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ABSTRACT: We present the synthesis of nonspherical
magnetic microparticles with multiple functionalities, shapes,
and chemistries. Particle synthesis was performed in two steps:
polymeric microparticles functionalized homogenously with
carboxyl groups were generated using stop-flow lithography,
and then in situ coprecipitation was used to grow magnetic
nanoparticles at these carboxyl sites. With successive growth of
magnetic nanoparticles, we obtained polymeric particles with
saturation magnetizations of up to 42 emu/g microparticle.
The growth in the magnetic nanoparticle mean size and
polydispersity was determined from the magnetization curves

NaOH Fe'[Fa" NH,OH

AAD %

PEGDA 95 %

Initiator 5%

- -
Objective

AA 50 % T

PEGDA 45 %

Initiator 5 %

coo”
coo

Repeat

-
‘ COOH
u CO0H
[

obtained following each growth cycle; nanoparticle sizes were

limited by the physical constraint of the effective mesh within the hosting gel microparticle. Particles with spatially segregated
domains of varying magnetic properties (e.g., Janus particles, particles with step changes in magnetite concentration, etc.) can be

synthesized readily using this approach.

B INTRODUCTION

Magnetic particles are of increasing interest because of their
potential use in various fields such as magnetic separations,'
catalysis,* biomedical applications,® and data storage.” These
applications are enabled by the ability to manipulate the
particles using external magnetic fields. For the precise control
of the particles, superparamagnetism is advantageous over
ferromagnetism, as superparamagnetic particles have an
oriented magnetic moment under a magnetic field but lose
this property in the absence of the field; i.e., they do not exhibit
remanence or hysteresis. Therefore, we expect to observe a
consistent response from superparamagnetic materials to an
imposed field, in contrast to the anticipated variable response
from ferromagnetic particles. Ferromagnetic materials can be
superparamagnetic when they have single domains, typically
with small particles of size less than about 20 nm.® However,
since the magnetic force on a particle is proportional to its
volume, large particles are more easily manipulated than are
small particles by external magnetic fields. As such, the
synthesis of large, superparamagnetic particles is desirable for
many applications such as those mentioned above.

Large paramagnetic particles can be prepared by assembling
superparamagnetic nanoparticles into stable aggregates, or by
dispersing such magnetic nanoparticles throughout a particle
matrix. The first approach utilizes the clustering of nano-
particles, which can be achieved via self-assembly of magnetic
nanoparticles’ "' or the use of emulsions as templates.'”~"*
Further coating or functionalization of these clusters can be
realized as required for specific applications, and if desired,
composite particles can be prepared with magnetic nanoparticle
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clusters constituting either the cores or the shells of core—shell
particles."*™"® The second approach relies on the incorporation
of magnetic nanoparticles within porous structures, through
either §rowth of nanoparticles'®™** or their direct entrap-
ment”>”* within polymer matrices. While magnetic nano-
particle clusters tend to exhibit higher saturation magnetization
than do polymer-based paramagnetic particles due to higher
magnetic material densities, polymer substrates provide greater
flexibility in terms of chemical functionality and mechanical
properties.

The ability to prepare superparamagnetic particles with
precise control over particle morphology is desirable for many
applications. For instance, induced mechanical stresses on
magnetic particles can be controlled by external magnetic fields,
and thus magnetic particles with various shapes enable the
study of simplified versions of complex systems.'#*>*® Also,
nonspherical magnetic particles introduce magnetic anisotro-
pies, which allow the assembly of complex structures such as
flowers, double helices, and zigzag chains.?’~*! With the ability
to control the shapes and functionalities of the building blocks
used for assembly, the interaction between the components can
be engineered precisely. To date, the synthesis of nonspherical
magnetic particles has been achieved primarily using soft
lithography in the presence of magnetic nanoparticles.>* >
Unfortunately, magnetic nanoparticles absorb a considerable
fraction of the incident UV irradiation used to cure the
particles, and thus, the number of magnetic nanoparticles that
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Figure 1. Schematic showing the synthesis process.

can be incorporated successfully into the polymeric particles is
limited.

As particles with lower magnetization require higher
magnetic fields to yield reasonable response times, it is
desirable to create particles with the greatest possible
superparamagnetic properties. Here, we demonstrate a versatile
method to generate complex, nonspherical magnetic particles
with high magnetization. Hydrogel particles with configurable
shapes and chemistries can be created via stop-flow lithography
(SFL).*® Using SFL, we synthesized polymeric particles bearing
carboxyl groups capable of capturing ferric and ferrous ions
which were then coprecipitated to form magnetic nanoparticles
embedded within the polymeric particle matrices. We generated
multifunctional particles of varying magnetic content by
successive growth of magnetic nanoparticles within the gel
matrices, and this procedure can be used to increase the
saturation magnetization to as high as 42 emu/g microparticle.
The mechanism of successive growth has been elucidated to
explain the increase in saturation magnetization of both
nanoparticles and polymer/nanoparticle composites.

B EXPERIMENTAL SECTION

Materials. Polymeric particles are prepared using poly(ethylene
glycol) (700) diacrylate (PEG-DA 700, Sigma-Aldrich), acrylic acid
(AA, Sigma-Aldrich), and 2-hydroxy-2-methylpropiophenon (Darocur
1173, Sigma-Aldrich) initiator. Tween-20 (Sigma Aldrich) was used at
0.05% to prevent particle loss due to sticking on pipet tips or tubes. To
synthesize magnetic nanoparticles, we used ferric chloride hexahydrate
(FeCl;-6H,0, Sigma Aldrich), ferrous chloride tetrahydrate
(FeCl,-4H,0, Sigma Aldrich), sodium hydroxide (NaOH, Sigma
Aldrich), and ammonium hydroxide (NH,OH, Sigma Aldrich).

Microfluidic Device Fabrication. Microfluidic devices for SFL
were fabricated with polydimethyl-siloxane elastomer (PDMS, Sylgard
184, Dow Corning) mixed at a ratio of 10:1 base to curing agent. The
PDMS microchannels were molded by pouring elastomer on a
patterned silicon wafer (SU-8 photoresist, Microchem) and baking in
an oven at 65 °C for 2 h. PDMS-coated glass slides used for the
bottom of the devices were prepared by spreading a thin layer of
elastomer on a slide and curing partially at 65 °C for 22 min. The clean
PDMS patterns from the wafer were assembled with the glasses and
were kept in the oven for 45 min. The prepared microfluidic channel
was assembled with inlets that were made of pipet tips (ART 10 Reach
and ART 200, Molecular BioProducts, Inc.) and outlet aluminum
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tubing (1/16 in., K&S) for collecting particles after synthesis. For
particle synthesis, the channels were placed on an inverted microscope
(Axiovert 200, Zeiss).

Stop-Flow Lithography Setup. We polymerized microparticles
of the desired shapes and chemistries when flow was stopped in the
microfluidic device. Then, particles were pushed out of the
polymerization area with flow of the monomer solutions. This
stop—expose—flow cycle was commanded by a custom script that
toggled a solenoid valve (Burkert) to control the inlet pressure on the
monomer streams from 0 to 3 psi and opened or closed a UV shutter
(VS2S, UniBlitz). Monomer solutions were polymerized with the UV
source of Lumen 200 (Prior Scientific, 100% setting). A UV filter
(11000v2, Chroma) was used to provide the desired excitation for
polymerization. Transparency masks (Bandon, OR) designed in
AUTOCAD 2005 were used to shape the UV illumination used for
particle synthesis. For multiple inlets, the thicknesses of the inlet
streams were controlled by a pressure valve (ControlAir, Inc.) in
response to readings from a digital pressure gauge (DPG 100G,
Omega Engineering, Inc.).

Polymeric Particle Synthesis. Homogenous microparticles were
prepared from oligomer solutions consisting of 50% (v/v) AA, 45%
(v/v) PEG-DA 700, and 5% (v/v) Darocur 1173. The Janus particles
were obtained using two monomer solutions, one with 50% (v/v) AA,
45% (v/v) PEG-DA 700, and 5% (v/v) Darocur 1173 and the other
with 45% (v/v) PEG-DA 700, 5% (v/v) Darocur 1173, and 50% (v/v)
water. For the preparation of multicompartmented particles, our inlet
solutions contained 0%, 15%, 30%, and 45% (v/v) of AA, and 50%,
35%, 20%, and 5% (v/v) of water, respectively, in the monomer
solutions. The polymerization time was 75 ms for all particles.

In-Situ Magnetic Nanoparticle Synthesis. The schematic
diagram in Figure 1 shows the coprecipitation process. The clean
polymer particles were dispersed in 0.5 M NaOH solution for 10 min
to deprotonate the COOH groups to COO™. Particles with COO™
were washed S times with 0.5% Tween 20 solution to reach neutral
pH. 0.2 M FeCl;, and 1 M FeCl, solutions were prepared in N, purged
water and mixed with the polymer particles to meet the desired ratio of
Fe’*:Fe’* = 1:75. After iron ions diffused into the polymer particles
and were allowed to chelate with the deprotonated carboxyl groups for
30 min, the excess iron salts were removed. Following adjustment of
the pH with NH,OH at 60 °C, magnetic nanoparticles nucleated and
grew in the polymer particles. The magnetic microparticles were rinsed
S times with Tween 20 solutions. For successive growth, the steps
from the deprotonation step were repeated.

Characterizations. The magnetization of particles under an
applied magnetic field was measured using a superconducting quantum
interference device (SQUID, MPMS-SS, Quantum Design). All
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SQUID measurements were performed at 300 K over the magnetic
field range 0—5 T on 1—3 mg of dried particles. Transmission electron
microscopy (TEM, 200-CX, JEOL) images were obtained at 200 kV.
The samples were prepared by placing thinly sliced particles on lacey
carbon-coated 200 mesh copper grids (Electron Microscopy Sciences).
Dried microparticles were cured in epoxy (Sigma Aldrich) for 24 h and
were sliced with a Microtome (MT-X, Ultra Microtome) to give 40
nm thick samples. Scanning electron microscopy (SEM, 6060, JEOL)
was used to analyze the surfaces of dried particles. Samples were
prepared by dropping 10 uL of particle solution on the glass slides.

B RESULTS AND DISCUSSION

We demonstrated the synthesis of magnetic microparticles
using in situ growth of nanoparticles in polymer particles
preformed by SFL. Our approach provides a versatile,
inexpensive method for obtaining multifunctional and non-
spherical magnetic particles with strong magnetic properties.
The PEG/PAA polymeric particles investigated in this study
were synthesized using SFL as shown in Figure 1. We blended
acrylic acid with the PEG monomer precursor in order to
introduce anionic carboxyl groups in the polymeric particle
substrate, which could act as iron ion binding sites for
nanoparticle growth. We also generated Janus particles using
SFL with two monomer streams (Figure 1); the top stream was
composed of PEG-DA and photoinitiator, while the bottom
stream included PEG-DA, AA, and photoinitiator. These Janus
particles enabled selective adsorption of ions in one region of
the particles only.

To create nanoparticles in the polymer gel matrices
generated using SFL, the gels were suspended in a sodium
hydroxide solution for the deprotonation of the COOH groups
to COO™. Electrostatic repulsion between these charged groups
increased the osmotic pressure within the gel, causing the
PEG/PAA particle substrate to swell. Then, these anionic
polymer particles were mixed with solutions of ferrous and
ferric ions. In order to create magnetite instead of other iron
oxides that have low magnetizations, precise control of the
Fe’"/Fe’” ratio was necessary. The Fe®" ion is attracted to
carboxyl groups more strongly than is Fe", and thus, the bulk
solution was prepared with an Fe*"/Fe®* ratio of 1:75 to ensure
an Fe’*/Fe’* ratio of approximately 2 within the polymer
particles, as needed to produce magnetite nanoparticles.”” This
optimum ratio was selected because it gave the highest
saturation magnetization of the final particles, as discussed in
the Supporting Information. The polymeric particles were
dispersed in the solution for 30 min during which period the
iron ions diffused into them and chelated with the carboxyl
ions. With typical particle dimensions (L) of 15 ym and
diffusivities (D) of iron ions through the gel substrate of 0.5 X
10 m?/s,*® the diffusion time scale (z = L?/D ~ 1 s) was
much shorter than the incubation time so that the ferric and
ferrous ions were able to penetrate the full depth of the
particles. The pH was adjusted by adding NH,OH, and the
temperature was held at 60 °C for 15 min during magnetite
deposition. These processes created magnetite with bare
surfaces entrapped in the polymer particles.

We generated nonspherical magnetic particles in the shapes
of disks and triangles as shown in Figure 2a,b. The morphology
of the particles was dictated by the mask used to shape the UV
light beam prior to its introduction to the microfluidic channel
during SFL. Various sizes of particles from 20 (Figure S2) to
300 pym could be created by changing the mask size. In this
manner, particles of virtually any extruded two-dimensional
shape can be created. With multiple coflowing monomer
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Figure 2. Optical images of various magnetic microparticles: (a)
homogenous magnetic disks, (b) homogenous tranglular particles, (c)
Janus disks, (d) gradient particles.

streams, this method can also be used to generate multifunc-
tional particles. The Janus magnetic particles shown in Figure
2c were obtained by adding acrylic acid to just one of two inlet
streams. The brown magnetic region in the final particles is
clearly distinguishable from the inert PEG region, as the
synthesis of magnetite occurred only in the presence of the
carboxyl groups. Furthermore, our ability to incorporate various
chemistries in a single particle with SFL enables the synthesis of
particles with spatially varying magnetic properties. Using four
inlets with monomers containing different concentrations of
acrylic acid from 0% to 45%, particles were prepared with step
changes in iron oxide content, as shown in Figure 2d.

Since magnetic functionalization is not perfectly efficient
with respect to the active groups within the hydrogel, carboxyl
groups remain in the particles after the magnetite nucleation
and synthesis. The growth of nanoparticles, shown schemati-
cally in Figure 1, can be repeated several times to increase
magnetic properties. Figure 3 contains optical images of
microparticles subjected to several cycles of magnetic nano-
particle synthesis, in which the color of the particles becomes
darker as the number of cycles increases and opaque particles
are generated containing more magnetic nanoparticles.

(a)

200 pm

Figure 3. Successive synthesis of magnetite in micro-polymer-particles.
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In order to determine the magnetic properties of the particles
following each cycle, we obtained magnetization curves from
SQUID measurements, as shown in Figure 4a. All magnetic
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Figure 4. Magnetic properties of magnetic microparticles and
nanoparticles. (a) Magnetization curves. The points were obtained
from SQUID measurement, while solid lines were calculated using
Chantrell’s method shown in eq 6. The dotted line was obtained from
the Langevin function assuming that particles were monodisperse. (b)
Saturation magnetization values of polymer/nanoparticle complexes.
(c) Magnetic nanoparticle content excluding the polymer matrix
calculated using results in panel b and TGA analysis. The ratios xg304/
xppa/paa a0d Xpeaos/%ppgpan are plotted. (d) Nanoparticle sizes
calculated using Chantrell’s method.

particles exhibited superparamagnetism without remanence.
The magnetization M of an assembly of monodisperse
superparamagnetic nanoparticles of diameter d in the direction
of an applied magnetic fild H can be described by the
Langevin function

Mo cotha — L =L(a)

My a (1)
where ¢ is the solid volume fraction, M, is the saturation
magnetization of the bulk material based on volume, a =
apoMzHA /6T, k is the Boltzmann constant, T is the
temperature, and 4, is the permeability of free space.®

Nanoparticles synthesized by chemical coprecipitation are
generally not monodisperse, however, and it is typically
assumed that these magnetic nanoparticles follow a log-normal
distribution in size,*** with the probability density function
given by

1 e—(ln x—p)* /20"
J2mox ()

where x = D/DP is the reduced diameter, u is the mean of In «,
D, is the median diameter, and o is the standard deviation of
the log-normal distribution.

The magnetization curve for a polydispersed collection of
nanoparticles can be obtained by integrating the Langevin
function over the particle size distribution to obtain

P(x) =

M(a) = %Mde fo L(a)x’P(x) dx )
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Under high applied magnetic fields, this equation reduces to

6 /‘°° 3 1
x "P(x) dx |—
0 () H

6 kT

M=¢M|1 - |>——
¢ 7 pMD,’

(4)

According to this equation, the saturation magnetization of
the nanoparticles, M, = ¢M;, can be obtained from the
intercept of the M versus inverse H plot of the data at large
values of H. Assuming that we created mostly magnetite and
not other oxides, we used My = 92 emu/g.*" As was expected,
the saturation magnetization of microparticles (Figure 4b)
increased with an increasing number of cycles without loss of
nanoparticles during the deprotonation of the carboxyl groups
with NaOH. The saturation magnetization reached 42 emu/g
after eight cycles. This value is on the high end for typical
commercially available magnetic beads, which have saturation
magnetizations in the range 20—40 emu/ g.

The magnetization curves also yielded the average diameter
and size distribution of the magnetic nanoparticles. Chantrell et
al. showed that the median diameter (D,) and standard
deviation (o) of magnetic nanoparticles distributed according
to the log-normal distribution can be obtained from the
magnetization curves using39

1/2)'/3
Db - 18kT[ X, ]
P aMy | 39MH! )
1/2
o= —|In
3 ¢Md (6)

where y; is the initial magnetic susceptibility and H' is obtained
from the M = 0 intercept of a graph of M versus 1/H at high
applied field strength. Diameters of nanoparticles calculated in
this manner are shown in Figure 4d as a function of repetition
cycle number, where it is evident that the particle size increased
with successive nanoparticle synthesis cycle as we loaded more
magnetite into the polymer particles. Magnetite can be grown
either on the surfaces of existing nanoparticles or at unoccupied
carboxyl groups to form new nucleation points. Nanoparticle
diameter did not increase as significantly at low cycle numbers
as it did in the later cycles, leading to the conclusion that, at low
cycle numbers, the nucleation of new nanoparticles at
unoccupied carboxyl sites is the dominant form of magnetite
incorporation. We note that the diameter of nanoparticles
reached approximately 5.7 nm. The nanoparticle size cannot
exceed the mesh size in polymer particles, since the mesh exerts
physical constraints on nanoparticle growth. Hence, the
maximum particle size is close to the mesh size of swollen
polymer particles. The o of nanoparticles varied from 0.32 to
0.43, increasing with the synthesis repetition cycle number. The
higher values of o obtained in the later cycles imply that
successive synthesis produced a wider range of particle sizes
owing to both nucleation and growth occurring during the
nanoparticle synthesis process. We believe that this range of
polydispersity is acceptable as coprecipitation is notorious for
imprecise size control.

Using the parameter values estimated for H, Dy, and o from
the experimental data in eq 3, we calculated the magnetization
curve over the entire range of H values of interest and
compared them to the experimental data, as shown in Figure
4a. The predictions are excellent over the full range of H values

dx.doi.org/10.1021/ja209245v | J. Am. Chem. Soc. 2012, 134, 7337-7343



Journal of the American Chemical Society

employed in the experiments (solid lines), in contrast to the
best fit profiles obtained if the distribution were assumed to be
monodispersed (broken lines), validating the assumption of a
log-normal distribution for describing the magnetic nano-
particle size distribution.

We performed TEM analysis to further characterize the
magnetic nanoparticles within the hydrogel matrix of the
microparticles. The microparticle samples were prepared as thin
slices with a thickness of 40 nm using a Microtome. As shown
in Figure S, the nanoparticles grown within the polymeric

Figure 5. Cross-sectional TEM images of magnetite/polymer matrix.
Magnetic nanoparticles in polymeric particles after (a) the first cycle
and (b) the fourth cycle.

matrix were distributed uniformly indicating that the carboxyl
groups effectively attracted iron ions from the bulk into the
polymer particles. Figure Sab shows the effect of successive
synthesis of magnetite, with respect to both nucleation and
growth. Consistent with our expectation that we loaded more
magnetite with each successive coprecipitation, Figure Sb with
four cycles shows larger particles (4.98 nm) than does Figure Sa
with one cycle (3.63 nm). In addition since both samples have
the same thickness, the image from the fourth cycle, with a
darker appearance, indicates that more magnetite was
incorporated into the polymer gels.

The diameters of nanoparticles shown in Figure 4d are
smaller than those in Figure S. This can be explained by
investigating Chantrell’s method for calculation of particle size.
The saturation magnetization value used in this calculation is
that of bulk magnetite. However, as magnetic nanoparticles
usually have a magnetite core and thin shell (0.8 nm) of
nonmagnetic material, the corresponding magnetization would
be smaller than nanoparticles composed of magnetite only.”
Therefore, eq 2 underestimates the size of nanoparticles.

By exploring the saturation magnetization of particles and the
weight content of total iron oxide, we can estimate the amount
of magnetite (Fe;O,) and antiferromagnetic iron oxide (a-
Fe,0;) in the polymeric particles. The TGA results provide the
weight fraction of the PEG and PAA polymers comprising the
particle, as polymers burn at high temperature (~600 °C). The
balance equations

XpEG/pAA T XFe,0, T ¥a-Fe,0, = 1 (7)
and
Md'xl’e304 = M;, (8)

where x is the weigh fraction of each component, can be used
to determine the magnetite fraction in the particles. The
calculated results are shown in Figure 4c. Microparticles
contained more Fe,O; than Fe;O, after the first and second
synthesis of nanoparticles, but the weight percent of Fe;O,
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exceeded that of Fe,0; beyond the fourth synthesis. Although
the preferential synthesis of Fe,Oj5 in initial synthesis cycles was
unexpected, it can be explained by investigation of our synthesis
process. Before we increased the pH to precipitate magnetite,
we did not wash out the excess iron ions in solution. As the
diffusion time scale was short in our porous particles, washing
steps rapidly extracted the chelated iron ions in the polymer
particles. Therefore, we chose simply to remove the excess iron
solution rather than wash the particles in fresh buffer solution.
However, this led to the creation of undesired iron oxides, as
the bulk iron solution had the ratio of Fe*":Fe** = 75:1. With
NH,OH, nonmagnetic iron oxides can be produced both in the
bulk solution and on the surfaces of polymeric particles, where
the ratio of irons is similar to that in the bulk, as shown
schematically in Figure 6. The a-Fe,0;, known to be made

(a) lons in bulk . Iron Oxides
Fer Fe e in bulk
Fe* Fe*

. ; Fez+
Co0 -
coo Fe?

Figure 6. (a) Schematic showing the formation of magnetic
nanoparticles in bulk solution and their attachment to the micro-
particle surface. The ratio between Fe** and Fe®* ions in bulk is
different from that in the polymer matrix. (b) SEM image of PAA/
PEG particles. (c) The particle in panel b imaged at low magnification.
(d) PAA/PEG/iron oxide particle surfaces. (e) The particle in panel d
imaged at low magnification.

from Fe?* at high pH, can be attached to the surface of the
polymer particles. The color of the solution, which had a light
red hue, was consistent with the formation of a-Fe,0;.*

The SEM images in Figure 6 indicate that the surfaces of
microparticles after magnetic functionalization were not as
smooth as those of the parent polymeric particles, but were
coated with micrometer-size clusters. Comparison of the TEM
images in Figure S and the SEM images in Figure 6 indicates
that the clusters on the particle surface were different in size
and shape than those formed within the microparticle. In
addition, iron oxides are cation adsorbents, and thus, iron ions
could be attracted to microparticles even though most of the
carboxyl groups were occupied with previously synthesized
magnetite.

The rapid increase of Fe;O, content with synthesis cycle
repetition, as shown in Figure 4c, can be caused by the larger
quantity of iron oxide present in polymeric particles with each
subsequent growth. However, there is again a physical
constraint on the growth of magnetic nanoparticles with the
limited mesh size in the polymer particles. Interestingly, the
shapes of the curves for Fe;O, in Figure 4c,d are similar,
indicating that more cations can be adsorbed with larger
nanoparticle size, but that a finite limit on size can be achieved
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due to mesh size limitations. In contrast to the trend seen for
Fe;0,, the Fe,O3 content does not increase significantly after
the first few synthesis cycles. Since Fe,O; would be associated
with the surfaces of the polymer particles, addition of Fe,O; to
the polymer particles would occur in the early cycles only as the
surface quickly became saturated. Also, Fe,O; on polymer
particles will be detached when Fe,O; particles are too large to
adhere to the surfaces of the hydrogel particles during the
washing cycle.

We can also account for the high loading of Fe,O; in lower
cycles as thin layers grown over a core of Fe;O,. If the shell
thickness in 3 nm particles is the same as that in S nm particles,
the thin shells make up a larger volume fraction of the smaller
particles than of the larger particles. In other words, Fe,O; is
more abundant with smaller particles in low cycle numbers. In
addition, the apparent Fe,Oj; reflects the disordered layer at the
nanoparticle surface, which becomes ordered as the new layers
are added.

An alternate approach to making magnetic particles via
microfluidic channels is to incorporate commercial magnetic
beads (20—40 emu/g) in the monomer mix during syn-
thesis.’®**** As this method usually does not require
postsynthesis functionalization, one might assume that it
would be a faster and simpler means to generate magnetic
particles. However, the final magnetization of the polymeric
particles prepared by this method will be considerably lower
than that of the magnetic beads owing to the extra mass added
by the polymeric substrate. For photopolymerization, the
presence of these opaque magnetic beads also makes
polymerization challenging due to attenuation and limited
penetration of the light into the reaction mixture because of
absorbance by the beads. Hence, many reported super-
paramagnetic microparticles generated photochemically using
direct incorporation of magnetic materials have typical
magnetization values of 5 emu/g or less due to limitations on
magnetic loading. On the contrary, using our postfunctionaliza-
tion approach, we controlled not only the shape of particles but
also the extent of functionalization, achieving saturation
magnetizations of up to 42 emu/g, using successive growth.

B CONCLUSION

In conclusion, we demonstrate the synthesis of nonspherical
magnetic microparticles via stop-flow lithography and in situ
magnetic nanoparticle synthesis. The method described here
allows for the synthesis of multifunctional and highly magnetic
particles depending on the number of successive nanoparticle
synthesis cycles used. We investigated the properties of the
particles on both microscopic and nanoscopic scales,
elucidating the mechanism of the synthesis process. The
synthesis is straightforward and can be carried out under
relatively low temperature and atmospheric pressure conditions
using common chemicals. Also, this study can be adapted to the
synthesis of other nanoparticles using coprecipitation, introduc-
ing the flexibility to create desired particle shapes with a great
range of functionalities. Since particles have unoccupied
carboxyl groups even after the first nanoparticle creation, this
method can be used to add multiple functionalities, such as the
addition of biomolecules, with subsequent reactions.

B ASSOCIATED CONTENT

© Supporting Information

Details on (i) optimization of the iron ion ratio, (i) X-ray
diffraction (XRD) patterns, and (iii) synthesis of smaller
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particles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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