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ABSTRACT: A magnetic nanocomposite film with the
capability of reversibly collecting functionalized magnetic
particles was fabricated by simultaneously imposing two
orthogonal stimuli (electrical and magnetic). We demonstrate
that cathodic codeposition of chitosan and Fe;O, nano-
particles while simultaneously applying a magnetic field during
codeposition can (i) organize structure, (ii) confer magnetic
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properties, and (iii) yield magnetic films that can perform reversible collection/assembly functions. The magnetic field triggered
the self-assembly of Fe;O, nanoparticles into hierarchical “chains” and “fibers” in the chitosan film. For controlled magnetic
properties, the Fe;O,-chitosan film was electrodeposited in the presence of various strength magnetic fields and different
deposition times. The magnetic properties of the resulting films should enable broad applications in complex devices. As a proof
of concept, we demonstrate the reversible capture and release of green fluorescent protein (EGFP)-conjugated magnetic
microparticles by the magnetic chitosan film. Moreover, antibody-functionalized magnetic microparticles were applied to capture
cells from a sample, and these cells were collected, analyzed, and released by the magnetic chitosan film, paving the way for
applications such as reusable biosensor interfaces (e.g., for pathogen detection). To our knowledge, this is the first report to apply
a magnetic field during the electrodeposition of a hydrogel to generate magnetic soft matter. Importantly, the simple, rapid, and
reagentless fabrication methodologies demonstrated here are valuable features for creating a magnetic device interface.

KEYWORDS: electrodeposition, nanocomposite film, self-assembly, magnetic nanoparticles, magnetization, reversible collection,

biosensor interface

1. INTRODUCTION

Stimuli-responsive polymers that self-assemble through strong
noncovalent interactions are interesting because their hier-
archical structure can be controlled by a sequence of cues used
to trigger self-assembly."”? Once the structure is formed, the
strength of the interactions precludes the structure from
“annealing” to a more thermodynamically stable state. Many
polysaccharides display such behavior,® and several studies have
demonstrated that complex structures can be generated by
imposing a complex sequence of triggering stimuli.*

Chitosan is a pH-responsive aminopolysaccharide that can be
triggered to self-assemble to form a three-dimensional hydrogel
structure. Mechanistically, chitosan’s amines are protonated at
low pH to yield a water-soluble cationic polysaccharide, and an
increase in pH can trigger chitosan’s self-assembly by a
deprotonation reaction that induces a reversible sol—gel
transition. Over a decade ago, chitosan was observed to
electrodeposit at a cathode by the neutralization mechanism
illustrated in Scheme 1a:"~'* the imposed cathodic input yields
a high pH adjacent to the cathode surface, and this serves to
deprotonate chitosan’s amine and induce the localized gelation
of chitosan at the cathode surface.”'® More recent studies
demonstrate that the structure® and properties'’ of the
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electrodeposited chitosan film can be controlled by the
conditions used to trigger self-assembly, which is consistent
with the electrodeposited hydrogel being stabilized by strong
noncovalent interactions. Importantly, several groups have
demonstrated that various particles can be codeposited with
chitosan and entrapped within the hydrogel network. For
instance, the entrapped particles could be proteins (e.g,
enzymes) to confer biological function to the deposited
chitosan film (e.g,, for biosensing).""'>'® In addition, synthetic
particles could be entrapped (e.g, Pt—Pb, Fe;O,, MnO,, and
Au nanoparticles) to confer electrical function to the film (e.g,
to facilitate signal transduction). 619-22

Here, we report the use of two orthogonal-imposed stimuli
to self-assemble a composite film with magnetic properties. As
illustrated in Scheme 1b, we first suspend magnetic Fe;O,
nanoparticles (MNPs) in a chitosan solution and then impose
an electrical input to trigger chitosan’s cathodic electro-
deposition. During deposition, we simultaneously impose a
magnetic signal that serves to organize the Fe;O, nanoparticles.
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Scheme 1. (a) Mechanism of Co-Electrodeposition of pH-Responsive Chitosan and Magnetic Nanoparticles at a Cathode;

Entrapped Particles Are Randomly Distributed within the Film When Co-Deposition Is Performed in the Absence of an Applied
Magnetic Field. (b) Simultaneous Imposition of a Magnetic Field During Co-Deposition Can (i) Organize Structure, (ii)

Confer Magnetic Properties, and (iii) Yield Magnetic Films That Can Perform Reversible Assembly/Collection Functions
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Specifically, we demonstrate that electrodeposition in the
presence of an imposed magnetic field: (i) organizes the
hierarchical structure of the nanoparticles within the electro-
deposited chitosan hydrogel film, (ii) confers magnetic
properties to the film, and (iii) yields magnetic films that can
reversibly capture biologically based magnetic particles.

2. EXPERIMENTAL SECTION

2.1. Preparation of Cast MNP-Chitosan Film. Chitosan solution
(1% w/w, pH 5.3) was prepared as previously reported.’ The synthesis
of amine-functionalized MNPs was reported by Wang et al.”* The
detailed synthetic procedures and characterization of the MNPs can be
seen in the Supporting Information.

The MNP-chitosan suspension was prepared by sonicating and
vortexing 10 mg of MNPs in 10 mL of chitosan solution for 30 min
and then casting on a piece of aluminum sheet under which was placed
a magnet disc. The cast MNP-chitosan film was then dried under
ambient conditions under the influence of the imposing magnetic field
from the magnet disc. Three types of N48 neodymium magnets (Apex
Magnets, Petersburg, WV) were used, namely, 1.27 d X 0318 h cm
disc, 1.27 d X 0.635 h cm disc, and 1.27 d X 1.27 h cm cylinder. The
distance between the magnets and the aluminum sheet was adjusted
using nonmagnetic material to obtain the target magnetic field
strength that was measured by a hand-held gaussmeter (model 410,
Lake Shore Cryotronics, Inc.). Cast MNP-chitosan films without
applying an external magnetic field were prepared as a control.

2.2, Electrodeposition of Chitosan and MNP-Chitosan Films.
A piece of S mm thick polydimethylsiloxane (PDMS) with a punched
hole (8 mm in diameter) was placed on top of a gold coated quartz
electrode (International Crystal Manufacturing) and assembled with
or without a magnet under the electrode. A 200 uL chitosan solution
(1.0%, pH 5.3) or MNP-chitosan suspension (0.8 mg MNPs/ml) was
pipetted on top of the gold electrode, and a Pt wire counter electrode
was immersed into the deposition solution. Electrodeposition was
initiated by biasing the gold electrode as a cathode using a DC power
source (2400 Sourcemeter, Keithley Instruments, Inc.). Detailed
information about the deposition time and applied magnetic field is
provided in the text.

2.3. Characterization of MNP-Chitosan Films. The exper-
imental procedures for X-ray diffraction crystallography analysis are
provided in the Supporting Information.
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Scanning electron microscopy (SEM) images were obtained from a
Hitachi SU-70 SEM microscope. Film samples were adhered to a 1 in.
specimen stub with conductive carbon tape (Electron Microscopy
Sciences). A thin layer of gold and platinum was then coated on the
samples using a sputter coater (Hummer XP). Energy dispersive X-ray
(SEM-EDS) mapping was obtained using a Bruker SOL-XE detector
(Bruker AXS Inc.). In SEM-EDS spot analysis, representative points in
the elemental map were randomly selected to investigate the elemental
composition. The distribution of four elements (C, N, O, and Fe) and
their relative content in samples were reported.

Magnetic properties of MNPs, MMPs, and MNP-chitosan films
were measured by a vibrating sample magnetometer (VSM, 7400, Lake
Shore Cryotronics, Inc.). The powdered MNPs and MMPs were filled
inside a Kel-F sample holder cup (Lake Shore Cryotronics, Inc.). The
film-coated gold electrodes or aluminum sheets were attached to a Kel-
F thin-film bottom sample tail (Lake Shore Cryotronics, Inc.) by
cellophane tape. All experiments were conducted at 25 °C.

2.4. Conjugation of Protein and Antibody to MMPs.
Preparation and purification of enhanced green fluorescent protein
(EGFP) has been reported previously. 4 Briefly, recombinant
Escherichia coli (E. coli, BL21(DE3)) bearing pET-eGFP-7K
(kanamycin-resistant plasmid) was used for the production of His-
tagged EGFP. Extraction of EGFP and purification using His affinity
agarose Co-NTA Agarose (Cube Biotech) were performed following
the product protocols. For conjugation of antibody to MMPs,
polyclonal E. coli serotypes O + K antibody (Goat/IgG, PAl—
27226, Pierce Biotechnology, Inc.) was used.

EGFP or antibody was conjugated on MMPs through carboxyl
activating agent 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
(EDC). The reaction was carried out in 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer. First, 1 mg of MMPs, 300 uL of
MES (pH $.2), and 35 uL of EDC solution (2 mg/mL in pH 5.2 MES
buffer) were mixed for 30 min, and then the activated MMPs were
separated from the liquid by applying a magnet to the container.
Second, the activated MMPs were mixed with 150 uL of EGFP
solution (1 mg/mL in pH 7.2 MES buffer) or 100 uL of E. coli
antibody solution (1 mg/mL in pH 7.2 PBS buffer) in the dark at 25
°C for 4 h. Finally, the resulting MMP-EGFP or MMP-antibody
conjugates were magnetically separated and resuspended in 1 mL of
MES buffer (pH 7).

2.5. Statistical Analysis. All measurements were carried out in
triplicate. The results are expressed as means. For statistical analysis,
the data were subjected to analysis of variance (P < 0.05) followed by
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Figure 1. (a) Schematic illustration of film-casting procedures in the presence/absence of an applied magnetic field. (b) Structure of cast films
without magnetic alignment. (c) Structure of cast films with magnetic alignment. (d) Chemical analysis of cast films without magnetic alignment. (e)
Chemical analysis of cast films with magnetic alignment. The images were taken in top-down view by optical microscopy and SEM.

Tukey’s test with an experiment-wise confidence level of @ = 0.10
using SAS 9 software (SAS Institute Inc.).

3. RESULTS AND DISCUSSION

3.1. Casting MNP-Chitosan Films: Alignment of
Magnetic Nanoparticles. 3.1.1. Structural Evidence of
Magnetic Alignment of MNPs in the Cast Film. In our initial
tests, we examined the effect of an external magnetic field on
MNPs in a cast chitosan film. Figure la schematically illustrates
the MNP-chitosan film casting procedures in the presence/
absence of an applied magnetic field. The MNP-chitosan film in
the presence of a magnetic field was prepared by dropping 20
UL of well-suspended MNPs (1 mg/mL) in chitosan solution
(1%, pH S$.3) on an aluminum sheet that has a magnet disc
underneath. The cast MNP-chitosan film was allowed to dry at
room temperature overnight with the magnetic field applied
during the whole process. The control film was prepared in the
same way except no magnetic field was applied.

Figure 1b shows the structure of the cast MNP-chitosan film
without magnetic alignment. The two left images are
photographs of the cast film showing uniformly distributed
MNPs in chitosan. The SEM images on the right side of Figure
1b show that the discrete MNPs were randomly embedded in
the film. On the other hand, MNP-chitosan films cast in the
presence of a magnetic field showed highly ordered patterns.

The photographs on the right of Figure lc show uneven
distribution of MNPs in the film. The SEM images in Figure 1c
show groups of fiberlike structures, and almost all of the MNPs
in the films were completely aligned into chains without
disorderly located ones. The magnified SEM image (right most
panel in Figure 1c) shows that the fibers were composed of
straight necklacelike chains that consisted of spherical MNPs.
The texture of the chitosan layer can also be seen on top of the
MNP chains, suggesting that the MNP chains were pulled away
from the surface and embedded deeper into the chitosan film.

3.1.2. Chemical Evidence of Magnetic Alignment of MNPs
in the Cast Film. The effect of the external magnetic field on
the MNP alignment in the chitosan film can also be examined
using SEM-EDS elemental mapping analysis. Figure 1d shows
that the MNP-chitosan film without magnetic alignment has
homogeneous distributions of iron and carbon. This suggests
that the MNPs were well dispersed in the film and that the
magnetic moments of the MNPs in the film were randomly
oriented.

Figure le shows that the MNP-chitosan film with magnetic
alignment has enriched areas of iron and carbon. The
distribution of iron corresponds to the presence of MNP
chains seen in the SEM image on the left. The widespread
signal of carbon suggests that the layout of chitosan covered the
most area in the film. Taken together, Figure 1 demonstrates
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(a) Electrodeposition Procedures
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Figure 2. (a) Schematic illustration of film electrodeposition procedures in the presence/absence of a magnetic field. (b) Structure of
electrodeposited films without magnetic alignment. (c) Structure of electrodeposited films with magnetic alignment. (d) Chemical analysis of
electrodeposited films without magnetic alignment. (e) Chemical analysis of electrodeposited films with magnetic alignment. The images were taken

in top-down view by optical microscopy and SEM.

that an external magnetic field can trigger the self-assembly of
MNPs into long-range ordered chains and further created
hierarchical parallel clusters of the assembled chains over large
areas in the chitosan film. The linking of the MNPs was
possibly driven by magnetostatic interactions.’

3.2. Electrodeposition of MNP-Chitosan Film: Simul-
taneous Application of Electrical Stimuli and Magnetic
Field. 3.2.1. Electrodeposition of MNP-Chitosan Film.
Electrodeposition of chitosan films showed unique advantages
in creating microdevices in that this directed assembly process
can be controlled spatially and temporally.*® To coelectrode-
posit MNPs and chitosan, we assembled the gold-coated quartz
electrode as schematically illustrated in Figure 2a and exposed it
to an MNP-chitosan suspension. For magnetic alignment

experiments, a magnet was placed under the electrode to create
a magnetic field. Because the electrode was centered and much
smaller than the magnet, the direction of the applied magnetic
field could be considered out of plane. Electrodeposition was
initiated by applying a constant current density of 3 A/m?” to
the gold cathode for 4 min in the presence of the magnetic
field. After electrodeposition, the film was gently rinsed with
water to remove undeposited materials and air-dried overnight
in ambient conditions. The magnet was removed after the films
were dried. Control films were prepared without using magnets
during the entire process.

3.2.2. Structural Evidence of Magnetic Alignment and
Increased Accumulation of MNPs in MNP-Chitosan Films
during Electrodeposition. Electrodeposited MNP-chitosan
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films without magnet alignment were observed to be
translucent with scattered black particles (left photograph in
Figure 2b). SEM images in Figure 2b show a homogeneous
distribution of spherical MNPs in the film, indicating that these
particles were well dispersed without aggregation. This is
consistent with the cast MNP-chitosan film prepared without
applying an external magnetic field. Presumably, the magnetic
moments of MNPs are randomly oriented in the film.

On the other hand, electrodeposited MNP-chitosan films
with magnetic alignment display dramatic structural difference
compared to those deposited without alignment. Films with
magnetic alignment (left photograph in Figure 2c) were much
darker than those without magnetic alignment (Figure 2b),
indicating more MNPs were deposited in the presence of the
external magnetic field, presumably due to magnetic attraction
between MNPs and the magnet under the electrode. SEM
images in Figure 2c show crowded “fibers”, which consisted of
MNP chains throughout the film. Magnified SEM images in
Figure 2c¢ clearly show that MNPs form highly ordered parallel
chains and that the particles themselves orient along the chain.

3.2.3. Chemical Evidence of Magnetic Alignment and
Concentration of MNPs in MNP-Chitosan Films during
Electrodeposition. SEM-EDS analysis provided chemical
evidence for the coelectrodeposition of MNPs and chitosan
and the significant aligning effect of the magnetic field during
electrodeposition. Figure 2d shows that without magnetic
alignment during the electrodeposition the iron signals are
randomly distributed throughout the films, indicating good
dispersion of MNPs in the film. Carbon signals are also
uniformly distributed, corresponding to the observation that
MNPs are randomly embedded in the chitosan film in the
nonaligned cases. On the other hand, Figure 2e shows that
strong iron signals coincide with the MNPs fibers as shown in
the SEM image on the left side for the electrodeposited MNP-
chitosan film with magnetic alignment. In addition, carbon
signals dominate areas other than the dense MNP fibers,
indicating that these fibers were on the surface of the film or
replaced chitosan.

For the evaluation of variations in the amounts of MNPs in
the MNP-chitosan films, SEM-EDS elemental quantitative
analysis was conducted by randomly probing various spots in
the examined SEM area; the results are shown in Table 1. The

Table 1. SEM-EDS Analyses of Normalized Average Atomic
Ratio (%) of C, N, O, and Fe in the MNP-Chitosan Films
Fabricated by Electrodeposition or Casting in the Presence
or Absence of a Magnetic Field (MF)“

electrodeposited  electrodeposited  casting film  casting film

element film without MF  film with MF  without MF  with MF
C 314 + 85 22.1 £ 09 350+26 312%17
N 28.6 +£9.2 173 £ 0.8 23.9 +22 184 + 1.3
(¢] 39.6 £ 14 309 + 1.57 29.6 + 2.6 351 +£23
Fe 0.25 + 0.10 29.7 £ 0.2 11.5 £ 0.1 183 + 04

“Data are expressed as mean percentage + standard error of the mean.

amount of MNPs in the suspension for casting the film was the
same in the presence or absence of magnetic field; thus, it is not
surprising that the relative atomic ratios of iron in both films
were reasonably close to each other. On the other hand, the
iron ratio in the electrodeposited film with magnetic alignment
was remarkably higher than that in the film without magnetic
alignment, providing chemical evidence for the enrichment
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effect of the magnetic field on the assembly of MNPs in the
chitosan film during the electrodeposition process.

3.3. Control of the Magnetic Properties of the Film
during the Deposition Process. 3.3.1. Magnetic Properties
of Cast MNP-Chitosan Films. Magnetic properties of magnetic
materials are often evaluated by hysteresis loops,”” which can
be obtained from a vibrating sample magnetometer. From the
hysteresis loops, one can obtain (1) saturation magnetization
(M), which represents a state where an increase in applied
external magnetic field cannot further increase the magnet-
ization of the material; (2) remanent magnetization (M,),
which indicates how much magnetization has been retained
when the externally applied field is brought to zero after
magnetic saturation has been attained; and (3) coercivity. In
addition, the value of M,/M, the squareness ratio, measures
how square a hysteresis loop is, which reflects the easy/hard
trend of magnetization reversal. Hysteresis measurements of
our MNP-chitosan films were recorded with a static magnetic
field applied either parallel (in-plane) or normal (out-of-plane)
to the plane of the film. The value of M was considered as in-
plane magnetization measured at magnetic field of 3 kOe. As
shown in Figure S2a in the Supporting Information, the
representative in-plane and out-of-plane hysteresis loops of the
film cast with 3.5 kOe indicate that the easy axis of the film lies
in the film plane, which is consistent with other thin films
containing iron or magnetite.zs’28

First, to investigate the effects of magnetic alignment on the
magnetic properties of cast MNP-chitosan films, we compared
in-plane hysteresis loops of cast MNPs-chitosan films with or
without magnetic alignment. As shown in Figure 3a, M, of the
film with magnetic alignment (3.5 kOe field) is slightly higher
(~6%) than that of the film without magnetic alignment.
Importantly, the M, of a cast MNP-chitosan film with magnetic
alignment is much higher (2-fold) than that without magnetic
alignment, indicating that the magnetic moments of MNPs in
the cast film are partially aligned in the film plane.

Next, we investigate whether the magnetic properties of the
MNP-chitosan film are tunable by varying the strength of the
applied magnetic field. The M; of all of the aligned films did not
vary significantly (data not shown). Figure 3b shows M, and
M,/M, measured in the film plane, and Figure 3c shows those
measured out of the film plane. It can be seen that the M, and
M,/M, measured in-plane increase as a function of applied
magnetic field during casting and are remarkably larger than
those measured out-of-plane, even though the magnetic field
was applied out of the film plane. We offer the following
explanation about the results in Figure 3b and c.

Commonly, the magnetic moments of magnetic materials
tend to align along the applied field*** For an individual
particle, its magnetic energy is the lowest when the magnetic
moment is oriented along the applied field direction.*
However, because the easy axis of the MNP chains lay in-
plane, altering the direction of their magnetic moments to the
out-of-plane direction mean that the strength of the applied
magnetic field has to overcome the sum of the demagnetization
field, chain—chain interactions field, and magnetocrystalline
anisotropy field. The demagnetization field is expressed as®*

Hy= —N;M

where Ny is the global demagnetizing factor, and M is the
magnetization of the MNPs. Ny is equal to 1 along the chain
direction for chains embedded in a thin film.>* The
demagnetization field was evaluated to be 4.5 kOe using
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Figure 3. (a) Representative hysteresis loops of cast MNP-chitosan
films with (solid line) or without (dash line) magnetic alignment (3.5
kOe field) measured parallel to the film plane. The inset represents
higher magnification detail of the hysteresis loops in the low field
region. The (b) in- and (c) out-of-plane remanence (M,) and
squareness ratio (M,/M) of cast films as a function of the strength of
the external magnetic field. The amount of MNPs was 20 ug in all of
the films. IP, in-plane; OOP, out-of-plane.

magnetization of 354 emu/cm® with a density of Fe;0, of 5 g/
cm’. Second, the magnetostatic interactions among particles
and chains greatly increases the difficulty of domain rotation.”
Therefore, the force needed to orient the magnetic moments to
the out-of-plane direction was speculated to be far greater than
4.5 kOe, which was the largest field strength applied in this
study. Third, magnetocrystalline anisotropy might contribute to
the easy axis alignment, although it is small.>> In summary, an
applied field must exceed a certain critical value for irreversible
rotation of the magnetic moment to occur.>® Therefore, it was
favorable for the MNP chains to align in the film plane despite
the fact that the direction of the applied field was perpendicular
to the film plane.

For films cast in a 1 kOe field, the M, and M,/M, measured in
both directions were significantly higher than that of the
nonaligned film (Figure 3b and c), probably because the MNPs
were magnetized and self-assembled into ordered structures for
the aligned films. Interestingly, in the range of 1—4.5 kOe, the
M, and M,/M; in the plane of the films increased as a function
of magnetic field strength, whereas those parameters of the film
measured in the out-of-plane direction decreased. The value of
out-of-plane M, and M,/M; of the films cast in a 4.5 kOe field
decreased to almost the same as those of nonaligned films. This
trend suggested that the cast MNP-chitosan film was more
easily magnetized along the film plane with increasing field. In
addition, increasing the field strength may have an impact on
aligning the easy axis of the MNP chains to a certain direction
within the plane.

3.3.2. Magnetic Properties of Electrodeposited MNP-
Chitosan Films. 3.3.2.1. The Effect of an External Magnetic
Field on the Magnetic Properties of Electrodeposited Films.
Electrodeposited MNP-chitosan films were prepared by adding
the MNP-chitosan suspension (0.8 mg/mL in 1.0% chitosan)
on top of the gold electrode, and electrodeposition was initiated
by biasing the gold electrode as a cathode (3 A/m?) for 4 min.
During the deposition and subsequent washing and drying,
magnetic discs with varying magnetic field strength were placed
under the gold electrode to tune the magnetic field. Unlike the
cast MNP-chitosan films, the amount of MNPs in deposited
films depends on the deposition conditions. Therefore, the total
magnetic moments (m, and m,) were used to evaluate the
effects of strength of the external magnetic field on the
magnetic properties of the films. The value of m, was
considered an in-plane magnetic moment measured at 3 kOe.
As shown in Figure 4a, m; of the films increased as a function of
the strength of the external magnetic field, indicating that more
MNPs were deposited on the electrode surface upon increasing
the magnetic field strength of the magnetic disc.>’

Figure 4b shows that the in-plane m, of the films increased
almost linearly with the strength of the applied magnetic field,
whereas out-of-plane m, remained nearly constant. Also, the in-
plane m, of the films deposited in the presence of a 1—4 kOe
magnetic field was significantly higher than that of the
corresponding out-of-plane m,, probably due to the predom-
inant alignment of the MNP chains in the film plane. This is
consistent with our observation for the cast MNP-chitosan
films (Figure 3b and c). The increased in-plane m, might arise
from the combination effects of (1) an increased amount of
MNPs electrodeposited on the electrode surface and (2) more
magnetic moments of the MNPs aligned toward a certain
direction in the plane. Because the easy axis of the
electrodeposited film was in-plane (Figure S2b, Supporting
Information), the limited increase in the out-of-plane m, was
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Figure 4. (a) Total saturation magnetic moment (m,) of an
electrodeposited film as a function of the strength of the applied
magnetic field. (b) The remanence moment (m,) of an electro-
deposited film in the in-plane and out-of-plane direction as a function
of the strength of an external magnetic field. (c) The squareness ratio
(m,/m,) of electrodeposition films as a function of the strength of an
external magnetic field. IP, in-plane; OOP, out-of-plane.

probably due to difficulty in reversing the magnetic moments
from in-plane to out-of-plane, as demonstrated for the cast films
(section 3.3.1).

Figure 4c shows that the applied magnetic field differentially
impacted the in-plane and out-of-plane m /m of the electro-
deposited films. Because m,/m; is a normalized value, we
showed that the trend of m,/m, was indeed independent of the
amount of MNPs in the film. It was obvious that when
increasing the strength of the magnetic field, the in-plane m /m;
increased whereas the out-of-plane m,/m, decreased. This
phenomenon was consistent with our observation for the cast
films (Figure 3b and c), suggesting that the electrodeposited
MNP-chitosan film was more easily magnetized and direction-
ally aligned in the film plane with increasing field. This also
contributed to the increase of in-plane m, upon increasing the
strength of the external magnetic field as shown in Figure 4a. In
summary, adjusting the strength of the magnetic field during
electrodeposition resulted in tuning of magnetic properties of
the electrodeposited MNP-chitosan films in both in-plane and
out-of-plane directions.

3.3.2.2. The Effect of Deposition Time on Magnetic
Properties of Electrodeposited Films. The unique feature of
electrodeposition of chitosan lies in the fact that electro-
deposited films can be spatiotemporally controlled.*® Here, we
examine the effect of deposition time®'” on the magnetic
properties of the MNP-chitosan films. The MNP-chitosan films
were prepared by electrodepositing (3 A/m?*) an MNP-chitosan
solution (0.8 mg/mL) for 1—4 min in the presence of a
magnetic field (1 kOe). Panels a and b in Figure S show that
the m,, in-plane m,, and out-of-plane m, of the MNP-chitosan
film increase as a function of deposition time. Because the
thickness of the electrodeposited chitosan film depends on the
deposition time,*”'® more MNPs could be incorporated into
the chitosan film over time, resulting in increased m, and m, in
both in-plane and out-of-plane directions for the film. However,
m,/m, remain nearly constant for varied deposition times
(Figure Sc), possibly because this parameter mainly responds to
the strength of a magnetic field.

In summary, Figures 3, 4, and 5 demonstrate that magnetic
properties of the MNP-chitosan films can be tuned by adjusting
the strength of the magnetic field during film preparation
processes.

3.4. Magnetic Interactions between Functionalized
Magnetic Particles and MNP-Chitosan Films. The
assembly/collection of biomaterial-conjugated magnetic micro-
particles (MMPs) by the magnetically aligned MNP-chitosan
film was performed to demonstrate its reversible application.

3.4.1. Magnetic Attractions Between MMP-EGFP and a
Cast MNP-Chitosan Film. We performed initial studies using
cast films to demonstrate the magnetic attractions between
MMPs and MNP-chitosan films. Because the total magnetic
moments (m, and m,) of the MNP-chitosan films are sensitive
to the concentration of MNPs, the use of cast films precludes
differences due to MNP concentration.

First, carboxyl-functionalized MMPs were synthesized by a
hydrothermal reaction of ferric ammonium citrate, hydrazine
monohydrate, and poly(acrylic acid).* The size, composition,
and magnetic properties of the MMPs can be found in Figure
S1b, d, and e, respectively, in the Supporting Information.
Second, EGFP was conjugated on MMPs through the carboxyl
activating agent EDC (see Experimental Section 2.4).
Successful conjugation of EGFP to the MMPs is shown in
Figure S3 in the Supporting Information. Third, three cast films
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Figure S. Effects of deposition time on the (a) mg, (b) m,, and (c) m,/
m, of the MNP-chitosan films electrodeposited in the presence of a
magnetic field of 1 kOe. IP, in-plane; OOP, out-of-plane.

were prepared by dropping 20 uL of corresponding solution
onto a metal substrate. During film formation, the MNP-
chitosan film (cast using 2 mg/mL MNP in chitosan
suspension) with magnetic alignment was exposed to a
magnetic field of 1 kOe, whereas the film without magnetic

alignment was not exposed to an external magnetic field. A
chitosan-only film was also prepared. As shown in Figure 6a,

(a) Experimental Procedure

Before application MMP-EGFP capturing_
o o%%o §_

&°

Magnetic release

CS film

Al or AE support
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MNPs 2 5 ,;
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Figure 6. (a) Schematic illustration of experimental procedures for
imaging magnetic interactions between EGFP-MMPs and the films.
Both cast and electrodeposited films were tested following these
procedures. (b) Interactions between MMP-EGFP and cast films. (c)
Interactions between MMP-EGFP and electrodeposited films. The
results were expressed as means + standard deviation (n = 3).
Representative fluorescence microscopic images of (b) and (c) are
shown in Figure S4 in the Supporting Information. CS, chitosan.

the MMP-EGFP suspension (60 uL) was flowed on the
magnetically aligned film, the nonaligned film, and the chitosan
only film. After 30 s of contact, the films were rinsed with
deionized water 3 times. Images of these films were taken using
a GFP filter on an Olympus MVX10 MacroView microscope
equipped with an Olympus DP72 digital camera. Representa-
tive fluorescence microscopic images of these films after each
treatment are shown in Figure S4 in the Supporting
Information. The fluorescent area of each film was analyzed
by Image] software (rsb.info.nih.gov/ij) using the same color
threshold.

Figure 6b shows that the total fluorescent area (i.e., working
signal) of the magnetically aligned film was 4.2 and S.5 times
higher than that of the chitosan and nonaligned films,
respectively. This is expected because MMP-EGFP was
attracted by the magnetically aligned MNP-chitosan film but
not the nonaligned or chitosan-only films. We provide the
following explanations. First, the higher value of M, of a
magnetic film indicates that higher magnetic energy is stored in
the ﬁlm to attract the magnetic materials around it by magnetic
force.** As discussed in section 3.3.1, the MNP-chitosan film
with magnetic alignment had a higher M, than the one without
magnetic alignment. Second, because the MNP-chitosan film
without magnetic alignment was not exposed to a magnetic
field during preparation, the MNPs in the film were not
magnetized; thus, the magnetic fields generated by these
particles were very weak and pointed in different directions.
Therefore, although there is an M, value for the nonaligned
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of MMP-E. coli complexes with MNP-chitosan films with or without magnetic alignment and with the chitosan-only film. The results were expressed

as means + standard deviation (n = 3). CS, chitosan; Ab, antibody.

films, their attraction to MMPs was not higher than that of the
chitosan only (nonmagnetic) film.

3.4.2. Magnetic Removal of MMP-EGFP from the Cast
MNP-Chitosan Film. To release the MMP-EGFP from the
MNP-chitosan films (Figure 6a, right side), the magnetically
aligned, nonaligned, and chitosan-only films were immersed in
water. A neodymium magnet was placed at a distance of 5 mm
from the film for S min. The films were taken out for
fluorescent imaging using the same microscope described in
section 3.4.1. As shown in the right most set of columns in
Figure 6b, after magnetic removal of EGFP-MMPs, the
fluorescent signal of the magnetically aligned film was reduced
to 11.7% of that of its working signal and was not significantly
different from that of the chitosan only film. This provided
further evidence that the binding of MMP-EGFP and the
aligned film was mainly through magnetic attraction. It is worth
noting that magnetic removal of MMPs from the MNP-
chitosan film using an external magnet did not disturb the
alignment or magnetic field of the film because (1) the
magnetic moment of the MNPs will return to the original
direction (easy axis) once the external magnetic field is
removed because, as discussed in section 3.3.1, the applied field
did not exceed the critical value for irreversible rotation of
magnetic moment, and (2) the structure of the chitosan film is
stable once the film is deposited, which keeps the MNPs in
place.3 Microscopic images in Figure SS in the Supporting
Information provide evidence that the morphology of a

10595

randomly selected region in a magnetic aligned MNP-chitosan
film remains unchanged before and after the removal of MMPs.

In summary, Figure 6 shows that an MNP-chitosan film has
the capability of magnetic collection and that magnetic
alignment is important for this feature.

3.4.3. Magnetic Attraction and Removal of MMP-EGFP
from the Electrodeposited MNP-Chitosan Film. Similar to the
phenomenon observed for the cast films, the magnetic
attraction and removal of MMP-EGFP can also be observed
for electrodeposited films (Figure 6¢c). The aligned electro-
deposited films showed significantly higher working fluorescent
signals than those of the chitosan-only film and electro-
deposited film without magnetic alignment. After taking away
most MMP-EGFP by a strong external magnet, the fluorescent
signal of the aligned film was reduced to 8.6% of the working
signal. The residual fluorescent signal might arise from
nonspecific protein adsorption on the film, as discussed in
section 3.4.1. Nonetheless, the magnetic attraction of MMP-
EGFP to the aligned electrodeposited MNP-chitosan film and
its magnetic removal process demonstrates the potential for
multiple cycles of collection and release, a valuable feature of a
device interface.

3.5. Collection of Bacteria by the Aligned Electro-
deposited MNP-Chitosan Film. 3.5.1. Cell Capture Using
Antibody-Functionalized MMPs. E. coli cells were used to
study the potential for bacterial capture using antibody-
functionalized MMPs. The K-12 E. coli wildtype strain

DOI: 10.1021/acsami.5b02339
ACS Appl. Mater. Interfaces 2015, 7, 10587—10598



Downloaded by UNIV MARYLAND COLG PARK on August 30, 2015 | http://pubs.acs.org

Publication Date (Web): May 11,2015 | doi: 10.1021/acsami.5b02339

ACS Applied Materials & Interfaces

Research Article

W3110 was used. Figure 7a demonstrates the coupling of
MMPs to an anti-E. coli antibody using the EDC method
(Experimental Section 2.4). Figure 7b describes the procedure
for immunomagnetic separation of the cells. First, E. coli were
inoculated in 10 mL of Luria Broth growth medium (Alfa
Aesar) and grown at 37 °C at 250 rpm shaking until an ODy
of 1.0 was reached Then, the E. coli (20 uL) were diluted in 5
mL phosphate buffered saline (PBS, 0.1 M, pH 7.0), and an
MMP-antibody suspension (10 uL) was added. Two micro-
liters of SYTO 9 green fluorescent nucleic acid stain (Life
Technologies) was added to the mixtures to visualize the cells.
Because of the selective binding of the antibody to the antigen
cells, the MMP-antibody was able to specifically capture E. coli
cells in the sample. After mixing for 15 min, the MMP-antibody
and bound E. coli cells (MMP-E. coli complex) were attracted to
the wall of the container by a magnet. The MMP-E. coli
complexes were washed 3 times by repeated resuspension in 0.1
M sterile PBS and magnetic collection. The washed MMP- E.
coli complexes were suspended in 0.5 mL of PBS and subjected
to fluorescence microscopy. Figure 7c shows the colocalization
of MMP-antibody and stained E. coli cells, indicating that the E.
coli cells were captured by the MMP-antibody conjugates. In
contrast, E. coli cells showed no attachment to the MMPs
without antibody conjugation.

3.5.2. Collection of MMP-E. coli Complexes Using
Magnetically Aligned MNP-Chitosan Films. To explore the
teasibility of the MNP-chitosan film as a reversible biologically
based magnetic particle collector, the assembly and release of
the MMP-E. coli complex by the electrodeposited MNP-
chitosan film is demonstrated. Figure 7d is a schematic
illustration of the collection and release of MMP-E. coli
complexes by MNP-chitosan films. It depicts (1) the magnetic
attraction of MMP-E. coli complexes by the electrodeposited
MNP-chitosan film with magnetic alignment and (2) magnetic
removal of MMP-E. coli complexes from the film by a stronger
external magnet. Similar to the process of the MMP-EGFP
application, the MMP-E. coli complex suspension was flowed
on the surface of the films. After 30 s, the films were rinsed with
water 3 times, and their fluorescent signals were examined. It
can be seen in Figure 7e that remarkably higher retention of
MMP-E. coli complexes was observed on the magnetically
aligned MNP-chitosan film than on the controls (nonaligned
film and chitosan-only film).

To release the MMP-E. coli complexes from the magnetically
aligned film, we placed the films in water adjacent to a magnet
(S mm away). All of the films were subjected to microscopic
imaging for fluorescent signals. In Figure 7e, the fluorescent
signals of MMP-E. coli complexes in the magnetically aligned
film were greatly reduced. These results show the importance of
being able to control the rapid collection and release of
biological material in a small localized environment (e.g, a
microfluidic device interface).

4. CONCLUSIONS

Here, we studied cathodic codeposition of a suspension of
chitosan and Fe;O, nanoparticles and observed that the
simultaneous imposition of a magnetic field during codeposi-
tion can (i) organize structure, (ii) confer magnetic properties,
and (iii) yield magnetic films that can perform reversible
collection/assembly functions. As a proof of concept, we
demonstrated that the magnetic Fe;O,-chitosan films can
reversibly collect/assemble magnetic particles that had been
functionalized with proteins. We envision such magnetic films

could have broad generic applications. For instance, magnetic
chitosan films could provide a generic means to assemble
enzyme-functionalized magnetic beads for biosensing applica-
tions. Alternatively, antibody-functionalized magnetic beads
could be used to capture cells from a sample while magnetic
collection could provide a means to separate and analyze these
cells (e.g., for pathogen detection).

From a fabrication standpoint, this work demonstrates that
top-down assembly methods using orthogonal cues (electrical
and magnetic) can be coupled with bottom-up self-assembly to
create soft matter with complex structure and properties.
Importantly, fabrication of the magnetic Fe;O,-chitosan film is
simple, rapid, and reagentless.
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