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Mussel-inspired polydopamine (PDA) coated iron oxide nanoparticles have served as a feasible, robust, and functional platform for
various biomedical applications. However, there is scarcely a systemic paper reviewed about such functionalising nanomaterials to
date. In this review, the synthesis of iron oxide nanoparticles, the mechanism of dopamine self-oxidation, the interaction between
iron oxide and dopamine, and the functionality and the safety assessment of dopamine modified iron oxide nanoparticles as well
as the biomedical application of such nanoparticles are discussed. To enlighten the future research, the opportunities and the
limitations of functionalising iron oxide nanoparticles coated with PDA are also analyzed.

1. Introduction
Magnetic iron oxide nanoparticles are of great interest due
to the unique properties stemmed from their extremely
small size and large specific surface area [1]. They have
been extensively investigated in recent years for the promising biomedical applications, such as drug delivery [2, 3],
immunoassay analyzer [4, 5], magnetic resonance imaging
[6, 7], and cancer hyperthermia [8]. For most of these
applications, surface modification of iron oxide nanoparticles
plays an important role in improving their hydrophilicity, colloidal stability, biocompatibility, and conjugation of bioactive
functional groups. To this end, many materials have been
employed to design stable surface coatings for iron oxide
nanoparticles, such as polymers, surfactants, or inorganic
shells [9, 10]. Surface modification of magnetic nanoparticles
is mainly aiming at how to render their functionality and
to control their solubility. For biomedical applications and
bioanalysis, the ability to solubilize the nanoparticles in
water and to modify their surfaces with molecules, proteins,
oligonucleotides, or other targeting agents is a crucial step
toward their widespread use [11]. However, the cumbersome
steps and harsh conditions, such as toxic organic solvents

utilized as reaction media, are often seemed as the barriers to
the modification processes. Therefore, surface modification
with aforementioned materials is still a challenge so far
to us, which appeals for a facile, feasible, and aqueous
approach to achieve controllable surface coatings for iron
oxide nanoparticles.
Nowadays, dopamine and its derivatives have enjoyed
success as agents for the masking of magnetic nanoparticles,
often so as to provide their biocompatibility with medium to
long-term colloidal stability in the various biological milieu
[12]. Recently, Lee et al. pioneered a one-step formation of
robust adherent polydopamine (PDA) films based on musselinspired polymerization of dopamine at alkaline pHs on
various substrates [13]. Because of the ease of the use as
well as its fascinating properties, PDA has attracted great
interest for wide applications. Notably, the application of PDA
to iron oxide nanoparticles has emerged as a particularly
important field. Controllable PDA films can be formed on
the iron oxide nanoparticles by simply dispersing them in
an alkaline dopamine solution and mildly stirring at room
temperature [9]. Dopamine derivatives provide a novel and
useful alternative for surface immobilization schemes. For
example, dopamine derivatives have been used to anchor
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small functional biomolecules onto ferromagnetic nanoparticles for protein separation [14, 15]. Obviously, dopamine and
its derivatives open a new route to the modification of iron
oxide nanoparticles [16].
In this review, certain aspects on PDA coated iron oxide
nanoparticles, including the synthesis of iron oxide nanoparticles, the mechanism of self-oxidation of dopamine, the
interaction between iron oxide nanoparticles and dopamine,
and the functionality and safety assessment of dopamine
modified iron oxide nanoparticles as well as their biomedical application, are discussed. The opportunities and the
limitations of functionalising the surfaces of iron oxide
nanoparticles coated with PDA are also analyzed.

2. Synthesis of Iron Oxide Nanoparticles
The quality of iron oxide nanoparticles, such as crystallization, size, and shape, highly depends on the synthesis
approaches, which can produce well-crystallized and sizecontrolled iron oxide nanoparticles and offer more opportunities for their biomedical applications. Among all the
chemical synthesis methods, hydrothermal may be one of
the most widely reported [17, 26, 27]. In such method, a
relative high temperature and a high pressure were often
employed to induce or affect the formation of nanocrystals.
The advantages of this method, such as high reactivity of
the reactants, facile control of product morphology, and
good crystallization of products, are apparent. Ge et al.
reported a one-step hydrothermal approach to the synthesis
of iron oxide nanoparticles with controllable diameters from
15 to 31 nm, narrow size distribution, and high saturation magnetization in the range of 53.3−97.4 emu/g, in the
presence of FeCl2 ⋅4H2 O in basic aqueous solution under
an elevated temperature and pressure [17] (see Figure 1).
With FeSO4 ⋅7H2 O and FeCl3 as precursors and NaOH as
hydrolysis reactant, Khollam et al. achieved spherical iron
oxide nanoparticles with a size range of 150−200 nm via
a microwave hydrothermal reaction [26]. Obviously, the
solubility of reactants and desired products via this method
is critical.
Coprecipitation is another one of most widely reported
methods to fabricate iron oxide nanoparticles [18, 28, 29]. In
general, an alkaline solution, such as NaOH and NH3 ⋅H2 O,
was often employed to precipitate Fe2+ and Fe3+ ions in
an aqueous solution. Due to the nanoparticles achieved
by dehydration from the intermediate iron hydroxides, the
surfaces of as-prepared nanoparticles were covered with
large number of hydroxyl groups and the nanoparticles
could be well suspended in an aqueous solution. Roth et al.
prepared superparamagnetic iron oxide nanoparticles with
size between 3 and 17 nm and saturation magnetizations from
26 to 89 emu/g via coprecipitation. They found that particle
saturation magnetization could be enhanced by addition of
more iron salt into the reaction system and employment
of a molar ratio of Fe3+ /Fe2+ below 2 : 1 [28]. Basuki et al.
reported their work to prepare magnetic nanoparticles with
in situ coprecipitation of Fe2+ and Fe3+ ions in aqueous
solutions in the presence of functional block copolymers.
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They varied the ratio of copolymer to Fe to wield control
over nanoparticle diameters within the range of 7–20 nm.
They found that the amount of polymer employed during the
coprecipitation proved critical in governing crystallinity and
colloidal stability [18] (see Figure 2). In addition, Xia et al.
developed a complex-coprecipitation method to synthesize
iron oxide nanoparticles with triethanolamine as ligands to
govern the quality of iron oxide nanoparticles. In this case,
triethanolamine was used mainly for limiting nanoparticles
growing rate due to its chelation to Fe3+ and Fe2+ [29].
Because the most coprecipitation reactions carried out at low
temperature and their reaction kinetics can be only controlled
by changing reactants, it is difficult to optimize the size
and size distribution of nanoparticles and to achieve high
crystalline or control the particle shape in coprecipitation
route.
Recently, high-temperature decomposition of organometallic precursors was found to be one of the most efficient
approaches to fabricate iron oxide nanoparticles with wellcontrolled size and shape [30–33]. Sun and Zeng gave the first
report on iron oxide nanoparticles preparation by thermal
decomposition of Fe(acac)3 in the presence of surfactants,
oleylamine, and oleic acid. With this method, uniform
iron oxide nanoparticles with size between 4 and 16 nm
were achieved [30]. Kucheryavy et al. synthesized magnetite
nanoparticles in the size range of 3.2–7.5 nm with high yields
using high-temperature hydrolysis of the precursor Fe2+
and Fe3+ ions alkoxides in diethylene glycol solution. The
average sizes of the particles were adjusted by changing the
reaction temperature and time and by using a sequential
growth technique [31]. Alternatively, Fe–oleate complex was
also employed as the precursor for large scale synthesis,
up to 40 g of iron oxide nanoparticles obtained in a single
reaction, by Park et al. [32]. Moreover, the work that iron
oxide nanoparticles with 4.5 nm core size were synthesized by
thermal decomposition of Fe(CO)5 , followed by air oxidation
with a ligand 4-methylcatechol, was also reported by Xie et al.
[33].

3. Self-Oxidation of Dopamine on Iron Oxide
Nanoparticles and Their Interaction
Dopamine, known as a small-molecule mimic of the adhesive
proteins of mussels, is liable to be oxidized to generate a thin
PDA layer on iron oxide nanoparticles surface (see Figure 3)
[19]. At a weak alkaline solution, dopamine is susceptible to
undergo self-oxidation to produce adherent PDA coatings
on virtually any substrates and catechol groups are oxidized
to the quinine form [13, 25, 34]. The catechol functionality
of dopamine is primarily responsible for moisture-resistant
adhesion and the oxidized o-quinone functionality is primarily responsible for cross-linking [35]. Virtually any substrate
can be functionalized by first depositing PDA followed
by secondary derivation reaction including self-assembled
monolayers through the deposition of long-chain molecular
building blocks, metal films by electroless metallization,
bioactive functionalities, and even cross-linking reaction [19].
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Figure 1: A typical TEM image (a), size distribution histogram (b), and SAED pattern (c) of iron oxide nanoparticles [17].

Shultz and his coworkers [20] found that an initial PDA
structure formed with coordination to the surface of magnetic nanoparticle resulted from improved orbital overlap of
the five-membered ring and a reduced steric environment of
the iron complex (see Figure 4). A semiquinone is therefore
formed via transfer of electrons to the iron cations on the
surface and rearrangement of the oxidized dopamine. Oxygen on the surface was liable to be protonated because of free
protons in the system and form Fe3+ in the aqueous solution.
Consequently, the reactivity between Fe3+ and dopamine
quickly facilitates the degradation of the nanoparticles.
The solvents also play an important role in the selfoxidation of dopamine. The presence of ethanol is found to
significantly slow down the polymerization rate of dopamine
and make the surface modification of nanomaterials with
PDA more controllable in comparison to the water-phase
polymerization [21, 36]. PDA can provide a simple and
versatile method for surface modification of iron oxide
nanoparticles and a promising building block towards functional materials (see Figure 5).

The interaction between PDA and iron oxide nanoparticles has been widely investigated by many groups. The
method of Park and coworkers [32] was used for the preparation of iron oxide nanoparticles from iron(III) oleate. Mussel
adhesive protein served as the inspiration for their surface
coatings, which was composed of a polysaccharide containing
pendant dopamine anchors. This composite ligand made
use of multiple surface-dopamine interactions for surface
attachment. Due to the large difference in the affinities of
PDA-hyaluronic acid and oleic acid for the particle surface,
the initial electrostatic interaction between the positively
charged particle layer and the ligand-conjugate was replaced
by a covalent interaction between the particle surface and
the dopamine catecholates. Amstad et al. [22] synthesized
dopamine derivative anchor groups possessed irreversible
binding affinity to iron oxide which can optimally disperse
magnetic nanoparticles under physiologic conditions. This
not only leads to ultrastable iron oxide nanoparticles but
also allows close control over the hydrodynamic diameter
and interfacial chemistry (see Figure 6). Iron(III) in solution
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Figure 2: In situ coprecipitation of IONPs at different polymer-to-iron ratio [18].

forms extremely stable complexes with bidentate dopamine.
For example, a stability constant of 1044.9 has been determined for the octahedral complex. Given the large stability
constants for these complexes, it is no doubt that catecholate
groups are found in siderophores, molecules which evolved to
sequester iron from the external environment and in adhesive
proteins. Hence the widespread use of dopamine-derived
surface modification for iron oxide nanoparticles functionalisation is based on the well-studied bonding interactions in
iron dopamine complexes [12].

4. Functionality of PDA Coated
Iron Oxide Nanoparticles
As mentioned above, PDA provides a number of advantages, such as ease and convenience to modification on

iron oxide nanoparticles for further functionalization with
biomolecules, chemical reactivity, near-infrared absorption,
and high fluorescence quenching efficiency [37–39]. Besides,
PDA film exhibits a special zwitterionicity: PDA layer is
positively charged and allows good permeability of negatively
charged small molecules at low pH, while it is negatively
charged and allows good permeability of positively charged
molecules at high pH. The fully reversible and pH-switchable
permselectivity may be conferred with potential applications
in drug delivery or other biomedical applications [40]. PDA
shell can also be further surface functionalized to improve
selective recognition with cells [41, 42]. PDA coatings with
significant ability of enhancing the adhesion and proliferation
of cells show good biocompatibility and promise for tissue
engineering [43, 44]. PDA-coated iron oxide nanoparticles
were also proved to have negligible cytotoxicity [45]. Furthermore, the functional properties of nanoparticles, including
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Figure 4: Illustration of reactive nature of dopamine as a surface functionalization agent in iron oxide nanoparticles [20].

enhanced magnetization and increased superparamagnetic
blocking temperature, could be significantly improved via
dopamine adsorption on iron oxide nanoparticles [46]. This
was attributed to change from microstructure of the magnetic
dead layer on the particle surface, which promoted magnetic
ordering in the surface layer. A one-step reaction strategy was
employed by Mazur et al. [23] to integrate several reactive
sites onto iron oxide nanoparticles. Such particles, with
size of 25 nm, were achieved by simultaneous modification
with differently functionalized dopamine derivatives. Different termini, amine, azide, and maleimide functions enable
further functionalization of iron oxide nanoparticles by the
grafting-on approach (see Figure 7).
To enhance the functionality and thus to broaden the
application of PDA coated iron oxide nanoparticles, many
groups have done lots of effort. Kemikli et al. [47] obtained
monosize sub-7 nm porphyrin coated magnetite nanoparticles via dopamine anchor with high crystallinity and well
defined superparamagnetic behavior at room temperature.
Zhou et al. [19] encapsued iron oxide nanoparticles with PDA

in the presence of human hemoglobin, yielding imprinted
particles with preserved magnetic properties for their separation after exposure to targeting proteins. The versatility of the
hemoglobin imprinted iron oxide nanoparticles was tested in
a competitive binding assay using five different nontemplated
proteins. In all assays, the relative binding of hemoglobin was
over 80%, suggesting that those iron oxide nanoparticles have
the potential to serve as affinity materials for protein separation and detection. With an ethanol-mediated oxidative
polymerization of dopamine, Yue et al. [21] have achieved
surface modified iron oxide nanoparticles. They found that
the PDA coatings can dramatically reduce the cytotoxicity of
nanomaterials and enhance their biocompatibility.
With the application environments (pH, temperature,
ionic strength, illumination and time) in mind, the stability
of PDA layer on iron oxide substrates is especially important for their application. A comparison of the stabilities
of dopamine hydrochloride and 3,4-dihydroxybenzaldehyde
for magnetic nanoparticles was carried out by Basti et
al. [48] aiming at preparing novel MRI contrast agents.
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Although both ligands coordinated the particle surface,
thermogravimetric and calorimetric analyses indicated that
3,4-dihydroxybenzaldehyde did not have as high a grafting
density as dopamine for magnetic nanoparticles. Hence,
only dopamine was found to be suitable for stabilisation
in aqueous environments, owing to its dense surface coverage. The formation of PDA layers on surfaces in aqueous
solution probably indicates its good stability in aqueous
environment. Dopamine is susceptible to oxidation itself,
whereas PDA is more stable. The mPEG-dopamine-coated
magnetite nanoparticles were stable at 70∘ C in the buffers
when pH values are greater than 7 [49]. Moreover, dopaminebased anchor on iron oxide surfaces exhibited exceptional
stability to heating and high salt concentration [50], with its
thermal stability satisfying the requirement of hyperthermia
therapy [14]. Amstad et al. reported dopamine derivative
anchor groups having irreversible binding affinity to magnetite nanoparticles under physiological conditions [22]. Iron
oxide nanoparticles modified with PEG-dopamine could be
freezedried and stored as a powder for at least three months

or alternatively redispersed in pure water and stored for
at least four months without noticeable change in particle
stability. Particularly, the suspensions of PEG-nitrodopamine
modified iron oxide nanoparticles can experience multiple
cycles of diluting and heating free of nanoparticle agglomeration. Recently, highly crystalline and hydrophobic magnetite
nanoparticles have been modified at the surface in the
presence of dopamine with the advantages that the stability
provided by a polypeptide shell covalently bonded to the
magnetite surface through a dopamine anchor molecule
instead of other noncovalent interactions [51].
For some potential applications, the PDA layer on magnetite nanoparticles must prove their robustness in variable
environments, but relevant data are, so far, very rare. For
example [16], the stability of PDA shell in vivo should be
seriously taken into account. It is known that PDA will
degrade oxidatively with the existence of strong alkaline or
hydrogen peroxide [52]. For the in vivo case, Bettinger et al.
[43] showed that the implant dopamine thin films seemed
to degrade in tissue within eight weeks, where the gross
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erosion of the dopamine implant was fully completed. It could
be attributed to the rigid properties of dopamine implants,
which resulted in fracture of the implant after insertion into
the host. The existence of dopamine nanoparticles could have
allowed immediate uptake by macrophages and giant cells.
However, it is still unanswered whether PDA, especially at the
nanoscale, is degradable in vivo as well as within cells [53].

5. Safety Assessment on Polydopamine Coated
Iron Oxide Nanoparticles
As mentioned above, PDA coating served as a useful method
of surface functionalization on iron oxide nanoparticles due
to the ability of this compound to form a nanometer-scale
organic thin film on virtually any material surface to which
many molecules are able to be attached. But a fact should not
be neglected that dopamine is potentially individually highly
neurotoxic molecule [54]. Thus evaluation of toxicity of PDA
coated iron oxide nanoparticles should be carried out before
their application, but to date less reference was found closely
related to these aspects except the reports from Na et al. [24],
Postma et al. [55], Xie et al. [15, 56], and Wei et al. [57].

Na et al. prepared a set of PDA and polyethylene
glycol- (PEG-) derivatized oligomers, OligoPEG-Dopa on
iron oxide nanocrystals (see Figure 8), which served as MRI
T2 contrast, and applied MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) assay to test the potential
cytotoxicity of these NPs to live cells. Finally, they found no
measurable toxicity to live cells [24]. Postma et al. carried
out the cell experiment with PDA/Fe3 O4 capsules via a cell
viability assay, showing that the 1 𝜇m capsules at the tested
concentrations are not inherently cytotoxic for LIM1215
cells [55]. The work of Xie et al. demonstrated that the
uniform PEG-Fe3 O4 nanoparticles with catechol bonding
brought about negligible aggregation in cell culture condition
and much reduced nonspecific uptake by macrophage cells,
meaning that these particles can escape from the innate
immune system [15]. In addition, Xie et al. utilized dopamine
modified iron oxide nanoparticles to yield nanoconjugates
that could be easily encapsulated into human serum albumin
(HSA) matrices. In order to assess their biophysical characteristics, the HSA coated iron oxide nanoparticles were
labeled with both 64Cu-DOTA and Cy5.5 and tested in
a mouse model via subcutaneous U87MG xenograft. The
particles were manifested a prolonged circulation half-life
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and showed massive accumulation in lesions, high extravasation rate, and low uptake by macrophages at the tumor
area [56]. Compact and water-soluble zwitterionic dopamine
sulfonate (ZDS) ligand coated superparamagnetic iron oxide
nanoparticles were prepared by Wei et al. [57] and their
in vitro performance and in vivo performance relative to
nonspecific interactions with HeLa cells and in mice were
both evaluated. They found that those particles showed only
small nonspecific uptake into HeLa cancer cells in vitro and
low nonspecific binding to serum proteins in vivo in mice.

6. Biological Applications
The synthesis of dopamine functional magnetic nanoparticles
is one of the most active areas in advanced materials as
their surfaces allow conjugation of biological and chemical molecules, thus making it possible to achieve targetspecific diagnostic in parallel to therapeutics [23]. Surface
modification of diatom frustules with dopamine terminated
iron oxide nanoparticles was confirmed active and available
for the attachment of targeting ligands by Losic et al. [58].
Sustained release over 2 weeks of poorly water-soluble drug
indomethacin from magnetic diatom structures has been
demonstrated and is expected to serve as magnetically guided
microcarriers with the potential to open new prospects for
noninvasive and targeted drug delivery.
Polymer capsules are considered to be another desirable
mean as drug delivery vehicles. Emulsion droplets, loaded
with magnetic nanoparticles prior to the PDA deposition,
yield about 1 𝜇m sized cargo-loaded PDA capsules [59]. A
pH-sensitive manner was also used on Fe3 O4 @PDA NPs for
the controlled drug release via reversible bonding between

catechol and boronic acid groups of PDA and the anticancer
drug bortezomib (BTZ) [25] (See Figure 9). The released
amount of BTZ was pH dependent, with a greater concentration observed at lower pH values.
As universal nonfouling materials, PEGs were linked to
surfaces using dopamine [13] and showed excellent resistance
to serum protein adsorption [60]. A dopamine-PEG based
ligand was used to stabilize uniform 9 nm magnetic nanoparticles in physiological conditions and against nonspecific
uptake by macrophage cells. Such advantages provide an
opportunity for enhancing the efficiency in target-specific
drug delivery and increasing the signal-to-noise ratio in MRI
[15].
Peng et al. [61] have linked dopamine as spacer molecules
to iron oxide nanoparticles. They found that the existence
of the spacer molecule on magnetic nanoparticles could
greatly improve the activity and the storage stability of bound
trypsin through increasing the flexibility of enzyme and
changing the microenvironment on nanoparticles surface
compared to the naked magnetic nanoparticles. Yuen et
al. [12] prepared core-shell magnetic molecularly imprinted
polymers for protein recognition. The lysozyme-imprinted
Fe3 O4 @PDA nanoparticles show high binding capacity and
acceptable specific recognition behavior towards template
proteins.
In addition, magnetic nanoparticles have been largely
used for efficient magnetic resonance imaging. Xie et al.
[62] reported an approach to prepare dopamine-plus-HSA
(human serum albumin) to functionalize iron oxide nanoparticles, resulting in nanoconjugates with high efficiency in
labeling various types of cell lines, and the application in vivo
MRI on xenograft and focal cerebral ischemia models was
further demonstrated. Lin et al. [39] prepared Fe3 O4 @PDA
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NCs with the ability to act as theranostic agents for intracellular mRNA detection and multimodal imaging-guided
photothermal therapy. Generally speaking, the staining of the
target cells by nonfouling nanoparticles is the prerequisite for
this technique. The application usually requires designated
molecules to be anchored onto the surfaces of magnetic
nanoparticles. However, there are not very effective methods
to modify Fe3 O4 , to which solution dopamine provides
great opportunity by displaying very good affinity to Fe3 O4 .
For example, Xie et al. reported peptide coated iron oxide
nanoparticles via dopamine that act as a contrast agent used
in MRI in vivo tumor detection. Moreover, the cellular uptake
was dramatically increased due to multivalent binding of the
functionalized iron oxide nanoparticles [33].
Immobilization of lipase on appropriate solid supports
has been considered as an effective way to improve their
stability and activity and could be reused for large scale
applications. Ren et al. developed a lipase immobilization
method by use of PDA coated iron oxide nanoparticles.
73.9% of the available lipase was immobilized on PDA coated
iron oxide nanoparticles under optimal conditions, yielding
a lipase loading capacity as high as 429 mg/g with enhanced
pH and thermal stability compared to free lipase and the
ease of isolation from the reaction medium by magnetic
separation. This work made the immobilization of enzyme
onto magnetic iron oxide nanoparticles via polydopamine
film more economical, facile, and efficient [63].
Taking the advantages of PDA coatings into account,
the applications will expand in the near future. Although
biomedical application by such reports show promise, their
potential needs to be further determined [64].

7. Conclusions and Perspectives
Dopamine and its derivatives can efficiently and facilely modify iron oxide nanoparticles and yield functional surfaces.
The surface modification relies largely on the interactions
between nanoparticles substrate and PDA or their derivatives. Modified iron oxide surfaces exhibited the best stability
due to the stronger adhesion [65, 66]. Although the details of
the thermodynamics, kinetics, and mechanisms of dopamine
self-oxidation keep unclear to date, the strong binding of
dopamine represents a robust and feasible approach for the
surface modification of iron oxide nanoparticles [16]. A
large number of functionalities of such nanoparticles have
been developed via the optimization of polymerization, the
selection of dopamine ligands, or even more deeply insight
with the quick appearance of advanced instruments.
This strategy may be utilized in increasing areas, including but not limited to biomedical application because of
potential long term stability in wet conditions and resistance
to oxidation. Future research may be directed towards an even
more universal dopamine in physiological environments
or at other complex conditions. For better application in
biomedical areas, in vivo and in vitro safety assessment of
PDA coated iron oxide nanoparticles should be carried out
completely. Thus more questions about the modification,
the functionality, and the application of PDA coated iron
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oxide nanoparticles, according to those environments or
conditions, should be better answered with broad and deep
interdisciplinary content.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
The authors are grateful to the National Natural Science
Foundation of China (no. 51273033), Shandong Provincial
Development Project of Science and Technology (no.
2014GGX102037), Shandong Province Higher Educational
Science and Technology Program (no. J14LC56), and the
Natural Science Foundation of Shandong Province, China
(nos. ZR2010EL014, ZR2012HQ027, BS2011CL001, and
ZR2014HL039).

References
[1] Y. Yuan, D. Rende, C. L. Altan, S. Bucak, R. Ozisik, and D. A.
B. Tasciuc, “Effect of surface modification on magnetization of
iron oxide nanoparticle colloids,” Langmuir, vol. 28, no. 36, pp.
13051–13059, 2012.
[2] M. Talelli, C. J. F. Rijcken, T. Lammers et al., “Superparamagnetic iron oxide nanoparticles encapsulated in biodegradable thermosensitive polymeric micelles: toward a targeted
nanomedicine suitable for image-guided drug delivery,” Langmuir, vol. 25, no. 4, pp. 2060–2067, 2009.
[3] M. Mahmoudi, A. Simchi, M. Imani, and U. O. Hafeli, “Superparamagnetic iron oxide nanoparticles with rigid cross-linked
polyethylene glycol fumarate coating for application in imaging
and drug delivery,” The Journal of Physical Chemistry C, vol. 113,
no. 19, pp. 8124–8131, 2009.
[4] J. S. Beveridge, J. R. Stephens, and M. E. Williams, “The use of
magnetic nanoparticles in analytical chemistry,” Annual Review
of Analytical Chemistry, vol. 4, pp. 251–273, 2011.
[5] J. E. Smith, K. E. Sapsford, W. Tan, and F. S. Ligler, “Optimization of antibody-conjugated magnetic nanoparticles for target
preconcentration and immunoassays,” Analytical Biochemistry,
vol. 410, no. 1, pp. 124–132, 2011.
[6] H. E. Daldrup-Link, D. Golovko, B. Ruffell et al., “MRI of
tumor-associated macrophages with clinically applicable iron
oxide nanoparticles,” Clinical Cancer Research, vol. 17, no. 17, pp.
5695–5704, 2011.
[7] K. Andreas, R. Georgieva, M. Ladwig et al., “Highly efficient
magnetic stem cell labeling with citrate-coated superparamagnetic iron oxide nanoparticles for MRI tracking,” Biomaterials,
vol. 33, no. 18, pp. 4515–4525, 2012.
[8] F. M. Kievit and M. Zhang, “Surface engineering of iron oxide
nanoparticles for targeted cancer therapy,” Accounts of Chemical
Research, vol. 44, no. 10, pp. 853–862, 2011.
[9] X. Liu, J. Cao, H. Li et al., “Mussel-inspired polydopamine: a
biocompatible and ultrastable coating for nanoparticles in vivo,”
ACS Nano, vol. 7, no. 10, pp. 9384–9395, 2013.
[10] M. Zhang, X. Zhang, X. He, L. Chen, and Y. Zhang, “A
self-assembled polydopamine film on the surface of magnetic
nanoparticles for specific capture of protein,” Nanoscale, vol. 4,
no. 10, pp. 3141–3147, 2012.

Journal of Nanomaterials
[11] A. H. Latham and M. E. Williams, “Controlling transport and
chemical functionality of magnetic nanoparticles,” Accounts of
Chemical Research, vol. 41, no. 3, pp. 411–420, 2008.
[12] A. K. L. Yuen, G. A. Hutton, A. F. Masters, and T. Maschmeyer,
“The interplay of catechol ligands with nanoparticulate iron
oxides,” Dalton Transactions, vol. 41, no. 9, pp. 2545–2559, 2012.
[13] H. Lee, S. M. Dellatore, W. M. Miller, and P. B. Messersmith,
“Mussel-inspired surface chemistry for multifunctional coatings,” Science, vol. 318, no. 5849, pp. 426–430, 2007.
[14] H. Gu, K. Xu, Z. Yang, C. K. Chang, and B. Xu, “Synthesis and cellular uptake of porphyrin decorated iron oxide
nanoparticles—a potential candidate for bimodal anticancer
therapy,” Chemical Communications, no. 34, pp. 4270–4272,
2005.

11
[26] Y. B. Khollam, S. R. Dhage, H. S. Potdar et al., “Microwave
hydrothermal preparation of submicron-sized spherical magnetite (Fe3 O4 ) powders,” Materials Letters, vol. 56, no. 4, pp. 571–
577, 2002.
[27] S.-W. Cao and Y.-J. Zhu, “Iron oxide hollow spheres: microwavehydrothermal ionic liquid preparation, formation mechanism,
crystal phase and morphology control and properties,” Acta
Materialia, vol. 57, no. 7, pp. 2154–2165, 2009.
[28] H. C. Roth, S. P. Schwaminger, M. Schindler, F. E. Wagner, and S.
Berensmeier, “Influencing factors in the CO-precipitation process of superparamagnetic iron oxide nano particles: a model
based study,” Journal of Magnetism and Magnetic Materials, vol.
377, pp. 81–89, 2015.

[15] J. Xie, C. Xu, N. Kohler, Y. Hou, and S. Sun, “Controlled
PEGylation of monodisperse Fe3 O4 nanoparticles for reduced
non-specific uptake by macrophage cells,” Advanced Materials,
vol. 19, no. 20, pp. 3163–3166, 2007.

[29] T. Xia, J. Wang, C. Wu et al., “Novel complex-coprecipitation
route to form high quality triethanolamine-coated Fe3 O4
nanocrystals: their high saturation magnetizations and excellent water treatment properties,” CrystEngComm, vol. 14, no. 18,
pp. 5741–5744, 2012.

[16] Q. Ye, F. Zhou, and W. Liu, “Bioinspired catecholic chemistry
for surface modification,” Chemical Society Reviews, vol. 40, no.
7, pp. 4244–4258, 2011.

[30] S. Sun and H. Zeng, “Size-controlled synthesis of magnetite
nanoparticles,” Journal of the American Chemical Society, vol.
124, no. 28, pp. 8204–8205, 2002.

[17] S. Ge, X. Shi, K. Sun et al., “Facile hydrothermal synthesis of iron
oxide nanoparticles with tunable magnetic properties,” Journal
of Physical Chemistry C, vol. 113, no. 31, pp. 13593–13599, 2009.

[31] P. Kucheryavy, J. He, V. T. John et al., “Superparamagnetic iron
oxide nanoparticles with variable size and an iron oxidation
state as prospective imaging agents,” Langmuir, vol. 29, no. 2,
pp. 710–716, 2013.

[18] J. S. Basuki, A. Jacquemin, L. Esser, Y. Li, C. Boyer, and T. P.
Davis, “A block copolymer-stabilized co-precipitation approach
to magnetic iron oxide nanoparticles for potential use as MRI
contrast agents,” Polymer Chemistry, vol. 5, no. 7, pp. 2611–2620,
2014.
[19] W.-H. Zhou, C.-H. Lu, X.-C. Guo, F.-R. Chen, H.-H. Yang, and
X.-R. Wang, “Mussel-inspired molecularly imprinted polymer
coating superparamagnetic nanoparticles for protein recognition,” Journal of Materials Chemistry, vol. 20, no. 5, pp. 880–883,
2010.
[20] M. D. Shultz, J. U. Reveles, S. N. Khanna, and E. E. Carpenter,
“Reactive nature of dopamine as a surface functionalization
agent in iron oxide nanoparticles,” Journal of the American
Chemical Society, vol. 129, no. 9, pp. 2482–2487, 2007.
[21] Q. Yue, M. Wang, Z. Sun et al., “A versatile ethanol-mediated
polymerization of dopamine for efficient surface modification
and the construction of functional core-shell nanostructures,”
Journal of Materials Chemistry B, vol. 1, no. 44, pp. 6085–6093,
2013.
[22] E. Amstad, T. Gillich, I. Bilecka, M. Textor, and E. Reimhult,
“Ultrastable iron oxide nanoparticle colloidal suspensions using
dispersants with catechol-derived anchor groups,” Nano Letters,
vol. 9, no. 12, pp. 4042–4048, 2009.
[23] M. Mazur, A. Barras, V. Kuncser et al., “Iron oxide magnetic nanoparticles with versatile surface functions based on
dopamine anchors,” Nanoscale, vol. 5, no. 7, pp. 2692–2702, 2013.
[24] H. B. Na, G. Palui, J. T. Rosenberg, X. Ji, S. C. Grant, and
H. Mattoussi, “Multidentate catechol-based polyethylene glycol
oligomers provide enhanced stability and biocompatibility to
iron oxide nanoparticles,” ACS Nano, vol. 6, no. 1, pp. 389–399,
2012.
[25] R. Liu, Y. Guo, G. Odusote, F. Qu, and R. D. Priestley, “Coreshell Fe3 O4 polydopamine nanoparticles serve multipurpose
as drug carrier, catalyst support and carbon adsorbent,” ACS
Applied Materials and Interfaces, vol. 5, no. 18, pp. 9167–9171,
2013.

[32] J. Park, K. An, Y. Hwang et al., “Ultra-large-scale syntheses of
monodisperse nanocrystals,” Nature Materials, vol. 3, no. 12, pp.
891–895, 2004.
[33] J. Xie, K. Chen, H.-Y. Lee et al., “Ultrasmall c(RGDyK)-coated
Fe3 O4 nanoparticles and their specific targeting to integrin
𝛼𝑣 𝛽3 -rich tumor cells,” Journal of the American Chemical Society, vol. 130, no. 24, pp. 7542–7543, 2008.
[34] H. Lee, B. P. Lee, and P. B. Messersmith, “A reversible wet/dry
adhesive inspired by mussels and geckos,” Nature, vol. 448, no.
7151, pp. 338–341, 2007.
[35] B. P. Lee, C. Y. Chao, F. Nelson Nunalee, E. Motan, K. R. Shull,
and P. B. Messersmith, “Rapid gel formation and adhesion in
photocurable and biodegradable block copolymers with high
DOPA content,” Macromolecules, vol. 39, no. 5, pp. 1740–1748,
2006.
[36] J. Yan, L. Yang, M. F. Lin, J. Ma, X. Lu, and P. S. Lee, “Polydopamine spheres as active templates for convenient synthesis
of various nanostructures,” Small, vol. 9, no. 4, pp. 596–603,
2013.
[37] S. H. Ku, J. S. Lee, and C. B. Park, “Spatial control of cell adhesion
and patterning through mussel-inspired surface modification
by polydopamine,” Langmuir, vol. 26, no. 19, pp. 15104–15108,
2010.
[38] H. Hu, B. Yu, Q. Ye, Y. Gu, and F. Zhou, “Modification of
carbon nanotubes with a nanothin polydopamine layer and
polydimethylamino-ethyl methacrylate brushes,” Carbon, vol.
48, no. 8, pp. 2347–2353, 2010.
[39] L.-S. Lin, Z.-X. Cong, J.-B. Cao et al., “Multifunctional
Fe3 O4 @polydopamine core-shell nanocomposites for intracellular mRNA detection and imaging-guided photothermal
therapy,” ACS Nano, vol. 8, no. 4, pp. 3876–3883, 2014.
[40] B. Yu, J. Liu, S. Liu, and F. Zhou, “Pdop layer exhibiting
zwitterionicity: a simple electrochemical interface for governing
ion permeability,” Chemical Communications, vol. 46, no. 32, pp.
5900–5902, 2010.

12
[41] K.-Y. Ju, Y. Lee, S. Lee, S. B. Park, and J.-K. Lee, “Bioinspired
polymerization of dopamine to generate melanin-like nanoparticles having an excellent free-radical-scavenging property,”
Biomacromolecules, vol. 12, no. 3, pp. 625–632, 2011.
[42] K. C. L. Black, J. Yi, J. G. Rivera, D. C. Zelasko-Leon, and
P. B. Messersmith, “Polydopamine-enabled surface functionalization of gold nanorods for cancer cell-targeted imaging and
photothermal therapy,” Nanomedicine, vol. 8, no. 1, pp. 17–28,
2013.
[43] C. J. Bettinger, J. P. Bruggeman, A. Misra, J. T. Borenstein, and
R. Langer, “Biocompatibility of biodegradable semiconducting
melanin films for nerve tissue engineering,” Biomaterials, vol.
30, no. 17, pp. 3050–3057, 2009.
[44] P. Yan, J. Wang, L. Wang, B. Liu, Z. Lei, and S. Yang, “The in
vitro biomineralization and cytocompatibility of polydopamine
coated carbon nanotubes,” Applied Surface Science, vol. 257, no.
11, pp. 4849–4855, 2011.
[45] J. Si and H. Yang, “Preparation and characterization of
bio-compatible Fe3 O4 @Polydopamine spheres with core/shell
nanostructure,” Materials Chemistry and Physics, vol. 128, no. 3,
pp. 519–524, 2011.
[46] M. S. Ata, Y. Liu, and I. Zhitomirsky, “A review of new
methods of surface chemical modification, dispersion and electrophoretic deposition of metal oxide particles,” RSC Advances,
vol. 4, no. 43, pp. 22716–22732, 2014.
[47] N. Kemikli, H. Kavas, S. Kazan, A. Baykal, and R. Ozturk,
“Synthesis of protoporphyrin coated superparamagnetic iron
oxide nanoparticles via dopamine anchor,” Journal of Alloys and
Compounds, vol. 502, no. 2, pp. 439–444, 2010.
[48] H. Basti, L. B. Tahar, L. S. Smiri et al., “Catechol derivativescoated Fe3 O4 and 𝛾-Fe2 O3 nanoparticles as potential MRI
contrast agents,” Journal of Colloid and Interface Science, vol. 341,
no. 2, pp. 248–254, 2010.
[49] J. Xie, C. Xu, Z. Xu et al., “Linking hydrophilic macromolecules
to monodisperse magnetite (Fe3 O4 ) nanoparticles via trichloros-triazine,” Chemistry of Materials, vol. 18, no. 23, pp. 5401–5403,
2006.
[50] C. Xu, K. Xu, H. Gu et al., “Dopamine as a robust anchor
to immobilize functional molecules on the iron oxide shell
of magnetic nanoparticles,” Journal of the American Chemical
Society, vol. 126, no. 32, pp. 9938–9939, 2004.
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