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Abstract

Microfabricated devices possessing magnetic properties are of great utility in bioanalytical
microdevices due to their controlled manipulation with external magnets. Current methods for
creating magnetic microdevices yield a low-transparency material preventing light microscopy-
based inspection of biological specimens on the structures. Uniformly transparent magnetic
photoresists were developed for microdevices that require high transparency as well as consistent
magnetism across the structure. Colloidal formation of 10 nm maghemite particles was minimized
during addition to the negative photoresists SU-8 and 1002F through organic capping of the
nanoparticles and utilization of solvent-based dispersion techniques. Photoresists with maghemite
concentrations of 0.01 to 1% had a high transparency due to the even dispersal of maghemite
nanoparticles within the polymer as observed with transmission electron microscopy (TEM). These
magnetic photoresists were used to fabricate microstructures with aspect ratios up to 4:1 and a
resolution of 3 um. Various cell lines showed excellent adhesion and viability on the magnetic
photoresists. An inspection of cells cultured on the magnetic photoresists with TEM showed cellular
uptake of magnetic nanoparticles leeched from the photoresists. Cellular contamination by magnetic
nanoparticles was eliminated by capping the magnetic photoresist surface with native 1002F
photoresist or by removing the top layer of the magnetic photoresist through surface roughening.
The utility of these magnetic photoresists was demonstrated by sorting single cells (HeLa, RBL and
3T3 cells) cultured on arrays of releasable magnetic micropallets. 100% of magnetic micropallets
with attached cells were collected following release from the array. 85-92% of the collected cells
expanded into colonies. The polymeric magnetic materials should find wide use in the fabrication of
microstructures for bioanalytical technologies.

Introduction

Materials consisting of both polymers and inorganic particles have been of interest for several
decades. These materials possess the ease of processing of polymer substrates along with the
integrated benefits of the inorganic phase such as magnetism, conductivity, or luminescence.
The use of magnetic particles as a polymer filler has garnered much attention recently due to
their utility in biotechnology including cell separations, diagnostics and therapeutic treatments
[1-4]. Nanocomposites consisting of a photoresist organic phase and magnetic inorganic phase
have found utility in the field of microelectromechanical systems (MEMS) development. These
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materials would be of great use in developing devices such as micro actuators, sensors, relays
and magneto-optical devices based on the Faraday effect. Introduction of magnetic particles
into a photosensitive epoxy has been accomplished in recent studies. Damean et al. mixed 100
nm nickel particles at concentrations up to 13% in SU-8, an epoxide-based photoresist, for the
purpose of fabricating magnetically actuated microcantilevers [5]. 1-10 um ferrite particles
were introduced into SU-8 to develop microactuators by Hartley and colleagues [6]. Atomic
force microscopy probes have been developed by Ingrosso and coworkers by adding
maghemite dissolved in toluene to a photoresist [7]. Feldmann and Blittgenbach achieved
mixtures of SU-8 with up to 90% ferrites and rare-earth alloys of size 1-10 um for developing
magnetic MEMS [8]. Magnetic rods consisting of 1.8 um beads have been mixed into SU-8
by Alargova et al. [9]. Dutoit and collaborators blended 10 um Sm,Co47 particles into SU-8
[10]. SU-8 with magnetite nanoparticles has also been prepared previously [11] [12]. These
composite materials possessed either large micrometer-sized structures or aggregrated
nanoparticles as the magnetic component. These formulations were useful when manufacturing
MEMS that did not require uniform magnetism or optical transparency over the entire device.
A photoresist with a uniform distribution of magnetic nanoparticles would enable high quality
light microscopy of the surfaces as well as uniform forces to be applied across the device during
application of a magnetic field.

Nanoparticle self-aggregation in polymers has been minimized in materials such as
polydimethylsiloxane (PDMS) [13,14], polymethylmethacrylate (PMMA) [15,16],
polystyrene [17], polyimide [18,19], ethyl(hydroxyethyl)cellulose (EHEC) [20] or 3,4-
epoxycyclohexylmethyl-3'4’-epoxycyclohexanecarboxylate (CE) but not in an epoxide-based
photoresist [21]. The composites were made by capping the nanoparticles with an organic phase
or through use of a solvent-based dispersion technique. Peluse et al. integrated magnetic
nanoparticles into polystyrene through thermal decomposition of iron mercaptide [17].
Solvent-based dispersion typically involved mixing dilutions of the nanoparticles and polymer
separately dissolved in an organic solution, such as chloroform, benzene or toluene, and then
evaporating the bulk of the solvent. This method has shown success in dispersing maghemite
nanoparticles into PDMS [22] or gold, Diamantane, and single-wall carbon nanotubes (SWNT)
into SU-8 [13].

In this study, 10 nm maghemite particles were uniformly distributed into the epoxide-based
photoresists SU-8 [23,24] and 1002F [25]. To achieve this, oleic acid-capped maghemite
nanoparticles were dissolved in toluene and mixed with the photoresist monomer in toluene.
Photoresists with nanoparticle concentrations ranging from 0.01 to 1% maghemite were
prepared and nanoparticle distribution aggregation was measured. The UV and visible
absorption of the magnetic photoresists was also assessed. Furthermore, microstructures of
varying dimensions were formed to determine the achievable resolution and aspect ratios. The
ability of cells to attach to and grow on the magnetic photoresists was quantified by culturing
3T3, HeLa and RBL cells on the surfaces. The quality of brightfield and fluorescence
microscopy images obtained when illuminating through and collecting light transiting the
photoresists was evaluated. The utility of these magnetic structures was demonstrated by using
the resist to form micropallet arrays for cell separation and demonstrating collection of released
micropallets with cells using a magnetic field [26,27].

Materials and Methods

Magnetic photoresist development

Magnetite nanoparticles were fabricated through the coprecipitation of iron salts in an alkaline
medium [28]. The particles were then oxidized to form maghemite nanoparticles by heating in
an acidic solution of iron nitrate [29]. The aqueous ferrofluid was then extracted into oleic acid.
Excess oleic acid was removed by washing with ethanol. The nanoparticles were then dissolved
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in toluene. A 1:5 mixture of 1002F photoresist in toluene was slowly added to a 1:5 dispersion
of maghemite nanoparticles in toluene under sonication (Branson 250 sonifier, Danbury, CT).
The toluene was then evaporated (Biichi R200 rotovapor, Flawil, Switzerland).

Measurement of photoresist absorption

Cell culture

100 um-thick films of 1002F photoresist with various concentrations of magnetic nanoparticles
were spin-coated onto plasma-cleaned 25 mm-diameter cover glass (Fisher Scientific). Films
were then processed identically to that used for pallet fabrication below. Sixteen absorbance
measurements were made at various sections of four different films using a SpectraMax M5
(Molecular Devices Corporation, Sunnyvale, CA) with an uncoated cover glass used as a blank.
The standard deviation for the transmittance readings was under 5% of the measured value for
every data point.

HelLa, 3T3 or RBL cells were cultured in DMEM supplemented with FBS (10%), L-glutamine
(584 mg L 1), penicillin (100 units mL™1) and streptomycin (100 pg mI~1) in a 37°C incubator
with a 5% CO, atmosphere. Before use, cell media was replaced with PBS. Conditioned media
was developed by growing subconfluent cultures of HeLa, RBL or 3T3 cells in DMEM
supplemented with FBS (10%), L-glutamine (584 mg L™1), penicillin (100 units mL™1) and
streptomycin (100 pg mi~1) for 48 hours. The supernatant was centrifuged (3,000xg, 20 min),
stored at —20°C and thawed immediately prior to use.

Measurement of cell metabolism

The metabolism of cells growing on photoresists was assessed using the XTT assays as
described previously [15]. Adherent HeLa, RBL or 3T3 cells in a logarithmic growth phase
were detached from culture plates with 0.05% trypsin and plated on glass, 100 um-thick 1002F
films or 100 um-thick 1002F films containing 1% magnetic nanoparticles at a density of 5,000
cells/mL (100 uL) and cultured for 24, 48 or 96 hours. XTT assays were then performed on
cells as per the manufacturer’s instructions (Roche Applied Science, Indianapolis, IN). During
a four hour incubation period, active mitochondria from cells will metabolize 2,3-bis(2-
methoxy-4-nitro-5-sulfophenly)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide
(XTT) to form a water-soluble formazan derivative which is highly absorbent at 480 nm. The
contents of four separate chambers were then transferred to a sterile 96 well plate and the
absorbance at 480 nm and 650 nm was measured (SpectraMax M5, Molecular Devices
Corporation, Sunnyvale, CA).

Transmission electron microscopy (TEM) of cells

100-um films of SU8 or 1002F photoresists containing nanoparticles were fabricated and
coated with fibronectin. HeLa cells at (5,000 cells/mL, 500 uL) were cultured on the surfaces
in a 5% CO, incubator at 37°C for 48 hours. Cells were washed with 1X PBS buffer 5 times
then fixed in Karnovsky’s fixative (2.5% glutaraldehyde, 3% paraformaldehyde and 0.1%
calcium chloride in 0.1 M sodium cacodylate, pH 7.4) and washed three times with 0.1 M
sodium cacodylate buffer. Cells were then placed in 0.05 M osmium tetraoxide in 0.1 M
cacodylate buffer for 2 hours followed by 5 changes of distilled water. Cells were then
dehydrated by sequential washings in 25%, 50%, 75% and 95% ethanol for 5 minutes each
followed by 5 changes of 100% ethanol through infinite dilution for 10 minutes each. Following
dehydration, cells were set in a prepared 50:50 mixture of Polybed 812 resin and 100% ethanol
overnight followed by 2 changes of 100% Polybed 812 resin for 8 hours and then
polymerization at 65°C overnight. Sections of the samples were cut using an ultra microtone,
plated on copper grids, and post fixed with uranyl acetate for 15 minutes and lead citrate for 5
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minutes followed by three rinses of distilled water. Sections were then observed using a TEM
(JEOL 100CX I1).

Fabrication of micropallet arrays and PDMS chambers

Magnetic films and pallets were made following protocols reported in prior publications with
a few adjustments [25,27]. Briefly, an oven at 95°C was used for all pre-baking and post-baking
steps in place of a hotplate. Magnetic photoresists containing 1% magnetic nanoparticles
require approximately 10x higher UV illumination intensities during fabrication relative to that
of native 1002F pallets. During long exposure times an aluminum block was placed beneath
the glass slide to dissipate heat.

Following pallet fabrication, a PDMS ring was attached to the surface of the pallet array with
PDMS. Virtual air walls were then developed through chemical vapor deposition of a
hydrophobic perfluoroalkylsilane layer on the silicone oxide surface as described previously
[27]. Prior to loading with cells, pallet arrays and films were sterilized through rinsing with
95% ethanol and dried in a tissue culture hood. Excess ethanol was removed with five PBS
rinses. Top surfaces of the pallets on the array were then coated with 1 mL of 25 pg/mL
fibronectin in PBS for four hours at room temperature. Following surface coating the array
was rinsed five times with 1X PBS. 1X PBS was replaced with cell culture media and
suspensions of HeLa, 3T3 or RBL cells were added to the array to yield <1 cell per pallet (ImL
of 30,000 cells for 50x50x50 pum?3 pallets and 1mL of 15,000 cells for 100x100x50 pm?3
pallets). Cells were allowed to settle and adhere onto single pallets. Six hours later, cells were
imaged and pallets released and collected in 1X PBS. After cell/pallet collection, the PBS was
replaced with conditioned medium.

Released pallets were collected onto a substrate attached to the pallet array by a PDMS ring
and an O-ring. For these studies the collection substrate was composed of a multiwell PDMS
plate as described previously [26]. A silicon O-ring (24 mm outer diameter, McMaster-Carr,
Los Angeles, CA) was attached to the collection substrate using PDMS to provide a fluid
chamber for culture media. Prior to use for cell collection, the collection chamber was
autoclaved, rinsed with ethanol and washed with PBS ten times. Following sterilization, the
PDMS multiwell plate was treated with 25 ug/mL fibronectin in 1X PBS for six hours at room
temperature.

Supplemental materials and methods

Details are supplied in the Supplemental materials for the following: reagents, scanning
electron microscopy (SEM), laser-based release of pallets and magnetic field characterization.

Results and Discussion

Development of magnetic photoresists

Superparamagnetic maghemite nanoparticles were used for manufacturing magnetic
microstructures because of their small size, controllable magnetism and biological
compatibility [30]. Ten-nm magnetite nanoparticles were fabricated through the Massate
method and then oxidized to maghemite to provide stability in an oxygen environment [28,
29]. Oleic acid was added to the nanoparticles which then formed a stable ferrofluid in toluene
at concentrations below 5% (Fig. S1) [31]. When this ferrofluid was mixed into SU-8 or 1002F
negative photoresist, large colloids formed due to the nanoparticle’s preference for self-
adhesion (Fig. S2). To prevent this aggregation, both the photoresist and ferrofluid were diluted
into toluene prior to mixing. A mixture of SU8 or 1002F photoresist in toluene was slowly
added to the maghemite nanoparticles under sonication. The mixture was then heated to
evaporate the toluene. Films of varying thicknesses were then fabricated from the magnetic
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photoresists. To fully cure, photoresists with maghemite nanoparticles required 2 to 10 times
higher UV illumination intensities than that of the native photoresists. The uniformity of the
nanoparticle distribution in the photoresist was assessed by transmission electron microscopy
(TEM) of films fabricated from photoresists with 1% maghemite particles. The TEM images
confirmed the lack of colloid formation during the fabrication process with retention of the
small nanoparticle size (10£5 nm, n=77) (Fig. 1A, B). The maghemite nanoparticles were
stably suspended in 1002F or SU8 at concentrations up to 1% with minimal aggregation for
over six months.

Absorbance of magnetic photoresists

Many biomedical applications require a transparent photoresist for visualization of structures
such as cells or other features above or below the photoresist or for measurement of light-based
signals such as absorbance or fluorescence. To determine whether the photoresist with
maghemite particles was transparent, the transmittance of 1002F films possessing varying
concentrations of maghemite particles was measured (Fig. 1C). The transmittance in the shorter
wavelengths decreased as the concentration of magnetic nanoparticles was increased. The
decreased UV transparency was the most likely reason for the increased illumination intensities
required to fully cure the polymeric photoresist. An 80% light transmittance was observed for
resists with 0.1-1% particles at 458-572 nm, respectively. Thus transparency was excellent at
the longer visible wavelengths frequently used for biomedical assays and imaging. SU8 films
with nanoparticles yielded similar transmittance curves to that of 1002F films with identical
nanoparticle concentrations (data not shown).

Cell growth on magnetic photoresists

Photoresists are commonly used as substrates for cell culture on devices targeted towards
biomedical research [32-34]. The metabolism of cell cultures grown on photoresists with and
without maghemite nanoparticles and on a standard tissue culture surface was compared for
three cell lines (HeLa, RBL and 3T3) (Figure 2). Identical numbers of cells were plated on
each of the surfaces for these measurements. Cell cultures grown on glass slides possessed a
slightly greater metabolic rate than those grown on the photoresists. This may be due to either
a faster growth rate or greater mitochondrial activity of the cells on glass. Cell cultures grown
on native 1002F or magnetic 1002F possessed similar metabolic rates (two sided t-test on 96
hrvalues, [HeLa] t(6)=0.831, p=0.4, [RBL] t(6)=0.425, p=0.7, [3T3] t(6)=1.866, p=0.1). These
results demonstrated that the maghemite nanoparticles possessed minimal effects on the short
term growth of cells. The small decrease in the metabolic activity of cell cultures grown on
photoresists relative to that on glass may be due to the greater hydrophobicity of 1002F and
consequently reduced cell adhesion to 1002F compared to that on glass [25].

There is much controversy as to the influence of cellular nanoparticle uptake on the health and
well being of cells and tissues [35-38]. Thus presence of maghemite nanoparticles within cells
grown on the nanoparticle-containing surfaces would be an undesired consequence. To
determine whether particles accumulated in cells in contact with the surfaces, HeLa cells were
cultured on 100-um thick films of SU8 and 1002F with and without 1% dispersed maghemite
particles. Following fixation and staining, sections of the cells were imaged by TEM. HelLa
cells cultured on the photoresist with nanoparticles (but not those on standard 1002F) possessed
large aggregates of the magnetic nanoparticles within the cytoplasm (Figure 3A). To
understand how cells might come into contact with the nanoparticles, vertical sections of
photoresist with 1% maghemite nanoparticles were examined by TEM. Nanoparticles were
observed to be at high density near the surface of the photoresist (Figure 3B). Evaporation of
solvent during the baking process may have transported the particles to the surface of the
photoresist. It was likely that these surface nanoparticles were those taken up by the cells. To
reduce the high density of nanoparticles on the photoresist surface, two approaches were tested.
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The first strategy was to apply a 2-um layer of 1002F without nanoparticles over the magnetic
photoresist to provide a barrier between the cells and the magnetic photoresist surface. HelLa
cells cultured on this barrier surface above the magnetic photoresist did not possess identifiable
nanoparticles within their cytoplasm as demonstrated by TEM (Figure 3C). Alternatively, the
surface of the magnetic photoresist was roughened for 30 minutes, as described previously, to
remove the photoresist near the surface of the films and thus the high density region of
nanoparticles [39]. Vertical slices of the roughened magnetic photoresists (1% maghemite)
were obtained and imaged with TEM. The high density layer of nanoparticles was fully
removed by the roughening process (Figure 3D). When HeL a cells cultured on these films were
examined by TEM, the cells did not possess identifiable cytoplasmic nanoparticles (data not
shown). Thus both strategies, a barrier coating or surface nanoparticle removal, eliminated
nanoparticle uptake by the cells.

Imaging cells on magnetic photoresists

A uniform dispersion of magnetic nanoparticles in polymers is required for high quality cell
imaging by optical microscopy. To compare the image quality of cells on photoresists
containing aggregated and uniformly distributed nanoparticles, RBL cells were cultured on:
glass, 5 and 50 um thick films of 1002F or SU8, 5 and 50 um thick films of 1002F or SU8
containing 1% dispersed maghemite nanoparticles and 5 and 50 pum thick films of 12002F or
SU8 containing 1% aggregated maghemite nanoparticles. RBL cells, which possess Fce
receptors, were incubated with AlexaFluor 647-labeled IgE. Cells cultured on the various
substrates were then imaged by brightfield and fluorescence microscopy. Cells cultured on
glass, 1002F, SU8, or 1002F/SU-8 (5 and 50 pm films) with uniformly distributed maghemite
nanoparticles were clearly visualized by brightfield microscopy (Figure 4A and B). When cells
were cultured on 1002F or SU8 photoresists (5-um films) containing aggregated maghemite
nanoparticles and examined by brightfield microscopy, portions of the cells were obscured by
the particle aggregates and thus not visualized (Figure 4C). When cells on these surfaces were
imaged by fluorescence microscopy, a halo of scattered light surrounded the cells and much
of the cell’s interior appeared jagged and irregular (Figure S3). Cells cultured on thicker films
of photoresists (50-um films) containing aggregated nanoparticles were not identifiable (Figure
S3). Uniformity in the distribution of magnetic nanoparticles throughout the photoresists is a
critical to obtain quality images of cells with either brightfield or fluorescence microscopy.

Formation of microstructures with the magnetic photoresist

For widespread utility, a photoresist must be capable of forming microstructures with good
aspect ratios and micron-sized resolution. To evaluate whether microstructures could be
formed, a test pattern possessing structures ranging in size from 2 to 20 um was used to form
microstructures from photoresists with 1% dispersed maghemite particles. Square and circular
microstructures with dimensions of 3 to 20 um possessed sharp side walls when formed from
either 1002F or SU-8 photoresist with 1% maghemite nanoparticles (Figure 5A-C).
Microstructures with thicknesses between 5 and 100 pm were also successfully fabricated. An
aspect ratio of 4:1 was achieved with both of the magnetic photoresists (Figure 5B and C). This
is comparable to the aspect ratio of 4:1 achieved with native 1002F photoresist and 5:1 with
SU-8 under similar fabrication conditions [25]. Successful formation of microstructures with
various dimensions demonstrates the feasibility of further micro device development with the
magnetic photoresists.

Magnetic manipulation of microstructures

The utility of magnetic microstructures lies in their ability to be manipulated by an external
magnetic field. Magnetic cantilevers, micro actuators, microstir bars and micropallets are a
few examples of structures in which a high magnetic response would be desirable in a
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microstructure [5,40,41]. The ability to manipulate micro structures formed from a magnetic
photoresist was analyzed by fabricating micropallets from 1002F with 1% maghemite particles
and using an external magnetic field to collect the structures released from a surface. To
determine whether pallet collection using a magnetic force might be possible, the gravitational
force (Fg, Equation 1) and magnetic force (Fy, Equation 2) on a micropallet was estimated.

Fo=mg (1)
V-A
Fo=—X®B.V)B
Ho (2)

m is the mass of a pallet, g is the acceleration due to gravity, V is the volume of magnetic
particles (m3), Ay is the difference in the magnetic susceptibilities between the of nanoparticle
and the surrounding medium, B is the magnetic field strength and p, is the permeability of
vacuum. The effects of viscous drag were neglected in these equations. As an example,
100x100x100 pum?3 pallet with 1% magnetic nanoparticles experiences a gravitational force of
12 nN. Under a typical magnetic field strength of 50 mT (generated by a small permanent
magnet), the magnetic force on the pallet would be 40 nN. This suggests that the microstructures
can easily be collected against the force of gravity.

To demonstrate the ability to collect microstructures, the collection of individual micropallets
from an array was used. Micropallet technology utilizes an array of 103106 releasable
platforms, each large enough to fit a single cell or a colony of cells. After selective
identification, the pallet of interest can be detached from the substrate with a laser pulse and
collected. The efficiency of micropallet collection following release from an array was
measured as a function of pallet size, magnetic nanoparticle content and magnetic field
strength. The magnetic field strength was altered by varying the distance of the micropallet
array from a permanent magnet. Arrays composed of either 50x50x50 um3 or 100x100x100
um?3 pallets fabricated from 1002F containing 0 to 1% magnetic nanoparticles were utilized.
A PDMS ring ranging in thickness from 0.5 mm to 21 mm was placed around the array and
then filled with PBS. A glass coverslip (0.017 mm thick) with attached magnet was placed in
contact with the PBS. The number of pallets collected on the glass coverslip surface adjacent
to the magnet following laser-based pallet release from the array was measured. Pallets with
1% maghemite were readily collected when the magnetic strength field in the array plane was
449 to 43 mT corresponding to a coverslip distance of 1 to 15 mm above the array (Table 1,
Figure 5D-F). In contrast pallets of photoresist without nanoparticles could not be collected
on the coverslip when the coverslip was placed 1 to 15 mm above the array. In this instance
the released pallet settled back onto the array surface. Notably micropallets with as little as
0.1% maghemite could be collected with 100% efficiency for magnetic strength fields in the
array plane of 449 to 204 mT corresponding to coverslip distances of 1 to 5 mm. Pallets with
0.01% maghemite particles could also be collected although at reduced efficiency. Not
surprisingly collection efficiency was independent of pallet size since the pallet and
nanoparticle mass scaled proportionally as pallet size increased.

In addition to collecting magnetic devices vertically, magnetic manipulation may be an
efficient method for collection of microstructures in a horizontal direction. The feasibility of
a horizontal collection method was tested by placing a Nd magnet axially against an array of
50x50x50 pm? square pallets developed from 1002F and containing a concentration of 1%
maghemite. Pallets were released (triplicate data sets were n=10) at various distances from the
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magnet (2 to 20 mm) and the percentage of released pallets collected on a PDMS surface
adjacent to the magnet was assessed. A 100% collection efficiency was observed for magnetic
pallets released at distances of 2 to 12 mm from magnet, representing a magnetic field strength
of 390 to 60 mT. A Nd magnet-separation of 14 mm (47 mT) from the magnet produced a
pallet collection efficiency of 77 £ 12 % and pallets released at a distance of 16 mm (38 mT)
from the external magnet had a probability of collection of 3 £ 12 %. No magnetic pallets
greater than 18 mm (30 mT) from the external magnet were collected. These results
demonstrate that the magnetic microstructures can be collected with very high efficiency using
magnetic forces parallel or perpendicular to the force of gravity. Prior collection methods for
the micropallets yielded maximal collection efficiencies ranging between 10 to 63% of the
released pallets [26].

Separating cells using magnetic pallet arrays

Previously, arrays of micropallets have been demonstrated to be ideal platforms for culture and
then separation of cells [26]. To determine whether the magnetic micropallet arrays might also
be used to separate cells, HeLa, RBL or 3T3 cells were cultured on these arrays at a density of
<1 cell/pallet (Figure 6D). The arrays were fabricated from pallets (50 um side, 30 um height)
composed of 1002F with 0.1 or 1% maghemite nanoparticles. Pallets were collected using the
vertical format with a Nd magnet placed over a multiwell collection plate under conditions that
yield a 100% pallet collection efficiency. Following collection, the cells were placed in an
incubator for 100 hours and the number of cells that formed a colony was counted. The
percentage of collected single HeLa, RBL or 3T3 cells that survived collection and expanded
into a colony was 90 + 7%, 87 + 10% and 87 £ 9%, respectively for magnetic pallets with 0.1%
magnetic nanoparticles. Similarly, colony formation of released HeLa, RBL or 3T3 cells was
88 £ 6%, 92 + 6% and 85 * 4%, respectively for magnetic pallets containing 1% maghemite.
The survival of cells collected with magnetic pallets was consistent with the values recorded
for cells successfully collected with non-magnetic pallets [26]. However in these prior reports
a maximum of 63% of released non-magnetic micropallets could be collected. The combined
high collection efficiency and high survival rate of cells on magnetic pallets makes this
magnetic arrays attractive for applications in which all identified cells must be collected i.e.
isolation of rare cells from a population.

Conclusions

Transparent magnetic photoresists have been developed, characterized and their utility a
bioanalytical application demonstrated. Ten-nm maghemite nanoparticles were successfully
distributed into 1002F and SU8 photoresists with minimal aggregation at concentrations up to
1%. These photoresists retained their transparency at long wavelengths. The magnetic
photoresists have been used to successfully create microstructures with sizes ranging from 3
to 100 um. Uptake of nanoparticles by cells cultured on the photoresists was eliminated by
capping with a native photoresist or by removal of the photoresist top layer which possessed
concentrated nanoparticles. The metabolic activity of cells cultured on the magnetic photoresist
was similar to that of cells grown on native photoresist. Manipulation of the magnetic
microstructures by an external field was demonstrated by collection of micropallets with and
without cells. These polymeric magnetic materials should find wide use in the fabrication of
structures for BioMEMS applications such as magnetic cell arrays, micro actuators, magnetic
cantilevers, magnetic AFM probes, stir bars, sensors, relays and magneto-optical devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Photoresists with dispersed maghemite nanoparticles. TEM images of 1% maghemite
nanoparticles in 1002F (A) or SU-8 (B) photoresists (scale bar is 200 nm). Insert shows an
expanded view of a single nanoparticle (scale bar is 10 nm). Transmittance of 100 um thick
films of 1002F with various concentrations of magnetic nanoparticles (C).
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Figure 2.

Measurement of metabolism by colorimetric assay of cells grown on photoresist. HeLa, RBL
or 3T3 cells were cultured on glass (squares), 1002F photoresist (circles), or 1002F photoresist
with 1% maghemite nanoparticles (triangles) for varying times. Shown on the “y” axis is the
absorbance of the orange formazon product produced by metabolically active cells. Error bars
represent the standard deviation of four measurements.
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Figure 3.

Uptake of maghemite nanoparticles by cells. TEM images of HeLa cells cultured on 1%
magnetic 1002F without (A) and with (C) a 2 um-thick protective film of native 1002F over
the magnetic photoresist. Arrows show clusters of nanoparticles within the cells. Inserts show
enlarged images of the magnetic nanoparticles (A) and cellular organelles without
nanoparticles (C) (scale bars are 150 nm). TEM images of 1002F photoresist containing 1%
maghemite nanoparticles before (B) and after surface roughening (D).

Biomaterials. Author manuscript; available in PMC 2011 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

yduasnuey Joyiny vd-HIN

Gach et al.

Page 14

Figure 4.

Brightfield images of photoresists with attached RBL cells. The 5-um thick films were
comprised of 1002F (A), 1002F with 1% maghemite particles uniformly dispersed (B), and
1002F with 1% maghemite particles aggregated (C).
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Figure 5.

Microstructures from magnetic photoresists. Brightfield image of 3 um circular structures
composed of SU8 with 1% maghemite nanoparticles (A). SEM images of rectangular structures
formed from 1002F photoresist containing 1% maghemite nanoparticles (B) and cylindrical
structures formed from SU-8 photoresist containing 1% maghemite nanoparticles (C). The
microstructures in B and C were fabricated from masks with 3 um-sized openings and film
heights of 12 um. Insert shows an expanded view of a single rectangular structure (scale bar
is 5 um). Brightfield image of an array prior to laser-based release of a pallet (D). The pallets
were 100x100x30 um? in size and composed of 1002F with 1% maghemite nanoparticles. At
the array surface the magnetic field was 502 mT. (E) Image of the same array after pallet
release. The objective focal plane is located at in the plane of the array. (F) Image of the released
pallet. The objective focal plane is located on the glass slide 0.5 mm above the array.

Biomaterials. Author manuscript; available in PMC 2011 November 1.



Page 16

Gach et al.

‘(uawiiadxa Jad si9|ed pz=u) sluswiiadxa arealjdi L

9%8
SCFEL
0F00T
0+ 00T
0+ 00T
0F00T
0+ 00T
8F /T
0F00T
0+ 00T
00
ST +SS
0F0

€EFE
€T +99
0+00T
0+ 00T
0+ 00T
0+00T
0+ 00T
8F¢€C
0+00T
0+ 00T
€FE
8 F €6
S¥0T

¢FTC
¢F0¢E
EFEY
ZF09
7 Fv6
1T +¥0¢
V¥ 6vv
7 Fv6
1T +¥0¢
V¥ 6vv
¥ ¥ 6vy
S ¥ 209
S ¥ 209

T¢
8T
ST
1)
6
S
T 00T
6
S
T 07’0
T
S0 100
S0 0

cwiil 00Tx00Tx00T (%) AMjigeqoad uonds||0D

cwitl 05x05%05 (%) ANliqegold uonosod  (Lw) Aedsv 1lledJe plaid g (ww) uonesedss JsubeiNfslled  Eoaq 9%

NIH-PA Author Manuscript

T 3lqel

NIH-PA Author Manuscript

s19]edoJoI ondubelA JO UOIIDRBI0D [RIILBA

NIH-PA Author Manuscript

Biomaterials. Author manuscript; available in PMC 2011 November 1.



