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Iron oxide nanoparticles with diameters of 20.1 and 8.5 nm coated with phospholipids containing poly-
(ethylene glycol) (PEG) tails were studied using small-angle X-ray scattering (SAXS), transmission electron
microscopy, dynamic light scattering, and magnetometry. Novel SAXS data analysis methods are applied to
build three-dimensional structural models of the nanoparticles coated with PEGylated phospholipids in aqueous
solution. The SAXS data demonstrate that the density inside iron oxide nanoparticles is not uniform and
depends on the nanoparticle size, which in turn is dependent on the reaction conditions. This heterogeneity
is attributed to the presence of two crystalline phases, spinel and wu¨stite, in the nanoparticles. Because of
magnetic properties, the nanoparticles in solution associate in flexible dynamic clusters consisting on average
of four individual cores. The magnetometry further supports the SAXS-based models.

Introduction

Nowadays, interest in magnetic nanoparticles (NPs) is thriving
because of applications such as magnetic storage media,1,2

ferrofluids,3-5 biosensors,6 contrast enhancement agents for
magnetic resonance imaging,7-10 bioprobes,11,12 and so forth.
Iron oxide NPs are frequently suggested in biorelated applica-
tions because they are easily metabolized or degraded in
vivo.13,14Magnetic properties are known to be size-dependent;15-17

therefore, the narrow particle size distribution is one of the
imperatives of magnetic NP fabrication. Monodisperse iron
oxide NPs can be prepared by thermal decomposition of iron
compounds including oxygen-containing ligands such as acety-
lacetonates,1,18,19acetates,19 or oleates20,21 in high-boiling sol-
vents containing surfactants.

The second essential step for bioprobe synthesis is the
formation of a proper biocompatible shell on the NP surface.
Poly(ethylene glycol) (PEG) containing shells are proven to be
biocompatible, well soluble in water, and suitable for biomedical
applications.10,22,23The shell on the NP surface can be created
using several methods: by adsorption or growth of polymer or
block copolymer chains,22,24by formation of NPs in the presence
ofpolymericsurfactants,25byattachmentoffunctionalligands,23,26-28

or by formation of hydrophobic bilayers of amphiphilic mol-
ecules with the hydrophobic NP coating (encapsulation into
amphiphilic micelles).29-31

In this article, we report structure and properties of iron oxide
NPs synthesized by decomposition of iron oleates and coated

with PEGylated phospholipids via encapsulation. The detailed
structure of these particles in aqueous solutions was determined
using small-angle X-ray scattering (SAXS). The unique char-
acteristics of SAXS32 prompted us to apply this method to study
structural characteristics of different kinds of novel advanced
nanomaterials at resolutions from about 1-100 nm.33-36 SAXS
provides size distributions of metal NPs, their locations in metal-
containing polymer matrixes,37-39 and structural information
about internal organization of the entire system.40-42 In par-
ticular, ab initio methods for low-resolution model using SAXS
data (e.g., program DAMMIN)43 were successfully employed
for metal-containing polymers.41,44,45In the present article, this
and other novel methods for SAXS data analysis originally
developed for biological systems are for the first time used to
build structural models of iron oxide nanoparticles coated with
PEGylated phospholipids. Magnetic properties of the samples
were also measured and support the conclusions from the SAXS
modeling.

Experimental Section

1. Materials. FeCl3‚6H2O (98%), octadecane (99%), and
docosane (99%) were purchased from Sigma-Aldrich and used
as received. Hexanes (85%), ethanol (95%), and acetone
(99.78%) were purchased from EMD and used as received.
Chloroform (Mallinckrodt, 100%), oleic acid (TCI, 95%), and
oleic acid sodium salt (ScienceLab.com, 95%) were used
without purification. 1,2-Distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-{methoxy[poly(ethylene glycol)]2000} (ammonium
salt) (PEG-PL, 2000 Da PEG, Avanti, 99%) was used as
received.

2. Synthesis.2.1. Synthesis of Iron Oxide Nanoparticles.The
spherical iron oxide nanoparticles with mean diameters of 20.1
(NP1) and 8.5 nm (NP2) were synthesized using thermal
decomposition of iron oleate by modification of a procedure

* Corresponding authors. E-mail: lybronst@indiana.edu; svergun@embl-
hamburg.de.

† Institute of Crystallography.
‡ Department of Chemistry, Indiana University.
§ Department of Physics, Indiana University.
| Department of Biology, Indiana University.
⊥ EMBL.

18078 J. Phys. Chem. C2007,111,18078-18086

10.1021/jp075235c CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/06/2007



published elsewhere.21,46In a typical experiment forNP1, 2.78
g (3 mmol) of iron oleate complex (dried at 70°C in a vacuum
oven for 24 h),46 0.96 mL of oleic acid (3 mmol), and 10 mL
of docosane (hydrocarbon C22H46, solid at room temperature)
were mixed in a three-neck round-bottom reaction flask. The
mixture was first heated to 60°C to melt the solvent and allow
the reactants to dissolve under vigorous stirring. Then the
temperature was increased to 370°C with a heating rate of
3.3°C/min (using a digital temperature controller) under stirring
and refluxing for 3 min. During this operation, the initial reddish-
brown color of the reaction solution turned brownish-black. The
resultant solution was then cooled to 50°C, and a mixture of
10 mL of hexane and 40 mL of acetone was added into the
reaction flask to precipitate the NPs. The NPs were separated
by centrifugation and washed 3 times by a mixture of hexane
and acetone. After being washed, the resultant NPs were again
centrifuged and dissolved in chloroform for long-term storage.
Nanoparticles NP2 were prepared in octadecane at
318°C, and refluxing was carried out for 30 min. As a precursor,
Fe oleate dried at 30°C in a vacuum oven for 24 h was used.46

2.2. Encapsulation of Iron Oxide Nanoparticles with PEG-
PL. PEG-PL micelles encapsulating iron oxide nanoparticles
were formed by using a procedure described elsewhere30 for
QDs. In our earlier work, this procedure was also successfully
used for encapsulation of similar iron oxide nanoparticles with
carboxy-terminated PEGylated phospholipids.47 In a typical
experiment, 1.7 mg ofNP1 (coated with oleic acid) was
dissolved in 1 mL of chloroform and 1.4 mg of PEG-PL was
added to the solution. To ensure complete solubilization, the
reaction solution was sonicated for 5 min and then chloroform
was removed by evaporation. The residual solid was heated in
a hot water bath at 80°C for 5 min, and 1 mL of deionized
water was added immediately. After being vigorously stirred
for 5 min, a uniform transparent brownish-black aqueous
solution was formed. Ultracentrifugation (90000g, 2 h, 3 times)
was applied to remove excess of PEG-PL. The samples were
labeledNP1-PEG andNP2-PEG, respectively.

3. Characterization. Dynamic light scattering (DLS) mea-
surements were carried out with a Zetasizer NanoS, Malvern
Instruments. Typically, the diluted sample in water (concentra-
tion was in the range 0.05-0.15 mg/mL) underwent sonication
for about 10-20 min and filtration with a 0.2-µm syringe filter
before the measurement. Measurement duration was set to be
determined automatically, and data were averaged from at least
three runs. Intensity and volume distributions of the particle
sizes were recorded.

Electron-transparent specimens for transmission electron
microscopy (TEM) were prepared by placing a drop of dilute
solution onto a carbon-coated Cu grid. Images were acquired
at an accelerating voltage of 80 kV on a JEOL JEM1010
transmission electron microscope. Images were analyzed with
the Adobe Photoshop software package and the Scion Image
Processing Toolkit to estimate NP diameters. Normally, 150-
300 NPs were used for analysis. Staining was carried out using
uranyl acetate.

X-ray diffraction (XRD) patterns were collected on a Scintag
θ-θ powder diffractometer with a Cu KR source (0.154 nm).

The synchrotron radiation X-ray scattering data were collected
on the X33 camera48 of the European Molecular Biology
Laboratory (EMBL) on the storage ring DORIS III of the
Deutsches Elektronen Synchrotron (DESY, Hamburg). Using
a MAR image plate detector, we recorded the scattering in the
range of the momentum transfer 0.1< s < 5.0 nm-1, wheres
) (4π sin θ)/λ, 2θ is the scattering angle, andλ ) 0.15 nm is

the X-ray wavelength. Two liquid samplesNP1-PEGandNP2-
PEG were measured with exposure times of 2 min in a vacuum
cuvette to diminish the parasitic scattering. Concentrations of
the samples were kept in the range 0.05-0.15 mg/mL (similar
to DLS measurements) to minimize interaction of the particles.
The scattering profiles were corrected for the background
scattering from distilled water and processed using standard
procedures.49 The distance distribution functionsp(R) of the iron
oxide cores of the nanoparticles were calculated using an indirect
transform program GNOM.50

The low-resolution shapes and internal structure of the iron
oxide cores of the nanoparticles were reconstructed ab initio
from the scattering patterns using the program DAMMIN based
on the simulated annealing minimization procedure.43 This
program represents the object as an assembly of beads inside a
spherical search volume. Starting from a random assembly,
DAMMIN employs simulated annealing to build scattering
equivalent models fitting the experimental dataIexp(s) to
minimize discrepancy:

whereN is the number of experimental points,c is a scaling
factor, andIcalcd(sj) andσ(sj) are the calculated intensity from
the model and the experimental error at the momentum transfer
sj, respectively.

The structure of the dynamic clusters formed by several iron
oxide cores was analyzed by the program SASREF.51 For this,
the scattering amplitudes from DAMMIN models of the
individual cores were computed using CRYSOL,52 and a
simulated annealing protocol was employed to find the spatial
distribution of several cores minimizing the discrepancy (eq 1)
between the experimental scattering data and the curves
calculated from the model assemblies. Multiple SASREF runs
starting from different initial configurations were performed by
varying the number of individual particles in the cluster.

Magnetic measurements were performed on a Quantum
Design MPMS XL magnetometer using the systems DC
measurement capabilities. Milligram quantities of the sample
were placed in a standard gelatin capsule. For zero-field cooling
(ZFC) curves, the sample was cooled in a null field ((0.1 Oe)
to 4.5 K. A 50 Oe field was then applied, and measurements
were taken at regular temperature increments up to 300 K. The
sample was then cooled in the 50 Oe field, and the measure-
ments were repeated at the same temperature increments for
the field cooling (FC) curves. These ZFC/FC curves were used
to establish the blocking temperature and estimate particle
volume, which is approximated by:

Equation 2 applies to noninteracting uniaxial particles where
k is Boltzmann’s constant,K is the effective anisotropy constant,
andTB is the blocking temperature.53 Magnetization measure-
ments were also made at constant temperature well above the
blocking temperature by varying fields over a+7 to-7 T range.
The shape of these curves was used to estimate the particle size
distribution by fitting the curves to a weighted series of Langevin
functions.54 Finally, hysteresis curves were taken well below
the blocking temperature when the sample had been cooled in
a null field and when the samples had been cooled in a 2 T
field.

ø2 )
1

N - 1
∑

j [Iexp(sj) - cIcalcd(sj)

σ(sj) ]2

(1)

V )
25kTB

K
(2)
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Results and Discussion

1. Characterization: TEM and DLS. Monodisperse spheri-
cal nanoparticles of 20.1 nm in diameter and standard deviation
of 4.1% (NP1) and 8.5 nm in diameter and standard deviation
of 5.2% (NP2) have been prepared using thermal decomposition
of iron oleate in the presence of oleic acid as a surfactant in
boiling docosane and octadecane, respectively (Figure 1).46 The
XRD data show that iron oxide nanoparticles contain both
wüstite (Fe(1-x)O) and spinel (most likely Fe3O4), yet the spinel
fraction is higher inNP2. In both samples, the wu¨stite crystals
are much larger (the signals are more narrow) than the spinel
crystals (the signals are broader) (see also ref 46).

Magnetic nanoparticles coated with oleic acid are hydropho-
bic. Mixing of the hydrophobic NPs with PEGylated phospho-
lipids (PEG-PL) leads to PEG-PL coated nanoparticles shown
in Figure 2. The driving force for encapsulation is hydrophobic
interactions between the hydrophobic tails of lipids and oleic
acid (the latter are located on the nanoparticle surface). PEG-
PL coated NPs are well soluble in water and remarkably
stable: no changes were observed for months.

The sample in Figure 2 was negatively stained with uranyl
acetate to facilitate visualization of the phospholipid shell that
would be difficult to see without staining because of its low
electron contrast. However, the stain is evenly spread through
the shell toward the NP surface, suggesting that the PEG-PL

shell is diffuse and uranyl cations easily penetrate it. The rough
estimation of a shortest distance between NPs on the TEM grid
surface shows that it is less than 2 nm. Although drying of the
shell would cause shrinking, still rough estimation of the shell
sizes would suggest larger values. Indeed, the fully extended
length of PEG-PL is about 17 nm, while in a crystalline phase,
the length of the molecule is 5.2 nm.55 The length of the fully
extended oleic acid tail is about 1.7 nm. Even in the case of
full interdigitation of hydrophobic tails of both oleic acid and
PEG-PL (then the oleic acid layer does not add to the shell
thickness), the sizes of the PEG-PL shell should be expected to
be larger than those appearing in Figure 2. This indicates that
the shell might be partially squeezed between the particles during
the NP self-assembling and drying on the NP surface.

Figure 3 shows the DLS volume distributions vs hydrody-
namic diameters (Dh) of NPs with the 20.1 and 8.5 nm cores
encapsulated in PEG-PL (NP1-PEG and NP2-PEG, respec-
tively). Because the DLS intensity distributions are strongly
dependent on the presence of large particles (the scattering
intensity is proportional to the squared volume, i.e., toR6), we

Figure 1. TEM images ofNP1 (a) andNP2 (b) stabilized with oleic acid. Insets show XRD profiles of these NPs.

Figure 2. TEM image of PEG-PL encapsulatedNP1 (NP1-PEG). The
sample was negatively stained with uranyl acetate. The scale bar is
100 nm.

Figure 3. DLS volume distributions vs hydrodynamic diameter for
NP1-PEG andNP2-PEG.
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used volume distributions of hydrodynamic diameters (the
volume is proportional toR3).56

Figure 3 displays broad size distributions for both samples
with peaks atDh ) 42 nm forNP1-PEGand 31 nm forNP2-
PEG. Following the TEM data, both samples should be nearly
monodisperse with much smaller nanoparticle sizes. The broad
distribution profiles from DLS therefore point to formation of
particle clusters due to magnetic interparticle interactions
between the nanoparticles. It is thus logical to assume that the
effective particle sizes seen by DLS do not correspond to those
of individual nanoparticles but rather reflect the influence of
the clusters. Further SAXS analysis in Sections 2 and 4 fully
confirms this assumption.

2. Characterization: SAXS.The structure of NPs in solution
was further characterized using SAXS. The experimental
scattering profiles fromNP1-PEGandNP2-PEG in Figures 4
and 5 (curve 1) display successive maxima characteristic for
monodisperse or slightly polydisperse systems of spherical

particles. The average particle radii for the two systems
estimated from the position of the first minimums1 as32 R )
4.49/s1 are 10.6( 0.6 nm forNP1-PEGand 4.8( 0.3 nm for
NP2-PEG. These values correlate well with the diameters of
the nanoparticles from TEM (20.1( 0.8 and 8.5( 0.5 nm,
respectively).46 It should be noted that the SAXS-derived values
(similar to TEM) refer to theiron oxide cores only. These cores
have much higher electron density contrast with respect to water
than the PEGylated phospholipid shells, so that the latter remain
practically invisible for the X-rays.

SAXS profiles in Figures 4 and 5 display shoulders at small
angles (arounds ) 0.3 and 0.6 nm-1 for NP1-PEGandNP2-
PEG, respectively), which arise from the interference between
the neighboring iron oxide particles and unequivocally point to
the presence of clusters of such particles in both samples, as
was also detected by DLS. The SAXS and the DLS results
indicate that the clusters exist in solution, presumably due to
the magnetic interactions between the nanoparticles. Since
scattering patterns distinctly indicate practically monodisperse

Figure 4. Experimental data (1), the curve processed by GNOM and
extrapolated to zero scattering angle (2), scattering computed from the
bead model (3) for the core ofNP1-PEG. Insets: bottom left, distance
distribution function; top right, ab initio bead model reconstructed from
the scattering data.

SCHEME 1: Hypothetical Models of Localization of Iron Oxide Species in NP1-PEG (a) and NP2-PEG (b)

Figure 5. Experimental data (1), GNOM curve extrapolated to zero
angle (2), scattering patterns computed from the bead model (3) for
the core ofNP2-PEG. Insets: bottom left, distance distribution function;
top right, ab initio bead model reconstructed from the scattering data.
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character of the specimens, one can conclude that we do not
have micellar aggregates as they are classically viewed, but some
kind of temporal associates. The presence of true aggregates in
the solutions is very low.

The detailed analysis of the SAXS data consists of two main
parts: determination of structural characteristics of the individual
nanoparticles using the region of the Bragg peaks on the curves,
and investigation of the particle interference reflected by the
initial portion of the scattering patterns with the usage of the
structural models found at the first stage. Both parts treat
different phenomena and, correspondingly, properly fit different
parts of the SAXS curves.

The higher-angle portions of the scattering data beyond the
interference shoulder reflect the structure of the individual iron
oxide core nanoparticles, and the latter can be reconstructed ab
initio at low resolution. The appropriate intervals of the
experimental curves (0.30< s < 1.75 nm-1 for NP1-PEG, and
0.6 < s < 2.1 nm-1 for NP2-PEG) were processed by the
indirect transformation program GNOM50 to compute the
distance distribution functions (insets in Figures 4 and 5). The
latter functions were back-transformed to extrapolate the form
factor of the individual particle to zero scattering angle (curve
2 in Figures 4 and 5), and the shape was further reconstructed
by the program DAMMIN.43 The typical shapes of theNP1-
PEG andNP2-PEGcores represented by ensembles of densely
packed beads (insets in Figures 4 and 5) yield good fits to the
experimental data with discrepancyø ) 1.5 and 1.2, respectively
(curve 3 in Figures 4 and 5).

Both ab initio models do not have regular spherical shape
and display slight anisometry. Before ab initio modeling, we
tried to fit the SAXS curves with different simple shape models
including disks, and these models failed to fit the experimental

data. The major differences between the two types of particles
lie in the internal density distribution. These particles are
obviously heterogeneous being built from smaller iron oxide
nuclei, and the beads in DAMMIN modeling could be consid-
ered as these small building blocks. The density of the iron core
of NP1-PEG(i.e., the density of the beads in the ab initio model
in Figures 4 and 5) decreases from the center to the periphery.
In contrast, theNP2-PEG sample displays a double layer
structure with one of the layers on the surface of the particle
and a hole in the particle center. These models suggest that the
formation of iron oxide particles in the cores of two different
systems follows different ways schematically represented in
Scheme 1.

We believe that these structural differences can be explained
by different reaction temperatures. We assume that the particle
growth proceeds by addition of smaller particles (nuclei) to
larger growing particles following the aggregative-growth
mechanism.57 TheNP1-PEGsample is obtained using docosane
as a solvent at about 375°C (bp), while theNP2-PEGsample
is obtained in octadecane at about 318°C (bp).46 We think that
at the lower temperature the surfactants may be not fully
removed from the nanoparticle interior, leading to lower density
in the middle of the nanoparticle and between the first and
second layer of comprising small nanoparticles. The other reason
for the heterogeneity is the presence of two phases: ferrous
oxide wüstite (FeO) and a spinel phase that we assign to
magnetite (Fe3O4),58 yet wüstite is a dominant phase and its
crystallites are larger than those of spinel.46 These two oxides
have different densities thus determining the heterogeneity of
the whole particle.

3. Magnetic Properties.The ZFC/FC measurements on each
sample are shown in Figure 6 with the bottom part showing

Figure 6. ZFC/FC at 50 Oe (top) and derivative of the difference (bottom) forNP2 (left) andNP1 (right).
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the derivative of the ZFC/FC difference with respect to
temperature. The region where the ZFC and FC curves overlap
the sample is assumed to be superparamagnetic. Within this
region, the temperature dependence of the magnetization should
follow:

where

and whereN is the number of particles,H is the applied field,
µ is the moment per particle, andTc is the ferromagnetic Curie
temperature.59 The inverse of the magnetization can then be
estimated as:

where

The average blocking temperature of theNP1 and NP2
particles is about 200 and 55 K, respectively (Figure 6). Values
obtained for the effective anisotropy of Fe3O4 magnetic NPs
can vary substantially depending on particle size and measure-
ment technique, but generally range from about 2× 105 to 4×
105 ergs/cm3.60 This places the average diameter of the magnetic
volume of the particles from 22 to 27 nm for theNP1 sample
and from 14 to 18 nm for theNP2 sample. Strong interparticle
interactions, however, are expected to result in a blocking
temperature that is slightly higher than that expected from the
independent particle model described by eq 2. Additionally, the
presence of the wu¨stite phase could raise the effective anisotropy
of the system through exchange bias.61 Both of these effects
would lead to an overestimate of the magnetic volume, which
makes the previously quoted values useful only as upper limits.
As such, they agree qualitatively with the SAXS and TEM
measurements. Additionally, the fact that the ratio of the
blocking temperatures forNP1 and NP2 is substantially less
than the ratio of the volumes predicted by the SAXS and TEM
measurements suggests either a more significant interparticle
interaction in theNP2sample than in theNP1sample or a larger
effective anisotropy in theNP2sample, both of which are likely
to be present.

Figure 7 shows inverse magnetization versus temperature for
the superparamagnetic regime of data from theNP2sample with
a least-squares fit using eq 5. The fit gives a value forTc of
800( 30 K. Bulk values for Fe2O3 and Fe3O4 are 848 and 858
K, respectively.62 Because of the high blocking temperature of
theNP1sample, there was insufficient data to perform a similar
analysis with this sample.

Figure 8 shows the constant temperature magnetization curve
above theNP2blocking temperature and the associated fit. The
optimal fit was obtained by assuming a normal distribution of
large moments and a lognormal distribution of smaller moments.
The large moment distribution is assumed to represent the
ferromagnetic volume of the particles, and the smaller moments
are assumed to represent the paramagnetic response of the
wüstite phase, which, though part of the larger particle, rotate
independently of the ferromagnetic moment when at this higher
temperature. The particle size distribution is obtained by

assuming that the ratio of saturation magnetization to particle
size is constant and by using the unweighted average density
of FeO and Fe3O4. This gives an average particle size of about
9.4 nm in diameter with a standard deviation of about 0.5 nm,
in very good agreement with the SAXS and TEM measurements.
The saturation magnetization of the larger moment distribution
of particles is about 20 emu/g with a saturation magnetization
for both distributions of about 40 emu/g. While much less than
the bulk values of 90 emu/g for Fe3O4, these saturations are
higher than the 7-13 emu/g saturation magnetization of
similarly sized Fe3O4 particles,60 indicating a substantial pres-
ence of the spinel phase.

A similar model did not yield good fits for theNP1 sample.
We speculate that because of the larger sizes of theNP2particles
and the presence of the wu¨stite phase, many of the particles in
the NP1 sample may be composed of multiple magnetic
domains, preventing any fit that assumes only a narrow moment
distribution. The magnetization of theNP1 samples at 7 T was
about 40 emu/g but had not yet saturated. Saturation magnetiza-
tion due to larger particle moments could be roughly estimated
to be at least 30 emu/g, again providing strong support for a
substantial spinel presence.

Figure 9 shows the low field portion of ZFC and FC hysteresis
curves on theNP2sample. The symmetry point of the FC curve
shows a distinct offset from zero field of about-350 Oe, which

M(T) )
NHµ(T)2

3kT
(3)

µ(T) ) µ01 - (T/Tc)
3/2 (4)

M-1 = aT + bT5/2 (5)

a ) 3k

HNµ0
2
; b ) 2aTc

-3/2 (6)

Figure 7. Fit of 1/M to model forNP2.

Figure 8. NP2at 150 K, fit of model to data at high fields (left) and
low fields (right).
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indicates exchange bias. This exchange bias strongly suggests
intimate coupling between the antiferromagnetic wu¨stite phase
and the ferromagnetic spinel phase. This exchange bias is strong
evidence that the two phases are present within single particles
and provides support for the density variation in the particles
as modeled in the SAXS experiments.

4. Cluster Structure: Comparison of DLS and SAXS Data
and Shell Estimation.The ab initio models of the individual
particles were employed to further establish the structure of
clusters of the iron oxide particles, the presence of which is
clearly revealed by the shoulders in the scattering patterns
(Figures 4 and 5). The shape analysis in Section 2 omits the
very low angle portions of the data responsible for the
interference effects and is of course not able to provide fits to
these portions. It was assumed that the clusters may contain
several particles, and mutual positions of these particles were
established by fitting the entire scattering patterns. The models
containing different numbers of individual particles (ranging
from two to six particles per cluster) were considered and refined
from starting random positions of individual particles using the
rigid body modeling program SASREF.51 For bothNP1-PEG
and NP2-PEG, the best results were obtained assuming four
particles in the cluster, and the typical models fit the experi-
mental data with discrepancyø ) 1.9 and 1.3, respectively
(Figure 10).

The estimate of the average radii of gyration,Rg, of the
clusters shown in Figure 10 yields 21 nm forNP1-PEG and
14 nm for NP2-PEG, or, in terms of the diameter,D, of
approximate spheres 50 and 35 nm, correspondingly, whereD
) 2(5/3Rg)1/2. These values somewhat exceed values ofDh

obtained from DLS (42 nm forNP1-PEGand 31 nm forNP2-
PEG) despite the fact that, in SAXS measurements, outer
phospholipid shells are not taken into account (Section 2). This
could be explained by the flexibility of the clusters diminishing
their effective diffusion parameters. Similar effects were
observed for flexible objects (polymer chains) in solutions.63

For both samples, the observed clusters display an open
tetrahedral structure with significant separation between the
individual particles. This separation is not surprising given that,
as indicated above, SAXS “sees” only the iron oxide cores but
not the phospholipid shells, and the obtained models allow one
to estimate the shell thickness from the average distance between
the neighboring particles in the clusters.

The estimates of the phospholipid shell thickness are 2.4(
0.5 and 1.4( 0.2 nm forNP1-PEG and NP2-PEG, respec-
tively. In both cases, the shell size reveals that hydrophobic
chains of oleic acid (surfactant used to stabilize nanoparticles)
and PEGylated phospholipids are interdigitated; the size of the
hydrophobic bilayer without interdigitation would measure∼3.4
nm. We believe that several factors such as interdigitation (at
least partial) of the hydrophobic tails and wrapping of the PEG
chains of phospholipids around the core may account for the
observed smaller shell thickness compared to that expected from
the sizes of phospholipids in solution or even in solid. The ability
of PEG chains to wrap around a hydrophobic core was reported
in ref 64. We think this ability can be enhanced due to cluster
formation and distortion of the shell in the interparticle space.

The observed difference between the thickness of theNP1-
PEG and NP2-PEG shells can be attributed to the different
packing of hydrophobic bilayer due to different curvature of
the nanoparticle surfaces. The lower curvature of larger particles
(NP1-PEG) may provide better conditions to fulfill parallel
alignment of hydrophobic tails to enhance the hydrophobic
interactions and minimize the free energy. This propensity to
align leads to the formation of bundles of hydrophobic tails.65

At lower curvature, this bundling will be rather similar to self-
assembled monolayers on flat surfaces where adjacent molecules
push for larger stretching of hydrophobic tails and larger angle
(90° being the highest) at the flat surface leading to lesser

Figure 9. ZFC vs FC forNP2 at 4.5 K.

Figure 10. Experimental SAXS profile (1) and curve calculated from the model assemblies (2) for theNP1-PEG (left) and NP2-PEG (right)
systems. Insets: complex of corresponding model bodies in different orientations, computed by the program SASREF.
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interdigitation and a larger shell size. At higher curvature
(smaller particles), the fewer molecules in the bundle may result
in a smaller angle of the tails at the surface, full interdigitation,
and as a consequence a smaller shell size.

Conclusions

Water-soluble NPs with core diameters of 20.1 and 8.5 nm
were prepared by encapsulation of the NPs with PEGylated
phospholipids. The use of advanced modeling methods for the
analysis of SAXS patterns allowed us to extract detailed
information about the structure of iron oxide particles and their
phospholipid shells. It was demonstrated that these particles form
well-defined clusters in solution consisting on average from four
rather tightly packed individual cores.

The magnetic measurements for the smaller particles reveal
exchange bias. This exchange bias suggests intimate coupling
between the antiferromagnetic wu¨stite phase and the ferromag-
netic spinel phase. This exchange bias is strong evidence that
the two phases are present within a single particle and provides
support for the density variation in the particles as modeled in
the SAXS experiments.
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