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Abstract

We describe a new method for coating superparamagnetic iron oxide nanoparticles (SPIOs) and

demonstrate that, by fine-tuning the core size and PEG coating of SPIOs, the T2 relaxivity per-

particle can be increased by > 200 fold. With 14 nm core and PEG1000 coating, SPIOs can have

T2 relaxivity of 385 s−1mM−1, which is among the highest of all SPIOs reported. In vivo tumor

imaging results demonstrated the potential of the SPIOs for clinical applications.
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Over the past two decades, superparamagnetic iron oxide nanoparticles (SPIOs) have

received extensive studies as an important class of MRI contrast agent for medical

imaging.1, 2 A variety of SPIOs with different cores and surface coating were synthesized,

and several are currently under clinical trials for imaging liver tumors and metastatic lymph

nodes.3–8 A SPIO, in general, is composed of maghemite or magnetite crystals less than 20

nm in diameter. Unlike widely used paramagnetic gadolinium chelates, these nanocrystals

contain thousands of Fe atoms and approach saturation magnetization under a magnetic field

typical for MRI.9 Each nanocrystal can generate signal contrast several orders of magnitude

higher than a gadolinium chelate. In addition, iron oxide has little toxicity for in vivo

applications. These features make SPIOs an appealing candidate for early detection and

diagnosis of atherosclerosis, cancer and many other human diseases. 6, 10–12

SPIOs functionalized with specific targeting moieties can be used for in vivo imaging of

molecular markers associated with disease development. For instance, imaging the SPIOs

attached to VEGF receptors can help locate active tumors and determine tumor stages, since

VEGF receptors are up-regulated on vascular endothelium involved in tumor angiogenesis, a

process required for tumor expansion and metastasis.13 However, molecular markers in

small lesions usually present at a low level, which makes it very challenging for the SPIOs

to generate a detectable contrast in MRI. Therefore, synthesizing SPIOs with substantial

signal enhancement to improve sensitivity has been the most important issue in SPIO-based

disease detection and diagnosis.
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There are two major factors in determining the signal enhancement generated by the SPIOs:

iron oxide core (size and material) and the coating (thickness and chemical composition).

SPIOs can induce an increased T2 relaxivity in MRI, which is determined by the

translational diffusion of water molecules in the inhomogeneous magnetic field surrounding

the SPIO.14–16 Based on a quantum-mechanical outer-sphere theory, the T2 relaxivity of

SPIOs in solution can be given by (Supporting Information S1),15, 16

(1)

where γ is the proton gyromagnetic ratio, V*, Ms and a are the volume fraction, saturation

magnetization and the radius of iron oxide core, respectively, D is the diffusivity of water

molecules, and L is the thickness of an impermeable surface coating. For simplicity, only the

secular term that dominates at high magnetic field is shown in Equation 1.14 This theory

predicts that the T2 relaxivity of SPIOs increases with the magnetization and the size of iron

oxide cores if the total amount of iron, V*, is constant.14, 17 Both mechanisms have been

successfully explored with several experimental approaches. For example, the magnetization

of SPIOs was enhanced by using cores formed by elementary iron or by doping iron oxide

with other magnetic elements such as nickel, cobalt and manganese.6, 18, 19 Further, the core

size was increased by employing controllable crystallization through thermo-decomposition

of iron complex in organic solvents.4, 5, 19, 20 It has also been shown that the magnetization

of magnetite increases with the crystal size at nanometer scale.4,18

The iron oxide core needs to be coated with either natural macromolecules or synthetic

polymers in order to disperse in aqueous solutions.4, 8, 21 In many cases, most of the

magnetic field surrounding a SPIO falls within the coating. For instance, the magnetic field

strength on the surface of a dextran-coated cross-linked iron oxide nanoparticle (CLIO)

reduces to only 2.3% of that on the surface of its iron oxide core (The core radius and

coating thickness of a CLIO are 4.35 nm and 10.8 nm, respectively.22). The coating

molecules of a SPIO can exclude water from its surface, hinder water diffusion, or

immobilize nearby water molecules by forming hydrogen bonds, all may affect the nuclear

relaxation of water protons. Therefore, SPIOs synthesized with distinct coating schemes can

exhibit significantly different T2 relaxivity even if their iron oxide core sizes are similar.

However, the effect of coating on T2 relaxivity is not well understood.

A film hydration method has been used to coat nanocrystals with small amphiphilic

molecules, such as poloxamer, poloxamine and phospholipid-PEG.23 PEG is a hydrophilic

polymer used extensively for improving blood circulation of liposomes and coating

nanoparticles.23–26 In the film hydration method, to produce micellar nanoparticles, the

cores and coating molecules are dispersed in chloroform and deposited to a thin film after

chloroform is evaporated. The outcome of this method, however, is controlled by a

complicated interplay between three competing processes: formation of empty micelles,

aggregation of nanocrystals and assembly of micellar nanoparticles. This often leads to low

coating efficiency and wide size distribution of the SPIOs with a large amount of empty

micelles and SPIO aggregates.

Here we report the development of a versatile coating method, combined with controllable

core synthesis, to generate an array of water soluble SPIOs with different core sizes and

coating thicknesses. We systematically studied the effects of core size and coating thickness

of SPIOs on T2 relaxivity, and optimized the composition of SPIOs for molecular imaging.

Specifically, in this study, iron oxide cores were coated with 1, 2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy (polyethylene glycol)] copolymer (DSPE-mPEG). To

improve coating efficiency and size distribution of SPIOs, we developed a new solvent-
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exchange method in which DSPE-PEG and iron oxide nanocrystals assemble in a solvent

system with ascending solvent polarity. We found that high quality SPIOs can be generated

consistently with this method. To our knowledge, this is the first demonstration that

assembly of amphiphilic molecules on hydrophobic surface of a nanocrystal can be induced

controllably by increasing the polarity of solvent systems with miscible solvents. This

method is not only critical for the SPIO synthesis in the current study but may be extended

to the assembly of amphiphilic molecules on different nanoparticle surfaces in general.

Iron oxide cores of two different sizes, 5 nm and 14 nm in diameter, were synthesized by

solvent-free thermo-decomposition of iron complex using a procedure modified from a

published method (Supporting Information, S2).21 The as-synthesized cores are covered by

oleic acid / oleylamine and dispersed in toluene. To form the coating, the iron oxide cores

and DSPE-mPEG are initially dispersed in chloroform (Fig. 1a). The two components can be

assembled into water soluble SPIOs by substituting chloroform with DSMO and water

sequentially, which gradually increases polarity of the solvent system (Fig. 1b and 1c). In

aqueous solutions, DSPE-mPEG is firmly attached to the iron oxide core through

hydrophobic interaction between DSPE and oleic acid/oleylamine (Fig. 1d). We found that

both 5 nm and 14 nm cores could be coated efficiently at room temperature by DSPE-mPEG

with the molecular weight of PEG greater than 1000 Da. When the PEG size is smaller than

1000 Da, the coating procedure needs to be performed at 70°C. This is presumably due to

the tendency of DSPE-mPEG to form lamellar structures, which can be circumvented by

heating.27 For comparison, we performed gel electrophoresis of the SPIOs synthesized with

the film hydration method and the solvent exchange method respectively, and found that the

solvent exchange method yielded better SPIOs with respect to the size and charge

distribution (Supporting Information, S3).

The DSPE-mPEG coated SPIOs consist of an iron oxide core of 5 or 14 nm, a hydrophobic

lipid bilayer and a water permeable PEG layer with variable PEG chain length (Figure 1d).

The coated SPIOs exhibit narrow size distribution in water as determined by dynamic light

scattering (Figure 1e). The measured hydrodynamic diameters of the 5 nm and 14 nm SPIOs

with PEG1000 coating are 14.8±1.2 nm and 28.6±0.4 nm respectively, which are in good

agreement with the theoretical predictions (14.56 nm and 23.74 nm, Supporting Information,

S4). A thin and uniform layer of DSPE-mPEG coating is visible in negatively stained TEM

images (insets of Fig. 1e). Note that the PEG1000 coating is considerably thinner than

several PEG coatings developed elsewhere.21, 28, 29 The coated SPIOs are stable in water,

PBS and serum (Supporting Information, S5).

We measured the T2 relaxivity (defined as 1/T2 normalized by molar concentration of Fe

atoms) of the SPIOs with two core sizes (5 nm and 14 nm) and five PEG chain lengths (with

molecular weights of 550, 750, 1000, 2000 and 5000 Da). As shown in Figure 2a, due to

increased mass magnetization and core size, the 14 nm SPIOs consistently showed higher T2

relaxivity than the 5 nm SPIOs with the same coating. The T2 relaxivity of the 14 nm SPIOs

increased by 2.54 fold when the PEG molecular weight decreased from 5000 to 1000 Da;

however, it did not increase further when the PEG size further decreased to 750 Da and 550

Da. The change is even more significant for the 5 nm SPIOs; its T2 relaxivity increased by

7.79 fold when PEG molecular weight decreased from 5000 Da to 550 Da. Interestingly,

both cores have a critical PEG size, at which the T2 relaxivity changed dramatically. With

14nm core and DSPE-PEG1000, SPIOs can have T2 relaxivity of 385±39 s−1 mM−1, which

is among the highest per-Fe atom relaxivities of all SPIOs reported (Table 1).

The effect of PEG coating on the T2 relaxivity can only be partly accounted for by the

changes in the shell/core ratio, i.e., L/a in Equation 1, which assumes that the coating is

impermeable (Fig 2c). For example, using the calculated PEG layer thicknesses (Supporting
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Information, Table S2) and assuming the thickness of DSPE-oleic acid/oleylamine layer is 3

nm, Equation 1 predicts that the changes in T2 relaxivity are only 1.66 and 1.97 fold

respectively for the 14 nm and 5 nm SPIOs over the same PEG layer thickness range. This

suggests that PEG molecules may immobilize water molecules in a region much larger than

that predicted by Equation 1. Similarly, we found that surface functional groups and buffer

conditions (pH value and ionic strength) could also change T2 relaxivity, although to a much

lesser degree (Supporting Information, S6).

To evaluate the detection sensitivity of the SPIOs as MRI contrast agents when the number

of molecular targets is the limiting factor, we examined the T2 relaxivity on a per particle

basis (Fig. 2b). With DSPE-mPEG1000 coating, the T2 relaxivity of the 14 nm SPIOs is 70

fold higher than that of the 5 nm SPIO. With the optimal combination of the core size and

coating thickness, on a per particle basis, the T2 relaxivity of the 14 nm SPIOs with

PEG1000 is more than 200 fold higher than that of the 5 nm SPIOs with PEG5000.

The coating method developed in this study enables several strategies for conjugating

targeting ligands as well as other functional moieties to the SPIOs. DSPE-PEG

functionalized with small molecules, such as amine, maleimide, folic acid and biotin, can be

mixed with DSPE-mPEG and coated on to the iron oxide cores at desired ratio. For example,

the number of DSPE-mPEG2000-NH2 per SPIO was found to be proportional to its initial

loading ratio (Supporting Information, S7), with the maximum number of amine groups on

each 14nm SPIO to be ~600. The DSPE-PEG-NH2 coating density is in line with that of

DSPE-mPEG2000 formed micelles.27 In addition, coating the SPIO in liquid phase can

facilitate an even distribution of functional groups among all nanoparticles, presumably due

to rapid exchange between the DSPE-PEG coated on the nanoparticles and the monomeric

DSPE-PEG in DMSO (Supporting Information, S3).30 The mild transition condition of

solvent exchange also allows the addition of sensitive functional groups such as maleimide

to the SPIOs. This is advantageous compared with the traditional DSPE-PEG coating

method, which requires extensive sonication and heating in aqueous solutions.7, 23

To demonstrate molecular targeting, SPIO-based detection was carried out in an in vitro

assay mimicking an enzyme-linked immunosorbent assay (ELISA) (Figure 3). Specifically,

DSPE-mPEG1000 is chosen as the surface coating based on T2 relaxivity and coating

efficiency measured, and the 5 nm and 14 nm SPIOs were conjugated with a goat anti-

mouse-IgG antibody. To minimize steric hindrance of ligand binding, DSPE-PEG2000-

maleimide was added to the SPIOs with DSPE-mPEG1000 coating, and the reduced

antibodies were linked to the SPIO by thiol-maleimide reaction. A 96-well ELISA plate was

coated with mouse IgG, ranging from 10 to 104 ng/mL, and saturated with bovine serum

albumin (BSA). The mouse IgG loading was confirmed with a goat anti-mouse antibody

conjugated with horseradish peroxidase (Fig. 3a). The wells were incubated with the

conjugated SPIOs and the SPIOs bound in each well were quantified using a Ferrozine

method (Fig. 3b). We found that the iron content of the bound SPIOs was proportional to

protein loading within a wide range, from 1000 ng/ml down to 10 ng/ml (Fig. 3b), and the

nonspecific binding between the SPIOs and BSA was negligible. With the same IgG loading

concentration, the 14 nm SPIO had only a 10-fold increase in iron content compared with

that of the 5 nm SPIO, lower than the 22-fold increase expected. This is likely due to the

lower accessibility of the 14 nm SPIO to the protein targets on the plate surface. To further

demonstrate the effect of bound SPIOs on T2, wells containing SPIOs suspended in 50 µl of

buffer with the equivalent amount of iron contents corresponding to that shown as Rows 1,

3, and 5 in Fig. 3b were imaged using a 7T small animal MRI instrument (Figs. 3c and 3d).

The resulting images were used to construct a 1/T2 map (Fig. 3e). Our results demonstrate

that the 14 nm SPIOs can bind to the target proteins specifically, with very high detection

sensitivity.
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To demonstrate the ability of detecting early-stage tumor using SPIOs as a contrast agent in

MRI, we performed preliminary animal studies of in vivo tumor imaging with DSPE-PEG

coated SPIOs, which exhibited longer blood circulation half-life (23.2 min) compared with

other nanoparticles coated with DSPE-mPEG1000 (data not shown). Tumors were induced

by implanting human U87 glioblastoma cells subcutaneously in nude mice. After the tumors

reached 3~5 mm in diameter, the tumor-bearing mice were examined with a 7T MRI

scanner before and one hour after tail vein injection of SPIOs conjugated with antibodies

against mouse VEGF receptor-1. The specificity of VEGFR-1-targeting SPIOs was

confirmed using an in vitro assay (Supporting Information, S8). As shown in Figure 4,

injection of the 14 nm SPIOs resulted in a significant enhancement in T2 contrast of the

tumor tissue (Figs. 4c and 4e, and Supporting Information, S8).

In summary, we developed a novel method for coating and functionalizing

superparamagnetic iron oxide nanoparticles using biocompatible DSPE-PEG copolymers

through dual solvent exchange, and a new strategy for optimizing the signal contrast of

SPIO-based probes, which have a great potential as an MRI contrast agents for clinical

diagnostic imaging. We selected DSPE-PEG, a well-established biocompatible material for

SPIO coating and optimization, since the immunogenicity and in vivo toxicity of a contrast

agent and its metabolites are major issues in in vivo imaging applications.31 Using the

solvent-exchange method developed in our study, the DSPE-PEG coating is stable, versatile

and offers an optimal shell/core ratio compared with many existing SPIOs (Table 1). We

systematically quantified the dependence of T2 relaxivity on the PEG layer thickness, and

found that SPIOs with 14 nm core and DSPE-mPEG1000 coating provides the highest T2

relaxivity on a per-Fe atom basis among all iron oxide nanoparticles reported. The T2

relaxivity of the 14 nm SPIOs is even comparable to that of the manganese-doped iron oxide

nanoparticles, which has demonstrated outstanding tumor detection sensitivity in mice.6

More importantly, the high T2 relaxivity was achieved by using well-recognized

biocompatible materials for coating.32 The 14 nm SPIOs are exceptional with respect to

signal strength per particle and thus have the potential to provide a flexible platform for

detecting molecular markers in low abundance in disease diagnostic imaging using MRI, as

demonstrated by our preliminary studies of in vivo tumor detection.

Although the SPIOs synthesized in this work have excellent performance in terms of T2

relaxivity and coating stability, their blood circulation half-life in mouse is relatively short

(~23 min). This may be due to the non-specific uptake of cells in blood, including

macrophages. Our solution study showed that 40–60 min is sufficient for antibody-

conjugated SPIOs to bind to their target, which is consistent with the time required (~30

min) for antibody-antigen binding at 37°C. Although a quick removal of the SPIOs from the

circulation may be beneficial for minimizing the background signal generated from unbound

SPIOs, longer-circulating SPIOs may increase the chance of binding to the target molecules,

thus an enhanced contrast. We found that the circulation half-life of the SPIOs increases

with the PEG chain length (data not shown), and for certain SPIOs, adding free coating

molecules to the SPIO solution injected can significantly prolong its blood circulation.

Additional studies are being conducted on the circulation and bio-distribution of DSPE-PEG

coated SPIOs to obtain a better understanding of their pharmacokinetics and the methods to

modulate their bio-availability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A schematic diagram of SPIO synthesis and coating schemes

a. Both iron oxide cores and DSPE-PEG are dissolved in chloroform. b. Addition of DMSO

induces assembly between iron oxide cores and DSPE-PEG molecules. c. Transition into

water further strengthens the hydrophobic interaction between DSPE-PEG and oleic acid/

oleylamine on iron oxide cores. Due to its extremely low CMC (~5µM in water),

unoccupied DSPE-PEG exists mainly in the form of empty micelles. d. A schematic

diagram of a SPIO with 4.8nm iron oxide core and DSPE-mPEG1000 coating. 1 through 5

represent PEG, phosphate, DSPE, oleic acid / oleylamine and the iron oxide core,

respectively. The dimensions are based on TEM measurement and numerical analysis

(supplementary information, SII & SIII). e. Dynamic light scattering of the SPIOs coated

with DSPE-mPEG1000. Blue: Number-weighted size distribution of 5nm iron oxide core

coated with DSPE-mPEG1000, average size = 14.8±1.2 nm. Purple: 14 nm iron oxide core

coated with DSPE-mPEG1000, average size = 28.6±0.4 nm. Shown in the inset are TEM

images of iron oxide cores and coated SPIOs negatively stained with phosphotungsic acid to

give a white layer surrounding the iron oxide cores indicating the DSPE-mPEG1000 coating

layer.
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Figure 2. Dependency of T2 relaxivity on the core size and the PEG chain length of the SPIOs

a. T2 relaxivity of the SPIOs with constant iron concentration. b. T2 relaxivity of the SPIOs

on a per particle basis. SPIOs with two core sizes, 5nm and 14nm, and five PEG sizes,

molecular weight of 550, 750, 1000, 2000 and 5000 Da, were evaluated. c. Normalized

magnetic field of the two iron oxide cores (Left: 5nm & Right 14nm). The color bar

represents the magnitude of the magnetic field strength (z-component) of the iron oxide

cores. The magnetic field strength is normalized by its value at the equator line on the core

surface. Solid line and dashed lines represent the boundaries of lipid bilayer and PEG

coating layers, respectively. Starting from the centre, the dash lines indicate PEG550,

PEG750, PEG1000, PEG2000 and PEG5000.
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Figure 3. In vitro targeting

A 96-well ELISA plates were coated with mouse IgG at designated protein loading

concentration. The wells coated with mouse IgG was incubated with either antibody

conjugated horseradish peroxidase or the SPIOs at 37°C for 1 hour. a. Wells were incubated

with goat anti-mouse IgG conjugated with horseradish peroxidase. Horseradish peroxidase

activity was detected by ABTS. b. Wells was incubated with SPIOs conjugated with goat

anti mouse IgG. Iron content of bound SPIOs was measured using Ferrozine method. c and

d. The plate was loaded with designated amount of 5nm or 14nm SPIOs suspended in 50µl

of water and imaged with a 7T MRI instrument using spin-echo sequence with echo time

equal to 12ms and 60ms, respectively. e. T2 effect calculated based on MRI images.
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Figure 4. In vivo tumor imaging

MRI experiments were performed using spin-echo sequence. a. Arrow shows the location of

the subcutaneous tumor. b and c. MR images of tumor before probe injection. d and e. MR

images collected after 1 hour following the injection of 14nm SPIOs conjugated with

antibodies against mouse VEGFR-1. Red dotted lines in b and d outline the tumor. Scale bar

represents 5 mm.
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Table 1

Relaxivities, core and hydrodynamic sizes of Different SPIOs

SPIOs Coating Core size
(nm)

Hydrodynamic
Diameter (nm)

T2 relaxivity

(s−1mM−1)

SPIO-14 DSPE-mPEG1000 13.8 28.6 ± 0.4 385± 39

SPIO-5 DSPE-mPEG1000 4.8 14.8 ± 1.2 130 ± 5

SPIO-124 DMSA 12 - 218

SPIO-733 poly(TMSMA-r-PEGMAr-NAS) 3–10 25.6 ± 2.7 -

SPIO-921 DPA-PEG600 9 40 -

CLIO 11, 22 Cross-linked dextran 8.74 ± 3.09 28 ± 3.1 111 ± 1

MION-46®34 Dextran 8.05 21.9 43.7

Clariscan®2, 34 Carbohydrate-PEG 6.43 11.9 35.0
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