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Excellent quality superparamagnetic iron oxide coated iron nanoparticles were prepared via one

pot synthesis with narrow size distribution. These particles were subsequently coated with FexOy,

FePt or Pt shell to give long term protection to the highly reactive zero-valent iron core. Clear

core-shell morphology was observed in the TEM images of FexOy and FePt coated particles and

the magnetic properties suggested that these shells provided good protection to the core from

oxidation, in particular iron oxide coated particles retained their magnetism for well over a year.

FePt coated particles show superior magnetic properties to FePt particles alone and were found

to be promising in biological applications. The magnetic studies further revealed that the

saturation moments of the resultant particles were dependent on the type of shell used for

encapsulation. Surface modifications of these particles were done with suitable hydrophilic ligands

and they showed excellent stability and solubility in water and different buffer solutions which

reveals the suitability of these nanoparticles for biomedical research.

Introduction

Iron is one of the most ubiquitous elements found on the

earth’s crust, with abundant possible uses. Both bulk and nano

forms of iron have many unique properties that could be

exploited for a variety of applications in engineering and

medicine.1–3 Nanosized iron magnets are currently receiving

a great deal of attention in life science and health care research

where they find use in tissue-specific drug delivery,2 cell

separation,1 contrast enhancement agents in MRI,3 and

others. They are particularly useful in biomedical applications

because other metallic, magnetic materials such as cobalt and

nickel are quite toxic and may result in undesirable effects.4,5

In order for nanoparticles to be used in biological tissues or

within many bioassays they need to be small (less than 50 nm

in diameter) and coated with suitable surface groups allowing

the generation of a stable or colloidal aqueous solution under

physiological conditions.6,7 The use of superparamagnetic

nanoparticles below 50 nm in diameter in vivo or within

microfluidic channels is beneficial, because the small nanopar-

ticles have very long sedimentation rates, and hence will not be

excreted by the body, nor clog a microfluidic device.8 For these

reasons, iron and iron oxide particles are particularly attrac-

tive because they show superparamagnetism when particle

diameters are r20 nm.7,9

In this regard iron oxides have been widely studied for

biomedical research due to their low toxicity and excellent

magnetic properties.10–12 Many reports have been published

on other magnetic alloy nanoparticles such as FePt13–15 and

FeCo16 as they nicely complement iron oxides in terms of

oxidation resistance and magnetism. However, all of the

aforementioned nanocrystals are significantly weaker magnets

in comparison to zero-valent iron nanoparticles. Therefore, if

these materials could be replaced with pure iron, one would

greatly enhance detection and manipulation capability. For

example, the higher magnetic moment will yield nanoparticles

with higher contrast capability in magnetic resonance experi-

ments, resulting in more effective detection of cancer cells,17,18

follow stem cell division to higher generation, or provide faster

magnetic confinement of labeled biomarkers or cell in

magnetic confinement assays.

A significant challenge in using iron instead of iron oxide is

its extreme sensitivity to the presence of oxygen and water.

Pure iron nanoparticles are generally stable under inert atmo-

spheres in organic solvents, but yield mixtures of less magnetic

iron oxides upon exposure to ambient conditions. Many

different approaches have been used to protect this sensitive

material from oxidation, including passivating the surface of

the nanoparticles with different inorganic groups, such as iron

oxide19,20 and gold,21–23 which offer superior passivation

properties to their organic counterparts. However, it has been

documented that non metallic surface layers negatively influ-

ence the desired magnetic properties.24–26 As a result, iron

nanoparticles are generally protected with metallic shells, with

gold finding significant utility thanks to its relatively simple

coating procedures and well known chemistry.21–23 However,

many of the reported metallic shells do not provide sufficient

protection to the magnetic core because of non-uniform coat-

ing due to lattice mismatches and/or its roughness that allows

oxygen to penetrate through the grain boundary, facilitating

Fe oxidation. Furthermore, coating the magnetic particles
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with non magnetic gold will considerably decrease the mag-

netic moment by significantly contributing to the mass. How-

ever, a recent report from our group revealed that the stability

and magnetism of Fe@Au nanoparticles can be significantly

improved by laser assisted Au coating of Fe nanoparticles.27

This investigation demonstrates the promise of this hybrid

material, but also highlights how critical it is to thoroughly

protect the highly reactive core in order to exploit its high

magnetic moment for biological applications as mentioned

earlier.

The Fe@FexOy
19,20 architectures have received interest

from the research community because of structure compat-

ibility between iron oxide and iron and the relative ease of

preparation. One recent report19 demonstrated the prepara-

tion of 35 nm Fe@FexOy nanoparticles using a hollow cath-

ode sputtering cluster source followed by oxidation. These

nanoparticles are stable against oxidation; however, their size

is not in the superparamagnetic regime, which may pose some

problems for use in some biological applications where the

nanoparticles will readily aggregate and block channels or will

be quickly eliminated from the body. Another report suggests

that Fe@FexOy nanoparticles can be made by first preparing

iron nanoparticles via colloidal wet chemistry followed by air

exposure, which generates oxide layers.20 However, there were

no data on mass magnetization or the long term air stability of

the final material. It has recently been suggested that iron

nanoparticles synthesized via a colloidal route yield iron

nanoparticles with an amorphous iron oxide coating9,28 and

that this ‘natural oxide’ coating cannot provide adequate

protection to the reactive core, evidenced by the lowering of

magnetic moment over time. Such ‘native’ iron oxide coated

iron particles were prepared via reverse micelle reactions as

well.29

Despite the difficulties in making stable iron nanoparticles,

several groups have reported their synthesis. For example, a

sonochemical method,30 reduction of iron(II) and (III) salts,31,32

decomposition of iron pentacarbonyl,33–35 and chemical vapor

deposition (CVD)36 routes have been documented. However,

particles prepared via the sonochemical route are generally

amorphous and aggregated. A well known, general approach

to produce high quality metal nanoparticles relies upon a mild

reduction mediated by poly-alcohols. Yet the polyol reduction

is not compatible with the generation of Fe nanoparticles

because Fe salts must be catalyzed by acid or base. During

the initial reduction, metal oxide nanoparticles are produced,

which then are further reduced to zero-valent iron by a solid

state reduction reaction that requires rigorous conditions and

often results in sintering of particles. Another approach relies

on the decomposition of iron carbonyl at high temperatures in

the presence of surfactants and this procedure generates more

uniform, crystalline particles. This popular metal carbonyl

decomposition reaction can be carried out via either homo-

geneous or heterogeneous nucleation. The heterogeneous nu-

cleation often utilizes Pt as a seed material upon which the iron

is grown.33 During the homogeneous preparation, the as-

produced iron particles are readily oxidized possibly due to

the carboxylate groups on the oleic acid surface ligand that

was used to stabilize the particles. More recently, Sun et al.

reported the synthesis of iron nanoparticles from iron carbo-

nyl using oleylamine as the only surfactant in their prepara-

tion. The authors were able to produce Fe@FexOy core-shell

structured particles in a single step9 where magnetic moment

reduction was observed over time most likely due to the

porous nature of the iron oxide shell.

Therefore, our main goal is to obtain stable, highly magnetic

material that retains its magnetic property over time. In order

to achieve this, we surface protect the unstable iron nanopar-

ticles with different shells, such as FexOy, FePt or Pt, via wet

chemistry processes and herein we demonstrate their relative

magnetic properties and some surface modification reactions

to make the nanoparticles water-soluble and suitable for use in

biological-based studies. In this study, iron oxide and FePt

were chosen as shell materials because they are themselves

magnetic and their crystal structures match that of iron very

well. Although this may lead to a general reduction in mass

magnetization due to a mass contribution from the shell, it will

not be as significant as in the case of diamagnetic coating.

Although, diamagnetic Pt was utilized because it should offer

better oxidation resistance and therefore a thin shell or a

couple of monolayers should be enough to provide good

protection without a significant loss in magnetization. We

show that intentional post coating of an iron core with a shell

of FexOy and FePt provides better protection than the

‘natural’ iron oxide coating to the Fe core allowing further

manipulation/modification of the nanoparticles for possible

use in a biological labeling assay.

Experimental procedure

Materials

All reagents were used without further purification except

hexane which was distilled over sodium. Dioctyl ether

(99%), Pt(acetylacetonate)2 (Pt(acac)2, 97%), oleylamine

(tech.), 1,2-hexadecanediol (tech., 90%), Fe(CO)5 (99.999%),

Fe(acac)3 (99.9+%), nonane (anhydrous 99+%), dopamine

hydrochloride, triethylene glycol 11-mercaptoundecyl ether

(HS(CH2)11(OCH2CH2)3OH, 95%), (1-mercaptoundec-11-yl)-

hexa(ethylene glycol) (HS(CH2)11(OCH2CH2)6OH), dimer-

captosuccinic acid, Igepal (CO-520), and tetraethoxysilane

(TEOS, 99.99%) were purchased from Aldrich. Oleic acid

(elaidic acid, Z 97.0%) was received from Fluka.

Synthetic procedure

The synthetic routes are summarized in Scheme 1.

Fe nanoparticles (Fe@FexOy). Iron nanoparticles (solution

A) were synthesized via a platinum seeded method according

to a literature procedure with slight modifications.33 Briefly,

10 mL of dioctyl ether, 4.0 mg of Pt(acac)2, 0.9 mmol of oleic

acid and/or 0.9 mmol of oleylamine and 0.6 mmol of

1,2-hexadecanediol were degassed for nearly 30 min and then

heated to 80–100 1C under argon flow. 1.5 mmol of Fe(CO)5
was injected into the hot solvent mixture and the temperature

was increased. Black coloration was observed due to the

nucleation of iron nanoparticles when the reaction tempera-

ture approached B 200 1C. At 280 1C the solvent began to

reflux, at which time the reaction was stopped and the solution

was allowed to cool to room temperature. Another aliquot of
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solvent was added to the mixture and the mixture was heated

to B 100 1C. Another 7 mmol of Fe(CO)5 were injected into

the reaction mixture and the temperature was ramped up to

refluxing point. Following 2 h of reflux, the reaction mixture

was cooled to room temperature and the particles were

isolated in a nitrogen dry box with ethanol and hexane. The

isolated material was redispersed in hexane and kept in the dry

box prior to intentional coating. The particles prepared in this

step will be denoted as Fe@FexOy hereafter.

FexOy and FePt coating. Iron oxide or FexOy (i.e. FexOy

may contain Fe3O4 and/or Fe2O3) coating was performed via a

polyol process as described here. 0.7 mmol of Fe(acac)3, 3.3

mmol of 1,2-hexadecanediol, 0.5 mmol of oleic acid, 0.5 mmol

of oleylamine were taken in 10 mL of dioctyl ether and

degassed for 20 min. Then the mixture was heated to 60 1C

under Ar and B 5–7 mL of hexane solution of Fe nanopar-

ticles A were injected. The reaction flask was kept open under

heavy Ar flow at B 100 1C for up to 15 min to remove any

hexane from the reaction mixture. Then, the resultant mixture

was refluxed under Ar for 2 h to yield a brownish black

solution. The resultant mixture was allowed to cool to room

temperature and the isolation and purification were done in air

with hexane–ethanol solvent–antisolvent pair. Purified parti-

cles were dried under nitrogen and used for the next step.

In addition to the above reagents, 0.25 mmol of Pt(acac)2
was used with 0.5 mmol of Fe(acac)3 to grow FePt shell on Fe

nanoparticles.

Pt coating. 0.1 mmol of Pt(acac)2 was placed in 15 mL of

nonane with 0.1 mmol of dodecyl isonitrile37 as the stabilizing

agent. To the mixture, 0.2 mmol of already prepared dry Fe

nanoparticles (precipitated from solution A) were added as

seeds. The reaction proceeded at 150 1C for about 6 h.

Surface modification of particles

Fe@FexOy@FexOy coated particles. Surface ligand ex-

change of iron oxide coated particles was done with dopamine

hydrochloride and dopamine PEG ligands. In both cases the

weight ratio between the particles and ligand was kept to

1 : 1.5–2.

a. Dopamine exchange

An amount of 25 mg of dry particles was dissolved in 3 mL

of anhydrous toluene. Separately, about 40 mg of dopamine

hydrochloride were dissolved in 2 mL of methanol. These two

solutions were mixed and stirred at 40 1C under Ar forB 48 h.

The particles were isolated from the solution and washed

thoroughly with methanol to remove any excess ligands. These

particles were readily soluble in water.

b. Dopamine PEG exchange

Both particles and dopamine-PEG (prepared in the labora-

tory according to a literature procedure,38 see ESIw) ligand

were dissolved in B 10 mL of dichloromethane and vortex

mixed at room temperature for B 48 h. Diethyl ether was

added to the resultant mixture and the particles were isolated

by centrifugation.

c. Silica coating

Silica coating of iron oxide coated iron particles was done

using a reverse microemulsion technique reported by Korgel

et al. recently39 with slight modifications. Briefly, 3.2 mg of

dried particles were dissolved in 3.2 mL of hexane and this was

added to a mixture of 22 mL of cyclohexane and 1.06 mL of

Igepal under vigorous stirring. Slowly and dropwise, 0.26 mL

of 28% NH4OH was added into the reaction mixture while

Scheme 1 Type of nanoparticles made at different stages of the preparation in the present study.
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sonicating in the bath. Then, the mixture was stirred for 5–10

min, and 90 mL of TEOS were added. The resulting emulsion

was stirred or shaken for B 72 h to yield a uniform silica

coating around the superparamagnetic nanoparticles. Particles

were dispersed in methanol and excess hexane was added to

precipitate them. Finally, the particles were purified using

ethanol.

Fe@FexOy@FePt and Fe@FexOy@Pt coated particles. Sur-

face exchange of these particles was done using several thiol

ligands as Pt has good affinity to sulfur. The ligands mainly

used for this purpose were dimercaptosuccinic acid (DMSA),

hexa(ethylene glycol) mono-11-mercaptoundecyl ether

(HSPEG-1) and triethylene glycol 11-mercaptoundecyl ether

(HSPEG-2). Particles were dispersed in toluene and the

ligands were dissolved in DMF (for DMSA), methanol or

added directly (for HSPEG 1 and HSPEG 2) into the toluene

solution. The final solutions were vortex mixed for B 40 h.

In the case of HSPEG ligands, the solutions were heated to

B 40 1C while stirring.

Silica coating of the Fe@FexOy@FePt particles was

carried out with an approach similar to that described for

the Fe@FexOy@FexOy particles.

Characterization

Initial structural characterization of the synthesized materials

was done using a Bruker AXS X-ray diffractometer operated

at 40 kV and 40 mA with Cu as anode. Patterns were collected

within the 2Y range of 101 to 701. TEM images were taken

using a Philips CM20 FEG instrument operating at 200 kV

with an EDS (energy dispersive spectroscopy) attachment.

Magnetic characterization of the particles was done with

Quantum design PPMS-9 and PPMS model 6000 magneto-

meters. Field cooled (FC) and zero field cooled (ZFC) data

were collected from 10 K to 350 K at the applied field of 50 Oe.

Quantitative analyses were done with ICP-AES.

Results and discussion

Iron nanoparticles were prepared via a high temperature

colloidal route and were intentionally coated with different

metallic shells to protect the highly reactive core. The hetero-

geneous nucleation route was employed for the preparation of

Fe nanoparticles as it was shown in the literature that oxida-

tion was minimal in this route.33 During the synthesis, plati-

num seeds were initially produced from Pt(acac)2 in dioctyl

ether using oleic acid and/or oleylamine as passivating agents.

Heterogeneous growth of Fe nanoparticles was continued

from the thermal decomposition of Fe(CO)5 over already

formed Pt seeds at high temperature. Intentional coating of

the as prepared and isolated Fe nanoparticles was performed

with FexOy, FePt, and Pt via polyol reduction (for FexOy and

FePt shells) and redox active transmetalation (for Pt coat-

ing).40 But, Pt coating was not successful due to the inherent

iron oxide layer found on the Fe nanoparticles.

Powder X-ray diffraction patterns for the Fe nanoparticles

formed in the first step did not show any distinct features but

broad peaks centered around 30 and 431 (Fig. 1a). Generally,

particles prepared using this route yield amorphous Fe nano-

particles that do not give any characteristic features in XRD.

This indicated that the particles were small and did not have

long range crystalline order to give peaks in the XRD pattern.

However, as the broad peak centered around 2Y = 431

extends up to 451, where a peak for a-Fe is generally observed,
one can argue that Fe nanoparticles were indeed prepared

during the synthesis. Additionally, the humps overlap the 2Y
region of iron oxide as well. This suggests that some degree of

oxidation had occurred in the sample and the oxide formed

had poor crystallinity. This observation differs from Vargas

et al.’s work, who reported a polycrystalline iron oxide shell

upon exposure of Fe nanoparticles to air.20 This oxide forma-

tion can be further evidenced by the TEM images where clear

core-shell morphology at relatively higher magnifications was

observed (Fig. 2a).

This oxidation may be due to either exposure of the particles

to air or innate iron oxide formation during the reaction. It

also has been reported in the literature that when excess

Fe(CO)5 was used in FePt synthesis, a Fe3O4 shell was

observed on the particles upon brief air exposure.41 Because

our synthetic protocols and isolation were done strictly under

inert conditions, the oxidation would have happened either

during the transport of sample to PXRD and TEM measure-

ments or due to the trace amounts of accidental oxygen

Fig. 1 PXRD patterns of (a) Fe@FexOy (bottom) and Fe@FexOy@FexOy (top) showing peaks for Fe3O4 and (b) Fe@FexOy@Pt and

Fe@FexOy@FePt nanoparticles showing peaks for Pt/FePt.
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present, especially during the isolation process. Moreover,

structural characterization such as TEM and XRD of this

material suggested that both the core and the shell of as-

formed Fe@FexOy particles were not highly crystalline, as

evidenced by the lack of distinct peaks or fringes observed

during these measurements. Presence of Fe(0) was further

confirmed by XPS characterization of the particles, which

revealed the existence of both zero-valent Fe and oxidized

Fe(II) and (III) in the spectrum. Interestingly, this amorphous

iron oxide shell layer was able to protect the Fe(0) core from

oxidation for nearly a month. TEM images of these particles

after storage in air for 18 h (Fig. S1 a and b in ESIw) suggested
that no reduction in core size (3.93 � 0.55 nm vs. 4.25 � 0.57

nm) was observed; however, the iron core was oxidized to

FexOy following a month of air exposure, as evidenced by the

disappearance of the core-shell architecture in some of the

nanoparticles in the TEM images. Sun et al. reported recently

that the magnetic moment of Fe nanoparticles with an amor-

phous iron oxide shell decreased significantly after a day of

exposure to air.9 This revealed that the amorphous shells

around the Fe nanoparticles were quite porous, which allowed

oxygen to react with the core and reduced the magnetic

moment. This is the case for our samples after a prolonged

air exposure. However, the Fe@FexOy nanoparticles that we

prepared are significantly more stable than those previously

reported in terms of oxidation resistance.

Despite the fact that the Fe@FexOy nanoparticles show

significantly better oxidation resistance, we were interested in

developing a means by which a highly crystalline shell could be

grown on the nanoparticle in order to improve both the

magnetic properties and long term stability of the particles.

PXRD patterns of particles after intentional coating of FexOy

and FePt are shown in Fig. 1a and b, respectively. Particles

with a FexOy shell gave crystalline peaks corresponding to the

Fe3O4 crystalline phase whereas particles that were coated

with FePt and Pt showed clear peaks indicative of FePt and Pt

(both diffract at similar 2Y values), respectively (Fig. 1b).

TEM was a valuable characterization tool for these unique

nanoparticles. For example, TEM images of the particles after

intentional coating of a second shell confirmed that the core-

shell morphology was retained in the case of FexOy and FePt

(Fig. 2b and c) shells. Additionally, the FePt coating process

yielded free FePt nanoparticles (Fig. 2c and d). However,

during iron oxide coating core dissolution or oxidation was

observed in some of the particles. In order to demonstrate

whether there is any size increment due to shell growth,

particle sizes were measured before and after the intentional

growth of the second shell (Table 1). For example, for iron

oxide coated particles, the overall size of the particles (i.e.

Fe@FexOy) synthesized in the first step was 8 nm and after the

coating the size went up to 10 nm. This clear size difference

indicates the presence of additional material around the

particles. The TEM image of FePt coated particles (Fig. 2c

and d) revealed that some small particles did not possess core-

shell morphology. These smaller (1.85 � 0.27 nm) nanoparti-

cles are most likely individual FePt particles formed during the

synthesis. Furthermore, the size of the core (1.65 � 0.22 nm) is

somewhat similar to the size of newly nucleated particles and

no significant increase in the overall size of the nanoparticles

possessing core-shell morphology (Table 1 gives the size of

only coated particles) is observed. However, the EDS analysis

(Table 2) on Fe@FexOy@FePt particles showed the presence

of both Fe and Pt in the spectrum, providing additional

evidence supporting the formation of an FePt shell, which

may be very thin in this case. Unfortunately, coating the

Fe@FexOy nanoparticles with Pt did not show any significant

contrast difference between the core and the shell despite the

evidence of Pt existence in PXRD and EDS results. In order to

rule out that the Pt found in EDS analysis was not from the Pt

seeds used in the synthesis, we performed EDS analysis on

both the iron oxide coated and Pt coated iron nanoparticles.

These quantitative analyses showed that the ratio between Fe,

Pt, and O was 2 : 0 : 5 and 5 : 1 : 9 in FexOy and Pt coated

particles, respectively. This could be attributed to either a very

thin layer of coating or formation of individual Pt

Fig. 2 TEM images of (a) as prepared Fe@FexOy, (b) Fe@FexOy-

@FexOy. Inset shows the high magnification image of (b). Fe@Fex-

Oy@FePt nanoparticles under low (c) and high (d) magnifications.

Table 1 Particle sizes obtained from TEM images before and after
coating with different shells

Shell type
Particle size before
coating Fe@FexOy/nm

Particle size after coating
Fe@FexOy@shell/nm

FexOy 8.01 � 0.74 (�9%) 10.22 � 1.20 (�11%)
FePt 7.35 � 0.89 (�12%) 8.20 � 0.66 (�8%)
Pt 7.61 � 0.94 (�12%) 6.24 � 1.11 (�18%)

Table 2 EDS analysis results of coated particles

Sample

Atomic %

Fe Pt O

Fe@FexOy@FexOy 28.12 ND 71.87
Fe@FexOy@FePt 26.88 6.11 67.04
Fe@FexOy@Pt 34.31 6.49 59.18

ND – Not Detected.
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nanoparticles in the reaction mixture since there was no size

change after Pt coating. It is worthwhile mentioning here that

a redox active transmetalation process, i.e. reduction of Pt(II)

on the surface of Fe(0), was our aim to have Pt around Fe.

Since the initial iron particles have an iron oxide shell, there

wouldn’t be any reduced metal on the surface to give an

electron for Pt(II) reduction. Furthermore, the broad size

distribution (� 18%) observed in this sample supports the

individual Pt nanoparticle formation during the coating pro-

cedure. In order to eliminate or minimize the oxide layer,

shelling reactions were attempted in the same pot in which Fe

nanoparticles were synthesized. However, these reactions too

did not yield the required morphology.

While synthesized iron nanoparticles could be easily isolated

from the reaction mixture using an external magnet, the

magnetic response of the coated particles showed a relatively

low and varied response depending on the encapsulated

material. For example, Fe3O4 coated particles showed a very

good response over a FePt shell and particles with a Pt shell

showed the least response. These observations can be attrib-

uted to the less magnetic or non magnetic second shell that

masks the magnetic property of iron nanoparticles. This

qualitative analysis was further confirmed by systematic mea-

surements of their magnetic properties.

According to these measurements all coated and uncoated

particles showed superparamagnetism with a blocking tem-

perature characteristic for given particles. The plots of mag-

netization per gram of samples vs. applied magnetic field are

given in Fig. 3 for uncoated and coated particles. The satura-

tion magnetization of Fe@FexOy nanoparticles at 300 K

showed the highest value, 51 emu g�1 of sample. When the

magnetization is expressed with respect to iron itself (i.e. emu

per gram of Fe), which was obtained using ICP-AES analyses,

these nanoparticles showed 127 emu g�1, which is indeed a

very good value for iron nanoparticles prepared via a colloidal

route. The reduced moment, which is less than that of bulk Fe

value: 218 emu g�1, suggests that the particles lack long range

crystalline order and are terminated with a significant amount

of iron oxide. This can be further supported by the volume

fraction of metallic iron determined from the TEM data,

which revealed that the particles contained B 8% of iron by

volume. When this was translated to the quantitative amount

of iron obtained from ICP-AES analysis, nearly 23% of the

mass comes from zero-valent iron. It was reported in the

literature that amorphous Fe nanoparticles prepared via a

sonochemical method showed the saturation magnetization

value of 156 emu g�1.30 However, these particles formed

agglomerates and their size was as big as 30 nm. In the present

study, although freshly made iron particles had shown an

excellent magnetic response, the semi-porous iron oxide shell

permits oxidation, which transforms the core to iron oxide

over time, resulting in a reduction in magnetization. It is

necessary to mention here that during this study the time

interval between the synthesis and magnetic measurements

was usually from several days to a few weeks. Another key

factor contributing to the lower magnetic moments is the

strength of interaction between the surfactant(s) and the

particle. This has been studied on iron nanoparticles prepared

using different surfactants where lowering of saturation mag-

netization was observed due to strongly interacting surfac-

tants.35 For example, particles coated with alcohols (85

emu g�1 Fe) and carboxylic acids (55 emu g�1 Fe) showed

an order of magnitude higher mass magnetization than

strongly interacting phosphonic acids (5 emu g�1 Fe) with

the same number of carbon atoms. Although the mass of Fe in

the sample can be obtained from quantitative analysis, it is

quite difficult to determine the exact amount of surface groups

present in the sample. This contributes additional error in the

mass magnetization calculation in magnetic nanoparticles.

However, in the present study, attempts to make Fe particles

with less interacting surfactants, such as acetylacetone, yielded

particles that were immediately precipitated out from the

solutions. A similar observation was reported by Huber

et al. when acetylacetone was used as passivation agent to

make iron nanoparticles.42 We observed that the mass mag-

netization calculated from magnetization measurements and

quantitative analysis for Fe@FexOy@FexOy nanoparticles

was as high as 62 emu g�1 Fe at 300 K. Considering the effects

already mentioned the saturation moment calculated for

Fe@FexOy@FexOy nanoparticles was consistent with the

additional iron oxide coating around the particles. However,

this Ms value can be retained for a longer period due to the

stable protective shell. As a result, these materials will be

potential candidates for several biomedical and technological

applications. Nevertheless, a significant improvement in mag-

netism can be achieved by making bigger and/or more crystal-

line Fe nanoparticles. Our attempt to synthesize such particles

using a different Fe precursor, namely Fe2(CO)9, yielded

nearly 15 nm particles, but they were iron oxide nanocrystals.

Interestingly, FePt coated particles showed a significantly high

Ms value of 20 emu g�1 of sample and no further quantitative

analysis was carried out on these particles. Generally, particles

synthesized by a similar wet-chemistry method consist of

B 30–50% of surfactants by weight. It was shown in a recent

report that nearly 50–66% of surfactant mass remained on an

iron nanoparticle surface even after several washings.33 In the

Fig. 3 M vs. H measurements of (a) as prepared Fe@FexOy, and

intentionally coated with (b) FexOy, (c) FePt, and (d) Pt shells at

300 K.
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present work particles were washed only two or three times in

order to facilitate post-synthetic manipulation and this would

have left behind a good proportion of surfactant in the

samples. According to ICP-AES analysis, as synthesized

Fe@FexOy nanoparticles generally contained 40–55% of iron

by weight. Therefore, in order to get a rough estimate of the

magnetic moment of FePt coated particles, we assume that the

amount of surfactant present is about 50%. This amount leads

to an estimated moment value of 40 emu per g of Fe, which is

an excellent value for the saturation moment for FePt coated

particles prepared under present conditions. Since FePt is

versatile and can be functionalized relatively easily, this mass

magnetization value is good enough for many biological

applications. Further, it is an excellent alternative to Au and

uses similar chemistries but is better in terms of magnetism.

These FePt coated Fe nanoparticles show excellent promise

for current and future biological applications, and it is shown

in the next section that they can be surface exchanged to yield

water soluble, functionalized particles. Unfortunately, Pt

coated iron nanoparticles lost a significant amount of their

magnetism and showed a poor value of Ms of 2 emu per g of

sample. As was explained before, if a Pt shell was not formed

around the core, the zero-valent iron would have completely

oxidized to amorphous iron oxide and/or hydroxides. These

compounds drastically affect the magnetic properties. There-

fore, one of the reasons for this poor Ms value could be

complete oxidation of the core.

Surface ligands of the coated particles were place exchanged

using suitable hydrophilic groups to facilitate the water solu-

bility of the particles. This step is important in order to use

these materials in biological tests after proper surface mod-

ifications. Hydrophilic groups such as dopamine hydrochlor-

ide and dopamine-PEG were used to exchange the surface of

iron oxide coated particles as dopamine was shown to be a

better anchor for a particle surface with iron oxide.43

Although thiolated organic molecules are good surface ex-

change groups for noble metals, their utility was not shown for

iron oxide surfaces. However, reports have demonstrated that

organic sulfur compounds are versatile exchange groups for Pt

containing nanomaterials.38,44,45 In this regard thiolated poly-

ethylene glycols and dimercaptosuccinic acid were utilized for

ligand exchange on FePt and Pt coated particles.

Surface exchanged iron oxide particles showed excellent

solubility in polar solvents and buffers and quite narrow size

distribution without any significant aggregation during the

exchange process. They possessed very good colloidal stability

over time both in water and buffers (Fig. S2 a and b, ESIw).
Their stability was tested in different pH buffers since our aim

is to use these particles in biological experiments, such as

studies on blood and urine. In this regard, the stability was

monitored in pH 6 and 7.6 buffer solutions. In order to mimic

blood, 0.3 M salt was added to a pH 7.6 buffer. The solubility

of the exchanged particles in both buffers was very good

(Fig. S3 a and b, ESIw) and particles dissolved in a pH 6

buffer showed excellent stability over time (several weeks) in

comparison to others. Preliminary magnetic studies showed

that these exchanged particles retained the magnetism very

well over time.

While this manuscript was in preparation, Shultz et al.

reported the reactive nature of dopamine as a surface functio-

nalization ligand on iron oxide nanoparticles.46 It was shown

that the oxidized dopamine undergoes a rearrangement and

significantly degrades the nanoparticles. They further reported

that the product formed during the transformation is blue

color semiquinone, which is cytotoxic and therefore iron oxide

particles surface exchanged with dopamine may not be useful

in biomedical applications. However, in our study, although

we observed the initial blue coloration in the aqueous solution

we did not see any green precipitation, which was attributed

by Shultz et al. to a mixture of iron oxide and iron(II)

hydroxide formed over time. Instead, the initial blue colora-

tion disappeared after a day and the solution became clear

brownish black similar to unexchanged particles. Addition-

ally, we did not observe any band at 400 nm due to complete

oxidation of dopamine to dopaminochrome46 in the UV

spectrum (Fig. S4, ESIw). The absence of the band in our

studies may be due to spontaneous, light induced transforma-

tion of dopaminochrome to UV-transparent leucodopamino-

chrome.

Good water solubility was also observed with exchanged

FePt and Pt coated particles with DMSA showing excellent

and stable solution with MES buffer. Following deprotona-

tion of the acid with a drop of 0.1 M NaOH, aqueous

solutions of DMSA exchanged particles were readily soluble.

Although mercapto PEG exchanged particles possessed good

solubility in water, cloudiness or some extent of sedimentation

was observed after a day or two in those vials. The cloudiness

observed may be due to the amphiphilic nature of the PEG

ligand. However, the supernatant remains dark brown color

weeks after exchange, which suggests that the exchange was

successful and the PEG moieties remain anchored to the FePt

surface. The stability of the particles could be improved by

Fig. 4 TEM images of silica coated (a) Fe@FexOy, (b) Fe@FexOy@FexOy, and (c) Fe@FexOy@FePt nanoparticles.
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using ammonium-terminated or carboxylate-terminated PEG-

thiol groups.38 The water solubility and stability results ob-

tained with surface modified core-shell magnetic particles

show promise for biological applications. Water soluble

Fe@FexOy@FexOy particles are presently being utilized in

biological experiments and the results arising from this work

will be published separately.

The other type of surface modification is constructing a bio-

friendly silica shell around the superparamagnetic nanoparti-

cles. Silica encapsulation of iron oxide and iron–platinum

coated particles showed clear core-shell morphology with the

magnetic particles centered in the more regular silica nano-

beads (Fig. 4a–c). In fact, the core-shell morphology of

Fe@FexOy@FexOy particles could be seen clearly inside the

silica matrix. The shell thicknesses were in the range of 10–16

nm with the total particle size of 30–40 nm. Further, they

showed very good solubility in water and other polar solvents

such as methanol and ethanol. Interestingly, when Fe@FexOy-

@FexOy particles kept in the ambient conditions over a year

were used for silica coating, clear core-shell morphology of Fe/

FexOy was still observed within the silica beads during TEM

imaging (Fig. S5, ESIw). This reveals that the crystalline iron

oxide coating acts as an excellent sealant in protecting highly

reactive iron nanoparticles. Additionally, it was possible to

construct a silica shell around the Fe@FexOy particles. Studies

which explore using Fe@FexOy@SiO2 as magnetic capture

probes in a biological environment are under way. It is

worthwhile mentioning here that in order to make a multi-

functional material to be used in biological detection our

laboratory is involved in making dye doped silica nanoparti-

cles. These materials have a basic structure similar to the silica

coated superparamagnetic nanoparticles explained here with

an additional silica coating that is doped with dye molecules.47

They are excellent probes for rapid diagnostics, photo-

therapies, and imaging technologies.

Conclusion

Nearly monodispersed, superior quality Fe@FexOy core-shell

nanoparticles were synthesized using high temperature wet

chemistry with usual surfactant(s) via a single step. Although it

was possible to protect these highly magnetic particles for a

month, they were further passivated with additional shells

and/or groups to provide enhanced stability and amenability.

Among the shell materials used in the study, iron oxide coated

Fe nanoparticles retain their magnetic properties for well over

one year and appear promising for biological applications

where a higher magnetic moment is required (Table 3).

Further, Fe nanoparticles encapsulated with a FePt shell

appear to have improved magnetic properties over pure FePt

nanoparticles and hence these are useful substitutes for iron

oxide and complementary to gold nanoparticles. Currently,

conditions are being optimized to get larger, more crystalline

Fe nanoparticles using Fe(CO)5 as Fe precursor to further

improve the magnetization. To make the highly magnetic iron

oxide and iron–platinum coated Fe nanoparticles useful for

biological purposes surface ligands were exchanged with sui-

table hydrophilic groups and coated with silica. Their excellent

stability in aqueous and different pH solutions was also

demonstrated.
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