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Abstract

One- or two-dimensional arrays of iron oxide nanoparticles were formed in colloidal assemblies of
amphiphilic polymers. Electron tomography imaging revealed that nanoparticles are arranged into
one-dimensional strings in magneto-micelles or two-dimensional sheets in magneto-core/shell
assemblies. The distinct directional assembly behavior was attributed to the interparticle
interaction relative to the nanoparticle-polymer interaction, which was modulated by varying the
cosolvent used for the solution phase self-assembly. Magneto-core/shell assemblies with varying
structural parameters were formed with a range of different sized as-synthesized nanoparticles.
The transverse magnetic relaxivity rates (r2) of a series of different assemblies were determined to
examine the effect of nanoparticle arrangement on the magnetic relaxivity for their potential
applications in MRI. The results indicated that the assembly structure of nanoparticles in polymer
micelles significantly affects the r2 of surrounding water, providing a way to control magnetic
relaxivity.
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Introduction

The solution phase self-assembly of amphiphilic polymers and nanoparticles offers a way to
form controllable clusters of nanoparticles embedded in colloidal polymer particles.(1, 2)
Many different types of nanoparticles have been incorporated into diverse polymer assembly
structures such as simple micelles, rod-like micelles, and vesicles for various applications
ranging from biological imaging and therapeutic applications to painting and coating
materials.(1, 3-5) For example, Moffitt et al. have fabricated such assemblies by
synthesizing quantum dots using polymer assemblies as nanoreactors.(6) As a versatile
alternative to the synthetic approach, Taton and co-workers have developed a protocol to
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prepare polymer micelles loaded with various types of nanoparticles by the simultaneous
self-assembly of amphiphilic polymers and presynthesized nanoparticles.(5, 7, 8)

In many applications of nanoparticle/polymer hybrid materials, the ability to control the
assembly structure (e.g., size of assemblies, particle arrangement) is important, as it can
significantly affect their optical, magnetic, and mechanical properties.(9-11) For example,
polymer assemblies encapsulated with multiple superparamagnetic nanoparticles have been
actively studied as magnetic resonance imaging (MRI) contrast agents, as nanoparticle
aggregates are more effective in shortening T, relaxation time of surrounding water
molecules than isolated particles, yielding a better contrast in MRI applications.(3, 4, 12-14)
A number of recent theoretical and experimental studies showed that the transverse
relaxation rate (r,) increases with the size of particle aggregates until it plateaus at a certain
size range and then eventually decreases with a further increase of the aggregation number.
(3, 15-19)

While the ability to control the arrangement of nanoparticles might provide an additional
opportunity to further control the magnetic relaxivity, thus far, little research has been
carried out on nonisotropic nanoparticle arrays. In most previous studies, nanoparticles were
either segregated into closely packed isotropic aggregates in the polymer core (Figure 1a)(3,
19, 20) or dispersed throughout the polymer matrix (Figure 1d).(21) When the interactions
between nanoparticles and polymers are unfavorable and/or there is a strong attractive
interaction between particles, they tend to form closely packed three-dimensional aggregates
in polymer micelles, as depicted in Figure 1a.(22) This phenomenon is often observed with
gold nanoparticles functionalized with saturated alkylthiols due to the enthalphic gain by the
packing of long alkyl chains.(23-26) The uniform dispersion of nanoparticles depicted in
Figure 1d is often achieved in athermal nanoparticle—polymer mixtures where nanoparticles
are grafted with the same polymer as the micelle core.(21, 22) The intermediate interaction
between the two extreme cases is expected to result in anisotropic assemblies of
nanoparticles into one- or two-dimensional arrays.(27, 28) We have previously reported that
multiple polymer morphologies with various nanoparticle arrangements are accessible
through the self-assembly of iron oxide nanoparticles and amphiphilic polymers of
polystyrene and poly(acrylic acid) (PS-b-PAA) by simply changing the initial solvent
composition used for self-assembly (Figure 2).(13) In particular, when N,N-
dimethylformamide (DMF) was used as an initial solvent, spherical sheets of iron oxide
nanoparticles were formed in unique core/shell-type polymer micelles, which are called
“magneto-core/shell” assemblies (Figure 2b). On the other hand, when the common solvent
tetrahydrofuran (THF) was used as the initial solvent, nanoparticles appeared to be
distributed throughout the polymer matrix (Figure 2c), as it had previously reported by
Taton and co-workers.(5) This structure was referred to as “magneto-micelles”.

Here, we investigated the three-dimensional (3-D) arrangement of iron oxide nanoparticles
in the two distinct nanoparticle/polymer hybrid assembly structures (Figure 2b,c) by
transmission electron microscopy (TEM) tomography. We confirmed that nanoparticles are
indeed forming a spherical monolayer sheet in the core/shell structure formed in DMF, as
shown in Figure 1b. For magneto-micelles prepared in THF, we found that nanoparticles are
arranged into interesting one-dimensional strings in polymer micelles, as depicted in Figure
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1c, in contrast to previous interpretations(5, 7, 8, 13, 29) that nanoparticles are
homogeneously embedded in the polymer core. The results reported here demonstrate that
the nanoparticle—nanoparticle interaction can be fine-tuned in the solution phase self-
assembly by changing the solvent quality, and it can be used to form one- or two-
dimensional arrays of nanoparticles in colloidal polymer particles. The effect of subtle
differences in nanoparticle surface ligands in the binary self-assembly is discussed to
explain the directional self-assembly of as-synthesized nanoparticles. Note that the distinct
self-assembly behaviors of slightly different types of alkyl-terminated nanoparticles in
polymer assemblies have not been explicitly compared and discussed previously.
Furthermore, we investigated the magnetic relaxivity of the two distinct types of assemblies
with varying structural parameters and found that the nanoparticle arrangement significantly
affects the r, relaxivity of nanoparticle-loaded polymer assemblies due to the changes in the
proximity of water to nanoparticles.

Results and Discussion

The two distinct assembly structures shown in Figure 2 were prepared with oleic acid-
stabilized iron oxide nanoparticles by following previously reported procedures.(13) Briefly,
as-synthesized nanoparticles dissolved in 50 pL of THF and PAA-b-PS in 1500 uL of DMF
or THF were mixed together. Then, water was slowly added to the solution to induce self-
assembly of block copolymers and nanoparticles. Finally, initial organic solvents were
removed by dialysis, and the assemblies were precipitated by centrifugation. Collected
nanoparticle/polymer assemblies were then redispersed in water and analyzed by TEM and
dynamic light scattering (DLS). As previously reported,(13, 30) TEM images of the
assembly formed in DMF showed a dark ring of nanoparticles at a certain radial position
inside a polymer assembly, indicating that nanoparticles preferentially accumulate at the
radial position. The electron energy-loss spectroscopy (EELS) line scans of carbon-K and
iron-L lines were consistent with the preferential radial arrangement of nanoparticles
(Supporting Information). In the binary assembly formed in THF, on the other hand,
nanoparticles appear to be distributed throughout the polymer matrix (Figure 2).(5, 13)

However, since TEM measurements are two-dimensional (2-D) projections, TEM images
and EEELS analyses do not provide information on 3-D nanoparticle distributions. In order
to map out the three-dimensional nanoparticle arrangement in colloidal polymer assemblies,
the two distinct types of assemblies formed from DMF and THF solutions were
characterized by TEM tomography (Figures 3 and 4). Figure 3 presents a series of 0.14 nm
thick X-Y computational slices (Figure 3a.i—vii) of the 3-D tomographic volume containing
a magneto-core/shell assembly. From the 3-D surface rendering of the tomographic volume
of the micelle, it is clearly observed that a monolayer of particles decorates a polymer core
as a 2-D array, and they are coated with a polymer shell layer. At roughly the halfway
slicing point of the magneto-core/shell assembly (Figure 3a.iv), a “ring” of nanoparticles is
observed. There were no nanoparticles embedded inside the polymer core, and nanoparticles
were exclusively at a radial position, as previously hypothesized from TEM contrasts.(31) In
addition, no contrast differences are observed inside the nanoparticle shell, which indicates
that the core is filled with polymer. The 3-D surface rendering of the tomographic volume
(Figure 3b, Movie 1) also demonstrates the radially arranged nanoparticles, confirming that
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the self-assembled magneto-core/shell structure is a layered structure composed of polymer
core, polymer shell, and nanoparticle monolayer imbedded in between the polymer core and
the shell.

Magneto-micelles formed in THF were also characterized by TEM tomography for
comparison. Interestingly, the tomography data of magneto-micelles revealed that
nanoparticles are aligned into one-dimensional (1-D) “strings”, as seen in X-Y
computational slices through the 3D volume (Figure 4a.i-viii) and three orthogonal slices of
the tomographic volume (Figure 4b). Many of them are also seen along the outer edge of the
magneto-micelle. These curved linear strings of 8-12 nanoparticles appear interconnected
with each other, forming an intricate particle network, as shown in the surface rendering
representation (Figure 4c, Movie 2). The linear particle assemblies reside within the
spherical polymer matrix, which shows a slightly higher density (darker) compared to the
surrounding background. This result is different from the assumption made in previous
reports where nanoparticles were believed to be homogeneously distributed in the polymer
core.(5) The 1-D assembly structure of nanoparticles in polymer micelles is pictorially
described in Figure 1c.

The structures presented in Figure 1 represent four possible nanoparticle arrangements in
spherical colloidal polymer assemblies: 3-D aggregates, 2-D sheets, 1-D strings, 0-D well-
dispersed particles. As mentioned above, well-dispersed nanoparticles are often found when
particles are functionalized with the same polymer as the polymer micelle core (Figure 1d).
(21) At the other end, 3-D aggregates of nanoparticles are often found with gold
nanoparticles coated with long alkylthiols such as dodecanethiol (Figure 1a).(26) We and
others have found that these particles tend to segregate in the core of polymer micelles due
to the relatively unfavorable particle—polymer interactions and the strong interparticle
interaction.(3, 26) It is interesting that oleic acid-modified iron oxide nanoparticles behave
differently from alkylthiol-modified gold nanoparticles, and they tend to self-assemble into
low-dimensional arrays of strings and sheets rather than 3-D aggregates. Note that
alkylthiols and oleic acids are the most frequently used surface ligands for noble metal
particles and oxide particles, respectively. We attribute the distinct self-assembly behaviors
of the two different as-synthesized nanoparticles to the relative interparticle interaction and
to the nanoparticle—polymer interaction. Gold nanoparticles modified with long alkylthiols
tend to aggregate easily due to the strong nanoparticle-nanoparticle interaction owing to the
efficient packing of alkyl groups(24, 25) as well as the stronger van der Waals interaction of
gold particles. The oleic acid layer on iron oxide nanoparticles, on the other hand, is oily and
disordered due to the unsaturated bond and is not as well packed as alkylthiols on gold.
Therefore, the nanoparticle-nanoparticle interaction of iron oxide particles should be weaker
than that of alkylthiol-modified gold nanoparticles, leading to 2-D or 1-D nanoparticle
arrays rather than 3-D aggregates. The 2-D arrays of nanoparticles were also found in
quantum dots stabilized with trioctyl phosphine oxides (TOPO),(31) which are shorter and
bulkier than typical alkylthiol ligands used for gold; thus they behave similarly to oleic acid-
stabilized iron oxide particles. In short, the relatively weak interparticle interaction of oleic
acid-modified iron oxide nanoparticles and TOPO-stabilized quantum dots results in the
formation of anisotropic nanoparticle arrays in a polymer matrix as opposed to 3-D
aggregates commonly found for alkylthiol-modified gold nanoparticles.
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Furthermore, the weak interaction between oleic acid-stabilized nanoparticles allows for a
fine-tuning of interparticle interactions relative to nanoparticle-polymer interactions by
changing the solvent composition. Since THF is a good solvent for both nanoparticles and
polymers, nanoparticles are distributed throughout the swollen PS matrix in the THF/water
mixture. When the concentration of nanoparticles is sufficiently high, they can form strings
in PS, as shown in Figure 4, presumably due to the weak dipole interaction between
nanoparticles.(32) The dipole-induced one-dimensional association of nanoparticles is often
observed in solution-dispersed nanoparticles.(33-35) In polymer matrices, the string
formation can be promoted by the slightly unfavorable interaction between nanoparticles
and polymers. On the other hand, in DMF, which is a marginal solvent for PS and a bad
solvent for nanoparticles, nanoparticles are not well-dispersed in a compact PS matrix, and
the relative interparticle interaction should be stronger. This fine balance between the
interparticle interaction and nanoparticle—polymer interaction leads to the formation of 2-D
sheets in the DMF/water mixture instead of 1-D strings or 3-D aggregates (Figure 1b).

These low-dimensional nanoparticle arrangements within colloidal polymer assemblies are
reminiscent of the work by Kumar and co-workers on controlled aggregation of polymer-
grafted nanoparticles in polymer melts.(27) In the study, the nanoparticle-nanoparticle
interaction was modulated by varying the polymer grafting density, and the aggregation
behavior was explained by the balance between the nanoparticle—nanoparticle interaction
and the steric repulsion of grafted polymers.(27) In the solution phase assembly reported
here, the interparticle interaction is effectively controlled by varying the solvent quality,
allowing the fabrication of different types of nanoparticle arrays from the same batch of
nanoparticles. The telebridging mechanism reported by Schweizer and co-workers(22, 36,
37) might also play a role, where the adsorption of nanoparticles on PAA through ligand
exchange contributes to the formation of nanoparticle strings.

As mentioned above, the clusters of magnetic nanoparticles embedded in polymer micelles
are of great interest due to their potential as MRI contrast agents, hyperthermia agents, drug
carriers, magnetic relaxation switching assays, and separation techniques.(38-44) We
carried out a series of r, measurements of 2-D shells and 1-D strings of magnetic
nanoparticles fabricated here to understand how various structural parameters of anisotropic
assemblies affect the magnetic relaxivity of surrounding water for their potential
applications in MRI. To this end, magneto-core/shell assemblies with 2-D nanoparticle
arrays were prepared with a series of different sized iron oxide nanoparticles (Figure 5a—c).
The radius of synthesized nanoparticles (rnp) determined by TEM ranged from 2.3 £ 0.3 to
7.5 £ 0.5 nm (Supporting Information).(45) Here, all reported nanoparticle sizes are in
radius and do not include the oleic acid layer unless otherwise specified. The nanoparticle
weight percent (np wt %), which is defined here by the weight of nanoparticles over the
combined weight of nanoparticles and polymers, was kept constant for a given series of
experiments in comparison. For example, iron oxide particles with radii of 2.3, 2.8, 3.4, 5.3,
5.4, and 7.5 nm were self-assembled with PAAzg-b-PS154 at 16.0 np wt %. For a shorter
polymer of PAA3g-b-PSqqg, it was necessary to use a lower nanoparticle weight percent
(10.0 np wt %) to accommodate a range of different sized particles. The largest
nanoparticles that can be incorporated into the core/shell-type assemblies varied with the
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length of polymers as well as the nanoparticle weight percent. For PAAzg-b-PS1gg, the
critical nanoparticle radius that allowed for the formation of well-defined discrete core—shell
assemblies was found between 3.3R; and 4.0Ry, where Ry is the radius of gyration of the PS
chain calculated from Ry = (bN*/2)/61/2 with the polymerization number (N) of 108 and the
statistical segment length (b) of 0.68 nm for PS.(46-48) It is worth noting that, in previous
bulk and thin film studies, a filler with an ryp larger than Ry was shown to macroscopically
segregate from polymers.(49) In the present study of solution phase assemblies, the largest
Inp/Ry ratio was found to be 3.4 for an ryp of 7.5 nm and PAAzg-b-PS;54, showing that the
solution phase binary assembly can accommaodate larger fillers than predicted for polymer
melt studies.

The structure of 2-D assemblies (i.e., radius of assembly (Ra), radius of core (Rc), and shell
thickness (Lg)) can be exactly determined and described by simple TEM imaging. The
structural parameters of a series of magneto-core/shell assemblies were measured by TEM
and are plotted in Figure 5e,f. Consistent with our previous report on the self-assembly of
quantum dots,(50) the size of core/shell assemblies and the radial position of nanoparticles
gradually increased with increasing the size of the magnetic particles. This behavior has
been attributed to the stretching energy of the shell polymer due to the bumpy surface
created by nanoparticle sheets.(50) Additional experiments with several different length
polymers (PAA15-b-PS197 and PAA3g-b-PS1g9) showed the same trend (Supporting
Information). When the nanoparticle size increased further beyond the critical radius
described above, the core/shell assemblies coalesced into chains (Figure 5d) to relieve the
excess polymer stretching. The transverse magnetic relaxivity was measured for three
different sets of magneto-core/shell assemblies prepared with different sized magnetic
particles (2.3, 3.2, and 7.5 nm) and PAA3g-b-PS,47. Figure 5g presents inverse transverse
relaxation time (1/T,) as a function of iron molar concentration. The transverse relaxivity
rates, ro, calculated from the data were 63 + 1, 144 + 1, and 301 + 2 mM~1 s71 for 2.3, 3.2,
and 7.5 nm particles, respectively. The increase of r, with increasing nanoparticle sizes
should be the result of both the size of nanoparticles and the size of assemblies.

In order to examine the effect of the aggregate size alone on the magnetic relaxivity, a set of
magneto-core/shell assemblies were prepared using the same batch of nanoparticles with
radii of 3.2 nm and PAA3g-b-PSo47. The size of the core/shell assemblies was effectively
controlled by changing the concentration of polymers and nanoparticles, while keeping other
conditions the same including the nanoparticle weight percent (Figure 6). The size of
assemblies increased with increasing the concentration, as the aggregation number is a
function of concentration and the critical micelle concentration.(51) When the polymer
concentration in DMF was increased from 0.01 to 0.08 wt % at 24 np wt %, Ra gradually
increased from 62 + 2 nm to 110 £ 6 nm (Figure 6). A further increase of polymer
concentration beyond 0.08 wt % did not increase the size of assemblies further presumably
due to the excessive polymer stretching. As the polymer concentration increases even further
beyond 0.12 wt %, the core/shell assemblies coalesced into large chains of aggregates
(Supporting Information) similar to the structure formed with large nanoparticles (Figure
5d).
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The r; values of a series of different sized magneto-core/shell assemblies were measured
and are presented in Figure 6 along with their size data. In general, the size dependency of r,
relaxivity can be explained by the diffusion length of water molecules relative to the size of
nanoparticles.(3, 15, 17-19) Theoretical studies showed that there are three different
regimes showing distinct size dependencies: the motional averaging regime (MAR), the
static dephasing regime (SDR), and the echo-limiting regime (ELR).(15, 19) In MAR, where
the sizes of nanoparticles are sufficiently small, water molecules experience changing
magnetic fields as they diffuse; thus the ry value increases with nanoparticle size. At a
certain particle size, a water molecule feels a constant magnetic field during transverse
relaxation, and the r, value no longer increases with the nanoparticle size. The maximum
relaxivity is achieved in this regime called the SDR. As the nanoparticle size increases
further in the ELR, water molecules very close to nanoparticles are completely dephased due
to the strong magnetic field, leading to a reduced r;, value.(19) This behavior has been
experimentally demonstrated with isotropic aggregates of nanoparticles embedded in silica
or polymer matrix.(3, 17, 19) The r, of 2-D nanoparticle shells studied here initially
increased with concentration until the micelle size peaks at 0.06 wt %, which is
characteristic of MAR, and then it plateaued as the size of the assembly did not increase
further (Figure 6e). Compared to the literature values for isotropic assemblies, our 2-D shells
showed an increased maximum r, at a larger micelle size.(3) For example, Weller and co-
workers observed a maximum r5, of about 220 mM~1 s71 at the micelle diameter of about 80
nm (hydrodynamic diameter) for iron oxide nanoparticles with a diameter of 7.5 nm.(3)
Here, our 2-D assemblies showed a maximum r5 of 278 mM~1 s™1 at the micelle diameter of
160 nm (hydrodynamic diameter) using a similar sized particle (diameter: 6.4 nm). A
noticeable ELR behavior was not observed in the 2-D assemblies studied here, implying that
the magnetic field generated by the 2-D nanoparticle arrays is not too strong to completely
dephase nearby water over a large size range.

Since the motion of water molecules is restricted around nanoparticles in polymer
assemblies due to the hydrophobic polymer layer encasing nanoparticles, the distance
between nanoparticles and the hydrophilic corona should be an important factor in
determining the magnetic relaxivity. In the core/shell assemblies studied here, the separation
between the external water molecules and magnetic particles can be precisely controlled by
varying the shell thickness. A series of assemblies with different shell thickness was
prepared by changing the nanoparticle weight percent (24, 49, and 62 np wt %) using 2.9 nm
particles to examine the effect of shell thickness on the magnetic relaxivity (Figure 7). TEM
and DLS analyses showed that the radial position of nanoparticles increases with increasing
nanoparticle weight percent to accommodate a larger number of nanoparticles (Figure 7a—f).
The size of the assemblies on the other hand stayed roughly the same (Figure 7¢,f), leading
to reduced shell thicknesses with increasing nanoparticle weight percent. The r;, values of
the magneto-core/shell assemblies were determined to be 119 £ 5, 155 + 10, and 190 + 20
mM~1 571 for 24, 49, and 62 np wt%, respectively (Figure 7g), showing that the magnetic
relaxivity increased with decreasing the shell thickness due to the better water accessibility
with a thinner shell.
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The r, dependency on the shell thickness is consistent with our previous result that the
magneto-core/shell assemblies formed in DMF were more efficient in shortening the
transverse relaxation time of water than the magneto-micelle structure formed in THF.(13)
Here, we prepared the magneto-micelles at two different nanoparticle weight percents (24
and 62 np wt %) (Figure 8a,b) and compared their r, values with those of magneto-core/
shell assemblies prepared at the same nanoparticle weight percent (Figure 8d). At 24 np wt
%, the hydrodynamic diameters of the two structures were similar to 136 and 127 nm for
DMF and THF samples, respectively. However, the ro of magneto-core/shell assemblies
(119 £ 5 mM~1 s71) was significantly larger than that of magneto-micelles (84 £ 5 mM™1
s71), consistent with our previous report.(13) Since the two assemblies were similar in size
at 24 np wt %, the different r, relaxivity values found in the two structures can be attributed
to the nanoparticle arrangement effect. This result is in contrast to theoretical predictions
assuming a free diffusion of water molecules(18) and illustrates the importance of
nanoparticle arrangement in a polymer matrix in real systems. Because magnetic
nanoparticles are arranged close to the hydrophilic PAA layer in the core/shell assemblies,
water molecules are more accessible to nanoparticles in the core/shell structure, leading to
higher r, relaxivity values.

As expected, the ro of both magneto-core/shell and magneto-micelles increased with
increasing nanoparticle weight percent (Figure 8d). Interestingly, however, the difference in
the r, values between magneto-core/shell assemblies and magneto-micelles became smaller
at the high nanoparticle content of 62 np wt% (Figure 8d). The steeper r, change of
magneto-micelles with the nanoparticle weight percent should be the result of both
nanoparticle arrangement and the aggregate size. From the TEM tomography data (Figure 4,
Figure S8d, Movie 4) and conventional TEM images (Figure 8b), it is apparent that a
number of nanoparticles form strings and they are located close to the surface of magneto-
micelles at 62 np wt %, while a majority of nanoparticles are embedded inside the polymer
core at 24 np wt % (Figure 8a, Figure S8b, Movie 3). Therefore, a larger fraction of
nanoparticles in magneto-micelles are in close proximity with water at 62 np wt %, which
explains the significantly increased ro value of magneto-micelles at the high nanoparticle
weight percent. In addition, the size of magneto-micelles increased with nanoparticle weight
percent (Figure 8c) as previously reported,(5) while the size of magneto-core/shell
assemblies stays roughly constant (Figure 7). This should also contribute to the larger r,
change of magneto-micelles with nanoparticle weight percent.

Conclusions

Here, we demonstrated that low-dimensional arrays of nanoparticle strings and sheets can be
formed in colloidal polymer particles by controlling the nanoparticle-nanoparticle
interaction relative to the nanoparticle—polymer interaction in the binary self-assembly of
nanoparticles and amphiphilic polymers. While nanoparticles with strong interparticle
interactions tend to form 3-D aggregates in polymer micelles, oleic acid-stabilized iron
oxide nanoparticles with intermediate interparticle interaction can be assembled into 1-D
strings in magneto-micelles or 2-D sheets in magneto-core/shell assemblies. The
interparticle interaction relative to nanoparticle—polymer interaction could be fine-tuned by
varying the cosolvent used for self-assembly. The self-assembly from a marginal solvent
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such as DMF led to the formation of 2-D nanoparticle sheets, while a good solvent such as
THF resulted in 1-D strings. A range of different sized iron oxide particles was assembled
into magneto-core/shell structures, and their transverse magnetic relaxivity rates were
measured with varying structural parameters (i.e., size of nanoparticles, size of assemblies,
radial position of nanoparticles, and shell thickness) to examine the effect of nanoparticle
arrangement on the r, of surrounding water. The size of assemblies increased with the size
of nanoparticles and the concentration of polymer and nanoparticles. The r, increased with
increasing the size of assemblies, similarly to the previous observations in 3-D aggregates.
The radial position of nanoparticles and the shell thickness were controlled by changing the
nanoparticle weight percent while keeping the polymer concentration constant. The
assemblies with reduced shell thickness showed increased ro due to the better water
accessibility. Magneto-micelles showed a steeper dependency of r, on nanoparticle weight
percent than magneto-core/shell structure due to the formation of nanoparticle strings
residing close to the surface of micelles at high nanoparticle contents.

Experimental Section

Materials and Instrumentation

All polymers except for PAA14-b-PS55q9 (PAA(1000)-b-PS(26 000), Polymer Source Inc.)
were synthesized by reversible addition—fragmentation chain transfer polymerization by a
previously reported procedure.(31) All TEM measurements were taken using a JEOL 1400.
All STEM images and the EDS mapping were acquired using a JEOL 2010F. DLS
measurements were taken with a Malvern Zetasizer Nano Series. Transverse (T») relaxivity
times of the various micelles were determined using a Bruker mgq60 MR relaxometer
operating at 1.41 T (60 MHz). The iron concentration was determined using inductively
coupled plasma—atomic emission spectroscopy (ICP-AES) (Spectro Genesis). TEM samples
were prepared by placing a few droplets of aqueous micelle solution on TEM grids (Carbon
Film Only, 200 mesh, Cat#: CF200-Cu, Electron Microscopy Sciences) and wicking away
water from the other side of the TEM grid. For 3-D electron tomographic analysis, a series
of projection images were recorded by tilting the specimen from —78° to 78° in an increment
of 1° using a Gatan 916 ultrahigh tilt tomography holder (Gatan Inc., Pleasanton, CA, USA),
with a Gatan 4K x 4K charge-coupled device (CCD) camera mounted on a Tecnai F20
electron microscope (FEI Corporation, Hillsboro, OR, USA). Images were recorded at a
nominal magnification of 50 000 to 80 000 (effective pixel size is 0.14 to 0.37 nm) and an
underfocus value of 0.5-2.0 um along the tilt axis. A weighted back-projection algorithm, as
implemented in the IMOD reconstruction package,(52) was used to convert the information
present in the series of tilted projection images into three-dimensional density maps. The
surface rendering was generated using the Chimera software.(53)

Synthesis of Iron Oxide Nanoparticles

Iron oxide nanoparticles were synthesized using oleic acid as a stabilizing agent following a
modified literature method.(45) The iron oleate was synthesized in a 100 mL flask by
dissolving 1.5 g of iron chloride (FeCl3-6H,0, 5.5 mmol, Aldrich, 97%) and 5.2 g of sodium
oleate (17 mmol, TCI, 95%) in 20 mL of hexane, 11.5 mL of ethanol, and 8.8 mL of
distilled water. The solution was heated to reflux (~70 °C) and kept at that temperature for 4
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h. After the 4 h, the upper organic layer was washed three times with 30 mL of water and
separated by centrifugation. After the final washing, hexane was evaporated from the dark
brown organic layer in a rotary evaporator and kept under vacuum overnight (~12 h). For
the synthesis of ryp = 2.3 nm iron oxide nanoparticles, 5.5 g of iron-oleate and 1.5 g of oleic
acid (5.3 mmol, Aldrich, 90%) were reacted in 31 g of 1-octadecene (Aldrich, 90%) in a 100
mL round-bottom flask. For larger nanoparticles of ryp = 5.3-7.5 nm, reactions were carried
out in a 250 mL round-bottom flask. The reaction mixture was heated to 320 °C at a rate of
200 °C/h and kept at that temperature for 30 min. The resulting solution was cooled to room
temperature and washed three times with acetone. After each acetone addition, the product
was centrifuged for 10 min at 7000 rpm and redissolved in hexane. After the final wash, the
nanoparticles were dissolved in chloroform and centrifuged at low speed (3000 rpm) to
remove large aggregates. The diameters of nanoparticles used were determined to be 4.6 £
0.5,5.6+0.5,6.4+0.5 105+ 1.3,10.8+ 0.7, and 14.9 + 0.9 nm by TEM (see Supporting
Information).

Self-Assembly of Iron Oxide Nanoparticles and Polymers

Co-assemblies of iron oxide nanoparticles and polymers were prepared by the slow addition
of water to the mixture of nanoparticles and polymers dispersed in either DMF or THF. In
typical experiments to form magneto-core/shell assemblies at 16 np wt %, a THF solution of
nanoparticles (50 uL, 1.0 mg/mL) was mixed with a DMF solution of PAA3g-b-PS154 (70.0
pL, 3.77 mg/mL) or PAA3g-b-PSy47 (30.0 pL, 5.15 mg/mL). Then, the total volume of the
mixture was adjusted to a constant volume (1.55 mL) by adding additional DMF. While
stirring, water (600 pL) was slowly added (10 pL per 30 s) to the mixture of nanoparticles
and block copolymers. The mixture was kept under stirring for 15 h before adding additional
water (1.5 mL) over 15 min. Then, the samples were dialyzed against water for 24 h and
further purified by a series of centrifugations. The samples were centrifuged at 14 000 rpm
(30 min) to collect precipitates of isolated assemblies. Magneto-micelles were assembled
similarly, except that the polymer was initially dissolved in THF. In the absence of
nanoparticles, PAA3g-PS154 self-assembled into micelles for both DMF and THF initial
solvents. On the other hand, PAA3g-PS,47 assembled into worm-like micelles in DMF and
vesicles in THF, respectively, without nanoparticles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Simplified pictorial representations of the four different nanoparticle arrangements within

polymeric micelles: (a) 3-D aggregates (b) 2-D sheets, (c) 1-D strings, and (d) well-
dispersed particles.
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Figure 2.
(a) Schematic representation of self-assembly of nanoparticles and amphiphilic polymers

into two distinct assemblies of magneto-core/shell assemblies (left) and magneto-micelles
(right). (b) TEM image of a magneto-core/shell assembly prepared with 2.8 nm iron oxide
particles and PAA3g-b-PS»47 using DMF as the common solvent. (¢) TEM image of a
magneto-micelle prepared with 2.8 nm iron oxide particles and PAAzg-b-PSo47 using THF
as the common solvent.
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Figure 3.
3-D structural analysis of a magneto-core/shell assembly by electron tomography. (a) X-Y

computational slices (i-vii) of the 3-D volume containing a magneto-core/shell nanoparticle
assembly, shown in every 40 slices (5.6 nm) through the volume. The scale bar is 100 nm.
(b) 3-D surface rendering of the tomographic volume, colored red to green according to the
radial position from the center. The density is contoured at a level that displays nanoparticles
(red and yellow) and the outer surface of the polymer sphere (green). The imaged magneto-
core/shell assembly was prepared with 2.8 nm iron oxide particles and PAA3g-b-PSy47 at 24
np wt % using DMF as the common solvent.
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Figure4.
3-D structural analyses of a magneto-micelle by electron tomography. (a) X-Y

computational slices (i—-viii) of the 3-D volume containing a magneto-micelle, shown in
every 40 slices (5.6 nm) through the volume. The scale bar is 50 nm. (b) Three orthogonal
slices XY, YZ, and XZ through the tomogram with their orientations indicated in the
cartoon (top right). (c) 3-D surface rendering of the tomographic volume, colored red to blue
according to the radial position from the center. The magneto-micelle was prepared with 2.8
nm iron oxide particles and PAA3g-b-PSy47 at 62 np wt % using THF as the common
solvent.
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Figureb5.
Structural parameters and relaxivity measurements of magneto-core/shell assemblies formed

with different sized nanoparticles. (a) Pictorial description showing that the incorporation of
larger nanoparticles results in larger sized assemblies. (b—d) TEM images of magneto-core/
shell assemblies prepared with PAA3g-b-PS,47 and two different sized iron oxide
nanoparticles, 2.3 nm (b) and 7.5 nm (c) at 24.0 np wt %. A tomography image of the core—
shell assembly formed at 24.0 np wt % (c) is presented in Figure S6. (d) One-dimensional
aggregates of magneto-core/shell assemblies formed with 7.5 nm particles and a shorter
polymer, PAA3g-b-PS1gg, at 10.0 np wt %. (e, ) Ra (e) and R¢ (f) dependence on ryp for
PAA3g-b-PSq54 (red circle) and PAA3g-b-PS1og (black square). The weight percentages of
nanoparticles were 10.0% and 16.0% for PAA3g-b-PS1pg and PAAzg-b-PS154, respectively.
All assemblies were prepared using DMF as the common solvent. (g) Inverse transverse
relaxation time (1/T5) versus the iron molar concentration [Fe] for magneto-core/shell
assemblies prepared with three different sized particles: 2.3 nm (black squares), 3.2 nm (red
circles), and 7.5 nm (green triangles). The error bars are standard deviations from three
different measurements.
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Structural parameters and relaxivity measurements of different sized magneto-core/shell
assemblies formed with 3.2 nm (rnp) particles and PAA3g-b-PSo47 using DMF as the
common solvent. The size of assemblies was controlled by changing the concentration of
polymers and nanoparticles while keeping the nanoparticle weight percent constant (24 np
wt 9%). (a) Pictorial description showing the concentration dependence of the assembly
structure. (b—d) TEM images of magneto-core/shell assemblies formed at polymer
concentrations of 0.01 wt % (b), 0.05 wt % (c), and 0.11 wt % (d). (e) The hydrodynamic
radius determined by DLS (black) and r5 (red) of magneto-core/shell assemblies formed at

different polymer concentrations.
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Figure7.
Structural characterization and r, data of magneto-core/shell assemblies formed at varying

nanoparticle weight percent. In this set of experiments, the nanoparticle weight percent was
controlled by changing the nanoparticle concentration while keeping the polymer
concentration constant (0.01 wt %). (a) Pictorial description showing that the increased
nanoparticle weight percent results in a reduced shell thickness. (b—d) TEM images of
magneto-core/shell assemblies formed at a nanoparticle weight percent of 24 (b), 49 (c), and
62 (d). The assemblies were prepared with 2.9 nm particles and PAA3g-b-PSo47 using DMF
as the common solvent. Tomography data of the core—shell assemblies formed at 24 np wt
% (b) and 62 np wt % (d) are presented in Figure S7. (e) Normalized DLS intensity plot of
the magneto-core/shell assemblies shown in b—d. (f) Lg (black) and R (red) dependence on
nanoparticle weight percent for the corresponding assemblies in b—d. (g) r, dependency on
nanoparticle weight percent for the corresponding assemblies in b—d.
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Figure8.
(a, b) TEM images of magneto-micelles formed at a hanoparticle wt % of 24 (a) and 62 (b).

The assemblies were prepared with 2.9 nm particles and PAA3g-b-PS,47 using THF as the
common solvent. The nanoparticle weight percent was adjusted by varying the nanoparticle
concentration while keeping the polymer concentration constant (0.01 wt %). Tomography
data of magneto-micelles formed at 24 np wt % (a) and 62 np wt % (b) are presented in
Figure S8. The internal nanoparticle arrangements are more clearly seen in Movie 3 and
Movie 4 (Supporting Information), which present z-slices of reconstructed tomography
images of 24 and 62 np wt % samples, respectively. (¢) DLS intensity plots of magneto-
micelles prepared at 24 np wt % (black) and 62 np wt % (red). (d) ro rate dependence on the
micelle morphology and nanoparticle weight percent.
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