Journal of Magnetism and Magnetic Materials 459 (2018) 176-181

Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

Research articles

Alignment of collagen matrices using magnetic nanowires and magnetic = W

Check for

barcode readout using first order reversal curves (FORC) (invited)

Anirudh Sharma?, Michael D. DiVito ", Daniel E. Shore ¢, Andrew D. Block?, Katie Pollock®, Peter Solheid ¢,
Joshua M. Feinberg ¢, Jaime Modiano ¢, Cornelius H. Lam ', Allison Hubel ®!, Bethanie ].H. Stadler *“*

2 Department of Electrical and Computer Engineering, University of Minnesota, Minneapolis, MN 55455, United States

b Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455, United States

€ Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, MN 55455, United States

d Department of Earth Sciences and Institute of Rock Magnetism, University of Minnesota, Minneapolis, MN 55455, United States
€ Veterinary Clinical Services and Masonic Cancer Center, University of Minnesota, Minneapolis, MN 55455, United States
fDepartment of Neurosurgery, University of Minnesota, Minneapolis, MN 55455, United States

ARTICLE INFO ABSTRACT

Atrticle history:

Received 11 July 2017

Received in revised form 29 October 2017
Accepted 8 November 2017

Available online 9 November 2017

Collagen matrices are one form of artificial tissue that has applications in biomimetic organs or tumors,
and in fundamental biology. Anatomical organs and tissues are often composed of aligned collagen, and
in this study cross-linking nickel magnetic nanowires (MNWSs) to collagen allowed a one-step bi-
directional alignment of the collagen matrices when processed in a uniform magnetic field. These matri-
ces were analyzed by differential interference contrast (DIC) microscopy, scanning electron microscopy
(SEM) and polarized transmittance. The bi-directional alignment was also confirmed by plated, stained
arachnoid cells from the blood-brain-barrier (BBB). Arachnoid cells are morphologically sensitive to their
extracellular matrix (ECM) environment, and in this study, they were observed to spider out in two dis-
tinct directions as predicted by microscopy and transmittance. In fact, MNW-collagen matrices plated
with arachnoid-cells are promising for future studies of artificial BBBs. Other cells (here osteosarcoma)
Osteosarcoma have been observed to internalize MNWs, which leads to the possibility of barcoding matrices and cells
Magnetic nanowires with distinct signatures, pending a magnetic readout technique. To this aim, mixtures of two different
FORC MNW populations were analyzed using first order reversal curves (FORC), and the relative concentrations
Nano barcodes of the two populations were correctly estimated with negligible error for ratios of 1: 23 and only 7% error
for ratios of 1: 115. Together, these studies open a path for magnetic identification of artificial tissues
where distinct magnetic labels on matrices and in cells combine for a unique fingerprint.

© 2017 Published by Elsevier B.V.
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1. Introduction analytes. Indeed, zeptomolar detection limits (107'6) have been
achieved [9,10], which could be important in early detection of dis-
eases, such as cancer.

However, there are medical applications for multiplexing that

Simultaneous, multiplexed diagnoses using large bioassays or
tissue biopsies is possible via magnetic techniques, and much

effort has been invested in tuning the magnetic properties of mag-
netic nanoparticles (MNPs) [1-4]. However, MNPs are recently
almost exclusively used for separation (aka enrichment) with mul-
tiplexed diagnoses occurring by means other than magnetic signa-
tures, for example by mass spectroscopy [5], photoacoustics [6],
nuclear magnetic resonance [7], flow [8], or by moment (measur-
ing the number of MNPs, not the type of MNP). This research has
largely been driven by a narrowing focus on the detection of sparse
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do not require zeptomolar detection. One example is immunother-
apy in cancer, where many leukocytes may reach a tumor site, and
the important parameter under study is the ratio of cell types pre-
sent. In these cases, ratios as low as 1:10 are of interest, and the
total number of detected cells is not small. Another example is
labeling, or ‘barcoding,” artificial tissue such that the source of
the tissue can be identified at a later date by tissue manufacturers,
researchers, or medical personnel.

Here, magnetic nanowires (MNWs) were used in the processing
of collagen matrices for two reasons. First, MNWs in a tissue matrix
can contribute part of the magnetic barcode for the sample. Sec-
ond, it was hypothesized that low magnetic fields could be used
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to align the collagen fibrils, a feat otherwise accomplished by com-
pressive strain [11-13], electrospinning [14,15]; shear force [16];
or very high magnetic fields [17]. MNWs have a unique shape ani-
sotropy that can be aligned by an external field to produce matrix
alignment either indirectly by steric effects or by directly crosslink-
ing MNWs to the collagen. Surprisingly, a bi-directional alignment
of the collagen fibers was achieved when cross-linking was used,
which leads to improved mechanical properties compared to the
unidirectional alignment produced by other methods. In fact, nat-
urally occurring collagen in many tissues, such as bone and cornea,
exhibit bidirectional arrangements of fibrils [18].

To help visualize the 3D structure of the bi-directional align-
ment, and to mimic an important biological tissue, arachnoid cells
were embedded into the gels. In vivo, arachnoid cells occupy the
border between the central nervous system’s liquid milieu and
the vascular system on one side of the blood brain barrier
[19,20]. The extracellular matrix inhabited by these cells reflects
a variety of architectures, from thin sheets to complex three-
dimensional structures abutting the blood. The morphology of
arachnoid cells is influenced by the architecture of the extracellular
matrix resulting in a spider-like shape for the cells (hence the
name). Therefore, fluorophore-stained arachnoid cells were used
here to visualize the 3D architecture of our matrices. Osteosarcoma
cells were also incubated directly with Ni MNWs labeled with RGD,
a peptide that binds to integrin which is overexpressed by
osteosarcoma. The MNWs were internalized by the osteosarcoma,
revealing the possibility to label matrices and cells with distinct
barcodes if the right combination of MNW labels and magnetic
‘readout’ can be found.

For this reason, a new approach is introduced here for magnetic
readout. Major magnetic hysteresis loops (ie: applied fields swept
from positive to negative saturation) are sufficient for determining
the structure of most thin film samples, like spin valves, typically
by observing coercivities. For MNWs, however, sheared hysteresis
loops can occur due to factors such as interwire interactions, inter-
segment interactions (in segmented MNWs), and switching field
distributions. This shearing makes it difficult to distinguish differ-
ent values of coercivity in mixtures. Therefore, first order reversal
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curves (FORC) were used here to derive coercivity distributions for
MNWs that have varying interaction fields, and then several MNW
mixtures were de-multiplexed using FORC.

2. Materials and methods

Nickel (Ni) MNWs were made by electrochemical deposition
inside nanoporous anodic aluminum oxide templates using previ-
ously established methods [21]. To functionalize their surface with
amine groups, the MNWs were rinsed with DI water and sus-
pended in an NH2-PEG-COOH solution (0.2 mass%, pH 7) at con-
centrations in the range of 10-100 million MNW/ml. The samples
were sonicated for 10 min and stored at 4 °C overnight. The PEG
solution was decanted from the MNWs, and replaced with O,
0.002 or 0.2 M CDI solution (0.1 mM HCI, pH 3). The samples were
sonicated for 10 min and stored at room temperature overnight.
The CDI was then decanted, and the MNWs were rinsed with 1
mM HCI. The basic schematic of cross-linking collagen fibrils to
magnetic MNW surfaces is shown in Fig. 1(a).

The MNWs were suspended in a type I collagen solution (5 mg/
ml, pH 3) at concentrations of 0.1, 1, and 10 million MNW/ml and
stored overnight. After 12 h, the MNW-collagen solution was
placed in the center of a uniform magnetic field (0.1 T) for 2 min
to allow for MNW alignment. The collagen solution was neutral-
ized by exposure to ammonia vapor. For optical imaging, the
MNW-collagen matrices were fixed in a 3.7% formaldehyde-DPBS
solution. For electron imaging, the matrices were fixed in a 2% glu-
taraldehyde solution containing 0.1 M sucrose and 0.1 M sodium
cacodylate for 1 h at room temperature. These samples were then
post-fixed in a 1% osmium tetroxide solution for 30 min, after
which they were soaked in ethanol solutions with slowly increas-
ing concentrations before critical-point drying and Pt coating.
Images using secondary electron microscopy were obtained using
a 5 kV beam.

Immortalized arachnoid cells, isolated from rat arachnoid
meninges using previously described procedures [22], were seeded
on the MNW-collagen matrices at densities of 16,000 cells/cm?.
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Fig. 1. a) Schematic of cross-linking chemistry between collagen and Ni MNWs. (b-d) DIC cross section images of MNW-collagen matrices (Ni MNWs:160 nm diameter, 6 um
length) neutralized in a magnetic field applied in the direction shown by green arrows. (b) Matrix containing 0.2 M CDI and 1 million MNW/ml. An apparent corrugation was
observed only at the edges (red arrow) where meniscus effects lead to increased local MNW concentration. (c) Matrix containing 0.002 M CDI and 10 million MNW/mlL. (d)
Matrix containing 0.2 M CDI and 10 million MNW/ml. Bi-directional corrugation was observed throughout this last sample, suggesting bi-directional collagen alignment.
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After 72 h, cells were fixed, stained and imaged. For future artificial
tumor studies, osteosarcoma cells were also labeled with MNWs
according to previously described protocols [23]. Osteosarcoma
cells were chosen because the cells express a high density of mem-
brane integrins [24-26], thus ensuring uptake via RGD-labeling of
MNWSs, which subsequently enable unique magnetic tissue
identification.

In first order reversal curve (FORC) analysis [27], a sample is
saturated at a high positive field, then the field (H) is reduced to
a reversal field (H;) and the moment is measured as the field is
swept back to positive saturation. A family of curves is measured
using successively more negative reversal fields, and the double
derivative

1 M
" 2 6H,0H M
is plotted vs two axes that indicate interaction field (H,) and coer-
civity (Hc), defined by
H+H;
2

p(HvHr) =

H,= and H, = H;Hf )

3. Results
3.1. Bi-directionally oriented collagen matrices
The first part of this work dealt with the potential of MNWs in

collagen matrices to magnetically align the collagen fibrils and to
provide a means of identification via magnetic readout. Collagen

solutions were prepared with varying ratios of 100 nm-diameter
Ni MNWs (0.1, 1, 10 million MNW/ml) and CDI cross-linker (O,
0.002, 0.2 M) before fixation in the presence of a uniform magnetic
field. Differential interference contrast (DIC) microscopy was used
in conjunction with two cross-polarizers to image the resulting
matrix, Fig. 1. The matrices appeared unaffected by MNWs except
at the higher concentrations of both MNWs and CDI. A corrugated
pattern emerged at 10million MNW/ml and 0.2 M CDI that was
only otherwise observed at the edges of samples with fewer MNWs
but the same CDI. In the latter matrices, meniscus effects at the
edges is likely to have increased the local MNW concentrations
above the bulk values. Similar, but unidirectional, corrugation
has been observed in aligned collagen matrices, but here a bi-
directional corrugation is seen which indicates a bi-directional
alignment of collagen fibrils thereby warranting further investiga-
tion. Therefore, the MNW-collagen matrices were also examined
by SEM, Fig. 2. Again, the MNWs did not appear to alter the struc-
ture of the collagen except when the matrices contained both
MNWSs and 0.2 M CDI crosslinking agent.

While SEM is mostly a surface observation, transmittance of
polarized light can be used to probe the bulk alignment of a matrix.
The transmittance of blank controls and unaligned matrices were
fairly flat as a function of angle. However, a four-fold transmission
pattern was seen for matrices containing 10million MNW/ml and
0.2 M CDI, Fig. 3. This four-fold symmetry is consistent with the
structure suggested by the DIC images in Fig. 1, where the collagen
fibrils are oriented in two directions.

The proposed reason for the observed bidirectional alignment is
the native structure of the collagen fibril. The spiral structure of the

Fig. 2. SEM micrographs of MNW-collagen matrices (10 million MNW/ml). (a, b) Matrices that do not contain CDI crosslinker (c, d) Aligned matrices contained 0.2 M CDL
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Fig. 3. Transmittance versus angle of polarized light (633 nm) as it passes through
collagen matrices. The four-fold nature of transmittance in the first line indicates a
matrix containing collagen aligned along two directions. (curves are spaced
vertically for observation).

collagen fibril contains a helical angle of ~49°-57° [20,21] as the
angle each collagen strand makes with the fibril axis. The observed
range of angles from 41° to 54° of the fibrils with respect to the nano-
wires in the DIC images is similar to reported values of the alpha-
helical angle associated with type I collagen and suggests that the
nanowires potentially covalently bond to the collagen strands.

3.2. Cell studies

Arachnoid cells are sensitive to topographical cues from the
extracellular matrix. Here, arachnoid cells were plated on collagen

matrices, incubated until confluence (3 days), and then stained.
The blue stain (DAPI) shows the location of the cell nuclei, and
the green stain highlights the actin fibers of the cytoskeleton,
Fig. 4. Therefore, the green fluorescent signal is an indication of
the morphology of each host matrix. The unaligned matrix has a
clearly random morphology, whereas the magnetically aligned
MNW-collagen matrix has bi-directional alignment that is in
agreement with the optical imaging in Fig. 1.

For barcoding cells, it is important to know that the MNWs are
adhered to or internalized by cells. Therefore, new MNWs were
labeled with RGD, [23] which specifically binds to the integrins
that are overexpressed by osteosarcoma cells. After incubation
with MNWSs, OSCA-8 cells were stained with cell-mask plasma
membrane stain (red), lysosensor for lysosomes (green), and
Hoechst 33342 nucleic acid stain (blue). The nanowires (black
arrows) were internalized by the OSCA-8 cells, as shown in z-
sections using 4-channel confocal microscopy as seen at a height
(Z) of —581 pm which corresponded to the center of the cell
thickness.

3.3. Barcode readout using first order reversal curves (FORC)

As a proof of concept for using FORC to readout signatures of
MNWs, two types of MNWs (Ni with diameter/length = 100
nm/6pm & 18 nm/5um) were synthesized and mixed in known
amounts for subsequent detection. It has been shown that the
MNW diameter is a critical parameter to determine the magnetiza-
tion reversal mechanism, which in turn determines the MNW coer-
civity [1,2]. Here, the 100 nm-diameter MNWs are likely to reverse
by vortex domain walls, leading to a low coercivity as the magnetic
field is swept parallel to the MNW axes. The 18 nm-diameter
MNWs on the other hand are likely to reverse via coherent rotation
because they are too small to support a vortex core. Therefore,
their coercivity is larger at fields parallel to their axes than those

10 pm

Fig. 4. Contact alignment of arachnoid cells to collagen matrices. (a) Fluorescence and (b) DIC images of unaligned matrix embedded with arachnoid cells stained to show
nuclei (blue) and actin (green). (¢) Fluorescence and (d) DIC images of magnetically-aligned MNW-collagen matrix (0.2 M CDI, 10million MNW/ml) embedded with stained
arachnoid cells. (bars = 30 um) (e) Z-sections using 4-channel confocal microscopy where the cell membrane is stained red, the lysomes in the center of the cell are stained
green and the nucleus is stained blue. The MNWs (black arrows) are observed in the center of the cytosol.
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Fig. 5. VSM FORC measurements for nanowire ratios of 100 nm: 18 nm equal to (a) 0: 1, (b) 1: 23,(c) 1: 115, and (d) 1: 0 with insets showing the FORC analysis (p vs Hc vs Hy)
using equations 1 and 2. The FORC analysis first corrects for paramagnetic/diamagnetic backgrounds. (e) Integrated intensity of horizontal slices across each FORC analysis

diagram.

of the 100 nm-diameter MNWs. A preliminary study (see Supple-
mental Information) determined the impact of interaction fields
between MNWs. Using 100 nm diameter MNWs, long (6pum) and
short (3pum) nanowires that were still in their templates produced
high and medium interaction fields between the MNWs, and 6 pm-
long MNWs dispersed in a matrix produced negligible interaction
fields on each other. The FORC analysis of coercivity distributions
was found to broaden with increasing interaction field, making
MNWSs more difficult to distinguish. Therefore, large interaction
fields were used in this study as a worst-case study of the potential
to use FORC for distinguishing MNW barcode signatures.

The FORC data, Fig. 5, is shown as-measured and as-analyzed
using the Eqgs. (1) and (2). A horizontal slice through the analyzed
FORC plots shows the distribution of coercivities as plotted in
Fig. 5e. As expected, the 100 nm diameter MNWs had lower coer-
civities (370 Oe) than the 18 nm diameter MNWSs (730 Oe). These
end sample curves (100 nm: 18 nm = 1: 0 and 0: 1) were used in a
regression analysis to determine the ratio of mixtures which were
known to be 100 nm: 18 nm =23: 1 and 115: 1, respectively. The
regressions were both statistically linear and significant, yielding
coefficients of pPigonm: Pisam=0.75: 1.2 and 0.81: 0.28,
respectively.

Before analyzing these ratios, it is important to recall that one
type of nanowire (100 nm/6pm) is larger than the other (18
nm/5pum). They are both composed of pure Ni, so their volume
ratios will equal their mass ratios and the ratios of their moments.
Therefore, their volume ratio ((50/9)%(6/5)=37) can be used to
normalize their FORC ratios.

For the first mixture (known ratio of 100 nm: 18 nm=23: 1),
the ratio of the linear regression coefficient, normalized for the vol-
ume ratios of the nanowire types, gives the numerical ratio of 100
nm-diameter MNWs per 18 nm-diameter MNW as

Ni10onm/N1gam = (VOl100nm/VOlignm) * (01000m/ P18nm)
=37%(0.75/1.2) =23 3)

which is exactly the known value within the error of measurement.
For the second mixture (known ratio of 100 nm: 18 nm=115: 1),
the measured ratio of is only 7% less than the known ratio:

N10onm/N1gnm = (VOl1gonm/VOlignm) * (01000m/ P18nm)
=37%(0.81/0.28) = 107 (4)

4. Conclusions

A surprising bi-directional alignment of collagen fibrils
occurred when nickel magnetic nanowires (MNWs) were cross-
linked to the collagen and a uniform magnetic field was applied
during fixation. This bi-directional alignment was observed by
optical DIC microscopy and confirmed by SEM and polarized trans-
mittance. Interestingly, the bi-directional alignment was also con-
firmed by stained arachnoid cells from the blood-brain-barrier
(BBB) as these cells tend to mimic the morphology of their extra-
cellular matrix environment. Hence, this new imaging technique
both confirmed the bi-directional alignment, and the resulting
matrix also has exciting potential for artificial tissues that mimic
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a realistic BBB. It is important to note that the bi-directional align-
ment was achieved with a single processing step, and did not
require layer-by-layer processing. Specific labeling was also
achieved for osteosarcoma using RGD-labeled MNWs, leading to
the potential to distinguish matrices and cells upon the discovery
of an appropriate barcode readout technique. FORC analysis was
demonstrated as just such a technique, and it was used to distin-
guish mixtures of two distinct MNWs at concentrations of 1:23
with negligible error and mixtures of 1:115 with only 7% error.
In summary, unique identification of artificial tissues can be
achieved by combining the matrix and cell labeling presented here
with the magnetic readout technique of FORC.
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