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The unmet demand for cheap, accurate, and fast multiplexing of biomarkers has urged nanobiotechnology
to prioritize the invention of new biomarkers that make feasible the remote detection, identification, and
quantification of biological units, such as regenerative tissues. Here, we introduce a novel approach that
highlights magnetic nanowires (MNWs) with such capabilities. This method employs the stable
magnetization states of MNWs as a unique characteristic that can be realized by projecting the MNWs'
switching field on the backward field (Pyp), also known as the irreversible switching field. Experimentally,
several types of MNWs were directly synthesized inside polycarbonate tissues and their Py

characteristics were measured and analyzed. Our results show that the Py, gives an excellent
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Accepted 24th March 2020 identification and quantification characteristic for demultiplexing MNWs embedded in these tissues.
Furthermore, this method significantly improves the characterization speed by a factor of 50x-100x

DOI 10.1039/d0ra01574a that makes it superior to the current state of the art that ceased the progression of magnetic

Open Access Article. Published on 01 April 2020. Downloaded on 2/9/2026 8:04:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Introduction

Progress of biological sciences substantially depends on
biomarkers because they are the backbone of essential tools,
such as optical microscopy and flow cytometry techniques, in
this field.*> However, surprisingly, none have offered the
capabilities to mitigate the high-cost, high-complexity, and low-
speed associated with these techniques.*® Furthermore, there is
still a lack of biomarkers that can be excited remotely and
noninvasively with a single excitation source regardless of their
surrounding tissues because almost all biomarkers under study
to date are optical.””®

The magnetic biomarkers, on the other hand, have potential
to accelerate the progression of biological sciences. The current
state of the arts in magnetic biomarkers is superparamagnetic
iron oxide nanoparticles (IONs). These IONs have isotropic
magnetic properties that restrict them from possessing distinct
signatures that can be uniquely identified.'®"* As a result, IONs
have been limited in application to the enrichment of the bio-
logical entities with conjugation to optical biomarkers, such as
fluorescent molecules, for readout.”** Unfortunately, IONs also
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nanoparticles in multiplexing/demultiplexing applications.

have weak magnetic properties that limit their use in ultralow
enrichment and multiplexing applications.”

In this paper, we propose ferromagnetic nanowires (MNWs)
as biomarkers for multiplexing applications. The special cylin-
drical geometry of MNWs gives rise to a well-defined magnetic
anisotropy'® that makes them suitable for many biological
applications, such as MRI contrast, magnetic enrichment, and
nanowarming."»'">* An external field can be remotely used to
physically excite MNWs, which makes them suitable for cell
tracking,”?* cells manipulation,*® cell separation,”*® drug
delivery and drug activation,””*° magnetic hyperthermia,”* and
magneto-elastic ferrogels for tissue engineering.*"** Further-
more, the MNWs have shown a high internalization by cells in
comparison to other magnetic nanoparticles, such as IONs,
improving the enrichment and multiplexing yield.”**** As
a consequence, MNWs have recently attracted attention as
enrichment agents for studying breast and lung cancers,****
CTCs,*® and leukemia.?”

Regardless of the tremendous opportunities for MNWs, they
have not been used as self-standing biomarkers for multi-
plexing applications up to date due to three major drawbacks.
First, magnetic characterization techniques are technically
inefficient because they are slow. Second, the unique magnetic
characteristics cannot unambiguously be measured due to the
influence of external effects, such as para/diamagnetic response
of the surrounding components. Third, the magnetic signatures
of MNWs can overlap, which has limited their use as multi-
plexed biomarkers. To suppress these substantial obstacles, we
propose a magnetic measurement technique that significantly

This journal is © The Royal Society of Chemistry 2020
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facilitates the detection of MNWs signature regardless of their
surroundings.'**** Along with this, we establish a technique to
quantitatively demultiplex the signature of multiple types of
MNWs even though the individual signatures overlap.

Our methodology is based on our recently developed
magnetic characterization method, named “projection method”
that highly accelerates detection, identification, and quantifi-
cation of MNWs regardless of their surroundings. A schematic
of the projection method is shown in Fig. 1a.

Briefly, the projection method relays on measuring a few
points next to the upper branch hysteresis loop (UBHL), shown
as the black dots in Fig. 1a. Experimentally, the projection
method measures the UBHL in a 2D format as a function of two
fields, forward field (Hy) and backward field (H,). The backward
field is the descending field from positive saturation (point 1 in
Fig. 1a) that sets the initial magnetization state of the MNWs
(point 2 in Fig. 1a).

Then, the forward field is applied from the backward field to
its previous backward field (point 3 in Fig. 1a) to slightly disturb
the initial magnetization state of the MNWs. At this step, the
field should be returned to the saturation field (point 1 in
Fig. 1a) in one step before starting another backward field. The
theoretical analysis of the projection method is given in the
ESLT

According to the inset in Fig. 1a, the projection method's
protocol splits the derivative of the upper branch of the
hysteresis loop (vertical distance between points 2 and 2) into
two parts that eliminates the extrinsic effects (the red arrow in
Fig. 1a, RSF) from the intrinsic effects (the blue arrow in Fig. 1a,
Pyp). The Py, is a distinct characteristic of MNWs because it
indicates the magnetic stability of the magnetization related to
the spin- and/or orbit-lattice coupling inducing shape and
crystal anisotropies. Therefore, it provides a difference in
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magnetization in the same forward field after starting from two
different initial states, or two different backward fields. On the
other hand, the reversible switching field (RSF) indicates the
instantaneous disturbance in magnetization induced by the
immediate fields applied on the MNWs, such as forward field,
MNWs interaction field, and para/diamagnetic response of the
surroundings. This distinct feature of the project method,
discrimination of the RSF and ISF, makes it an excellent method
for detection, identification, and quantification of MNWs
buried deeply in biological tissues, which cannot be realized by
other magnetic characterization methods, such first-order
reversal curve (FORC) or hysteresis loop measurements
(Fig. 1b and c). Furthermore, since it only measures a few points
next to the upper branch of the hysteresis loop rather than
scanning the whole hysteresis loop area (as it is done in FORC
measurement, Fig. 1b), it is practically very fast which makes it
competitive with other detection/identification methods, such
as flow cytometry or impedance cytometry methods while
nondestructively measuring whole samples.

Experiments

Two sets of the MNWs were synthesized inside the porous
polycarbonate tissues using the electrodeposition technique,
Fig. 2. More details regarding the synthesis approach are
provided in the ESIL.f We chose polycarbonate in this study
because polycarbonate is a biocompatible polymer and has
been widely used in bone/organ repairing, drug delivery, and
tissue regenerative engineering.***° Note all these applications
are in vivo, besides those, we would like to mention the poly-
carbonate is a polymer that has been used widely in daily
applications, such as covers for cell phones, a great example of
skin contact without any toxicity or side-effect. The first set was
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Fig. 1 Schematic illustration of characteristics for MNWs based on the projection method: (a) the collected data points according to the
projection method, (b) the collected data points according to the FORC method, and (c) the collected data points according to the hysteresis
loop measurement. In subfigure (a), the red arrow shows the reversible switching field (RSF) and the blue arrow shows the irreversible switching
field (ISF), which is Pup. In all subfigures, the green arrows show the direction of data acquisition.
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Fig.2 A schematic depicting MNWSs synthesis, dimensions are not drawn
chemical etching (brownish box) of the ion irradiated polycarbonate, (c) e
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to scale. (a) The ion irradiation of a raw polycarbonate foil (blue box), (b)
vaporating the back contacts to make electrical current, the blue strip is

Ti and the yellow strip is Au, (d) electrodepositing the MNW:s (black strips), (e) a combination of wet and dry etch process to remove the back

contacts, and (f) the chemical structure of polycarbonate.

made of cobalt (Co) and another was made of nickel (Ni). The
biocompatibility of the MNWs has been studied in our past
studies and other researchers,”>*”** we thus did not performed
biocompatibility study here. Furthermore, here the Ni and Co
MNWs are embedded inside the polycarbonate, thus they will
not be in contact with biological entities, such as cells, if they
are used in vivo applications. Four different types of MNWs were

prepared for each set, classified according to their diameters,
leading to eight different types of MNW-loaded tissues. To
evaluate the accuracy of the projection method for demulti-
plexing, the diameters and geometrical arrangements were kept
the same in each set. These parameters, diameter (inter-wire
distance to diameter ratio), were 200 nm (3), 100 nm (7),
50 nm (9), and 30 nm (15).
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Fig. 3 The projection of the area scanned by the projection method on

H, (kOe) H, (kOe)

the backward field, Pyp. The black and green lines show the results for

the individual Ni MNWs and Co MNWs, respectively, in all subfigures. The "Exp. data” and “calibration curve” are the measured data directly on the
combination and the superposition of the individual MNWs Py, respectively. The subfigures (a) and (b) are the normalized Py, for the Niand Co
MNWs, respectively, which they are the calibration samples. All subfigures share the same horizontal axis.
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First, the magnetic characteristics of the individual MNW-
loaded tissues were measured and analyzed using the projec-
tion method, see ESLt{ Next, the magnetic characteristics of
combinations of MNW-loaded tissues were measured and
compared to those of the individual tissues. Specifically, to
analyze the reliability and reproducibility of the projection
method for the quantitative description, the individual char-
acteristics were used as calibration curves such that a volume
ratio (x) could be fit for the combinations. The fitting quality
was evaluated using the root mean square (RMS) error of the
difference between the “experimental data” and “calibration
curve”, which is the weighted summation of the corresponding
parameters of the calibration samples. This RMS error was
minimized y for each type of MNWs in the combination. More
details on the measurements and statistical analysis are given
in the ESL}

Results

The Py, was calculated from the experimental data using a theo-
retical formula, given in the ESI,7 and the results are plotted in
Fig. 3. As can be seen in Fig. 3, the Py, maintains fairly sharp
features even for very small volume ratios (). For example, the x of
the Co 30 nm and Ni 200 nm combination is only ~1.5% Co
(98.5% Ni). Py, solely relies on the intrinsic properties of the
MNWs, such as shape and crystal anisotropies, which determine
the average coercivity of each MNWs type. Note the coercivity is the
location of the Py, peak, which is distinct for different types of the
MNWs—the coercivities are given in Fig. 5 ESL.t For a compre-
hensive demultiplexing analysis, we intentionally made both
MNWs sets to have moderately overlapping characteristics. The
Py, of combined samples includes the feature of individual
MNWs types in the combinations. The distinction of the features
depends on the coercivities of the individual MNWs in each
combination and on x. As the yx increases, having less from one
type compared to another, the sharpness of the features decreases
too. Therefore, it is essential to have MNWs types with very distinct
coercivity in the combination in order to recognize the features for
a more accurate x measurement. Since the Py, of a MNW type is
independent from others, the identification and quantification
can be done by comparing the experimental data from the
combination with those of the individual types in the combination
using a simple fitting model, see the ESI for more details.t

Discussion

Fig. 4 shows the quantitative volume ratio (x) determined using
Pyp. The Py, characteristics determined y with a reasonable
error. The accuracy of the Py, is directly correlated to the intrinsic
properties of the MNWs. Since the projection method eliminates
the extrinsic effects by separating the RSF from ISF, the projec-
tion method precisely detects, identifies, and quantifies the types
and volume ratios of the components inside each combination.

By realizing the Py, as a reliable and accurate magnetic
characteristic, now we compare this with optical techniques
that employ optical nanoparticles, such as fluorophore mole-
cules. Optical techniques measure on log scales due to large

This journal is © The Royal Society of Chemistry 2020
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variance in measurements induced by the photo-instability or
background signals. In addition, the fluorescence signals
cannot overlap if they are to be demultiplexed, and they are
susceptible to bleaching, blurry focusing, and other optical
artifacts. Importantly, regardless of the complex and expensive
components of optical techniques, there is a huge trade-off
between their resolution and speed. For example, to speed up
scanning a large area, one must increase the field of view and
pixel size which significantly deteriorates the resolution. Inter-
estingly, all of these limitations can be significantly mitigated
using the projection method. The projection method can be
done on any sample, regardless of its volume or concentration.
On other words, the projection method remotely measures the
whole sample at once regardless of the surroundings, and it is
high-speed compared to the conventional magnetic measure-
ments. Furthermore, the magnetic moments of the MNWs are
stable so they can be remotely and noninvasively excited by
a single excitation source, a magnetic field.

As shown in the ESI,} the Py;, indeed is the derivative of the
magnetization with respect to the Hy,. The peak of Py, determines
the average coercivity of the MNWs. Furthermore, its width and
overall shape are correlated to the standard deviation of the
coercivity and the interaction fields among the MNWs. Therefore,
we define the specificity of the MNWs as the derivative of the Py,
with respect to Hy, (dPy,/dHy,), shown in Fig. 4. That is because
the dPy,/dH}, determines the deformation or variation of the Py,
with respect to the Hj. In other words, the dPy,/dH,, is the
curvature of the magnetization that is a unique function of the
coercivity distribution and the interaction fields, which are solely
depend on the MNWs type, size, and arrangement.

According to Fig. 5, the derivative has two peaks that are
symmetric with respect to the coercivity, which is the location of
the Pyp's peak, see Fig. 5 ESL.f The symmetry of the peaks
significantly improves the ability of the projection method to
determine the component type and y inside a combination,
because it increases the opportunity to have distinct signatures.
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Fig. 4 Comparison of the accuracy of the magnetic characteristics
measured by the projection method for quantifying the volume ratios
(x) of the MNWs in combinations.
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Fig.5 The characteristic specificity of the MNWSs. The grey boxes suggest the most distinct peak that can be used to replicate the second peaks
and distinguish the biomarkers. All subfigures share the same horizontal axis.

The intermediate between the peaks, where the dPy,/dH, is
zero, determines the average coercivity. Moreover, the separa-
tion of the peaks is related to the standard deviation of the
coercivity and the interaction fields. Since the MNWs are
synthesized in the similar polycarbonate templates, it is ex-
pected to have similar standard deviation for the coercivity.
However, since the Co MNWs have larger crystal anisotropy and
magnetic moment compared to the Ni MNWs for the same
dimensions, the location of the intermediate point and the
distribution of the peaks are different between the Co and Ni
MNWs leading to distinguishable signatures for demultiplexing
them. Furthermore, for the same material, the coercivity
increases as the diameter decreases. For example, changing the
diameter from 30 nm to 200 nm moves the intermediate points
to smaller Hj, values. Therefore, the dPy,/dH;, can be further
engineered by changing the composition and diameters of the
magnetic nanowires leading in generating diverse signatures
for multiplexing/demultiplexing of the magnetically enriched
biological tissues.

13290 | RSC Adv, 2020, 10, 13286-13292

The grey boxes in Fig. 5 highlight the range of Hj, that can be
used to detect one of the MNW biomarker types as distinct from
the other, which we could call primary. If one of the secondary
MNW peaks is detected (specificity), the other peak can be
replicated due to symmetry, such that x can be quantified even
with an overlapping primary peak. Importantly, distinct peaks
can be engineered by careful design of MNW coercivity, which is
a function of the magnetic component, size, and aspect ratio
(diameter to length). For example, in these combinations, the
200 nm Co tissues did not enable combinations that were
demultiplexed with as high confidence as the other combina-
tions. This still means that 12 combinations of 2 tissue types
were successful. Further “barcodes” will be possible as this
technique is expanded to new MNW-loaded tissues as compo-
nents for new combinations.

Most biomarker signatures, such as the emission spectra of
optical biomarkers, have only one peak and that peak must be
distinct from the others. We believe the unique symmetric-peak
property of the MNWs, correlated with the projection method

This journal is © The Royal Society of Chemistry 2020
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and our straightforward analysis, opens a venue towards more
accurate and fast multiplexing/demultiplexing of the large
volume of biological entities that will fuel the progress of
molecular biology, nanomedicine, and medical therapies.

Conclusion

Here, we proposed a novel magnetic measurement, called the
projection method, for accurate and fast quantitative demulti-
plexing of the MNWs. We showed that the projection method
can rapidly and precisely illustrate the unique magnetic char-
acteristics of the MNWs by suppressing the influence of
extrinsic effects on intrinsic properties by scanning the vicinity
of the upper branch of the MNWs hysteresis loop. Our experi-
mental observations prove that the projection of the switching
response on the backward field (Pyy,), also known as irreversible
switching, is a reliable and accurate characteristic for
multiplexing/demultiplexing applications. More interesting, its
derivative has two peaks that provide more flexibility for
generating biomarkers with distinct characteristics compared
to optical biomarkers. The Py, and its derivative have a strong
dependence on the intrinsic properties of the MNWs, such as
spin-lattice coupling, with minimal extrinsic effects. This
finding along with our high-speed measurement protocol for
the projection method, 50x-100x faster than the conventional
magnetic measurements, makes the projection method
competitive to the expensive and complex current state of the
art of multiplexing techniques.
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