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We describe a simple, rapid methodology for the synthesis of
water-stable iron oxide nanoparticles (IONPs) compatible with a
variety of aqueous buffers, based on mechanochemical milling
exchange of covalently bound surface ligands on pre-fabricated
oleic acid-protected IONPs. Application of milling for IONP ligand
exchange eliminates steps required for transforming hydrophobic
into negatively charged, water-soluble superparamagnetic IONPs.

Water-stable superparamagnetic iron oxide nanoparticles (IONPs)"*
are rapidly developing into a system of choice for diverse applica-
tions in materials and life sciences, including catalysis,® magnetic
fluids,* data storage,>® biomedicine, and magnetic resonance
imaging (MRI).” However, the development of IONP-based
systems and applications is hindered by the synthetic challenge
of preparing nanoparticles in the size range 5-20 nm that are
monodisperse, compatible with and stable in water-containing
environments, such as those found in biological systems, and
yield a strong enough magnetic response.® Most conventional
procedures for generating monodisperse IONPs use highly
hydrophobic oleic acid ligands, incompatible with aqueous environ-
ments, and most procedures for generating water-soluble IONPs
are synthetically demanding, requiring specially-designed water-
compatible ligands.® "+ Consequently, the development of simple
methods to generate IONPs stable in aqueous environments
remains the subject of vigorous inquiry.> We have recently
described a strategy to generate superparamagnetic, water-soluble
IONPs from oleic acid-substituted precursor nanoparticles (1) by
multi-step exchange of oleic acid ligands with highly polar,
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commercially accessible Tiron (4,5-dihydroxy-1,3-benzenedisulfonic
acid disodium salt monohydrate, Scheme 1)."* However, while
using pre-fabricated 1 ensured product monodispersity, it
complicates ligand exchange due to solvent incompatibility
between the hydrophobic precursor IONPs and ionic Tiron.
Replacing oleic acid ligands with Tiron requires an inter-
mediate substitution step involving dopamine (Scheme 1a), a
molecule compatible with a variety of polar and non-polar
environments. The exchange yields oleic acid- and dopamine-
substituted IONPs that are converted into water-soluble IONPs
stabilized with both Tiron and residual dopamine in a second
ligand exchange step. This process reveals solvent incompati-
bility as the principal obstacle in developing a simple and rapid
procedure for converting 1 into water-stable superpara-
magnetic IONPs.
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Scheme 1 Synthesis of water-soluble IONPs by: (a) two-step ligand exchange
in solution, leading to exchange of oleic acid ligands™ and (b) herein demon-
strated one-step mechanochemical solvent-free process.
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A possible means to circumvent solvent compatibility lim-
itations is mechanochemistry, i.e. reactivity by milling, grind-
ing, or shearing.'* Milling has long been known as a method of
top-down particle comminution, especially for binary inorganic
compounds and metals, giving particles in size ranging from
20 to 50 nm." Recently, it also became clear that mechano-
chemical milling can afford monodisperse nanoparticles of
inorganic sulfides, oxides, or metals through a bottom-up syn-
thesis approach."® However, neither of these milling approaches
yields oxide nanoparticles in the ultrasmall size range (1-10 nm)
desired for many applications, especially biomedicine, where
smaller particles have much longer circulation times and exhibit
pronounced superparamagnetic behavior."”

We now demonstrate a mechanochemical milling strategy
for the rapid and direct replacement of oleate ligands on pre-
fabricated 5 nm diameter IONPs with Tiron, retaining their
size, shape, and superparamagnetic properties. The procedure
eliminates the need for intermediate substitution steps in
making superparamagnetic dopamine-free IONPs (2) soluble
in aqueous buffers, thus effectively switching from hydro-
phobic to water-compatible IONPs in one simple step. To the
best of our knowledge, this is also the first application of
mechanochemistry for exchange of covalently bound surface
ligands on nanoparticles whose size permits superparamagnetism
and biomedical applications.

The synthesis of initial oleic acid-substituted IONPs was
performed via a conventional procedure,® affording highly
monodisperse 1 with sizes close to 5 nm, as established by
transmission electron microscopy (TEM). Mechanochemical
ligand exchange was performed on a scale usual in laboratory
IONP synthesis, by milling 5 mg of 1 with excess solid Tiron
(25 to 100 mg). Initial attempts of ligand exchange were
disappointing, as subsequent attempts to re-suspend the IONPs
in aqueous solution were only partially successful. Further-
more, in the absence of solvent, 60 minutes of grinding was
required to generate hydrophilic IONPs. Next, we explored
liquid-assisted grinding (LAG),"® a mechanochemical milling
technique that utilizes a catalytic amount of a liquid phase to
accelerate or direct mechanochemical processes. The liquid
enables modification of the course of mechanochemical reac-
tions, while avoiding problems of solvolysis or solubility."® LAG
was conducted by adding 10 pL of toluene (94 pmol) to the
reaction mixture, corresponding to the ratio of liquid volume to
mass of solid sample # = 0.10 pL mg~"."® After 30 min milling,
the product was soluble in water without residue, consistent
with the formation of 2.

Surface modification was confirmed by Fourier transform
infrared attenuated total reflectance (FTIR-ATR) spectroscopy
of IONPs before and after LAG (60 min mill time). The spectra
reveal almost complete disappearance of oleic acid bands
(e.g. CH, stretches at 2800-3000 cm ' and COO™ stretches at
1520 cm ™' and 1448 cm ') upon LAG (Fig. 1a). At the same
time, samples after LAG exhibited absorption bands characteristic
of adsorbed Tiron (Fig. 1b), consistent with the efficient replace-
ment of surface oleic acid with Tiron. The sample remained in the
form of monodisperse nanoparticles, as demonstrated by TEM
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Fig. 1 Comparison of FTIR-ATR spectra for: (a) precursor IONPs 1 before
(blue) and after (black) LAG with Tiron (100 mg Tiron, 10 uL toluene),
demonstrating the almost complete disappearance of characteristic oleic
acid absorption bands namely CH, stretches at 2800-3000 cm™ and
COO" stretches at 1520 cm™! and 1448 cm ™. Dashed lines are guides for
the eye; (b) Tiron reactant and product of LAG of 1 and Tiron (100 mg
Tiron, 10 plL toluene). Spectra in (a) and (b) confirm the mechanochemical
replacement of surface oleic acid on 1 with Tiron. Comparison of TEM
images for 1. (c) before and (d) after LAG with Tiron, demonstrating the
retention of nanoparticle size and low size dispersity. Insets show size
distribution (see also ESI,T Fig. S5).

analysis of particles before (diameter: 5.1 + 0.7 nm) and after
(diameter: 5.6 + 0.8 nm) LAG (Fig. 1c, and d).§

To quantify the extent of IONP surface derivatization and
their stability in aqueous environments, we measured the
{-potential of particles®®>* prepared by LAG dispersed in pH 7.00
(20 mM) sodium phosphate buffer (Table 1). The highly nega-
tive potential (—53.86 + 2.62 mV) is consistent with extensive
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Table 1 Characterization of 2 under different LAG conditions®?<

m(Tiron) {-Potential® Mobility c(Fe)
(mg) (mVv) (10 ¥m?s v (mg mL™)
100 —53.86 + 2.62 —4.17 £ 0.20 0.314
100 —50.40 £ 2.57 —3.94 £ 0.20 0.341
100 (DMF) —36.14 £ 1.02 —2.82 + 0.08 0.361
100 (neat) —49.07 £ 1.62 —3.83 £ 0.13 0.398
75 —47.29 £ 1.56 —3.69 + 0.12 0.452
75 —51.11 £ 0.70 —3.99 + 0.05 0.323
50 —40.08 £ 3.52 —3.13 £ 0.27 0.104
50 —46.76 £ 2.53 —3.65 £ 0.20 0.148
50 —47.96 £ 0.92 —3.75 £ 0.07 0.396
25 —33.29 £ 2.72 —2.60 + 0.21 0.446
25 —38.93 £ 2.56 —3.04 = 0.20 0.242

“ {-Potential via Smoluchowski****> method. ? Bold: 30 min milling, white:

60 min milling. ¢ Unless noted, milling was conducted in the presence of
10 pL toluene; full details are given in the ESI

replacement of oleic acid with Tiron and resulting high aqueous
stability.>® Indeed, this {-potential exceeds that measured for
nanoparticles obtained by two-step ligand exchange in solution
(—40 mV)," indicating that mechanochemistry affords IONPs
with the high (-potentials associated with enhanced aqueous
stability. We explored the {-potential of particles obtained under
different milling conditions (Table 1).>* Toluene appears impor-
tant for successful exchange, as switching to a different liquid
additive (e.g. N,N-dimethylformamide, DMF) gave much less
negatively charged particles. In the absence of toluene, the
minimum required milling time for successful ligand replace-
ment doubled.

Varying the milling time from 30 to 60 min had little effect
on {-potential, as did reducing the amount of Tiron down to
50 mg. The magnitude of the {-potential of the LAG product
sank below —40 mV only upon reducing the amount of Tiron to
25 mg (Table 1). These results suggest that excess Tiron is
important for successful ligand exchange on IONP surface. This
may be due to excess Tiron acting as a diluent, hindering IONP
growth, or as a soft material that buffers the impact of milling
media and therefore mechanical damage to IONPs.>> TEM
analysis looking at the impact of the amount of Tiron present
during milling on the nanoparticle size shows that there is no
significant change in size after 60 min milling in the presence
of 25 mg Tiron (ESLt Fig. S6, mean diameter 5.1 + 0.8 nm). In
the presence of 100 mg Tiron, there is a small shift in the mean
particle size (mean diameter 5.6 + 0.8 nm), but this shift is
within the error range of the measurement. Tiron-stabilized IONPs
were soluble in a wide range of aqueous solutions: 20 mM sodium
acetate (pH 5.00), DI water, 20 mM sodium phosphate (pH 7.19),
and 0.2 M Tris (pH 9.26). Aqueous IONP solutions stored at room
temperature showed no visible precipitate after 11 weeks, demon-
strating the stability of the particles over time. In addition,
IONPs were partially soluble in S,S-dimethylsufoxide (DMSO)
and partially-mostly soluble in DMF.

Superconducting quantum interference device (SQUID)
magnetometry measurements were performed to evaluate IONP
magnetic properties before and after milling. Both 1 and 2 are
clearly superparamagnetic, exhibiting magnetic hysteresis only
at low temperatures (Fig. 2a and b) and demonstrating typical
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Fig. 2 Magnetic properties of 1 and 2. (a) M vs. H loops to 7 T at 1.9 and
300 K, (b) showing the low-field region and the emergence of hysteresis at
low temperature for both 1 and 2. (c and d) Field-cooled (FC) and zero-
field-cooled (ZFC) measurements showing temperature-dependent mag-
netization under 10 mT. For 1, the blocking temperature (Tp) is 32 K,
indicated by the peak of the ZFC curve (c), and for 2 (d) Tg = 17 K. Based on
the shape of the FC-ZFC plots, the particle size distribution of both 1 and
2 appears narrow.

temperature-dependent behavior (Fig. 2c and d). The blocking
temperature Tg, as determined by the convergence of the
FC/ZFC curves is 32 K for IONP-OA and 17 K for IONP-Tiron.
These blocking temperatures are consistent with previous
results.”® The magnetic response of superparamagnetic nano-
particles above the blocking temperature is described by M(H) =
M,L(x), where L(x) is the Langevin function and x = uvH/ksT.>¢
Fitting to this expression affords v, the volume of nanoparticles
assumed to be monodisperse spheres, using the saturation
magnetization M, determined experimentally from the isothermal
M(H) loops (Fig. 2a), assuming the bulk volume magnetization of
Fe;0, (1 = 4.8 x 105 A m™').*” This model suggests a magnetic
size of 4.68(2) nm for oleic-acid-substituted IONPs, and a mag-
netic size of 4.64(1) nm for Tiron-substituted ones, consistent with
TEM measurements showing particles close to 5 nm in diameter
with a thin surface magnetically disordered region.*® Importantly,
this shows that the IONPs remain superparamagnetic after the
ligand exchange protocol.

In summary, we have demonstrated a mechanochemical
approach to exchange the covalently bound ligand shell of
IONPs in a single step, with the retention of nanoparticle
superparamagnetic properties, small size and monodispersity.
Using this method, we achieved the first one-step conversion
of monodisperse hydrophobic oleic-acid capped superpara-
magnetic IONPs to hydrophilic Tiron-capped IONPs. By using
milling, we avoid problems of solvent incompatibility, reduce
the total amount of solvent required, and completely eliminate

This journal is © The Royal Society of Chemistry 2016
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the need for chlorinated solvents. The required power con-
sumption per experiment performed in a mill operating at
30 Hz is about 30 W, i.e. comparable to that of a lightbulb. We
are currently investigating the generality of this simple mechano-
chemical approach for generating diversely-functionalized super-
paramagnetic IONPs.
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