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Herein, a polyol method has been explored for producing magnetic iron oxide nanoparticle clusters that

are potentially useful as contrast agents for magnetic resonance imaging (MRI), as drug carriers in tumor

therapy, and for bioseparation. The oriented attachment growth of primary particles is widely accepted as

a major driving force for the formation of clusters; on the other hand, the commonly used high-boiling

point alcohols are used as high-temperature reaction media and reductants in particular for the formation

of primary magnetite nanoparticles. However, the role of alcohols remains far from being understood.

Herein, systematic studies were carried out to further reveal the molecular role of the high-boiling point al-

cohols and that of the commonly used stabilizing agent polyĲacrylic acid) (PAA). The impact of the structure

of alcohols, e.g., monohydric and dihydric alcohols with different chain lengths, on the morphology of the

resulting clusters was investigated in detail. The experimental results reveal that the crosslinking effect of

the oxidized dihydric alcohols determines the formation of Fe3O4 particle clusters, whereas PAA helps in

the formation of spherical clusters by reducing the surface tension. Based on a combination of magnetic

measurements and drug loading tests, the impacts of the structures of dihydric alcohols on the magnetic

properties, especially on the magnetic response to external fields and drug loading capacities, have been

disclosed; in brief, the current study clearly discloses the role of the high-boiling point alcohols in the for-

mation of magnetite particle clusters for the first time, which is beneficial for fine tuning the overall mor-

phology and internal molecular structure of the resulting particle clusters to improve their magnetic re-

sponse, drug loading efficiency, and MRI contrast enhancing performance.

Introduction

Assemblies of magnetic iron oxide nanoparticles are expected
to exhibit remarkably enhanced magnetic responsiveness and
low remnant magnetic moments, which enable their unique
applications in bio-separation, bio-assay, targeted drug deliv-
ery, and enhanced magnetic resonance imaging (MRI).1–4 Var-
ious approaches have been developed to prepare secondary
structures of Fe3O4 nanoparticles, ranging from two-step pro-
cesses to one-step processes. Two-step processes have received
extensive attention over the past few decades; for example,

magnetic polymer beads generated in situ from iron oxide
nanoparticles have been commercialized for various bio-
applications.5–7 Since the morphology of the resulting beads
is governed by the template, the abovementioned approach is
well-suitable for creating monodisperse microbeads. However,
the loading amount of the magnetic nanoparticles is limited,
and the morphology of the magnetic nanoparticles formed in
situ is less controllable. By embedding the preformed nano-
particles in SiO2 or in polymeric matrices, magnetic beads in-
corporated with well-defined magnetic nanoparticles can be
obtained.8–12 However, the resultant beads typically exhibit a
broad size distribution.13,14 Highly monodispersed polysty-
rene beads of sub-micrometer size have been obtained
through dispersion polymerization of styrene in the presence
of Fe3O4 nanoparticles, and the resulting magnetic beads
present well-defined composite structures, excellent colloidal
stability, and relatively strong magnetic response. However,
the magnetic content needs to be improved to further en-
hance the performance of these beads towards versatile bio-
separation applications.15,16 Recently, a secondary structure
with a much higher content of magnetic nanoparticles has
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been fabricated based on van der Waals interactions among
the capping ligands of magnetic nanoparticles,17,18 and this
solvent-induced precipitation approach has been found to be
rather facile.

The abovementioned processes are generally laborious or
more suitable for creating sub-micrometer-sized magnetic
beads. In contrast, one-step processes mainly based on a
polyol method have attracted extensive attention owing to
their ability to form magnetic iron oxide particle clusters of
much smaller sizes and remarkably improved magnetic
content.19–22 The polyol method usually refers to the reac-
tions in which high-boiling point polyols, such as dihydric al-
cohols, are used as solvents.23 The nanoparticles obtained by
this method exhibit high crystallinity degree due to high reac-
tion temperatures and excellent aqueous dispersibility. In
2005, Li's group first reported a one-step approach for the
synthesis of monodispersed 200–800 nm Fe3O4 clusters by
reacting FeCl3·6H2O, CH3COONa, and ethylene glycol under
solvothermal conditions at 220 °C.21 This approach requires
a relatively long reaction time, e.g., 8–72 h. In addition, be-
cause of the difficulty of sampling under high pressures, it is
nearly impossible to monitor the reaction process to investi-
gate the cluster formation mechanism. In 2007, Yin and co-
workers reported an alternative high-temperature polyol ap-
proach for the synthesis of colloidal nanoparticle clusters of
Fe3O4 under atmospheric pressure. Clusters with size in the
range of 31–174 nm were obtained by injecting a NaOH solu-
tion into the reaction mixture of FeCl3, polyĲacrylic acid)
(PAA), and diethylene glycol (DEG) at 220 °C. This synthetic
approach is characterized by a much shorter reaction time
(approximately 1 h). Most importantly, the ambient pressure
preparation allows in-depth mechanistic studies through
carefully monitoring of the reaction process.24

In the polyol method, the dihydric alcohols act not only as
a solvent owing to their excellent ability to dissolve a broad
range of inorganic salts and organic compounds, but also as
reductants, which are often required to synthesize nano-
particles containing metal ions with a valence state different
from that in the reactants.25 Regarding the formation of sec-
ondary structures of nanoparticles, oriented attachment
growth of primary nanoparticles is widely considered as the
main driving force since the surface energy of nanoparticles
can be reduced through attachment and growth along a cer-
tain crystalline direction to give rise to coherent lattice struc-
tures at grain boundaries.19 However, in this study, the func-
tion of the surface capping agents has been neglected. In
particular, the role or effect of dihydric alcohols after their
oxidation in the reaction system remains unclear.

Based on these previous studies, herein, we report an in-
vestigation on the role of dihydric alcohols in the formation
of monodispersed Fe3O4 particle clusters through the polyol
process. The impact of the molecular structure of the alco-
hols (e.g., monohydric and dihydric alcohols) on the forma-
tion of particle clusters was particularly investigated to reveal
the formation mechanism beyond the oriented attachment
growth. In addition, the effects of the chain length of the

dihydric alcohols on the particle size, magnetic properties,
drug-loading capacities, and MRI contrast enhancement per-
formance of the resulting particle clusters were investigated.

Results and discussion

Typically, Fe3O4 nanoparticle clusters were prepared by
injecting a NaOH stock solution into a mixture of FeCl3, PAA,
and dihydric alcohol at around 200 °C. Color variation ob-
served during the formation of the Fe3O4 particle clusters in
the DEG system is shown in Fig. 1a. The original mixture of
FeCl3, PAA, and DEG is brownish at room temperature (stage
1). However, the reaction mixture becomes light yellowish af-
ter heating for 30 min at 200 °C (stage 2); this indicates that
Fe3+ is partially reduced to Fe2+, which is typically greenish in
color. The reduction is greatly accelerated upon introduction
of NaOH, turning the reaction mixture more greenish (stage
3), and the slight turbidity indicates the formation of particu-
lates. After stage 3, the reaction mixture quickly turns turbid
black (stage 5) after an intermediate stage of turbid gray
(stage 4). Upon further prolonging the reaction time, the so-
lution color did not significantly vary; this suggested that
Fe3O4 was formed very quickly to step into the following nu-
cleation and growth of colloids. A representative transmis-
sion electron microscopy (TEM) image is shown in Fig. 1b,
and it reveals that the resulting particles are quasi-spherical
and very uniform in size with an average diameter of 71.1 ±
7.6 nm. The histogram of the particle size is shown in Fig.

Fig. 1 Images of the reaction mixture obtained during different
preparative stages (a), a low magnification TEM image (b),
hydrodynamic size profile (c), high magnification TEM image (d), and
selected area electron diffraction pattern with diffraction rings
identified according to magnetite (JCPDS 88-0866) (e) for the
resulting clusters.
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S1a in the ESI.† Moreover, the particles exhibit a single light
scattering peak at around 96 nm after dispersion in pure wa-
ter (Fig. 1c). In addition, the size profile is rather symmetric
with no other population of larger particulates or aggregates,
which is essentially important for achieving a uniform behav-
ior under an external magnetic field for various applications.

The higher magnification TEM image shown in Fig. 1d re-
veals that the particulates are apparently formed as building
blocks upon close packing of nanoparticles and are 11.5 nm
in size (Table S1†) according to the powder X-ray diffraction
(XRD) results shown in Fig. S1b.† Both the XRD and selected-
area electron diffraction (Fig. 1e) results further suggest that
the building blocks consist of Fe3O4 nanocrystals.

Since carboxyl groups exhibit strong binding affinity to-
wards ferric ions, it can be deduced that PAA firmly anchors
on the cluster surface due to its multidentate effect; this is
manifested by the ultrahigh zeta potential of up to −54.4 mV
for the resulting clusters. Following this hypothesis, it is also
reasonable to infer that PAA may also serve as a crosslinking
agent to glue the Fe3O4 nanoparticles together although the
attachment growth has been previously considered as the pri-
mary mechanism for the formation of particle clusters. To
further elucidate the role of PAA, several reaction mixtures
were prepared by gradually decreasing the feeding amount of

PAA to 0 mmol; as shown in Fig. 2a–d, with a decrease in the
amounts of PAA, the structure of the particle clusters gradu-
ally changed from spherical to rod-like especially when no
PAA was present in the system. The dynamic light scattering
(DLS) results shown in Fig. 2e also support these structural
variations. For example, the initial size distribution profile is
rather narrow and symmetric, but broadens and becomes
asymmetric with a decrease in the PAA amount. In addition,
the polydispersity index (PDI) increases, as shown in Fig. 2f,
accompanied by an increase in hydrodynamic size. All these
results strongly indicate that PAA acts as a surface-capping
agent to form spherical particle clusters rather than as a
crosslinking agent to glue the nanoparticles together. In addi-
tion, in the absence of PAA, particle aggregation becomes a
reasonable pathway to minimize the surface energy of the
nanocrystals, especially when they are not sufficiently
protected by organic ligands.26 To date, attachment growth
remains reasonable for explaining the formation of particle
clusters because rod-like rather than random aggregates of
magnetite nanocrystals are obtained in the absence of PAA.

Apart from the well-accepted growth mechanism, to date,
the partial conversion of Fe3+ to Fe2+ using alcohols as reduc-
tants as well as a high-temperature reaction medium is
widely considered, which is necessary for the formation of
Fe3O4 building blocks. In fact, the reduction effect was also
observed in the current synthesis (Fig. 1a), especially after
NaOH was introduced into the reaction system. However, the
oxidized products of alcohols and their role in the formation
of particle clusters have not been discussed before.

To elucidate the role of the oxidized alcohols, Fourier
transform infrared (FTIR) spectroscopy studies were carried
out. The particle clusters prepared in the absence of PAA
(Fig. 2d) present characteristic peaks located at 1059 cm−1

and 1458 cm−1, as shown in Fig. 3a, which can be attributed
to the vibrational bands of C–O–C and C–H in DEG, respec-
tively.27 However, the signal at 1649 cm−1 corresponding to
the bending vibration mode of the O–H group disappeared
for the abovementioned particle clusters. Instead, two ab-
sorption peaks at 1576 cm−1 and 1408 cm−1 appeared, corre-
sponding to the asymmetric and symmetric C–O stretching
modes of the COO− group, respectively.27–29 The disappear-
ance of the O–H signal and appearance of –COO− signals
clearly reveal that DEG is oxidized into dicarboxylic acid that
remains attached on the particle surface through coordina-
tion between carboxyl groups and ferric ions. Compared with
the particle clusters prepared in the absence of PAA, the par-
ticle clusters prepared in the presence of sufficient amounts
of PAA (Fig. 2a) present an additional signal at 1724 cm−1, a
typical CO stretching absorption of protonated carboxylate
groups, as well as signals at 1576 cm−1 and 1408 cm−1 corre-
sponding to the deprotonated carboxylic group. These results
well explain the stabilization effect of PAA as the non-bonded
carboxylic groups of PAA render the resulting particle clusters
colloidally stable.

According to the TGA results shown in Fig. 3b, a weight
loss of approximately 21% at around 448 °C strongly

Fig. 2 TEM images of the Fe3O4 clusters formed in DEG in the
presence of 8 mmol (a), 4 mmol (b), 2 mmol (c), and 0 mmol (d) PAA,
the corresponding hydrodynamic size profiles (e), and PDI values as a
function of the amount of PAA (f). The embedded scale bar of the inset
of image (d) corresponds to 100 nm.
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supports the surface attachment of PAA (the TGA result of
pure PAA is shown in Fig. S2†). However, the undetectable
signals from the protonated carboxyl groups of dicarboxylic
acid for the sample prepared in the absence of PAA suggest
that the dicarboxylic acid may act as a crosslinking agent to
glue the magnetite nanocrystals together to form particle
clusters.

To further confirm the aforementioned hypothesis, follow-
ing experiments were performed by replacing DEG with di-
ethylene glycol monomethyl ether (DEGME), which is a
monohydric primary alcohol containing a methoxy end
group. Considering that –COH is converted to –COOH upon
oxidation, the resulting monoacid will not be able to
crosslink the magnetite nanocrystals into secondary struc-
tures. The results shown in Fig. 4 firmly support this specula-
tion. The TEM image in Fig. 4a reveals that individual parti-
cles of 7.5 ± 1.4 nm with a relatively narrow size distribution
(Fig. 4b) rather than particle clusters were obtained in the
presence of PAA. The following DLS studies (Fig. 4c) also con-
firmed that particle clusters were not formed in the reaction
system although the resulting nanoparticles were also identi-
fied as Fe3O4 nanocrystals (Fig. 4d and S3†). In addition, the
FTIR spectra suggest that the resulting organic acids remain
capped on the particle surface after purification (Fig. S4†).
Moreover, unlike the nanoparticles formed in the DEG sys-

tem, the Fe3O4 nanoparticles formed in DEGME in the ab-
sence of PAA did not show any tendency to form well-defined
clusters (Fig. S5†); this strongly implied that the dicarboxylic
acids formed during the preparation crosslink the Fe3O4

nanoparticles into clusters rather than PAA, as shown in
Fig. 1d.

Based on the abovementioned investigations, a new mech-
anism for the formation of Fe3O4 particle clusters is schemat-
ically shown in Scheme 1. Initially, Fe3+ ions are partially
transformed into Fe2+ by oxidizing DEG under alkaline condi-
tions at high temperatures, and DEG is converted into dicar-
boxylic acid. Then, primary Fe3O4 nanoparticles are formed
through co-precipitation of Fe3+/Fe2+ with the aid of OH−.

Fig. 3 FTIR spectra of DEG, PAA, and Fe3O4 clusters prepared in DEG
in the presence or absence of PAA, with 6 vertical dashed lines
showing different characteristic peaks of organic residues: 1: 1724
cm−1, 2: 1649 cm−1, 3: 1576 cm−1, 4: 1458 cm−1, 5: 1407 cm−1, and 6:
1058 cm−1 (a), thermogravimetric curves of the Fe3O4 clusters (b). The
inset in frame b shows a schematic of the Fe3O4 particle clusters with
detailed internal and surface modification structures.

Fig. 4 A TEM image (a), histogram of particle size (b), hydrodynamic
size profile (c), and selected area electron diffractions identified by the
lattice planes of magnetite (JCPDS 88-0866) (d) for Fe3O4 nanoparticles
formed in DEGME.

Scheme 1 Schematic illustrating the formation of Fe3O4 nanoparticles
in a cluster form (left) or single particle form (right).
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Finally, primary particles are formed and crosslinked upon
coordination with dicarboxylic acid through the particle sur-
face Fe atoms, leading to the formation of particle clusters.
Although attachment growth was previously considered as
the driving force for the formation of particle clusters, the ex-
perimental evidence was mainly based on TEM observations
at the edge of the particle clusters due to the limited penetra-
tion depth of the electron beam, which hardly reflected the
overall packing structure.

According to the abovementioned proposed mechanism,
the growth of particle clusters undergoes at least a two-stage
process, i.e., the nucleation of clusters following the forma-
tion of primary Fe3O4 nanoparticles and their subsequent
growth; this is in accordance with the classic theory for col-
loidal growth upon stacking of atoms or molecules. In this
context, the diffusion coefficient of the primary particles in
the reaction system will exhibit a strong impact on the final
size of the resulting particle clusters.30 According to the
Einstein's formula, the diffusion coefficient of a solute is in-
versely correlated with the viscosity of the reaction system, as
indicated in ESI.† Following this rule, triethylene glycol (TEG)
and tetraethylene glycol (TTEG) with an increased number of
ethylene glycol units were chosen as reaction media to tune
the cluster size through viscosity of the reaction system for
further tuning the magnetic properties of the resulting clus-
ters.31,32 The shear viscosity of the reaction systems
consisting of TEG or TTEG was measured for comparison
with that of the reaction system containing DEG or DEGME
before and after NaOH was introduced (ESI†). In the first set
of experiments, alcohol solutions containing FeCl3 and PAA
were heated at 200 °C for 30 min and then cooled down to
room temperature. In the second set of experiments, NaOH
was injected into the abovementioned solutions at 200 °C,
and the reaction mixtures were cooled down to room temper-
ature after 1 h reaction at 200 °C. As summarized in Table 1,
the shear viscosity of the reaction system is positively corre-
lated with the chain length of the dihydric alcohols
irrespective of the preparative stages. In addition, the remark-
able increase in shear viscosity after the introduction of
NaOH strongly suggests that the redox reaction between Fe3+

and dihydric alcohols not only accelerates the formation of
magnetite nanoparticles, but also remarkably encourages par-
ticle aggregation through the crosslinking effect of the
resulting dicarboxylic acids. Conversely, no significant in-
crease in viscosity was observed in the DEGME system. In
line with viscosity variations, as shown in Fig. 5a and b, the

average particle cluster size significantly decreased from 71.1
± 7.6 nm for DEG (Fig. 1c) to 29.5 ± 2.9 nm for TEG (Fig. 5a)
and 15.3 ± 2.2 nm for TTEG (Fig. 5b) without alteration in
the crystalline structure and composition of the primary par-
ticles (Fig. 5c) as the calculated unit cell parameters (Table
S2†), including the lattice constants and axial angles (α, β,
and γ), were in line with those of the cubic magnetite (JCPDS
88-0866, space group: Fd3̄mĲ227)) within the error range.
Moreover, the hydrodynamic size distribution profiles of the
different particle clusters exhibit no broadening, as shown in
Fig. S6.† However, the average size of the primary Fe3O4 parti-
cles was also found to be inversely correlated with the length
of the dihydric alcohols: 11.5 nm for DEG, 5.2 nm for TEG,
and 3.0 nm for TTEG, extracted from the corresponding XRD
patterns (Table S1†). This result suggested that the viscosity
of the reaction system also affected the diffusion of iron ox-
ide monomers for the formation of Fe3O4 nanocrystals. Apart
from the viscosity effect of the solvent, the polarity of alco-
hols also decreases against the number of ethylene glycol
units of the dihydric alcohols. A reduced polarity is

Table 1 Shear viscosity (Pa s) of different reaction systems

Alcohol + FeCl3 Alcohol + FeCl3 + NaOH

DEG 45.5/20 °C 4.4/200 °Ca 89.5/20 °C 8.7/200 °Ca

TEG 61.1/20 °C 6.0/200 °Ca 117.6/20 °C 11.5/200 °Ca

TTEG 75.1/20 °C 7.3/200 °Ca 153.2/20 °C 15.0/200 °Ca

DEGME 5.4/20 °C 0.5/200 °Ca 6.8/20 °C 0.6/200 °Ca

a Viscosities at 200 °C were calculated based on the experimental
values measured at 20 °C (ESI).

Fig. 5 Representative TEM images and the corresponding particle size
histograms of Fe3O4 clusters prepared in TEG (a) and TTEG (b) and
powder X-ray diffraction patterns of the corresponding samples over-
laid with THE JCPDS card data for magnetite (no. 88-0866) at the bot-
tom (c).
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apparently unfavorable for the dissolution of iron precursors
and Fe3O4 monomers, increases the supersaturation degree
of Fe3O4 monomers from the point of view of thermodynam-
ics, and thus becomes favorable for yielding smaller primary
particles out of the reaction system. Although it is difficult to
quantitatively differentiate the impact of decreased polarity
and increased viscosity, the abovementioned results clearly
reveal that an increase in the chain length of the dihydric al-
cohols can effectively reduce the size of the particle clusters;
this makes the resulting clusters more favorable for in vivo
applications such as in enhanced MRI and targeted drug
delivery.33,34

The magnetic properties of differently sized Fe3O4 particle
clusters were further investigated using a vibrating sample
magnetometer (VSM). The results shown in Fig. 6a reveal that
all particle clusters, irrespective of average size, are super-
paramagnetic at room temperature with no magnetic hystere-

sis, indicating that the superparamagnetic properties of the
Fe3O4 nanocrystals are retained even if they are closely
packed in the resulting clusters. However, the particle clus-
ters present significantly higher saturation magnetization
(Ms) than the non-crosslinked Fe3O4 particles formed in
DEGME; this suggests that the close packing of Fe3O4 parti-
cles encourages collective effects and thus increases the Ms.
Consequently, the 71.1 ± 7.6 nm clusters obtained with DEG
present strongest magnetic response. Almost all particle clus-
ters dispersed in pure water in a 1 cm cuvette can be
obtained using a 0.5 T permanent magnet within 3 min (see
the inset of Fig. 6a), and the magnetically obtained particle
clusters readily re-disperse upon slight shaking.

It is also worth mentioning that the magnetization of par-
ticle clusters is more quickly saturated with an increase in
the external magnetic field than that of the non-clustering
particles (DEGME). Moreover, longer dihydric alcohols are
generally more favorable for quicker saturation of magnetiza-
tion. As is known, magnetic moment in the presence of a
magnetic field experiences a torque that attempts to bring
the moment and field vectors into alignment, and the torque
is proportional to the strengths of the moment and field and
to the angle of misalignment between them. Since the Fe3O4

nanocrystals are very small (smaller than 12 nm for all sam-
ples), they can be considered as single-domain isotropic
nanoparticles. Thus, the main factor determining the satura-
tion of magnetization in a certain magnetic field is the inter-
action among Fe3O4 nanocrystals. Regarding the particle clus-
ters, the distance between adjacent nanoparticles crosslinked
by the oxidized dihydric alcohols is much smaller than that
for the randomly packed non-crosslinked Fe3O4 nano-
particles. Consequently, the short range interactions, includ-
ing dipole–dipole interactions, among superparamagnetic
particles will dramatically be enhanced. According to previ-
ous studies,19 the rotation of primary nanoparticles along
with the aggregation process tends to give rise to coherent
lattice structures at the grain interfaces that are favorable for
the synergistic effect of nanoparticles under an external mag-
netic field. Therefore, the particle clusters undergo saturation
magnetization more quickly than the non-crosslinked Fe3O4

nanocrystals.
Regarding the difference in the external magnetic field

strength required for the crosslinked Fe3O4 nanoparticles to
reach saturation magnetization, the dicarboxylic acid bridge
becomes a dominant parameter. Apparently, dihydric alco-
hols with longer chains confer a higher mobility to the nano-
particles in the network and therefore effectively reduce the
torque to re-align the nanoparticles in a magnetic field; this
explains the effect of the dihydric alcohol chain length on
the hysteresis behavior shown in Fig. 6a.

To further exclude the impacts of cluster size and building
block size to better show the effect of the dicarboxylic acid
bridge, the synthesis was optimized based on the
abovementioned in-depth understanding of the cluster for-
mation, and two comparable pairs of particle clusters were
selected for further VSM studies: pair 1: 71.1 ± 7.6 nm and

Fig. 6 Room-temperature magnetization curves of Fe3O4 samples
formed in different alcohols (inset: images of an aqueous dispersion of
clusters formed in DEG after being placed close to a magnet (0.5 T) for
different periods) (a), room-temperature magnetization curves of two
comparable Fe3O4 clusters obtained in different dihydric alcohols un-
der optimized conditions (b and c), images of the corresponding aque-
ous dispersions showing the different magnetic responses to low mag-
netic field (0.08 T) (d and e). The values of Ms for all samples shown in
a–c are corrected by deducting the contribution of the organic content
from the weight obtained by TGA.
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77.4 ± 10.0 nm clusters comprising 11.5 nm and 10.9 nm par-
ticles formed in DEG and TEG, respectively, and pair 2: 41.8
± 4.7 nm and 39.0 ± 5.4 nm clusters comprising 7.9 nm and
6.7 nm particle formed in DEG and TTEG, respectively. More
detailed results for showing the morphological similarity of
each pair are provided in Fig. S7 and S8.† The VSM results
shown in Fig. 6b reveal that the magnetization of the clusters
obtained in TEG increases more dramatically against the ex-
ternal magnetic field than that of those obtained in DEG, es-
pecially below 550 Oe. This tendency becomes stronger for
clusters obtained in TTEG (Fig. 6c), which is apparently favor-
able for magnetic separation applications, as shown in
Fig. 6d and e. Most importantly, these results demonstrate
that dicarboxylic acid as a crosslinking agent also plays a role
in the fine tuning of the magnetic properties of the resulting
clusters.

Apart from bio-separation, the superparamagnetic iron ox-
ide nanoparticles also hold great potential as contrast agents
for MRI and as drug carriers for tumor theranostics due to
their outstanding safety profile. According to previous investi-
gations, the relaxometric properties of iron oxide nano-
particles strongly depend on the size of the nanoparticles,
and the r2 value generally increases upon increasing the core
diameter as the particles are in the so-called motional averag-
ing regime mentioned by Sangregorio et al.35 Specifically, the
T2 effect of iron oxide particles can be dramatically boosted
through particle interaction upon aggregation, formation of
composites with polymers, or cross-linking;36–38 moreover,
comprehensive assessments of the merits, size tuning, bio-
safety, and in vivo behavior of Fe3O4 nanoparticle aggregates
have been well articulated elsewhere in literature.39–42 To fur-
ther study the relaxation properties of the obtained super-
paramagnetic iron oxide nanoparticle clusters, MRI contrast
enhancement effects of the clusters were characterized using
a clinical 3 T MRI scanner at room temperature. Fig. 7a
shows three sets of T2- and T1-weighted MR images of aque-
ous solutions containing differently sized Fe3O4 particle clus-
ters, i.e., 71.1 ± 7.6 nm particle clusters composed of 11.5 nm
Fe3O4 formed in DEG, 29.5 ± 2.9 nm particle clusters com-
posed of 5.2 nm Fe3O4 particles formed in TEG, and 15.3 ±

2.2 nm particle clusters composed of 3.0 nm Fe3O4 particles
formed in TTEG. It is difficult to quantitatively extract the in-
herent impact of particle aggregation on the relaxometric
properties of the clusters because cluster size is accompanied
by varied primary building blocks. In addition, the length of
the linkers plays a role in the contrast enhancement effect.33

However, the results shown in Fig. 7a and S9† clearly demon-
strate the tendency that r2 strongly increases with cluster
size, whereas r1 exhibits a reverse trend at a given Fe concen-
tration; this is in line with the theoretical prediction by A.
Roch.34 Although the clusters obtained in DEG present the
highest r2 value of 230 mM−1 s−1, the T1 effect is rather weak.
In contrast, the clusters formed in TTEG give rise to rather
balanced T1 and T2 behaviors that make them potential con-
trast agents for T1/T2 dual modality imaging.

As abovementioned, Fe3O4 particle clusters are formed
through the crosslinking effect of the dicarboxylic acids (oxi-
dized products of dihydric alcohols). Therefore, it is reason-
able to expect that the clusters prepared in TEG and TTEG
may offer more room to accumulate hydrophobic drugs as
the linkers are longer than that of clusters formed in DEG.
To demonstrate this hypothesis, the first pair of Fe3O4 parti-
cle clusters obtained in DEG and TEG was employed to assess
the drug loading efficiency for doxorubicin (DOX). As shown
in Fig. 7b, the drug payload for the 77.4 ± 10.0 nm particle
clusters prepared in TEG is significantly higher than that for
the 71.1 ± 7.6 nm particle clusters prepared in DEG. When
normalized with reference to the Fe content, the drug pay-
load increases by a factor of 1.66, slightly higher than the
payload of 1.52 for the second pair of clusters obtained in
DEG and TTEG. This is because the latter pair of clusters has
much smaller sizes of 41.8 ± 4.7 nm and 39.0 ± 5.4 nm. More
detailed data on the drug loading behavior of the second pair
of clusters are provided in Fig. S8d.†

Conclusions

In summary, herein, for the first time, it has been deter-
mined that after oxidation, dihydric alcohols drive the forma-
tion of monodisperse Fe3O4 particle clusters through the
crosslinking effect of the resulting dicarboxylic acid in the
polyol process. This new mechanism is demonstrated to be
useful not only for varying the morphology of the resulting
clusters, but also for fine tuning the packing structures of the
nanoparticle clusters to improve their magnetic responsive-
ness, drug loading efficacy, and MRI contrast enhancement
performance. We thus believe that the chemistry demon-
strated herein will be beneficial for achieving advanced parti-
cle cluster materials via the polyol process.

Experimental
Chemicals

FeCl3 (98%), DEGME (99%), DEG (98%), TEG (99%), and
TTEG (99%) were purchased from Aladdin. PAA (Mw = 1800 g
mol−1) was obtained from Sigma-Aldrich. DOX, NaOH

Fig. 7 T2-Weighted (first row) and T1-weighted (second row) MR
images of aqueous solutions of clusters with different Fe
concentrations (mM) (a) and UV-vis absorption spectra of solutions of
DOX-loaded particle clusters after digestion with concentrated HCl as
compared to those of a DMSO solution containing an equal amount of
Fe ions (inset: images of the solutions obtained) (b).
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(98.8%), and ethanol were purchased from Sinopharm Chem-
ical Reagent Beijing, Co. Ltd. All chemicals were used as re-
ceived without further purification. Ultrapure water (18.2 MΩ

cm@25 °C) was obtained using a Milli-Q Plus system and
used throughout the preparation.

Synthesis of Fe3O4 nanoparticle clusters

Magnetite particle clusters were prepared through a slightly
modified literature method.24 In a typical preparation, 5.0 g
(0.125 mol) of NaOH was dissolved in 50 mL DEG, and the
mixture was then heated to 120 °C and maintained at this
temperature for 1 h under nitrogen protection. The resulting
bright yellow solution (solution 1) was then kept at 100 °C
for further use. Moreover, 0.130 g (0.8 mmol) of FeCl3 and
0.576 g (8 mmol) of PAA were dissolved in 34 mL DEG. The
resulting mixture was subsequently heated for 15 min to 200
°C under nitrogen protection and maintained at this temper-
ature for 30 min under vigorous stirring to form a transpar-
ent light yellow solution (solution 2). Into solution 2, 3.6 mL
of solution 1 was rapidly injected while hot, which instanta-
neously turned the reaction system slightly green and then
black in 3 min. The resulting mixture was further heated for
1 h to yield a particulate product that was readily dispersed
in Milli-Q water after purification.

To explore the impact of the molecular structure of the
dihydric alcohols, TEG and TTEG were also used instead of
DEG for carrying out the abovementioned synthesis under
the same experimental conditions. In addition, DEGME, as
a typical monohydric alcohol, was adopted instead of the
abovementioned dihydric alcohols for a comparable
synthesis.

The Fe3O4 nanoparticle clusters with a size of 77.4 nm
formed in TEG were prepared by adding a 4 mL NaOH stock
solution, and the reaction time was extended to 6 h. Clusters
with a size of 39.0 nm were obtained in TTEG via a similar
method. The 41.8 nm sized Fe3O4 particle clusters formed in
DEG were prepared by adding 8 mL NaOH stock solution to
the system with a reaction time of 1 h.

Loading of Fe3O4 particle clusters with hydrophobic drugs

DOX was used as a model drug to investigate the drug load-
ing properties of the Fe3O4 particle clusters obtained herein.
In detail, 11.0 mg (18.8 μmol) of doxorubicin hydrochloride
was first dissolved in 0.2 mL water, and then, the resulting
solution was mixed with 2 mL DMSO containing 80 μL (56.4
μmol) triethylamine. After this, 2 mL of aqueous dispersion
of Fe3O4 particle clusters (0.6 mg mL−1) was introduced. After
overnight stirring in the dark, the DOX-loaded particle clus-
ters were obtained through centrifugation at 15 000 rpm for 5
min and washed with DMSO to remove the surface-adsorbed
drug molecules. The resulting clusters were digested in 200
μL concentrated HCl and then diluted with DMSO to dissolve
the loaded DOX. The drug payload was subsequently ana-
lyzed by absorption spectroscopy at a fixed wavelength of 490
nm using a Cary 50 UV-vis spectrophotometer.

Characterization

Transmission electron microscopy (TEM) images and
electron diffraction patterns were obtained using a JEM-
100CXII electron microscope operating at an accelerating
voltage of 100 kV. The particle size was determined by averag-
ing at least 150 particles per sample. Fourier transform infra-
red (FTIR) spectra were obtained at room temperature using
a Bruker EQUINOX 55 FTIR spectrometer. Dynamic light scat-
tering (DLS) measurements were carried out at 25 °C using
Nano ZS (Malvern) equipped with a solid state He–Ne laser (λ
= 633 nm). Thermogravimetric analysis (TGA) was performed
using a NETZSCH TG209F3 thermogravimetric analyzer. Pow-
der X-ray diffraction (XRD) patterns of the particle samples
were obtained using a Rigaku D/Max-2500 diffractometer un-
der Cu Kα1 radiation (λ = 1.54056 Å). The magnetic properties
of the resulting samples were characterized using a vibrating
sample magnetometer (VSM JDM-13, China). The shear stress
of solution 1 and solution 2 and their mixture used for pre-
paring particle clusters was determined using a modular
compact rheometer (MCR 302, Anton Paar) after the extracted
solutions were cooled down to room temperature. The
relaxivity measurements were carried out using a 3 T clinical
MRI instrument (GE Signa 3.0T HD, Milwaukee, WI).
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