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The size-dependent magnetic properties of nanocrystals are
exploited in a separation process that distinguishes particles based
on their diameter. By varying the magnetic field strength, four
populations of magnetic materials were isolated from a mixture.
This separation is most effective for nanocrystals with diameters
between 4 and 16 nm.

Many technologies have been developed for nanoscale iron oxides,
including MRI imaging,' water purification,>® on-demand drug
delivery,* and cell culture transfection.® In the latter examples, the
motive response of magnetic particles to external fields is central to
their application. Even modest magnetic fields, on the order of mil-
litesla, can be sufficient to concentrate nanocrystals from suspen-
sions.® Such separations can be useful in minimal infrastructure
settings for water purification.” Alternatively, in biological separa-
tions magnetic separation can result in the capture and release of
nanoparticles and their cargo.?

There are various methods of fine size separation for nano-
materials including centrifugation,” salts-based size-selective precipi-
tation,' size exclusion chromatography, and diafiltration,’ but
these processes do not take advantage of the magnetic properties
demonstrated by iron oxide nanoparticles. The magnetic separation
of coated nanoscale iron oxides and a binary form of magnetic
chromatography has previously been demonstrated by Moeser et al.'®
Here, we expand upon these standard approaches to magnetic
separation by using varying field strengths which separate different
particles based on their diameter. The process does not simply
separate nanoparticles based on whether they move in response to
a magnetic field; rather, it separates nanocrystals based on the
magnitude of their response to applied fields. Thus, several different
populations can be separated from a complex mixture, in what we
term here a ‘multiplexed’ separation in analogy to a multiplexed
analysis.”* This capability is particularly critical for biotechnology
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where it is often desirable to separate more than one type of
component from a complex mixture.'>™"7 Alternatively, in the present
example it enables the size distribution of magnetic nanocrystals to be
sharpened using a method that is effective, fast, and consumes
minimal solvent.

This multiplex separation scheme is based on the premise that as
the magnetic field acting on a nanoparticle suspension is increased,
the concentrated particle residues becomes enriched in smaller
particles.%*® This enrichment reflects the size-dependent behavior of
the particles: as compared to larger (e.g. d > 15 nm) particles, smaller
diameter nanocrystals require larger magnetic fields in order to move
at room temperature. The size dependence has been the subject of
some study.**? It is generally thought that in an external magnetic
field, nanocrystals may reversibly aggregate and align their magnetic
dipoles. This is due to the fact that the particle sizes in question are
superparamagnetic and, therefore, experience large magnetizations in
the presence of magnetic fields while retaining no magnetization upon
the removal of the external field." The forces required to move
particles of this size range within a magnetic separator require
reversible aggregation, and are dependent on particle size, concen-
tration, and magnetic Bjerrum length, which is explicitly detailed by
De Las Cuevas et al." The larger structures would have very large
magnetic moments, and in an external magnetic field would experi-
ence substantial motive force.® The tendency for superparamagnetic
materials to aggregate is expected to increase with particle size due, in
part, to larger magnetic susceptibilities.” In addition, Bégin-Colin
and co-workers indicate that smaller sizes of iron oxide crystals are
enriched in the less magnetic maghemite (y-Fe,Os) as opposed to
magnetite (Fe;O4) which may also contribute to their reduced
response to external fields.?

To evaluate whether these known size-dependent properties could
be the basis for a multiplexed magnetic separation, we prepared four
different sizes of iron oxide nanocrystals via the thermal decompo-
sition of iron oleate.*? Specific reaction details can be found in the
supplemental materials.T Excess reactants in the as-prepared samples
were removed by repeated cycles of flocculation upon ethanol and
acetone addition, followed by centrifugation. The supernatant was
then decanted and the precipitated particles were redispersed in
a small quantity of hexanes (Aldrich, certified ACS grade). This
process was repeated several times, and the resulting black suspen-
sions were stored in hexanes with no evidence of aggregation over
months. These iron oxide samples were very uniform, and had
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average diameters of 4.0 + 0.4, 9.2 + 1.0, 11.7 &+ 1.1, and 159 +
1.4 nm (see Supplementary Fig. S17).

The size-dependent response of these individual particles to an
applied external field is shown in Fig. 1. This data was obtained using
a conventional high gradient magnetic separator (HGMS) (see
Supplementary Fig. S2+). This device applies a large external field to
a narrow column (6.3 mm ID) filled with stainless steel wool; the steel
wool creates regions of high field gradients which serve to collect
magnetic particles. While the exact values of the magnetic gradients
are difficult to calculate in this geometry, they do scale with increasing
applied field.?** For these studies, the particles were suspended in
hexanes and gravity fed (~1 min) through the 22.3 cm long column.
The effluent thus contained nanoparticles not captured by a partic-
ular applied field; the retained material could be recovered by
removing the field and washing the column with additional hexanes.
Quantitative analysis of the iron content of the starting suspensions
and the effluent allowed for the calculation of the percent nano-
particles retained at varying applied magnetic fields.

Fig. 1 shows the percent of nanoparticles retained in the column as
external field strengths were increased from millitesla to 1.6 T. As
expected, the smallest particles were the least retained by the column.
Even at field strengths as high as 1.6 T (not shown), less than 17% of
the material was captured by the column. In contrast the larger
particles were almost completely retained (98%) at only 0.23 T. The
intermediate diameters exhibited retention characteristics between the
large and small extremes. This data suggests that at specific applied
fields (vertical lines in Fig. 1) it is possible to selectively retain larger
diameter nanocrystals.

The four sizes of nanoscale iron oxides were then combined (Fig. 2)
to form a multimodal sample with distinct populations of iron oxide.
The diameters of these materials were different enough to be distin-
guished by transmission electron microscopy (TEM) as illustrated by
the colored circles in Fig. 2. This mixed sample was passed through
an HGMS subjected to a very small external field (0.05 T). As
expected from Fig. 1, the largest iron oxide particles (15.9 nm) were
retained in the column. The magnetic field was then turned off, and
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Fig. 1 These data illustrate the magnetic field required to retain the
nanoscale iron oxide samples at specific particle diameters. This plot was
utilized to determine the magnetic fields necessary for the tetramodal
magnetic separation. Magnetic field strengths used in this experiment are
marked with dashed lines.

Fig. 2 TEM images of mixed tetramodal iron oxide nanocrystal sample
produced by quantitatively mixing four monodisperse iron oxide
samples. In the dashed box, selected particles are circled to indicate their
size: black for the 15.9 nm particles, red for the 11.7 nm particles, green
for the 9.2 nm particles, and blue for the 4.0 nm particles.

the column was flushed with hexanes to collect the largest nano-
crystals. The effluent from the HGMS at 0.05 T was then run through
the HGMS at 0.13 T; at this field strength we expected the second
largest iron oxide particles (11.7 nm) to be preferentially retained in
the column. After collecting this material from the column, the
procedure was repeated at 1.59 T to retain 9.2 nm particles, and the
4.0 nm particles were isolated in the effluent. The magnetic field was

100 nm

Fig. 3 TEM images of iron oxide samples obtained (a) at 1.59 T, (b) at
0.23 T, (c) at 0.13 T, and (d) at 0.05 T.
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then reduced to 0.23 T and the 9.2 nm sample was rinsed out. Each of
the four collected samples were analyzed by TEM (Fig. 3). The
resulting particle size distributions, shown in Fig. 4, were determined
using Image Pro sizing software.

Fig. 4 shows that it is possible to separate nanoparticles based on
size using variable field applications; however, as is apparent in the
data that the larger nanocrystals do not separate as well as the smaller
materials. For example, in just one pass through the column the
smallest size (4.0 nm) is separated relatively cleanly; fewer than 16%
of the material in this sample contained the larger sizes. In contrast, at
lower field strengths the resulting effluents show an enrichment in
a particular particle size rather than a complete separation. Such data
is consistent with Fig. 1 as well which shows the differences in
response to applied magnetic fields is less pronounced as particle sizes
increase. These observations result from the fact that the magnetic
properties of these materials change most drastically when diameters
fall below 27 nm.* This is in part due to the fact that for isolated
particles, the magnetic moment decreases with diameter.?® Tron oxide
nanoparticles have been shown to form chains under the influence of
an applied magnetic field.>* Additionally, linear or network aggre-
gation of larger particles may occur even without an external
magnetic field.?” This could prematurely induce aggregation which
would make it more difficult to distinguish larger particles based on
their isolated or non-aggregated diameters.
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Fig. 4 Distributions of nanocrystal diameters for the iron oxide samples
obtained (a) at 1.59 T, (b) at 0.23 T, (¢) at 0.13 T, (d) at 0.05 T, and (e) the
starting tetramodal iron oxide sample.

This variable field separation does not immediately lead to
a baseline separation of particles under the conditions studied; rather,
the process creates samples that are enriched in particular particle
diameters. To quantify this enrichment as a function of diameter, we
calculated the separation efficiency from the purity of the recovered
materials. We defined the relative abundance, R, in a separated
sample as:

F

R=——
1-F

6]
where F is the fraction of iron oxide nanocrystals within a specified
diameter range. The enrichment factor, o, was then found from:
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where R; and Ry, are the relative abundance of the desired diameter
range before and after magnetic separation, respectively.® For the
experiments performed here, we achieved enrichment factors of 18.7
for diameters ranging from 1 to 5.5 nm; 6.7 for diameters from 5.5 to
10.5 nm; 1.8 for diameters from 10.5 to 13.5 nm; and 1.7 for diam-
eters greater than 13.5 nm. The enrichment factors for all size ranges
were greater than one, implying that productive enrichment is taking
place.

These enrichment factors can also be used to estimate the perfor-
mance of a variable-field magnetic separation under more optimized
conditions. Enrichment processes often rely on separations which are
applied multiple times. In this case, one may envision longer HGMS
columns, or alternatively successive exposure of samples to the same
magnetized column. Because little material remains in the column
after it is demagnetized the product yields per pass are quite high,
making multiple treatments practical. For smaller samples, it is
possible to achieve a relative abundance of 9, or 90% purity, through
only two applications of the column (or twice as long of column). In
contrast, six successive column passes are required in order to ensure
90% pure samples of the two larger particles.

The data presented here provides a novel example of a size-
dependent magnetic multiplex separation of iron oxide nanocrystals.
A distinct trend in separation was observed with diameter, and this
could be applied to separate different sizes from a mixture using
a conventional HGMS column. Small sizes could be separated quite
effectively, yielding an 84% pure sample. In principle, more highly
purified nanocrystal populations can be recovered either by using
longer columns, or by relying on successive passes through the
standard columns. In nanomanufacturing, this separation could be
applied to sharpen the size distribution of non-uniform materials as
well as separate particles from the solvents and surfactants used in
preparation. In biological applications which conventionally use
magnetic beads, a variable field separation with appropriately
designed particle diameters could be used to separate more than one
cell type or biomolecule from complex mixtures.

Conclusions

In summary, the size-dependent properties of magnetic nanocrystals
can be used as the basis for a variable field separation. We report for
the first time the use of this principle for the enrichment of particular
particle diameters in a complex mixture of four distinct diameter
populations. The separation is particularly effective for distinguishing
very small (e.g. 4 nm) from larger (e.g. > 12 nm) nanocrystals.
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