the Ag-Fe304 NPs are made by controlled nucleation of Ag on
the pre-formed Fe304 NPs.102 In the synthesis, the as-prepared Fe304 NPs dispersed in organic
solution and AgNO3 dissolved in water are mixed and agitated by ultra-sonication. The
sonication provides the energy required for the formation of a micro emulsion with the
Fe304 NPs assembling at the liquid/liquid interface. Fe(ll) on the NPs acts as catalytic center
for the reduction of Ag* and nucleation/growth of Ag NPs, as illustrated in Fig. 6. The partial
exposure of the NPs to the aqueous phase causes the formation of Ag-Fe3O4 NPs. The NPs
show a plasmonic absorption from Ag NPs and the same magnetic hysteresis behaviour as
Fe304 NPs.

Core/shell NPs are another group of NPs that can incorporate multifunctionality into one
structure. One recent example is FegO4/Au or Fe304/Au/Ag NPs.22 In the synthesis, the pre-
made Fe30,4 NPs are mixed with a solution of HAuCl4 and oleylamine. HAuUCly is reduced
under this condition, forming a thin layer of Au shell over the Fe30,4 surface (Fig. 7a). The
surface of the particles is then treated with sodium citrate and cetyltrimethylammonium
bromide (CTAB). NPs treated this way are water soluble and can serve as seeds to grow more
Au or Ag on their surface. The thicker coating is achieved by mixing the seeding Fe304/Au
NPs with HAuCI4 or AgNO3 and ascorbic acid in the presence of CTAB, and incubating the
mixture at 30 °C (Fig. 7b). The control on shell thickness allows the tuning of plasmonic
properties of the core/shell NPs to be either red-shifted (to 560 nm with more Au coating) or
blue-shifted (to 501 nm with more Ag coating).

3. NP surface functionalization

The SPM NPs prepared above are normally stabilized by the surfactants like oleic acid or
oleylamine or their combination. The formation of metal carboxylate and/or metal—amine
bonds at the interface leaves NPs surrounded with a layer of hydrocarbon, making them
hydrophobic and only soluble in non-polar or weakly polar organic solvents. For NPs to be
useful in a biological system, they must be water soluble and stable at various pH values ranging
from 5-9, at salt concentrations at hundreds of mM, and at various cell culture temperatures.
They must also achieve target-specific binding in biological systems.

Surfactant addition and surfactant exchange are two general approaches for NP surface
functionalization, as illustrated in Fig. 8.1 Surfactant addition is achieved through the
adsorption of amphiphilic molecules that contain both a hydrophobic segment and a
hydrophilic component. The hydrophobic segment forms a double layer structure with the
original hydrocarbon chain, while hydrophilic groups expose to the outside of the NPs,
rendering them water-soluble. The NP biocompatibility can be further improved by using
biodegradable amphiphilic polymers originally developed for drug delivery applications.23
One of the most widely utilized and successful polymers has been the functionalized
phospholipids.21:24 As various phospholipids or amphiphilic polymers are commercially
available, this addition method offers a convenient approach to functionalize NPs with biotin,
-COOH, -SH and/or -NHs>, facilitating their conjugation with fragments of DNA, proteins,
peptides, or antibodies.

Surfactant exchange is the direct replacement of the original surfactant with a new bifunctional
surfactant. This bifunctional surfactant has one functional group capable of binding to the NP
surface tightly via a strong chemical bond and the second functional group at the other end
with a polar character so that the NPs can be dispersed in water or be further functionalized.
Various monomeric species, such as dimercaptosuccinic acid, dopamine and peptides have
been applied for this NP functionalization purpose.?®

The functionalization described above offer the SPM NPs with robust colloidal and bio-
stability. The targeting agents coupled with these NPs allow facile bio-recognition event via
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strong biological interactions. These, plus their multifunctional magnetic and optical
properties, make SPM NPs ideal for diagnostic and therapeutic applications.

4. SPM NPs for biomedical applications

For SPM NPs to be useful for biomedical applications, they should be first stabilized against
the absorption of plasma proteins and non-specific uptake by reticular-endothelial system
(RES), like macrophage cells.* Due to their large surface area, when exposed to a physiological
environment, these NPs tend to interact with plasma proteins, causing size increase that often
results in serious agglomeration. They may be also considered as an intruder by the innate
immune system and be readily recognized and engulfed by the macrophage cells. In both cases,
the particles will be removed from the blood circulation and lose their function, leading to
dramatic reduction in efficiency in NP-based diagnostics and therapeutics. To inhibit the
plasma coating and to escape from the RES for longer circulation times, the NPs are usually
coated with a layer of hydrophilic and biocompatible polymer such as dextran, dendrimers,
polyethylene glycol (PEG), or polyethylene oxide (PEO).26

As an amphiphilic polymer and a non-specific interaction reducing reagent,2%¢ polyethylene
glycol (PEG) was used recently to functionalize monodisperse 9 nm Fe304 NPs.4f In this study,
PEG is anchored on the Fe3O4 NPs through a covalent bond as illustrated in Fig. 9a. These
PEG coated Fe304 NPs are incubated with the RAW 264.7 cells—one kind of mouse
macrophage cell line, at three different concentrations: 0.1 mg Fe mL-1, 0.01 mg Fe mL"! and
0.001 mg Fe ml-1. The results from the 0.01 mg Fe mL-1 of PEG-coated samples are shown in
Fig. 9b. It can be seen that the dextran coated NPs give the highest uptake, followed by
PEGgqo coated NPs, of which the uptake is about 30-50% of that from the dextran coated ones.
For PEG3q00, PEGgggo and PEG,gggg coated NPs, their uptake are comparative with the
background, indicating negligible uptake of these NPs by the macrophage cells.4f

To act as a sensitive probe for cell imaging, a NP must be taken up by cells to “stain” the cells.
As in normal biological transport process, this uptake can be either passive or active, or both.
Passive uptake utilizes diffusion concept and is often concentration driven and has no targeting
capability. Active uptake, on the other hand, involves receptor-mediated endocytosis. As fast
grown cells, especially tumour cells, often over-express certain receptors of folic acid, sugars,
peptides, proteins, or antibodies. NPs coupled with these molecules tend to be recognized by
these cells and endocytosed for internalization, achieving target-specific binding.

4.1. SPM NPs as contrast agents in MRI

MRI is one of the most powerful non-invasive imaging techniques utilized in clinical medicine.
It’s based on the principle that protons align and precess along an applied magnetic field. Upon
applying a transverse radiofrequency pulse, these precessed protons are perturbed from the
magnetic field direction. The subsequent process, through which the pulsing field is turned off
to allow protons to return to their original state, is referred to as relaxation. Two independent
relaxation processes, longitudinal relaxation (Tq-recovery) and transverse relaxation (T»-
decay), are utilized to generate a bright and a dark MR image respectively. The longitudinal
relaxation is primarily a measure of the dipolar coupling of the proton moments to their
surroundings. Transverse relaxation is driven by the loss of phase coherence in the precessing
protons due to their magnetic interaction with each other and with other fluctuating moments
in the tissue. Upon accumulation in tissues, SPM NPs are magnetically saturated in the normal
range of magnetic field strengths in MRI scanner and establish a substantial locally perturbing
dipolar field, which leads to a marked shortening of T,* along with a less marked reduction
of T1. Thus SPM NPs are a good candidate for T2 contrast agent to provide a dark image and
the contrast enhancement is proportional to the magnetization magnitude.3:27
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As the magnetization value of a SPM NP at a certain magnetic field is dependent on the size
and magnetocrystalline anisotropy of the NP, SPM NPs with different sizes and structures have
been prepared and compared for their contrast effects in MRI.25a In a recent comprehensive
study on ferrite NPs for MRI application,’d the NPs were fabricated by a high-temperature,
non-hydrolytic reaction between divalent metal chloride (MCI2) and iron tris-2,4-pentadionate
in the presence of oleic acid and oleylamine as surfactants. The hydrophobic ligand was
exchanged with 2,3-dimercaptosuccinic acid (DMSA). The DMSA-coated NPs show high
colloidal stability at a salt (NaCl) concentration of 250 mM, across a wide pH range (pH 6—
10) and in serum. 12 nm MnFe,O4 NPs have the highest mass magnetization value of 110 (emu
per mass of magnetic atoms). This value is reduced to 101, 99 and 85 (emu per mass of magnetic
atoms) for Fe304, CoFe,04 and NiFeyOy, respectively. The spin—spin relaxation time (T»)-
weighted MR images for each sample at 1.5 T are consistent with the magnetization results
with MnFe,O4 NPs show the strongest MR contrast effect with a relaxation value reaching
358 mM1 5”1, much larger than 218, 172, 152 and 62 mM-1 s1 for Fe30,4, CoFe,04,
NiFe,O4 NPs, respectively. This size and structure dependent relaxation of MFe,O4 NPs can
be seen in Fig. 10, from which one can conclude that larger NPs have large contrast effect, but
at the same size, MnFe,0,4 NPs have the largest contrast enhancement due to the small
magnetocrystalline anisotropy and easy magnetization reversal in MnFe,Oy4 structure.

The cancer detection sensitivity of these ferrite NPs are further evaluated. In a recent test, the
MnFe,0,4 NPs were coupled with the cancer-targeting Herceptin, an antibody specifically
binding to the HER2/neu marker over-expressed on the surface of breast and ovarian cancers.
28 various cell lines with different levels of HER2/neu over-expression: Bx-PC-3, MDA-
MB-231, MCF-7 and NIH3T6.7 (relative HER2/neu expression levels are 1, 3, 28 and 2,300,
respectively) were used for the test. With the MnFe,O4-Herceptin conjugates, the detection of
the Bx-PC-3 cell line occurred with a noticeable MR contrast. As the relative HER2/neu
expression level increased to 3, 28 and 2,300, the MR contrast increased consistently for the
MDA-MB-231, MCF-7 and NIH3T6.7 cell lines, respectively. In contrast, when Fe304-
Herceptin conjugates were used, the only MR-detectable cell line was NIH3T6.7. Fig. 11 shows
the colour coded MRI of a mouse implanted with the cancer cell line NIH3T6.7 and treated
with 50 mg of NP-Herceptin. It can be seen that the tumor treated with the MnFe,O4-Herceptin
NPs show colour changes from red to blue in the colour-coded MR images (Fig. 11a-c). In
contrast, those treated with the Fe3O4-Herceptin NPs at the same dosage have no apparent
change in the colour-coded MR images (Fig. 11d-f). These indicate that the high MR sensitivity
of MnFe,0,4-Herceptin conjugates enables the MR detection of tumours.’d

Ultra-small Fe304 NPs (<10 nm in hydrodynamic diameter) are also active for tumour-specific
detection. In a recent demonstration, the Fe3O4 NPs with 4.5 nm core size were synthesized
by thermal decomposition of Fe(CO)s followed by air oxidation. The synthesis used a small
ligand 4-methylcatechol (4-MC) as the surfactant and this 4-MC can be directly conjugated
with ¢(RGDyK) peptide via the Mannich reaction, rendering the particles stable in
physiological environment. The targeting ability of the c(RGDyK)-Fe304 NPs to integrin
ayPzinvivois evaluated by To-weighted fast spin-echo MR imaging with mice bearing U87TMG
tumours. The r, relaxation of the c(RGDyK)-Fe304 NPs is measured to be 165 mM-1 s, that
is larger than that of the commercial Feridex NPs (104 mM-1 s'1) with similar core size.18 The
tumour MR signal intensity decreases significantly after injection of c(RGDyK)-Fe304 NPs
(Fig. 12a and b). Such signal reduction is significantly inhibited in the presence of a blocking
dose of c(RGDyK) peptide (10 mg kg1) (Fig. 12c), proving the specificity of the particle
targeting. To chemically characterize the preferred FesO4 NP uptake, Prussian blue staining
is employed to visualize the disposition of the c(RGDyK)-Fe304 NPs in the tissue samples
obtained after the MR scan at 4 h time point. Prominent blue spots on the U87MG tumour
slices are observed (Fig. 12d) and the blue spots are significantly reduced in the presence of
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free c(RGDyK) (Fig. 12¢), further confirming that the accumulation of c(RGDyK)-Fe30,4 NPs
is specifically mediated by integrin a,3 binding.

Bifunctional Au-Fe30,4 NPs are also tested for imaging applications.2? In this structure, Au
NPs are plasmonicly active and Fe304 NPs are magnetically active. The different NP surface
also facilitates the controlled functionalization of each NP. As synthesized, the Au-Fe304 NPs
are coated with a layer of oleate and oleylamine. The NPs are made biocompatible by replacing
the hydrophobic coating with a hydrophilic one. Fig. 13a illustrates the surface
functionalization of the 8-20 nm Au—Fe304 NPs. The original oleate/oleylamine coating on
Fe30y4 is replaced by a catechol unit present in dopamine molecule that is linked to polyethylene
glycol (PEG, M, = 3000), and oleylamine around the Au NP is exchanged by HS-PEG-NH>
(M, = 2204) with HS attaching to Au. The epidermal growth factor receptor antibody (EGFRA)
is linked to the PEG via EDC/NHS chemistry on the Fe3Oy, side. Fig. 13b is the TEM image
of the NPs after surface modification. The antibody is used to target A431 cells that are known
to over-express the epidermal growth factor receptor (EGFR).30

The preferred binding between EGFR and EGFRA enables the Au-Fe304 to be populated on
the surface or within the cytoplasm of A431 cells. MRI analyses reveals that A431 cells labeled
with 8-20 nm Au—Fe30,4 NPs shorten the T, relaxation of the water molecules with relaxation
r, = 80.4 mM1s1 A431 cells labelled with 8-20 nm Au-Fe30,4 NPs can also be visualized
with a scanning confocal microscope at 594 nm, as shown in Fig. 13c. The signal detected is
from Au NPs in the Au-Fe30y, structure and reflects the typical morphology of epithelial cells.
It can be seen that the signal is much stronger in the region of cell—cell contact due to the
preferred binding between EGFR and EGFRA. The study finds that the Au NP-based optical
probe is very stable and shows no signal loss after three days. This is extremely important for
long-term NP tracking in cellular environments. The detection limit for the 8-20 nm dumb bell
is 90 pM Au.

4.2. SPM NPs for drug delivery

SPM NPs described here are ideal platforms for drug delivery. On targeted delivery, SPM NPs
have distinct advantages over the other polymer based delivery systems: (1) the pathway of
the drug can be readily tracked in the biological systems through SPM NPs by MRI; (2) the
drug-NPs can be guided or held in place by an external magnetic field; and (3) under an alternate
magnetic field, the SPM NPs act as a heater and can trigger controlled drug release.

In the delivery study, therapeutic drugs are normally coupled to SPM NPs via a covalent bond.
Hydrophobic drugs can also be adsorbed onto NP surface to be stored in the NP coating layer
to preserve their activity.3! Ideally, the drug-NPs are introduced in the biological systems and
concentrated in the targeted area by an active targeting. Drug release can proceed by simple
diffusion or through enzymatic activity or the changes in physiological conditions such as pH
or temperature.32 Here, we present two examples on pH controlled drug release from Fe304
NPs.

Methotrexate (MTX), a chemotherapeutic drug that can target many cancer cells whose
surfaces are over expressed by folate receptors, can be conjugated with Fe304 NPs through an
amide bond, as shown in Fig. 14.33 In the conjugation process, the NPs are first modified with
(3-aminopropyl)-trimethoxysilane and subsequently conjugated with MTX through amidation
between the carboxylic acid end groups on MTX and the amine groups on the particle surface.
Drug release experiments show that MTX can be cleaved from the NPs under low pH conditions
mimicking the intracellular conditions in the lysosome. Cellular viability studies in human
breast cancer cells (MCF-7) and human cervical cancer cells (HeLa) further demonstrate that
such chemical cleavage of MTX is very effective inside the target cells through the action of
intracellular enzymes. The intracellular trafficking of NP-MTX can be monitored through MRI.
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The results show that the MTX-Fe304 NPs target cells with folate receptors and inhibit their
growth.

Chromones are a group of naturally occurring compounds containing core structure of
benzopyranone and have shown to be antifungal, antiviral, antihypertensive, and anticancer
agents.34 However, their low solubility and short blood circulation time limit their usage for
efficient therapeutic applications. Recently, 6-hydroxy-chromone-carbaldehyde was coupled
to Fe3O4 NPs via a Schiff-base bond, as shown in Fig. 15a.3° In this structure, chromone binds
to Fe30,4 through PEG and dopamine. The conjugation enhanced the chromone solubility
greatly from less than 2.5 for free chromone to 633 pg mL-1 for the conjugate.

The Schiff-base bond is biodegradable via hydrolysis and the process can be accelerated at low
pH conditions.38 Fig. 15b shows the percentage of chromone released from chromone-
Fe304 NPs at different pH’s and temperatures. It can be seen that few chromone is detached
from chromone-Fe304 NPs in the PBS with pH = 7.4 at both 25 °C and 37 °C culture conditions.
However, in the PBS of pH = 5, the conjugate exhibits a drastic increase in free chromone and
the higher incubation temperature (37 °C) results in higher chromone concentration in the
solution.

The increased solubility of chromone present in chromone-Fe304 NPs leads to the enhanced
uptake of chromone-Fe304 NPs by HeLa cells and this enhanced uptake results in high toxicity
to HelLa cells. Fig. 15c is the HeLa cell viability data in the presence of the same amount of
chromone added to the cell culture medium. It can be seen that chromone-Fe3O4 NPs are highly
toxic with majority of the cells destroyed at ~40 pug chromone per mL. This high toxicity of
chromone-Fe304 NPs arises from their enhanced uptake by the HeLa cells and the controlled
release of free chromone in the low pH cellular environment. The 1C50, the half maximal (50%)
inhibitory ccincentration (IC), of chromone-Fe304 NPs can be extracted from Fig. 15c to be
~21 pug mL™.

5. Conclusions

Recent research progress have indicated that monodisperse SPM NPs can be readily
synthesized and functionalized for biomedical applications. First, the monodipserse NPs have
been made with controlled magnetic properties and chemical stability. Second, the initial
research shows that the SPM NPs can be made stable in biological environment to escape from
RES. Third, various targeting agents, especially tumour specific antibodies, have been coupled
to SPM NPs for testing their specific targeting in biological environments. Fourth, SPM NPs
functionalized with targeting agents are excellent contrast agent for MRI and the contrast
effects can be optimized by controlling NP size, structure and coating thickness. Fifth,
therapeutic drugs can be coupled to the NP surface with enhanced stability and solubility in
biological systems and can be released in a pH controlled manner. All these experimental
results reveal that it is now possible to explore fully the great potential of monodisperse SPM
NPs for early medical diagnostic and therapeutic applications. With effective targeting agent
and highly sensitive NP probes, one is able to study in detail site-specific targeting, cell uptake
and NP-drug pathway within biological systems. With the uniform control in NP physical and
chemical properties, one can also study in a more precise way the biodistribution and
bioelimination of the drug-NP conjugates in biological circulations. This understanding will
finally allow the therapeutic and toxic effects of various drugs to be carefully evaluated. In a
word, SPM NPs are ideal platforms for future success in diagnostic medicine and therapy.
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Fig. 1.
Schematic illustration of a hysteresis loop of SPM NPs.
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Fig. 2.
TEM images of (a) 7, (b) 8 and (c) 9 nm iron oxide NPs showing the one nanometre level
increments in diameter. Reproduced with permission from ref. 16¢,
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Fig. 3.
Schematic illustration of the liquid—solid—solution (LSS) phase transfer synthesis of various
NPs. Reproduced with permission from ref. 17,
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Fig. 4.
TEM images of (a) the 7 nm Fe NPs (adapted from ref. 19) and (b) the 2.5 nm/5 nm Fe/
Fe304 NPs (adapted from ref. 8).
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Fig. 5.
(a) Schematic illustration of the growth of Au-Fe304 NPs. (b) TEM and (c) HRTEM images
of the Au-Fe30, NPs. Reproduced with permission from ref. 100,
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Fig. 6.
Schematic illustration of the formation of Ag-Fe3O4 NPs in a micellar structure by ultra-

sonication of a heterogeneous solution with as-prepared Fe30,4 NPs in the organic phase and
AgNOj3 in water. Reproduced with permission from ref. 102,

Dalton Trans. Author manuscript; available in PMC 2010 May 11.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Xu and Sun

(a)
HAuCl‘ CTAB
— @
OAm Sodium
CHCl,4 citrate

(i) (ii) (iii)

Au®t

Ag" :
1 @ =D

i (iii)  red-shift
blue-shift %4 niis

e 3

(b)

Fig. 7.
(a) Schematic illustration of surface coating of Fe3O4 NPs (i) with Au to form hydrophobic
Fe304/Au NPs (ii) and hydrophilic Fe3O4/Au NPs (iii). (b) Schematic illustration of the

formation of Fe304/Au and Fe304/Au/Ag and the control on the plasmonic properties.

Reproduced with permission from ref. 22,
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Schematic illustration of NP surface functionalization via (a) surfactant addition and (b)

surfactant exchange.
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Fig. 9.

(a) Schematic of ligand exchange reaction on the surface of Fe30,4 NPs (b) Macrophage uptake
assay of the Fe0,4 NPs in (a) with initial Fe concentration at 0.01 mg Fe mL"1. Reproduced
with permission from ref. 4.
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Fig. 10.

Size-dependent MR contrast effect of MnFe,O4 and Fe30,4 NPs. (2) TEM images of
MnFe,04 NPs (scale bar, 50 nm), (b) T,-weighted MR images, (c) colour maps of 6, 9 and 12
nm MnFe;04 NPs, and (d) a plot of NP size versus R, relaxation. Reproduced with the
permission from ref. 79,
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Fig. 11.

Colour maps of T,-weighted MR images of a mouse implanted with the cancer cell line
NIH3T6.7 at different time points after injection of MnFe,O4-Herceptin (a—c) and Fe304-
Herceptin (d—e) conjugates (pre-injection (a, d); and 1 h (b, €) or 2 h (c, f) after injection).
Reproduced with permission from ref. 7,
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Fig. 12.

MRI of the cross section of the U87MG tumours implanted in a mouse: (a) without NPs, (b)
with the injection of 300 pg of c(RGDyK)-Fe30,4 NPs, and (c) with the injection of the blocking
dose of c(RGDyK) then c(RGDyK)-Fe30,4 NPs; and Prussian staining of U87MG tumors in
the presence of (d) c(RGDyK)-Fe304 NPs and (e) blocking dose of ¢(RGDyK) and then ¢
(RGDyK)-Fe304 NPs. Reproduced with permission from ref. 18,
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Fig. 13.

(a) Schematic illustration of surface functionalization of the Au-Fe3O4 DBNPs, (b) TEM image
of the 8-20 nm Au-Fe304 NPs after surface modification, (c) Reflection images of the 8-20
nm Au-Fe304 labelled A431 cells. Reproduced with permission from ref. 29,
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Fig. 14.
Surface modification of Fe30, NPs with MTX. Reproduced with permission from ref. 33,
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Fig. 15.

(@) Structure of chromone and the schematic illustration of the coupling between chromone
and a Fe304 NP. (b) The percentage of the chromone released with the incubation time under
different pH’s and temperatures in PBS + 10% FBS. (c) Viability of HeLa cells in the presence
of the same chromone amount for free chromone (black curve) and chromone-Fe3O4 NPs (red
curve). Adapted from ref. 3%,
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