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Magnetic nanoparticles are widely used for imaging applications, diagnostic measurements,
and cell separation.[1-7] Each of these applications requires unique material design,
especially in the particle surface, to ensure stability in physiological conditions,
biocompatibility, ideal pharmacokinetics, and cellular distribution. In general, in vitro
applications have less stringent surface requirements, and it is possible to have more
permissive coatings. Conversely, only dextran-coated materials are used for in vivo systemic
human applications.[5,7]

Monocrystalline magnetic nanoparticles are synthesized either via a sol-gel process in which
iron salts are precipitated out of aqueous media in the presence of polymers such as
dextrans,[2] or via thermal decomposition of metal-complexes, that produces ferrofluids
suspended in nonpolar solvents.[8-12] The latter procedure typically results in high purity
magnetic cores, better controlled particle sizes, and higher magnetic moments.[13]
Unfortunately, transferring such nanocrystals (NCs) into aqueous solutions so as to meet the
requirements for biological applications (e.g. stability under high salt concentrations, long
circulation times, stability of coating), has been a considerable challenge. Many previous
attempts to produce water-soluble magnetic NCs through surface ligand exchange, using
small molecules such as dimercaptosuccinic acid, have only yielded stable conjugates for
short periods.[7,14,15]

Herein, we report on a synthetic protocol for transferring highly magnetic NCs into an
aqueous phase, thus producing highly stable NCs under varying pH and ionic strength, as
well as under temperature stress (an assay commonly used to test polymer affinity to metal
oxide cores). We hypothesized that carboxymethyl polyvinyl alcohol (CMPVA) polymers
would provide multi-dentate groups that facilitate strong chelation of the polymer with the
iron oxide surface. After exchanging the hydrophobic ligands on the NCs with a
polycarboxylate coating (Scheme 1), the conjugates (CMPVA-NCs) were then amenable to
further bioconjugation, and also showed excellent stability at high temperatures and under a
wide range of physiological conditions for up to several months. We also tested the use of
the CMPVA-NCs in cellular assays. When rendered target-specific, the CMPVA-NCs
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efficiently labeled cell surface markers. More importantly, the particles exhibited extremely
low nonspecific binding, which could minimize false-positives in cellular assays.[16-18]

We first prepared manganese-doped ferrite (MnFe2O4) NCs using the non-hydrolytic route
at high temperature, to produce monodispersed particles with strong magnetization.[8,13,17]
The metal dopant (Mn2+) was incorporated into the ferrite framework to increase the overall
magnetization of the resulting materials.[19] Thermal decomposition of the iron and
manganese complexes in the presence of hydrophobic surfactants and diol reducing agents
resulted in the formation of spherical particles. Since magnetization increases proportionally
with the size of the NCs,[11,17] core materials with larger particle diameters are desirable,
for example, to enhance the detection sensitivity in nuclear magnetic resonance (NMR)-
based or magnetometer-based assays.[18,20] By modifying the seed-mediated growth
procedure reported by Sun et al. to incrementally grow the magnetic core size from 8 nm to
16 nm (Fig. S1, Supporting Information), we produced highly monodispersed NCs soluble
in organic solvents.[8] Transmission electron microscopy (TEM) analysis consequently
demonstrated the crystalline structure and narrow size distribution of the 16 nm MnFe2O4
NCs. These particles, which were surrounded by an organic surfactant layer, were soluble in
nonpolar solvents and readily close-packed into a hexagonal lattice upon drying. In the
Fourier transform infrared (FTIR) spectra, oleic acid ligands were found to produce a
carboxylate peak at around 1600 cm−1 and the oleylamine ligands produced an amine peak
at approximately 1550 cm−1 (Fig. S2).[21] Measurements done using vibrating sample
magnetometer showed that the NCs were superparamagnetic at 300 K (Fig. S2). Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) measurements then indicated that
the MnFe2O4 core materials were composed of approximately 80% iron and 20%
manganese metals.

A number of synthetic and natural polymers have been used to coat the surface of non-
hydrolytically synthesized nanoparticles.[22-26] Here, we decided to focus on polyols, in
particular polyvinyl alcohol (PVA), since it is synthetic, inexpensive, hydrophilic,
biodegradable, and has long been used in hydrogels for tissue engineering and for topical
pharmaceutical formulations.[27-29] Initially, our attempts using unmodified PVA as a
coating were unsuccessful with the NCs precipitating during ultrafiltration. We thus
hypothesized that carboxylate groups would be necessary on the polymer to provide stronger
association with the metal oxide surface.[7,30] Carboxymethylation is a common procedure
in polysaccharide chemistry for derivatizing alcohol groups with carboxymethyl. Using this
method, we modified the repeating hydroxyl units of PVA into carboxylate groups so as to
facilitate their association with iron oxide through multiple anchoring groups. We were also
able to produce hydrophilic conjugatable handles using a similar carboxymethylation
procedure (Scheme 1).[31] PVA was first reacted with bromoacetic acid under basic
condition to slowly convert the hydroxyl groups into carboxylate groups. FTIR analysis
showed the appearance of an absorption band at around 1600 cm−1 that was associated with
the carbonyl stretching from the carboxymethyl groups (Fig. S2).[32,33] By simply
modifying the molar ratio of bromoacetic acid to polyvinyl alcohol, the degree of
carboxylation on the polymer could be adjusted. We then quantified the amount of
carboxylate groups present on the polymer by titrating to neutrality using sodium hydroxide.
We produced three samples for the surface coating optimization: 150, 380, and 510 μmol
carboxymethyl groups per gram of CMPVA.

In order to transfer water-insoluble MnFe2O4 NCs into the aqueous phase, chloroform
solution containing the colloidal metal oxide was mixed with a dilute aqueous solution of
tetramethylammonium hydroxide (TMAOH). The quaternary ammonium solution was used
as a phase transfer catalyst, which slowly displaced the oleylamine and oleic acid
surfactants, and surrounded the particle surface.[34,35] Once the colloids were transferred
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into water, the electrostatic double layer of ions stabilized the NCs and prevented
agglomeration. A hydrodynamic diameter of 24 nm, measured by dynamic light scattering,
demonstrated that the amphiphilic surfactant could temporarily stabilize the colloids in
water. When CMPVA polymers were added to the aqueous solution of TMAOH-coated
NCs, the resulting water-soluble colloids (CMPVA-NCs) became highly stable in salt
solution. The TEM image in Scheme 1 shows that CMPVA-NCs remained well-dispersed in
aqueous solution without noticeable aggregation (510 μmol carboxymethyl per gram of
polymer). Loss of steric interaction caused by the removal of hydrophobic surfactant was
also observed for the polymer-coated particles. The FTIR spectrum of CMPVA-NCs
showed similar peaks to those of CMPVA. The oleylamine-induced amine band, however,
was absent at 1550 cm−1, indicating ligand exchange with CMPVA (Fig. S2). Thus, whereas
the TMAOH-coated NCs immediately precipitated upon the addition of PBS (10 mM, 0.15
M NaCl) due to disruption of the ionic double layer, the CMPVA-NCs remained stable in
buffer solution, even at high electrolyte concentrations (Fig. 1).

To quantify the amounts of polymer bound to the particles, thermogravimetric analysis was
performed. The weight loss curve shows that the oleate/oleylamine-coated core materials
contained approximately 15% hydrophobic surfactant layer, whereas CMPVA-NCs
contained approximately 65% CMPVA in weight percent (Fig. S2). Similar to cross-linked
dextran-coated nanoparticles, the thick CMPVA coating is necessary to provide high
stability to the colloids, to lower nonspecific binding, and presumably to extend the blood
circulation half-life. This robust coating also enabled surface modification and attachment of
biomolecules without affecting the stability of the colloids or degrading the magnetic core.

We next characterized the transverse relaxivity (r2) of CMPVA-NCs. The r2 is defined as
the capacity of magnetic NCs to shorten the transverse relaxation time (T2) of water
molecules in NMR. NCs with higher r2 can produce larger T2-changes, and thereby improve
the detection sensitivities in NMR-based measurements. The r2 value of CMPVA-NCs was
380 mM−1 s−1 (37°C; 0.47T), considerably higher than that for dextran-coated, iron oxide
nanoparticles (70 mM−1 s−1; Fig. S3), which can be attributed to the higher magnetization of
MnFe2O4 NCs.[13,17]

Carboxylate content, size and polymer amount all influenced the size and stability of the
CMPVA-coated NCs. Since each strand of the CMPVA polymer consisted of multiple
carboxylate anchoring groups, it was necessary to optimize the protocol to avoid inter-
particle clustering. Fig. 1 summarizes the results and demonstrates the colloidal stability of
the NCs with varying concentration of polymer coating. We determined that a 40-fold
excess weight ratio of CMPVA polymer to metal was optimal to produce stable conjugates
with the smallest hydrodynamic diameter. An excess of polymer typically led to larger
particle sizes, whereas insufficient amounts of polymer failed to fully stabilize the colloids
in solution. The carboxylate content of the polymer was also crucial for controlling the
stability and hydrodynamic diameter of the resulting colloids. The MnFe2O4 NCs, coated
with unmodified PVA, were found to precipitate after purification with membrane
ultrafiltration due to the weak binding of the hydroxyl groups to the metal oxide surface.
CMPVA polymers with a minimum carboxylate content of 380 μmol per gram of polymer,
were necessary to fully stabilize the NCs in buffer solution. Increasing the carboxylate
content of the polymer coating led to a reduction in hydrodynamic diameter and narrower
colloid size distribution. For example, CMPVA-NCs with lower amount of carboxylates
(150 μmol per gram of polymer) had larger diameters (107 nm) and broader size distribution
(standard deviation σ = 62 nm), and were only stable in buffer solution for less than 24 h.
When the carboxylate content was increased to 510 μmol per gram of polymer, the diameter
of the resulting colloid decreased to 63 nm with a tighter size distribution (σ = 22 nm).
Surface modification using CMPVA, synthesized from larger polyvinyl alcohol (MW
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25000), yielded large-sized colloids (~150 nm) that were difficult to purify using centrifugal
filtration. However, their stability was similar to that of lower molecular weight CMPVA
polymers. Similar large-sized colloids (>130 nm) could also be synthesized when the ratio
of CMPVA to metal was increased by two-fold.

Whilst it was originally assumed that similar approaches for coating hydrophobic,
superparamagnetic NCs could be extended to other types of carboxylated polymers, attempts
to coat these materials have been surprisingly unsuccessful. Slow aggregation of particles
was observed after addition of poly(acrylic acid), carboxymethyl dextran, or
poly(methacrylic acid) solutions, at various concentrations, to the aqueous TMAOH-coated
NC solution. In addition, further purification of the modified NCs to remove excess polymer
only resulted in water-dispersible aggregates that were unsuitable for labeling cells. In
contrast, CMPVA-NCs could be repeatedly concentrated by ultrafiltration, and redissolved
in buffer solution without risk of particle precipitation caused by the removal of the
stabilizing polymer coating.

A heat stress test was used to further assess the strength of polymer-coating on magnetic
nanomaterials.[36] Following the incubation of CMPVA-NCs at elevated temperature (90°C
for 30 min), the amount of dissociated polymer was quantitated. We observed <2%
dissociation of the polymer from CMPVA-NCs. Even with a 5-month-old sample, there was
negligible dissociation (Fig. S3). In contrast, non-crosslinked dextran-coated nanoparticles
showed much higher dissociation (~30%) under identical conditions. The strong binding of
CMPVA polymers to the ferrite surface will be highly beneficial for surface modifications
and experiments that require substantial heating and/or harsh chemical conditions, e.g. using
redox reagents or cell permeabilizers.[37]

In order to test the biocompatibility of CMPVA-NCs, cytotoxicity measurements were done
using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow
tetrazole) assay on HeLa cells and on NIH/3T3 fibroblasts (Fig. S4). Magnetic resonance
imaging on animals (mice) typically requires 0.2 mg/mL of metal concentration in the blood.
For in vitro experiments, however, less than 0.1 mg/mL of metal concentration is sufficient
for efficient labeling. Even at the highest tested concentration of 0.4 mg/mL of metal (Fe +
Mn), CMPVA-NCs did not induce noticeable cytotoxicity. Taking into account the thick
stable coating of the NCs and their low cytotoxicity, these colloids thus are well suited to
labeling surface receptors on live cells.

The CMPVA-NCs were further modified with fluorophores (VT680) and neutravidin
molecules to label mammalian cells that were pretargeted with biotinylated antibodies.
Sulfhydryl-modified neutravidin was conjugated to the amine-modified NCs using the
water-soluble, heterobifunctional crosslinker sulfo-SMCC, to yield stable particle-protein
complexes. Each bioconjugate (~8 × 10−18 g metal) contained approximately 39
fluorophores and 41 neutravidin molecules. Neutravidin proteins are nearly neutral in charge
and have low nonspecific interactions, and they did not compromise the stability or
properties of the CMPVA-NCs.

To demonstrate the cell labeling efficiency of CMPVA-NCs, we chose an extracellular
cancer marker, HER2/neu, as a model target. Two cancer cell lines, SK-BR-3 and MDA-
MB-231 that have high and low HER2/neu expression respectively, were used for
comparison. After labeling the extracellular receptors with biotinylated anti-HER2/neu
monoclonal antibodies (Herceptin) and removing the free antibodies, the cells were
incubated with neutravidin-modified CMPVA-NCs at room temperature. To minimize the
endocytic particle uptake, the incubation time was kept short (20 min).[17,38] As a control,
cells were also incubated with only neutravidin-modified CMPVA-NCs. Fig. 2a shows
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confocal microscopy images of the labeled cells. Clear NIR fluorescence (red) originating
from the NCs could be visualized on the surface of pretargeted SK-BR-3 cells. Experiments
with MDA-MB-231 showed negligible fluorescence due to their low expression level of
HER2/neu receptors. Note that no fluorescence (except for weak punctate spots) was
observed on the control samples, which indicated extremely low nonspecific binding of
CMPVA-NCs. This obvious difference between the control and positively labeled samples
is invaluable, particularly for diagnostic magnetic resonance (DMR) assays, where changes
in T2 measurements rely on the difference between positive samples and controls.[16]

Flow cytometry was performed to further quantify the cell targeting efficiency (Fig. 2b). The
relative signal intensity on the SK-BR-3 cells, labeled with biotinylated anti-HER2/neu
antibodies and incubated with neutravidin-modified NCs, was substantially higher (15-fold)
than that of MDA-MB-231 cells. Cells labeled with only the neutravidin-modified NCs had
a mean fluorescence intensity that was only slightly higher than that of the unlabeled cells.
We also verified that SK-BR-3 cells incubated with either amine-modified NCs or with
neutravidin-conjugated NCs had similar signal intensities. This result was important as it
showed that protein conjugation with the NCs did not have a deleterious effect on
nonspecific binding to cells.

In this report, we describe how magnetic NCs prepared in nonpolar solvents (ferrofluids)
can be efficiently transferred and stabilized via carboxymethylated, but not unmodified,
PVA. CMPVA-coated NCs were highly soluble in water, showed little decomposition under
heat stress, were stable for prolonged periods without precipitation, and had substantially
higher r2 relaxivity compared to clinically approved products. Furthermore, the NCs were
not toxic to cells, showed little nonspecific uptake, and could easily be targeted to cell
surface receptors. We believe that the developed method could be used in conjunction with
other types of materials,[39] and would be beneficial to a wide variety of biological
targeting applications including imaging, diagnostics, and cell separation.
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Scheme 1.
A schematic representation illustrating (a) the synthesis of carboxymethyl polyvinyl alcohol
(CMPVA), and (b) the ligand exchange process using tetramethylammonium hydroxide
(TMAOH), which yields water-soluble CMPVA-NCs. The transmission electron
microscopy (TEM) images show the 16 nm particles that were coated with oleate/
oleylamine surfactants (bottom left) and with CMPVA (bottom right, 510 μmol carboxylate
per gram of polymer).
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Figure 1.
Colloidal stability and dynamic light scattering measurements of surface-modified particles
in aqueous solution (0.5 mg metal/mL). (a) TMAOH-coated NCs were highly stable in
water, but immediately precipitated in PBS (b). (c) The absence of carboxyl groups on pure
polyvinyl alcohol failed to stabilize the NCs in buffer solution. NCs were rendered water-
soluble and stable in PBS after coating them with CMPVA containing (d) 150 μmol
carboxylate per gram of polymer, (e) 380 μmol carboxylate per gram of polymer, and (f)
510 μmol carboxylate per gram of polymer.
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Figure 2.
Labeling of HER2/neu surface receptors with fluorescent CMPVA-NCs. (a) Confocal
microscopy was used to image SK-BR-3 and MDA-MB-231 breast cancer cells that were
stained with TO-PRO 1 iodide (green fluorescence). The neutravidin-conjugated NCs had
low nonspecific binding and did not bind to cells that were not tagged with biotinylated anti-
HER2/neu antibodies (A, B). When cells were pretargeted with anti-HER2/neu antibodies,
the neutravidin-conjugated NCs, labeled with the near-infrared dye VT680 (red
fluorescence), bound to SK-BR-3 cells (C), whereas the labeling was negligible on MDA-
MB-231 cells (D). (b) Quantitative analysis of receptor labeling using flow cytometry. The
mean fluorescence intensity of SK-BR-3 cells, tagged with biotinylated Herceptin and
labeled with the NCs, was much higher than that of MDA-MB-231 cells. The control
samples that had been incubated only with neutravidin-NCs had a slightly higher signal
compared to the unlabeled cells.
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