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Abstract The value of the magnetization has a

strong influence on the performance of nanoparticles

that act as the contrast agent material for MRI. In this

article, we describe processing routes for the synthesis

of FePt nanoparticles of different sizes, which, as a

result, exhibit different magnetization values. ‘‘Sin-

gle-core’’ FePt nanoparticles of different sizes

(3–15 nm) were prepared via one-step or two-step

synthesis, with the latter exhibiting twice the magne-

tization (m(1.5T) = 14.5 emu/g) of the nanoparticles

formed via the one-step synthesis (m(1.5T)\ 8 emu/g).

Furthermore, we propose the synthesis of ‘‘multi-

core’’ FePt nanoparticles by changing the ratio

between the two surfactants (oleylamine and oleic

acid). The step from smaller ‘‘single-core’’ FePt

nanoparticles towards the larger, ‘‘multi-core’’ FePt

nanoparticles ([20 nm) leads to an increase in the

magnetization m(1.5T) from 8 to 19.5 emu/g, without

exceeding the superparamagnetic limit. Stable water

suspensions were prepared using two different

approaches: (a) functionalization with a biocompati-

ble, zwitterionic, catechol ligand, which was used on

the FePt nanoparticles for the first time, and

(b) coating with SiO2 shells of various thicknesses.

These FePt-based nanostructures, the catechol- and

SiO2-coated ‘‘single-core’’ and ‘‘multi-core’’ FePt

nanoparticles, were investigated in terms of the

relaxation rates. The higher r2 values obtained for

the ‘‘multi-core’’ FePt nanoparticles compared to

that for the ‘‘single-core’’ ones indicate the superi-

ority of the ‘‘multi-core’’ FePt nanoparticles as T2
contrast agents. Furthermore, it was shown that the

SiO2 coating reduces the r1 and r2 relaxation values

for both the ‘‘single-core’’ and ‘‘multi-core’’ FePt

nanoparticles. The high r2/r1 ratios obtained in our

study put FePt nanoparticles near the top of the list

of candidate materials for use in MRI.
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Introduction

The research and development of magnetic nanopar-

ticles is now at the stage of a top-down design, where

specific application demands govern the material

choice and the synthesis methods applied. However,

an awareness of the potentials and limitations of the

material itself, as well as the capabilities of the

synthesis methods, have to be considered. Of course,

the choice of material is primarily determined by the

intrinsic properties. The magnetic properties of the

fcc FePt system include a high Curie temperature and

a high bulk saturation magnetization [(Ms), i.e. about

1140 emu/cm3—75 emu/g (q = 14 kg/m3)] (Wu

et al. 2004; Maenosono and Saita 2006; Chen and

Andre 2012), which along with its good chemical

stability (Sun 2000; Maenosono and Saita 2006)

promise the possibility of diverse implementations in

biomedicine, e.g. separation, immunoassays, gene

transfection, cell targeting, drug delivery, hyperther-

mia and magnetic particle imaging (Thanh 2012).

Magnetic resonance imaging (MRI) has been recog-

nized as one of the most important imaging tech-

niques because of its high spatial resolution, strong

soft-tissue contrast and the absence of radiation risk

(Slichter 1990; Shin et al. 2015). Despite this, the

method has limitations when it comes to detecting

small biological targets, which is crucial in the early

stages of cancer, for example. To tackle this lack of

sensitivity, magnetic nanoparticles are employed as

MRI contrast enhancement agents. These MRI con-

trast agents are classified into T2- or T1-type contrast

agents, depending on their relaxivity coefficients (r2
or r1, mM-1 s-1), which are the terms that define the

ability to accelerate the relaxation rates (R2 or R1,

s-1) (Shin et al. 2015). The r2/r1 ratio is an important

parameter to estimate whether a given contrast agent

can serve as a T1 or T2 contrast agent. T1 MRI contrast

agents need to have a high r1 and a low r2/r1 ratio, e.g.

paramagnetic chelates usually have r2/r1 ratios of

1–2. In contrast, to be an effective T2 MRI contrast

agent, a high r2 value is a prerequisite, with the r2/r1
ratio equal to 10 or even more (Caravan et al. 1999).

Depending on the magnetic properties and surface

effects the magnetic nanoparticles can serve as

effective T2 or T1 MRI contrast agents (Huang et al.

2014).

After considering the use of magnetic nanoparticles

in MRI, we mainly focus on the transverse spin

relaxation T2. The relationship between the magneti-

zation and the T2 relaxation rate R2 is described as

follows:

R2 ¼
1

T2
¼ 256p2c2

405
m2

sV
r2

D 1þ L
r

� � ; ð1Þ

where c is the gyromagnetic ratio of the protons, ms is

the saturation magnetization of the nanoparticle, V is

the nanoparticle’s volume fraction, r is the radius of

the magnetic nanoparticle, D is the diffusion coeffi-

cient of the water molecules and L is the thickness of

the surface coating (Tong et al. 2010). The equation

states that the shortening of T2 is directly proportional

to the square of the saturation magnetization, which

suggests that systems exhibiting large saturation

magnetization, like FePt, would be of interest. A bulk

saturation magnetization (Ms) is an intrinsic magnetic

property; however, by reducing the size of the material

to the nanoscale, the surface effects on the magneti-

zation (ms) become significant or even decisive (Shin

et al. 2015). The size of the magnetic nanoparticles

used for MRI is therefore very important, since it

influences the ms and, consequently, the R2. Theoret-

ical studies indicate that there are three different

nanoparticle size regimes: (i) the motional average

regime (MAR), (ii) the static dephasing regime (SDR)

and (iii) the echo-limiting regime (ELR). R2 increases

in the MAR with the nanoparticle size increment and

reaches a plateau (SDR). With any further size

increment, the R2 decreases (ELR). Accordingly, the

highest R2 is achieved for the nanoparticles in the

SDR, but the size of the nanoparticles used for MRI

usually falls into the MAR in order to limit their

uncontrolled aggregation, induced by strong ferro-

magnetic dipolar interactions (Shin et al. 2015). Even

though theMs of a FePt alloy is high, it is very difficult

to achieve this value when the material is in a

nanoparticle form. The saturation magnetization of

the nanoparticles is known to be proportional to the

nanoparticles’ size, according to the relation:

ms ¼ Ms r � dð Þ=r½ �3; ð2Þ

where Ms is the saturation magnetization of the bulk,

r is the radius of the nanoparticle and d is the thickness

of the disordered surface spin layer (Wu et al. 2004;

Tanaka et al. 2008; Na et al. 2009). The disordered

layer thickness is usually in the range below 1 nm to

several nm. For 9-nm FePt nanoparticles, it is
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estimated to be 1.5–1.8 nm, depending on the surface

ligand (Tanaka et al. 2008). By increasing the size of

the FePt nanoparticles, the ms value can be increased,

but while remembering to keep the nanoparticles in the

superparamagnetic state (17 ± 2 nm for fcc FePt

nanoparticles (Sun 2000; Lee et al. 2006a; Nandwana

et al. 2007; Zeynali et al. 2012). An additional factor

that reduces the Ms is the application of surface

functionalization groups on nanoparticles (surfac-

tants), either for the nanoparticle suspension stability

and/or for their biocompatibility (Tanaka et al. 2008).

It was reported (Wu et al. 2004) that 3-nm-sized FePt

nanoparticles exhibit a dramatic increase in the value

of ms from 210 to 850 emu/cm3 when annealed at

400 �C, due to the removal of the surfactant layer,

which is magnetically ‘‘dead’’; however, this causes

agglomeration of the nanoparticles, which is not

desirable in biomedical applications.

One of the options for improving the nanoparticles’

effect on the T2 relaxation times is to produce

controlled clusters of magnetic nanoparticles with an

increasedms to fit the SDR regime. The enhancements

of the longitudinal and transverse relaxation rates of

the protons in the water are quantified by the relaxiv-

ities r1 and r2, respectively. Success in increasing the r2
was achieved for iron oxide nanoparticles (7.4 nm)

combined into clusters (163 nm) in block polymer

micelles (Balasubramaniam et al. 2014), where the

increase in the loading of iron oxide nanoparticles in

the micelles from 12 to 42 % causes an increase in the

r2 from 90 to of 229 mM-1 s-1, which surpasses that

of commercial Feridex� (41 mM-1 s-1 at 1.5 T,

37 �C). Alternatively, silica can be used to synthesize

the nanoclusters, and improvements in r2 were

achieved for Fe-oxide nanoparticles (Lee et al. 2006b).

In the FePt system, controlled aggregates, i.e.

‘‘multi-core’’ nanoparticles, can be synthesized

in situ without any templates. The influence of the

surfactant concentration (oleic acid, OA and oley-

lamine, OLA) on the formation of Fe-oleic acid and

Pt-oleylamine complexes was thoroughly described

(Saita and Maenosono 2005). It was showed (Green

et al. 2014) that ‘‘multi-core’’ FePt nanoparticles can

be prepared by changing the amount and the ratio of

the used surfactants (oleic acid/oleylamine). In our

investigation, a modification of the procedure

described by Green et al. (2014) was used.

When talking about the implementation of biomed-

ical FePt nanoparticles, the positive effects on human

health have to be balanced with the possible toxicity

(Kim et al. 2005). Up to now, only a limited number of

studies have been performed on FePt nanoparticles

(Kim et al. 2005; Chou et al. 2010; Yang et al. 2010),

where no significant cytotoxic effect was shown;

however, the use of biocompatible coatings, such as

silica (Lu et al. 2010), provides the necessary

biocompatibility and positively influences the

nanoparticle size that was found to be the most

appropriate between 20 and 100 nm. Such nanoparti-

cles are believed to be easily internalized by cells, in

comparison to smaller or larger particles (Elsabahy

and Wooley 2012). The SiO2 surface is, due to the

presence of –OH groups, negatively charged at pH

values higher than 2 (Stanford et al. 2008), which

ensures the colloidal stability but limits the cell

internalization. Therefore, in order to promote the

cell internalization efficiency and the binding capa-

bility for biomedical molecules, 3-aminopropyl tri-

ethoxysilane (APTES) is commonly used to introduce

positively charged amino groups on the silica surface

(Verma and Stellacci 2010; Barisik et al. 2014). In

order to evaluate the T2-shortening effect in MRI for

as-synthesized magnetic nanoparticles, water suspen-

sions are a prerequisite, which is sometimes problem-

atic since the syntheses of FePt nanoparticles are

performed in organic solvents. Only a few attempts

were reported for water suspensions of FePt nanopar-

ticles using tetramethylammonium hydroxide (Mae-

nosono et al. 2008), cysteamine (Chen et al. 2010b) or

mercaptoalkanoic acids (Bagaria et al. 2006). In our

study, the functionalization of the FePt nanoparticles

was performed with a hydrophilic and biocompatible,

zwitterionic, dopamine sulfonate (ZDS) ligand, since

it has been demonstrated (Xu et al. 2004) that it can

serve as an attractive ligand to render Fe-oxide

nanoparticles hydrophilic, due to the strong interaction

between the vicinal diol groups and the iron oxide

surface, as well as the hydrophilicity of the amide and

carbonyl groups. This ligand was found to be

suitable for Fe-oxide nanoparticles (Wei et al. 2012),

but no attempts to functionalize the FePt nanoparticles

with it were reported yet.

Based on the state of the art for FePt nanoparticles

used in biomedical applications, our contribution

represents a synthesis roadmap: starting from the

‘‘single-core’’ FePt nanoparticle synthesis and leading

to ‘‘multi-core’’ nanoparticle synthesis. The ratio of

the two surfactants, i.e. oleylamine/oleic acid, was
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used to modify the shape of the FePt nanoparticle,

while their concentration dictates the size of the

nanoparticles. Both parameters have a strong effect on

the magnetic properties of the synthesized nanoparti-

cles, thereby increasing theirms and, consequently, the

r2. Stable water suspensions of ‘‘single-core’’ and

‘‘multi-core’’ FePt nanoparticles were obtained by

using two different approaches: (a) for the first time, a

functionalization with biocompatible, zwitterionic,

catechol ligands was performed or (b) SiO2 coating

of both species ‘‘single-core’’ and ‘‘multi-core’’

resulted in biocompatible FePt nanoparticle suspen-

sions. Such functionalized FePt nanoparticle suspen-

sions, with an r2 suitable for MRI, represent a

comprehensive system that is appropriate for various

biomedical applications.

Experimental

For the synthesis of the FePt nanoparticles, a hemi-

spherical heating mantle (model WiseTherm WHM

12112 from Witeg Labortechnik GmbH) connected to

a temperature controller (J-KEM, model 310) with a

J-type Teflon thermocouple was used. The samples

were characterized using a (scanning) transmission

electron microscope (TEM Jeol JEM-2010F)

equipped with energy-dispersive X-ray spectroscopy

(EDXS). The powder X-ray diffraction was measured

using a Siemens D5000 diffractometer with a Cu-Ka
source (k = 1.5406 Å), and the magnetic measure-

ments were performed with a vibrating sample mag-

netometer (VSM) MicroSense model FCM 10

operated at room temperature. In order to determine

an accurate amount of FePt in the sample, thermo-

gravimetric analyses (TG analyser NETZSCH STA

449 C/6/G Jupiter) were performed to determine the

amount of organic matter in the sample (30 %). The

magnetization values are reported for the mass of FePt

in the sample after the subtraction of the organic

content. Water suspensions of catechol-functionalized

and SiO2-coated ‘‘single-core’’ and ‘‘multi-core’’ FePt

nanoparticles were prepared with different concentra-

tions (0.01–0.08 mM with respect to the Fe content),

and the T1 and T2 relaxation times were measured. The

measurements were made on an NMR/MRI system

consisting of a 2.35-T superconducting magnet (Ox-

ford Instruments, Abingdon, UK) and an Apollo NMR

spectrometer (TecMag, Houston TX, USA). The T1

relaxation times were measured using an inversion

recovery sequence with 16 different inversion times,

ranging from 100 ls to 10 s, while the T2 relaxation

times were measured using the Carr Purcell Meiboom

Gill (CPMG) sequence with multiple spin-echoes. The

T1 and T2 relaxation times were calculated from the

best fits between the measurements and the corre-

sponding model for either T2 relaxation (exponential

dependency of the echo-signal on the echo number) or

T1 relaxation (dependency of the inversion recovery

signal on the inversion time). The calculations were

performed using the Origin program (OriginLab

Corporation, Northampton MA, USA).

The dependencies of the longitudinal (1/T1) and

transverse (1/T2) relaxation rates on the FePt nanopar-

ticles’ concentration were used to extract the FePt

nanoparticles’ relaxivities r1 and r2. These are defined

as proportionality constants between the contrast

agent-induced increase of the corresponding relax-

ation rate and the MR contrast agent concentration.

r1 ¼
1
T1

� �

C
� 1

T1

� �

0

C
; r2 ¼

1
T2

� �

C
� 1

T2

� �

0

C
: ð3Þ

Here, C denotes the contrast agent concentration,

while the indexesC and 0 denote the relaxation rates at

the contrast agent concentration C and at zero

concentration, respectively. For each type of FePt

nanoparticles, the relaxivities r1 and r2 were calculated

from the best fit between the model given in Eq. (3)

and the relaxation-time measurements.

Results and discussion

‘‘Single-core’’ FePt nanoparticles synthesis based

on varying the amount of surfactants

‘‘Single-core’’ FePt nanoparticles (Table 1, S1–S8)

were synthesized using a modification of the polyol

method, reported by Sun’s group, in an argon atmo-

sphere (Sun 2000). The TEM images in Fig. 1

represent the FePt nanoparticles prepared by the

addition of different volumes of both surfactants,

0.5 mL (S2) and 4 mL (S7), where the sizes of the

FePt nanoparticles were found to be 3 nm (Fig. 1a)

and 6 nm (Fig. 1b), respectively. For the largest added

volume (6 mL, S8), the size is increased to 7.5 nm

(Fig. 1c); however, the nanoparticles start to
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agglomerate, since at higher surfactant concentrations,

the free surfactant molecules can cause flocculation of

the already surfactant-stabilized nanoparticles, which

is in accordance with the literature observations

(Nandwana et al. 2007) and with the proposed

nucleation-and-growth mechanism (Shevchenko

Table 1 Sample list of

FePt nanoparticles,

including the amounts of

OLA and OA used and the

resulting OLA/OA ratio for

FePt samples 1–17;

Fe(acac)3 (1 mmol, 70 mg)

and Pt(acac)2 (0.5 mmol,

40 mg) were used in

dibenzyl ether (20 mL) and

1,2-hexadecanediol

(2.3 mmol, 0.012 g)

Sample OLA/mL OA/mL Ratio OLA:OA Nanoparticles form

1 0.15 0.15 1:1 ‘‘Single-core’’

2 0.5 0.5 1:1 ‘‘Single-core’’

3 0.6 0.6 1:1 ‘‘Single-core’’

4 1.5 1.5 1:1 ‘‘Single-core’’

5 2.5 2.5 1:1 ‘‘Single-core’’

6 3 3 1:1 ‘‘Single-core’’

7 4 4 1:1 ‘‘Single-core’’

8 6 6 1:1 ‘‘Single-core’’

9 6 0 6:0 ‘‘Multi-core’’

10 6 0.5 6:0.5 ‘‘Multi-core’’

11 6 1 6:1 ‘‘Multi-core’’

12 6 2 6:2 ‘‘Multi-core’’

13 6 3 6:3 ‘‘Multi-core’’

14 6 4.5 6:4.5 ‘‘Multi-core’’

15 0 6 0:6 ‘‘Single-core’’

16 4 1.3 6:3 ‘‘Multi-core’’

17 2 0.66 6:3 ‘‘Multi-core’’

Fig. 1 TEM images for a 3-nm (S2), b 6-nm (S7) and

c agglomerated (S8) ‘‘single-core’’ FePt nanoparticles.

d Graph indicating the size of ‘‘single-core’’ FePt nanoparticles

for different amounts of added surfactants and e comparison of

the magnetic properties for 3- and 6-nm ‘‘single-core’’ FePt

nanoparticles measured at 300 K
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et al. 2003). A graph indicating the linear dependence

of the particle size on the volume of the added

surfactants is shown in Fig. 1d. The hysteresis loops

measured at 300 K for the furthest-apart samples in

terms of their size (3 and 6 nm) are shown in Fig. 1e.

Both samples exhibit superparamagnetic behaviour,

with the magnetizations m(1.5T) 2 and 8 emu/g,

respectively. Our measured values for the magnetiza-

tion are comparable to the values reported in the

literature for similarly sized FePt nanoparticles (Kim

et al. 2005; Nandwana et al. 2007). However, the still

relatively low ms values, in comparison with the bulk

FePt Ms value, are most probably due to the particle

size reduction according to Eq. (2) or due to the

functionalization of the nanoparticles with the surfac-

tants, which causes a magnetically ‘‘dead’’ surface

layer due to the oxygen bonds of the surfactant polar

end group (oleic acid/oleylamine) with Fe (Wu et al.

2004). It was reported that by removing/decomposing

the surfactant layer, the Ms of the FePt nanoparticles

can be fully recovered (Wu et al. 2004), but this causes

agglomeration of the nanoparticles, which is not

desirable for biomedical applications.

‘‘Single-core’’ FePt nanoparticles synthesis based

on seed-mediated growth

In order to grow larger nanoparticles with a higher ms,

a two-step synthesis, i.e. seed-mediated growth (Zey-

nali et al. 2012), was performed. For the first step in the

synthesis, the experimental conditions for the forma-

tion of well-dispersed, 6-nm-sized FePt nanoparticles

were used (S7, Fig. 1b). In the second step, half of the

initial volume of the metal salts was added, and the

same heating regime was used as in the first step. From

the TEM micrograph (Fig. 2a) of the nanoparticles

formed in the second step, it is clear that the

nanoparticles grew to sizes up to 15 nm after the

second step with very few smaller seeds remaining;

however, the nanoparticles developed an irregular

shape. The magnetization value after the second step

was almost twice as large (14.5 emu/g) as after the first

step (8 emu/g). The hysteresis loop presented in

Fig. 2b shows that the larger particles maintained

their superparamagnetic behaviour; however, the size

of the formed nanoparticles is already at the super-

paramagnetic fcc FePt size limit (17 nm), which could

restrict their use in biomedical applications.

‘‘Multi-core’’ FePt nanoparticles synthesis

In order to improve the magnetic properties further,

keeping in mind the superparamagnetic size limit (Ds),

we focused on the growth of ‘‘multi-core’’ FePt

nanoparticles by using the modified procedure

described in the literature (Green et al. 2014). Such

FePt ‘‘multi-core’’ nanoparticles were proven to

exhibit larger ms values than their ‘‘single-core’’

counterparts. In order to systematically study the

formation of ‘‘multi-core’’ FePt nanoparticles, the

ratio between the OLA and the OA was varied from

0.08 to 0.75. The volume of OLA was constant

(6 mL), while the volume of OA was varied: 0, 0.5, 1,

2, 3 and 4.5 mL (S9–S14). When the amount of added

OA was larger than the amount of OLA (OA[OLA),

‘‘single-core’’ FePt nanoparticles were always

obtained (data not shown). TEM images of the

prepared samples with different OLA-to-OA ratios

are shown in Fig. 3. It is evident that a small amount of

OLA is needed to stabilize the nanoparticles and to

Fig. 2 a TEM image of nanoparticles obtained after step 2 of the seed-mediated growth with b the corresponding magnetic

measurements for the nanoparticles after steps 1 and 2 at 300 K
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prevent agglomeration, which occurs when only OA is

used as the surfactant (S15, Fig. 3; OLA:OA

ratio = 0:6). It is clear from the TEM images in

Fig. 3 that when the amount of added OLA is larger

than the amount of OA (OLA[OA), ‘‘multi-core’’

FePt nanoparticles can be obtained. Moreover, a

higher OLA:OA ratio leads to a slight decrease in

the size of the ‘‘multi-core’’ nanoparticles, with a

smaller size (approx. 10 nm) being obtained when

only OLA was used (Fig. 3; OLA:OA ratio = 6:0). In

all of the cases when OLA[OA ‘‘multi-core’’

nanoparticles with slightly elongated ‘‘single-core’’

nanoparticle shapes were formed, the nanoparticle

aspect ratio was found to decrease with OA addition.

The observed elongated shape of the synthesized

nanoparticles has its roots in OLA-induced, one-

dimensional growth as observed in the literature

(Wang et al. 2007; Chou et al. 2009). The latter group

reported that the growth rates for the {111} and {100}

planes in the FePt fcc crystal structure can be affected

by changing the OLA:OA ratio. The amine group of

OLA binds more strongly on the {100} planes than on

the {111} planes, which causes the formation of

slightly elongated structures. On the other hand, OA

binds on both planes equally and therefore spherical

structures are formed. The sample produced at

OLA:OA = 6:2 (S12) showed the most consistent

‘‘multi-core’’ morphology, and it was used in all the

subsequent experiments. Magnetic measurement

obtained for the FePt ‘‘multi-core’’ nanoparticles

(Fig. 3) indicated superparamagnetic behaviour, with

an increasedm(1.5T) = 19.5 emu/g in comparison with

the ‘‘single-core’’ FePt nanoparticles.

Typical morphologies and size distributions of the

‘‘single-core’’ and ‘‘multi-core’’ FePt nanoparticles

are shown in Fig. 4. The average size (defined as the

average diameter) of the ‘‘single-core’’ (S7) nanopar-

ticles measured on the basis of 30 individual particles

was 7 ± 1 nm. In the case of the ‘‘multi-core’’

nanoparticles (S12), the average size was determined

by measuring the average diameter of the body, using

the dashed line, as indicated in Fig. 4b. The average

particle size of the ‘‘multi-core’’ nanoparticles was

20 ± 3 nm.

The selected area electron diffraction (SAED)

patterns (superimposed in Fig. 4), which were

obtained for the ‘‘single-core’’ and ‘‘multi-core’’

samples, are in accordance with the fcc crystal

structure of the FePt phase (Dai et al. 2001). No

additional phases could be detected, either using TEM/

STEM imaging or electron diffraction techniques (e.g.

oxide phases, etc.). The elemental analysis obtained

using the EDXS was performed on ‘‘single-core’’ (S7)

and ‘‘multi-core’’ (S12) samples. Three separately

prepared samples for the ‘‘single-core’’ and ‘‘multi-

core’’ FePt nanoparticles were examined for their

Fig. 3 TEM images of ‘‘multi-core’’ FePt nanoparticles for different OLA:OA ratios with magnetic measurements at 300 K for the

sample with OLA:OA ratio = 6:2 (S12)
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elemental composition in order to estimate the repro-

ducibility of the synthesis procedure, and five spectra

were recorded for each sample in different areas. All

three ‘‘single-core’’ or ‘‘multi-core’’ samples had very

similar compositions, with the maximum deviation

between them being ±1 at.%. The elemental compo-

sition determined from the obtained EDXS data for the

‘‘single-core’’ or ‘‘multi-core’’ samples was Fe25±1-

Pt75±1 and Fe30±1Pt70±1, respectively. A slightly

higher content of Fe in the case of the ‘‘multi-core’’

FePt nanoparticles can be attributed to the lower

content of OA during the synthesis. It was suggested

that OA is a coordinative ligand for the Fe atoms, and

OLA is said to coordinate the Pt intermediates (Saita

and Maenosono 2005). Therefore, a smaller amount of

OA would result in a fewer coordinated Fe metal

intermediates in the reaction mixture and hence

nanoparticles with a slightly higher Fe content.

In order to determine the crystallinity of the

individual ‘‘single-core’’ and ‘‘multi-core’’ nanoparti-

cles, a series of atomic-resolution high-angle annular

dark-field STEM (HAADF-STEM) images were

acquired. Representative HAADF-STEM images are

shown in Fig. 5. The HAADF-STEM image acquired

from the ‘‘single-core’’ nanoparticle in the [112]

projection of the FePt fcc structure is shown in

Fig. 5a, and the enlarged region of the particle edge is

shown as an inset. The observed non-periodic varia-

tion of high and low intensity between the adjacent

atomic columns, which is marked by white and grey

arrows (Fig. 5a), is directly related to the non-periodic

variations in the atomic-column composition, thus

described as a FePt solid solution with a fcc structure,

which is in accordance with the SAED analysis. The

HAADF-STEM images of the ‘‘multi-core’’ nanopar-

ticles (Fig. 5b) show that these aggregates are

typically composed of radially grown, individual

nanoparticles. The structural characteristics of these

individual particles are the same as described for the

case of the ‘‘single-core’’ nanoparticles. The results

showed that controlled aggregates, i.e. ‘‘multi-core’’

FePt nanoparticles, can be synthesized in situ without

any templates. It was reported (Green et al. 2014) that

‘‘multi-core’’ FePt nanoparticles can be prepared by

changing the amount and the ratio of the used

surfactants (oleic acid/oleylamine). However, we have

selected a different Fe precursor in order to have

similar metal salts (Pt(acac)2 and Fe(acac)3), which

facilitate the formation of a pure FePt phase (solid

solution) that was confirmed by detailed TEM anal-

ysis. Moreover, during our research, it was ascertained

that the addition of a small amount of a reducing agent

is necessary to avoid the oxidation of FePt NPs and the

formation of oxide phases. TEM analyses confirmed a

pure FePt phase without any oxide phase present.

Therefore, in this study, during the synthesis, a

reducing agent (1,2-hexadecanediol) was added. In

contrast, in the work of Green et al., a thin iron oxide

layer is reported, most probably due to the fact that no

reducing agent was used.

Functionalization of ‘‘single- & multi-core’’ FePt

nanoparticles with zwitterionic dopamine

sulfonate

The as-synthesized FePt nanoparticles are hydropho-

bic due to the use of OLA and OA as the surfactants. In

order to transfer them into a water phase, we used the

ZDS ligand. The benefits of using the ZDS ligand lie in

its chemical character, since it is composed of three

active moieties (Wei et al. 2012). The dopamine

provides a strong coordination to the nanoparticle

Fig. 4 HR-TEM images of

a ‘‘single-core’’ and

b ‘‘multi-core’’ FePt

nanoparticles with

corresponding SAED

patterns shown as insets
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surface (Xu et al. 2004), the sulfonate group is

responsible for the high water solubility and the

combination of a quaternary amine group and a

sulfonate group gives the ligand a zwitterionic char-

acter, which enables its buffer capacity, i.e. a high pH

stability, which decreases the nanoparticles’ non-

specific interactions with proteins. The ZDS ligand

was prepared according to a modified protocol

described in the literature (Wei et al. 2012). Dopamine

hydrochloride was used as the starting material, with

its chemical formula shown in Fig. 6a. Ammonium

hydroxide and 1,3-propanesultone were added to

induce the sulfonation of the dopamine and the

conversion to a dopamine sulfonate (Fig. 6b). To

form the final product (ZDS ligand), dopamine

sulfonate was dissolved in DMF with the addition of

anhydrous sodium carbonate, and the methylation of

the amino group was achieved by the addition of

iodomethane (Fig. 6c). The excess of base was added

to capture the hydrogen iodide that was released (H?

from amine, I- from iodomethane) and to keep the

system basic, making sure that the amine and the

sulphonic acid are not protonated. The protonation of

the amine would hinder the nucleophilic attack on the

iodomethane. The second methylation is less favour-

able because of steric hindrance; however, the higher

temperature, the already deprotonated sulphonate

(hence a more stable end product) and the removal

of hydrogen iodide pull the equilibrium to the side of

the products. Strong coordination bonds between the

–OH groups of the ZDS ligand and the Fe atoms on the

surface of the nanoparticle were already proved in the

case of SPIONs (Wei et al. 2012). According to reports

in the literature (Hirani et al. 2007), that catechol-Pt

complexes were formed by the coordination of Pt onto

OH groups of catechol, we can assume that the

catechol ligand is also coordinated to Pt atoms, similar

to Fe. In Fig. 6d, it is clear that the suspension of oleic

acid/oleylamine stabilized the FePt nanoparticles in

the hexane phase before the ligand exchange with the

nanoparticles-free water phase below. After the

ligand-exchange reaction, the ZDS-functionalized

FePt nanoparticles are successfully transferred into

the water phase and a nanoparticles-free hexane phase

is visible above (Fig. 6e). Such ZDS ligand function-

alized FePt ‘‘single-core’’ and ‘‘multi-core’’ nanopar-

ticles were subsequently checked for their MRI

performance and referred to as ‘‘sample S’’ and

‘‘sample M’’, respectively.

Functionalization of ‘‘single- & multi-core’’ FePt

nanoparticles with SiO2 and APTES

In order to reduce the possible cytotoxic effects of the

FePt nanosystem and to make the FePt nanoparticles’

cell intervention appropriate (Lu et al. 2010), the as-

synthesized ‘‘single-core’’ and ‘‘multi-core’’ FePt

nanoparticles were covered with SiO2 shells using

the water-in-oil microemulsion method (Lee et al.

2006a). TEM images of the SiO2-coated ‘‘single-core’’

and ‘‘multi-core’’ FePt nanoparticles after 24 h of

synthesis are shown in Fig. 7b, c, respectively. All the

Fig. 5 High-resolution HAADF-STEM images of individual a ‘‘single-core’’ and b ‘‘multi-core’’ FePt nanoparticles. The inset shows

the enlarged region of the particle’s edge
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FePt nanoparticles are equally covered and no free

FePt nanoparticles were found, indicating the suc-

cessful SiO2 coating of all the magnetic cores. In

Fig. 7a, the thicknesses of the SiO2 shells measured

after different reaction times (6, 12, 18 and 24 h) are

presented for ‘‘single-core’’ or ‘‘multi-core’’ FePt

Fig. 6 a–c Synthesis route of the ZDS ligand, d oleic acid/oleylamine stabilized FePt nanoparticles in hexane phase before the ligand

exchange and e ZDS-functionalized FePt nanoparticles in the water phase after the ligand-exchange reaction

Fig. 7 a Growth of SiO2 shell with the reaction time, SiO2-coated b ‘‘single-core’’ and c ‘‘multi-core’’ FePt nanoparticles with d, e
the corresponding magnetic measurements at 300 K
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nanoparticles. The growth of the SiO2 shell is fast

during the first 10 h of the reaction: the increases in the

thicknesses of the SiO2 shells are *1 nm/h and

*2 nm/h for ‘‘single-core’’ and ‘‘multi-core’’ FePt

nanoparticles, respectively. Longer reaction times

resulted in linear growth with an approximate growth

rate of *0.5 and *0.8 nm/h for ‘‘single-core’’ and

‘‘multi-core’’ FePt nanoparticles, respectively. After

24 h of synthesis, the thicknesses of the SiO2 shells on

the ‘‘single-core’’ and ‘‘multi-core’’ FePt nanoparti-

cles were *12 and *18 nm, respectively. The same

mass of FePt nanoparticles was used in both cases

(20 mg). However, the same mass of FePt nanopar-

ticles equals a smaller number of nanoparticles in the

case of the ‘‘multi-core’’ sample. Therefore, for each

‘‘multi-core’’ nanoparticle, a larger quantity of

reagents is present and consequently a thicker shell

is formed. A comparison of the magnetic properties at

300 K before and after the SiO2 coating for 24 h of

‘‘single-core’’ and ‘‘multi-core’’ FePt nanoparticles is

shown in Fig. 7d, e. The m(1.5T) of the SiO2-coated

FePt nanoparticles is equal to *1 and *2 emu/g, for

‘‘single-core’’ and ‘‘multi-core’’ nanoparticles, respec-

tively, which is approximately 9 times lower than for

the initial FePt nanoparticles in both cases (‘‘single-

core’’ with m(1.5T) = 8 emu/g, and ‘‘multi-core’’ with

m(1.5T) = 19.5 emu/g). The nanoparticles’ surface

chemistry can significantly modify their magnetic

properties. A FTIR study of FePt nanoparticles

stabilized with OLA and OA and further coated with

a SiO2 shell (Aslam et al. 2005) showed that the SiO2

coating does not deteriorate the amine and carboxylate

layer on the FePt surface. From this, it can be

concluded that the OLA and OA layer remains on

the FePt surface even after the SiO2 coating and no

direct FePt–SiO2 bonds are formed, which might have

an influence on the magnetic properties of the

nanoparticles. Because the SiO2-coating does not

induce any change in the chemical bond on the surface

of the FePt nanoparticle, the lower magnetization

obtained for the SiO2-coated FePt nanoparticles is

merely due to the dilution of the sample with the non-

magnetic SiO2 phase (the magnetization is based on

the mass of the whole sample). However, as pointed

out in the introduction, the targeted ‘‘composite’’

nanoparticle size was between 20 and 100 nm

(Elsabahy and Wooley 2012), which means that the

magnetization reduction is inevitable in these kinds of

‘‘hybrid’’ systems with a constant trade-off between

good magnetic properties (large ms) and good

biocompatibility.

In order to further assess the FePt-SiO2 ‘‘compos-

ite’’ material in terms of biomedical applications, its

potential in cell internalization was increased by

introducing the positively charged aminopropylsilane

groups on the SiO2 surface of the SiO2-coated ‘‘single-

core’’ and ‘‘multi-core’’ FePt nanoparticles. The zeta-

potential measured on the APTES-functionalized

FePt/SiO2 nanoparticles was converted from negative

for the as-synthesized samples to highly positive after

APTES functionalization, with the maximum value

being in the pH range 4–7 (Kostevšek et al. 2015).

APTES-functionalized SiO2-coated ‘‘single-core’’ and

‘‘multi-core’’ FePt nanoparticles were used in the MRI

measurements and are subsequently referred to as

‘‘sample S-SiO2’’ and ‘‘sampleM-SiO2’’, respectively.

ZDS-functionalized and SiO2-coated ‘‘single-

core’’ and ‘‘multi-core’’ FePt as MRI contrast

agents

The effectiveness of the ZDS-functionalized and

silica-coated ‘‘single-core’’ and ‘‘multi-core’’ FePt

nanoparticles as MRI contrast agents was investigated

by measuring the dependence of the longitudinal (T1)

and transverse (T2) relaxation times on the FePt

nanoparticles’ concentration. Water suspensions of

ZDS-functionalized ‘‘single-core’’ and ‘‘multi-core’’

FePt nanoparticles (sample S and sample M, respec-

tively) and SiO2-coated ‘‘single-core’’ and ‘‘multi-

core’’ FePt nanoparticles (sample S-SiO2 and sample

M-SiO2, respectively) were prepared with different

concentrations (0.01–0.08 mM) with respect to the Fe

content. The values of the longitudinal relaxation rate

increase 1/T1 - 1/T1(0) for all four samples (S, M,

S-SiO2 and M-SiO2) can be found in Fig. 8a, and the

corresponding calculated longitudinal relaxivities (r1)

are listed in Table 2. From the r1 values, it can be

concluded that the ‘‘single-core’’ FePt nanoparticles

(sample S, r1 = 3.6 ± 0.2 mM-1 s-1) have a weaker

effect on the shortening of the T1 time than the ‘‘multi-

core’’ FePt nanoparticles (sample M,

r1 = 6.7 ± 0.7 mM-1 s-1). The difference is found

to be approximately 1.8 times in favour of sample M.

In general, there are two relaxations of water protons

nearby magnetic nanoparticles, depending on whether

the water protons merely diffuse through the magnetic

nanoparticles (‘‘outer sphere’’) or temporarily bind to
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them (‘‘inner sphere’’) (Huang et al. 2014). T1
relaxation enhancement is mainly related to the inner

sphere regime that water protons chemically exchange

with the surface centres directly. For the smaller

magnetic nanoparticles, the spin-canting effect

becomes stronger due to the higher fraction of surface

metal ions relative to the core ones. This might lead to

a decrease in the number of the effective metal centres

on the surface and, consequently, less effective

coordinating of the water molecules and chemical

exchanging of the protons (Huang et al. 2014);

therefore, the resulting r1 value for the smaller

‘‘single-core’’ nanoparticles is lower than in the case

of the larger ‘‘multi-core’’ ones. Furthermore, SiO2-

coating reduces the r1 values for both the ‘‘single-

core’’ (sample S-SiO2, r1 = 1.2 ± 0.1 mM-1 s-1)

and ‘‘multi-core’’ FePt nanoparticles (sample

M-SiO2, r1 = 1.2 ± 0.1 mM-1 s-1) by approxi-

mately 3 times with respect to the uncoated ones.

The values of the transversal relaxation rate increase

1/T2 - 1/T2(0) for all four samples (S, M, S-SiO2 and

M-SiO2) can be found in Fig. 8b, and the correspond-

ing calculated transversal relaxivities (r2) are listed in

Table 2. From the relaxivity values r2, it is clear that

the ‘‘single-core’’ FePt nanoparticles (sample S,

r2 = 52 ± 5 mM-1 s-1) have a weaker effect on the

shortening of the T2 time than the ‘‘multi-core’’ FePt

nanoparticles (sample M, r2 = 87 ± 4 mM-1 s-1).

As was clear from a comparison of the r1 values, the r2
values are also approximately 1.7 times higher in the

case of sample M. This is in accordance with Eq. (1),

where it is clear that R2 is directly proportional, among

other parameters, to (ms)
2, meaning that nanoparticles

with higherms exhibit higher R2 and r2. Therefore, due

to the higher magnetization, ‘‘multi-core’’ nanoparti-

cles (sample M) possess higher r2 values than the

‘‘single-core’’ ones (sample S). The SiO2-coating

results in a 2- and 3-fold reduction in the r2 values

(sample S-SiO2, r2 = 16 ± 2 mM-1 s-1 and sample

M-SiO2, r2 = 53 ± 3 mM-1 s-1) in comparison with

the non-coated samples (S and M). This can be

attributed to the fact that the SiO2 layer increases the

distance between the water protons and the magnetic

FePt core and, therefore, the effective magnetic

relaxations of the water protons around the nanopar-

ticles are reduced, which influences the shortening of

the T2 relaxation times (Shin et al. 2015).

As stated in the introduction, the r2/r1 ratio is an

important parameter to estimate whether a given

contrast agent can serve as a T1 or T2 contrast agent.

Due to their large magnetization values, magnetic

nanoparticles are usually classified as T2 MRI contrast

agents (Shin et al. 2015). A high r2/r1 ratio is a

prerequisite for an efficient T2 contrast agent, where

the r2/r1 ratio should be at least 10 (Caravan et al.

1999). From the r2/r1 ratios listed in Table 2, it can be

concluded that all four samples possess a high r2/r1
ratio and even exceed the required value of 10, which

put FePt nanoparticles high on the list of the most

promising materials for use in MRI.

Fig. 8 Graph indicating

a inverse longitudinal 1/

T1 - 1/T1(0) and b inverse

transverse 1/T2 - 1/T2(0)

relaxation rate increase for

‘‘single-core’’ (S), ‘‘multi-

core’’ (M), SiO2-coated

‘‘single-core’’ (S-SiO2) and

SiO2-coated ‘‘multi-core’’

FePt nanoparticles (M-SiO2)

Table 2 Calculated longitudinal (r1) and transverse (r2)

relaxivities for ‘‘single-core’’ (S), ‘‘multi-core’’ (M), SiO2-

coated ‘‘single-core’’ (S-SiO2) and SiO2-coated ‘‘multi-core’’

(M-SiO2) FePt nanoparticles with corresponding r2/r1 ratios

Sample r1 (mM-1 s-1) r2 (mM-1 s-1) r2/r1

S 3.6 ± 0.2 52 ± 5 14.4

S-SiO2 1.2 ± 0.1 16 ± 2 13.3

M 6.7 ± 0.7 87 ± 4 12.9

M-SiO2 2.1 ± 0.2 53 ± 3 25.2

464 Page 12 of 15 J Nanopart Res (2015) 17:464

123



Few papers can be found where the relaxivities, r1
and r2, of the ‘‘single-core’’ FePt nanoparticles were

measured (Chou et al. 2010; Yang et al. 2010; Taylor

et al. 2012; Liang et al. 2015). However, large

differences in the experimental conditions (applied

magnetic field, surrounding medium, surface func-

tionalization, etc.) make any comparison of the

results obtained by different research groups diffi-

cult. The applied magnetic field strength is known to

influence the T1 measurements; therefore, the abso-

lute T1 and r1 values cannot be compared. However,

T2 relaxation times are less influenced by the applied

magnetic field, and therefore, a rough comparison

with the literature can be made. Chou et al. (2010)

have tested the effect of the nanoparticles’ size on

their ability to influence the MRI signal for 3-, 6- and

12-nm FePt nanoparticles coated with cysteamine. It

was shown that ms increased from 1.7 to 12.7 emu/g

Fe with the increasing size of the nanoparticles.

Consequently, 12-nm FePt nanoparticles represented

the most effective negative MRI contrast agent.

Taylor et al. (2012) measured for octadecylamine-

coated 10-nm-sized FePt nanoparticles in agarose an

r2 value of 62.2 mM-1 s-1, which is comparable

with the values obtained in our study. Liang et al.

(2015) studied cysteine-coated 3.8-nm-sized FePt

nanoparticles and obtained a low r2 value in an

aqueous solution (r2 = 16.9 mM-1 s-1), which

favours the FePt nanoparticles synthesized in our

study. Furthermore, Yang et al. (2010) showed in

their work that tetraethylene glycol/oleic acid-coated

4-nm-large FePt nanoparticles possess a high r2 value

in an aqueous solution (r2 = 122 mM-1 s-1,

ms = 25 emu/g). However, their r2 value is found

to be higher than in our case. The reason for this lies

most probably, firstly, in the higher ms and, secondly,

in the different nanoparticle coatings, which was not

quantitatively evaluated. It is evident from the

literature that ‘‘single-core’’ FePt nanoparticles pos-

sess high r2 values, which indicates that this material

has a strong potential to become an excellent T2 MRI

contrast agent, as we also confirmed in our study. A

step towards increasing thems value of ‘‘single-core’’

FePt nanoparticles was proven to work, and signif-

icant improvements of ms were observed, which also

reflected positively on the MRI material’s perfor-

mance. Additionally, we have successfully imple-

mented the use of a dopamine-based ligand to

transfer the FePt nanoparticles to a water phase,

while maintaining a high colloidal stability. This

means that our study represents a crucial and positive

step towards water-based suspensions of biocompat-

ible FePt nanoparticles.

We showed that the ‘‘multi-core’’ FePt nanoparti-

cles synthesized in our study exhibit higher r2 values

in comparison to the ‘‘single-core’’ particles and that

the SiO2 coating reduces both the r1 and r2 values.

However, the r2/r1 ratios are found to exceed the value

of 10, which was reported to be ideally suited for

quantitatively T2-weighed MRI (Caravan et al. 1999).

Our r2 values for FePt nanoparticles are, however, still

inferior to ‘‘multi-core’’ iron oxides, mainly due to

their higherms (Ai et al. 2005; Berret et al. 2006; Chen

et al. 2010a; Tanaka et al. 2010). But, despite their

good magnetic properties, the Fe-oxide nanoparticles

were found to have a limited trans-endothelia passage

and tissue penetration, since they suffer from rapid

clearance by phagocytic cells (Bulte and Kraitchman

2004; Na et al. 2009), which could be limiting in terms

of their biomedical implementations.

We are aware that the functionalized FePt ‘‘single-’’

and ‘‘multi-core’’ nanoparticles developed in our study

still need to undergo optimization of the materials’

properties, especially when we talk about their mag-

netization. Future perspectives would include Fe-rich

compositions, since Fe is the element carrying the

magnetic moment in the FePt compositions, which

would also make the material cheaper. Additionally,

the surface layer can be optimized in the future in

order to increase the r2, but this has to be done

thoroughly and carefully and be linked with the

nanoparticles’ in vivo MRI performances.

Conclusions

Even though the bulk volume saturation magnetiza-

tion (MS) of FePt is higher than that of Fe-oxides, the

nanoparticle magnetization (ms) per unit mass remains

inferior. FePt ms can be drastically increased by using

a surfactant-assisted synthesis. The ‘‘single-core’’

FePt nanoparticles’ magnetization, which equaled

8 emu/g, was increased to 19 emu/g for ‘‘multi-core’’

FePt nanoparticles by changing the ratio and volume

of the added surfactants (OA and OLA), while keeping

the FePt nanoparticles in the superparamagnetic range.

In order to obtain magnetic suspensions that are

stable in water and biocompatible, ‘‘single-core’’ and
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‘‘multi-core’’ FePt nanoparticles were functionalized

with a dopamine-based ligand or coated with SiO2

shells of various thicknesses. A dopamine-based

ligand was used for the first time to transfer the FePt

nanoparticles to a water phase, and this represents a

crucial step that enables their further biomedical

implementation. FePt nanoparticles showed promis-

ing MRI characteristics, with significant shortening of

the transversal relaxation times, i.e. r2 relaxivities that

were equal to 52 mM-1 s-1 for ‘‘single core’’ FePt

and 87 mM-1 s-1 for ‘‘multi-core’’ FePt nanoparti-

cles, while exhibiting r2/r1 ratios above 10, which are

ideal for MRI (Caravan et al. 1999). The non-magnetic

SiO2 coating ‘‘diluted’’ the magnetic effect of the FePt

nanoparticles, resulting in a reduced MRI

performance.

Taking all of this into account, some fundamental

steps towards FePt nanoparticle bio-implementations

have been made in our study, especially in the sense of

FePt nanoparticle synthesis and ms improvements,

their bio-functionalization and MRI performance,

which will positively affect their subsequent in vitro

and in vivo functioning.

Supporting information

Information about the used materials, detailed syn-

thesis procedures for the formation of (a) ‘‘single-

core’’ FePt nanoparticles, (b) ‘‘single-core’’ FePt

nanoparticles produced via seed-mediated growth,

(c) ‘‘multi-core’’ FePt nanoparticles, (d) SiO2-shell

formation, (e) synthesis of ZDS ligand and (f) ligand

exchange reaction can be found in the Supporting

Information File.
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