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FePt magnetic nanoparticles (MNPs) were functionalized with a mixed monolayer of poly(ethylene
glycol)-terminated thiol and dopamine ligands. The resulting nanoparticles were soluble and stable in
aqueous media, including water, ionic solutions, and cell culture medium. The surface thiol ligands are
readily exchanged with other thiols bearing chain-end functionalities. MNPs featuring either a cationic
or an anionic surface were synthesized by ligand exchange chemistry to afford ligand peripheries capable
of binding biomolecules. Surface binding of cationic MNPs to DNA and anionic MNPs to chymotrypsin
was enabled by incorporation of a charged functionality on the nanoparticle surface. This approach
represents a general strategy to synthesize functionalized FePt nanoparticles that form stable solutions in
water and facilitates the use of these magnetic FePt nanoparticles in biological applications.

Introduction

The biological application of nanoparticles is of growing
importance in biotechnology.1 Magnetic nanoparticles (MNPs)
have applications2 in magnetic separation,3 sensing,4 hyper-
thermia,5 and magnetic resonance imaging (MRI) as contrast
agents.6 Although scalable preparative routes to high-quality
magnetic nanoparticles are well-established,7 surface modi-
fication chemistries are far less developed, which limits their
utility in biological applications.

The useful magnetic properties of FePt nanoparticles have
inspired synthetic advances that afford monodisperse particles
of interest for ultra-high-density data storage applications.
Proper functionalization of FePt nanoparticles would be of
great benefit to bionanotechnology. Recently, Xu et. al.

reported the use of nitrilotriacetic acid-functionalized FePt
nanoparticles as a general agent to separate polyhistidine-
labeled proteins.3a Farle and co-workers reported the use of
tetramethylammonium hydroxide to stabilize FePt nanopar-
ticles in aqueous solutions through the formation of an ionic
double layer around the nanoparticles.8 However, the aqueous
stability of these nanoparticles, including that in biological
media, has not been established. Furthermore, a general route
to decorate FePt nanoparticles with diverse functionalities
has yet to be developed.

Here we report mixed-monolayer-functionalized FePt
nanoparticles with enhanced stability and improved versatility
(Figure 1). As poly(ethylene glycol) (PEG) and PEGylated
materials are well-known for their biocompatibility,9 PEGy-
lation of colloidal nanoparticle surfaces (i.e., Au,10 CdSe,11

CdSe/ZnS,12 and iron oxide13) has been shown to reduce
cytotoxicity and nonspecific protein binding. We report here
the first example of surface PEGylation of FePt nanoparticles.
By using a mixture of PEGylated thiol and dopamine ligands,
FePt nanoparticles were functionalized and found to be
soluble and stable in a variety of aqueous media.

We found that the thiol ligands on FePt nanoparticles are
exchangeable, comparable to the “place exchange reaction”
on colloidal gold nanoparticle surfaces.14 Since the develop-

* To whom correspondence should be addressed. E-mail:
rotello@chem.umass.edu.

† Department of Chemistry.
‡ Program in Molecular and Cellular Biology.
§ Department of Polymer Science and Engineering.

(1) Katz, E.; Willner, I.Angew. Chem., Int. Ed.2004, 43, 6042-6108.
(2) For recent reviews, see Mornet, S.; Vasseur, S.; Grasset, F.; Duguet,

E. J. Mater. Chem.2004,14, 2161-2175. Pankhurst, Q.; Connolly,
J.; Jones, S.; Dobson, J.J. Phys. D: Appl. Phys. 2003, 36, R167-
R181.

(3) (a) Xu, C.; Xu, K.; Gu, H.; Zhong, X.; Guo, Z.; Zheng, R.; Zhang,
X.; Xu, B. J. Am. Chem. Soc. 2004, 126, 3392-3393. (b) Bucak, S.;
Jones, D.; Laibinis, P.; Hatton, T.Biotechnol. Prog. 2003, 19, 477-
484.

(4) Perez, J.; Josephson, L.; Weissleder, R.ChemBioChem2004, 5, 261-
264. Zhao, M.; Josephson, L.; Tang, Y.; Weissleder, R.Angew. Chem.,
Int. Ed.2003, 42, 1375-1378. Perez, J.; O’Loughin, T.; Simeone, F.;
Weissleder, R.; Josephson, L.J. Am. Chem. Soc. 2002,124, 2856-
2857.

(5) Rosensweig, R.J. Magn. Magn. Mater.2002, 252, 370-374. Hilger,
I.; Kiessling, A.; Romanus, E.; Hiergeist, R.; Rudolf, H.; Andra, W.;
Roskos, M.; Linss, W.; Weber, P.; Weitschies, W.; Kaiser, W.
Nanotechnology2004, 15, 1027-1032.

(6) Nitin, N.; LaConte, L.; Zurkiya, O.; Hu, X.; Bao, G.J. Biol. Inorg.
Chem. 2004, 9, 706-712. Hogemann, D.; Ntziachristos, V.; Josephson,
L.; Weissleder, R.Bioconjugate Chem.2002, 13, 116-121.

(7) Hyeon, T.Chem. Commun.2003, 927-934. Tartaj, P.; Morales, M.;
Veintemillas-Verdaguer, S.; Gonzalez-Carreno, T.; Serna, C.J Phys.
D: Appl. Phys.2003, 36, R182-R197.

(8) Salgueirino-Maceira, V.; Liz-Marzan, L.; Farle, M.Langmuir2004,
20, 6946-6950.

(9) Harris M. J., Zalipsky, S., Eds.Poly(ethylene glycol): Chemistry and
Biological Applications; American Chemical Society: Washington,
DC, 1997.

(10) Foos, E.; Snow, A.; Twigg, M.; Ancona, M.Chem. Mater.2002, 14,
2401-2408.

(11) Hong, R.; Fischer, N. O.; Verma, A.; Goodman, C.; Emrick, T.;
Rotello, V. M. J. Am. Chem. Soc.2004, 126, 739-743.

(12) Uyeda, H.; Medintz, I.; Jaiswal, J.; Simon, S.; Mattoussi, H.J. Am.
Chem. Soc.2005, 127, 3870-3878.

(13) Kohler, N.; Fryxell, G.; Zhang, M.J. Am. Chem. Soc.2004, 126,
7206-7211.

(14) Templeton, A.; Wuelfing, M.; Murray, R.Acc. Chem. Res.2000, 33,
27-36.

4617Chem. Mater.2005,17, 4617-4621

10.1021/cm0507819 CCC: $30.25 © 2005 American Chemical Society
Published on Web 08/05/2005



ment of the place exchange reaction on colloidal gold
nanoparticles, a large number of different functional ligands,
from simple functional chemical moieties to complicated
biomacromolecules, have been incorporated into surface
monolayers of gold nanoparticles. This has facilitated numer-
ous applications of these hybrid inorganic-organic materials
in biotechnology.15 Given the chemical similarity between
Au and Pt, we anticipated similar ligand binding behavior
of thiol to Au/Pt. To our knowledge, this is the first report
of a place exchange reaction on FePt nanoparticles and
represents a general strategy to synthesize FePt nanoparticles
with a biocompatible and tunable ligand periphery.

Results and Discussion

Surface PEGylation.FePt nanoparticles were synthesized
according to Sun and co-workers.16 Attempts to functionalize
these FePt nanoparticles with thiol-terminated PEG2 did
not result in water-soluble nanoparticles.17 However, the use
of ammonium-terminated (3) and carboxylate-terminated (4)
PEG-thiols did provide water-soluble FePt nanoparticles.
This observation can be attributed to a low coverage of the
FePt nanoparticle surface by the neutral PEG-thiol ligand2.
Although the degree of FePt surface functionalization of3
and4 should be similar to that of2, the presence of charge
at the ligand chain end confers water solubility on the
nanoparticles through interparticle repulsion.18 The stability

of these water-soluble nanoparticles in buffers such as
phosphate-buffered saline (PBS), however, was not satisfac-
tory for biological applications. Aggregation and precipitation
were observed in less than 1 h when3-modified nanoparticles
were kept in PBS.

On the basis of the above observations, co-incorporation
of an iron-binding ligand into the PEG-containing mono-
layers was expected to improve the water solubility and
stability of the FePt nanoparticles. Due to their Fe-chelating
capability,19 1,3-diols and 1,2-enediols have been used as
Fe-binding ligands forγ-Fe2O3 nanoparticles.20 Since the
surface Fe atoms of FePt nanoparticles have been shown to
be oxidized,8,21we envisioned dopamine, a 1,2-enediol, could
bind strongly to the FePt nanoparticle surface. Thus, a thiol-
dopamine mixed-monolayer system was used to functionalize
FePt nanoparticles, where thiols cap surface Pt atoms and
dopamine ligands cap the Fe sites.

The PEGylation of hydrophobic FePt nanoparticleMNP1
was accomplished by incubatingMNP1 with a mixture of
ligands1 and2 (see the Experimental Section for details).
The resulting FePt nanoparticles,MNP2, were found to be
stable in aqueous solutions. Moreover,MNP2 was found to
be amphiphilic. MNP2 was soluble in both methylene
chloride and water (Figure 2), owing to the properties of
PEG. The improved water solubility ofMNP2 relative to
that found with only thiol2 coverage demonstrates the role
of dopamine as a key coligand. We further tested the stability
of these nanoparticles in biologically relevant media, such
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Figure 1. Thiol and dopamine ligands1-4 used for FePt nanoparticle functionalization and the resulting nanoparticlesMNP1-3. The average molecular
weight of mPEG used in this work was 550 (i.e.,n ≈ 11).
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as PBS and cell culture medium (minimum Eagle’s essential
medium supplemented with 10% horse serum). As shown
in Figure 2, there was no detectable precipitation of nano-
particles after incubation in the respective medium for 24 h.

Place Exchange Reactions.The methoxypoly(ethylene
glycol) (mPEG)-covered nanoparticleMNP2 was used as
the starting material for place exchange reaction with
ammonium- and carboxylic acid-terminated PEG-thiols3 and
4. The resulting nanoparticlesMNP3 andMNP4 were found
less soluble in DCM thanMNP2 as expected.MNP3 was
readily solubilized in water, andMNP4 was solubilized in
aqueous solution upon addition of base, such as NaOH,
suggesting the incorporation of carboxylate ligands on the
FePt nanoparticle surface.22

The success of this ligand functionalization chemistry was
confirmed by X-ray photoelectron spectroscopy (XPS),
performed to characterize the surface composition of nano-
particlesMNP2-4. In the C(1s) region of the spectrum
(Figure 3) the peak at 286 eV is characteristic of carbon
adjacent to oxygen, while the signal at 284 eV indicates
carbon-carbon bonding. For all the nanoparticle samples, a
peak at 286 eV was observed, providing further evidence of

the deposition of PEG ligands on nanoparticles. Prior to the
exchange reaction, theMNP2 spectra revealed a peak around
286 eV with a small shoulder around 284 eV. This was in
agreement with the chemical structure of the ligands in the
surface monolayer, as PEG moieties dominated the mono-
layer composition. Upon exchange with ligand2 or 3, the
PEG content decreased from about 11 repeat units per thiol
ligand to 4, while the alkyl content increased from 3
methylene groups to 11. This was directly reflected in the
spectrum as the relative intensity of the C-O peak (286 eV)
decreased while that of the C-C peak (284 eV) increased.
In addition, a peak at 402 eV was recorded in the spectrum
of MNP3, characteristic of the N(1s) binding energy in a
quaternary ammonium group. This peak was not present prior
to the thiol exchange reaction. It is important to note that
the ligand exchange reactions did not change the size of the
nanoparticles nor lead to nanoparticle aggregation, as judged
by the transmission electron microscopy (TEM) images
(Figure 2; see the Supporting Information for histograms).

Gel electrophoresis was performed on samples ofMNP2,
MNP3, andMNP4 to evaluate the impact of their surface
monolayer on their mobility in the electric field (Figure 4).
Both MNP2 andMNP4 were observed to migrate toward
the positive electrode of the gel. The mobility ofMNP2 may
be attributed to the MNP itself, rather than the neutral
ligand.23 MNP4 showed higher mobility thanMNP2,
indicating an increased negative charge character of these
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Figure 2. (Top) TEM images of FePt nanoparticlesMNP1-MNP4.
(Bottom) Photograph of stable dispersions ofMNP2 in the following
solvents after 24 h incubation: (1) methylene chloride; (2) water; (3) PBS;
(4) cell culture medium.

Figure 3. XPS spectrum of the C(1s) region of the magnetic nanoparticles
MNP2-4.

Figure 4. Gel electrophoresis of magnetic nanoparticlesMNP2-4.
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nanoparticles, due to the incorporation of carboxylate into
the surface monolayer. The tight bands observed in the gel
suggest excellent colloidal stability and narrow size dispersity
of the nanoparticles following surface functionalization. The
cationic MNP3 nanoparticles were found to collect in the
loading well on the wall toward the negative electrode in
the gel, which was in sharp contrast toMNP2. The surface
charge nature ofMNP2-4 was further characterized byú
potential measurements, and values of-8.2, 10.6, and-23.5
mV were recorded forMNP2, MNP3, andMNP4, respec-
tively, correlating closely with the electrophoresis data.

FePt MNP-Biomolecule Interactions. Surface-function-
alized nanoparticles have recently been recognized as potent
scaffolds for binding with biomolecules. We have previously
demonstrated that electrostatically driven interactions be-
tween nanoparticles (Au and CdSe cores) and biomolecules
(protein and DNA) can be modulated by tailoring the
nanoparticle surface monolayer.11,24,26To probe the interac-
tion between the cationicMNP3 and the negatively charged
DNA,24 ethidium bromide titration experiments were con-
ducted. Ethidium bromide, a DNA intercalation agent,
exhibits intense fluorescence only when intercalated between
DNA base pairs.25 Nanoparticle binding of the DNA
quenches ethidium bromide emission, likely due to the
exclusion of ethidium bromide from the DNA base pairs.
As shown in Figure 5, decreased ethidium bromide emission
was observed upon addition ofMNP3 to a solution of DNA
and ethidium bromide. In a control experiment, when anionic
MNP4 was titrated into DNA solution under the same
conditions, fluorescence quenching was not observed. These
results confirmed the importance of the nanoparticle mono-
layer and its ability to regulate interactions with DNA. To
probe the interactions of the functionalized FePt nanoparticles
with proteins, activity assays of chymotrypsin (ChT) with
MNP2-4 were performed. On the basis of our previously
studies,11,26 we expected the negatively chargedMNP4 to
inhibit the enzymatic activity of ChT, while positively
chargedMNP3 would not. As shown in Figure 6, a dose-

dependent inhibition of ChT was observed forMNP4, due
to the surface binding of ChT ontoMNP4 through charge
complementarity. As expected, the cationicMNP3 did not
show any inhibitory effect on ChT, indicating unfavorable
electrostatic interactions between ChT andMNP3. Interest-
ingly, although shown to be negatively charged by electro-
phoresis andú potential measurements,MNP2 did not
disturb the enzymatic activity of ChT at concentrations
identical to those ofMNP4. This observation suggests that
the negative charge ofMNP2 is located near the surface of
the FePt core rather than at the periphery of the surface
monolayer. In this case, the neutral PEG monolayer precludes
electrostatic interactions betweenMNP2 and ChT.

In conclusion, we have developed a general strategy to
PEGylate and further functionalize magnetic FePt nanopar-
ticles with charged groups. By covering FePt nanoparticles
with PEGylated thiol and dopamine ligands, water-soluble
FePt nanoparticles with great stability have been synthesized.
Both thiol and dopamine moieties were determined to be
essential to impart water solubility and stability to the
nanoparticles. More significantly, we have shown that the
surface thiol ligands were exchangeable. In our preliminary
investigation, we have exchanged neutral thiol ligands with
both positively and negatively charged ligands. The proper-
ties of the resulting nanoparticles were found to be highly
consistent with the chemical properties of the ligands
introduced. The ease of the exchange reaction greatly
enhanced the ability to functionalize FePt nanoparticles for
biological applications. We have successfully demonstrated
surface binding of biomolecules, both DNA and protein, to
tailored magnetic FePt nanoparticles. Besides the capability
of using these charged nanoparticles in controlling nanopar-
ticle-biomolecule interactions, they should also find ap-
plications in constructing nanoparticle-polymer composite
materials through electrostatic interactions.27

Experimental Section

Instrumentation. TEM samples were analyzed using a JEOL
200CX electron microscope with an acceleration voltage of 200
keV. XPS spectra were recorded on a Physical Electronics Quantum
2000 XPS spectrophotometer using a monochromatic A1 KR
source. Theú potential was measured on a MALVERN Zetasizer
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Figure 5. Ethidium bromide titration of DNA with cationicMNP3 (1 mg/
mL).

Figure 6. Relative enzymatic activity of ChT withMNP2-4 (1 mg/mL)
normalized to ChT alone. Aliquots of 1, 5, and 10µL of MNP4 andMNP2
solutions were added to ChT solutions prior to the addition of the substrate,
while 5 µL of MNP3 was used as a control.
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Nano ZS by using 1× PBS (pH 7.8) as solvent. The buffer was
filtered through a 0.22µM filter prior to the measurement.

Synthesis of Ligands. See the Supporting Information for details.
Synthesis of MNP2. FePt nanoparticles were synthesized

according to the method developed by Sun et al. The FePt
nanoparticles, after the purification steps in the literature were
followed, were stored in a hexane solution in the presence of excess
hexylamine and 1-hexanoic acid. Before the exchange reaction, the
nanoparticles were precipitated in EtOH and centrifuged. The
precipitate was dissolved in methylene chloride and once again
precipitated by adding EtOH. The resulting FePt nanoparticles (∼10
mg) were added to ligands1 (15 mg) and2 (20 mg) in∼4 mL of
DCM. The reaction mixture was stirred at 30-40 °C for 2 days.
DCM was then removed, and the residue was dissolved in a small
volume of DCM to which was added diethyl ether. Nanoparticles
precipitated out from solution and were collected by centrifugation.
This purification was repeated once more, and the resultingMNP2
was kept in a DCM solution. After removal of DCM, the
nanoparticles were readily solubilized in aqueous solution.

Synthesis of MNP3 and MNP4. A solution ofMNP2 (∼1 mg/
mL) in DCM was used for exchange reaction. To synthesizeMNP3,
ligand 3 (10 mg) was added to a 3 mL solution of MNP2. The
mixture was then stirred at 30-40 °C. After about 4 h, the solution
became slightly turbid, indicating the decreased solubility of the
exchanged nanoparticles in DCM. After 4 days, solvent was
removed and∼1 mL of DCM was added to the residue. The
nanoparticles were found to be partially soluble and were precipi-
tated by the addition of 1 volume of diethyl ether. The nanoparticles
were separated by centrifugation and were washed one more time.
After being dried under a nitrogen flow, the resultingMNP3 was
kept in a Milli-Q water solution.MNP4 was synthesized by
following the same procedure as that forMNP3. It was not directly

soluble in DCM or water, but was solubilized in aqueous solution
upon the addition of dilute NaOH solution.

EtBr Titration of DNA with MNP3 and MNP4 . A solution of
1 µL of DNA 37-mer (50µM) and 1µL of EtBr (1 mM) in 498
µL of TE buffer (pH 7.41) was prepared. MNP solution (1 mg/
mL) was added as 1µL aliquots into the DNA solution. Emission
spectra of EtBr upon mixing the MNP and DNA solution were
recorded on a Shimadzu RF-5301 PC fluorimeter,λex ) 545 nm).
The excitation and emission slit widths were set at 10 and 15 nm,
respectively.

ChT Activity Assays. ChT activity was followed by the catalytic
hydrolysis of substrate glutaryl-Phe-pNA (GPNA; Aldrich) at 405
nm for 30 min using a microplate reader (EL808IU, Bio-Tek
Instruments, Winooski, VT).28 All the experiments were preformed
in 5 mM sodium phosphate buffer at pH 7.4. The final concentra-
tions of ChT and GPNA were 3.2µM and 1 mM, respectively.
MNP solutions of∼1 mg/mL were prepared in water and were
added to the ChT solution before the addition of the substrate.
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