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Abstract

We know a great deal about the biochemistry of cells because they can be isolated and studied.
The biochemistry of the much more complex in vivo environment is more difficult to study
because the only ways to quantitate concentrations is to sacrifice the animal or biopsy the tissue.
Either method disrupts the environment profoundly and neither method allows longitudinal studies
on the same individual. Methods of measuring chemical concentrations in vivo are very valuable
alternatives to sacrificing groups of animals. We are developing microscopic magnetic
nanoparticle (mNP) probes to measure the concentration of a selected molecule in vivo. The mNPs
are targeted to bind the selected molecule and the resulting reduction in rotational freedom can be
quantified remotely using magnetic spectroscopy. The mNPs must be contained in micrometer
sized porous shells to keep them from migrating and to protect them from clearance by the
immune system. There are two key issues in the development of the probes. First, we demonstrate
the ability to measure concentrations in the porous walled alginate probes both in phosphate
buffered saline and in blood, which is an excellent surrogate for the complex and challenging in
vivo environment. Second, sensitivity is critical because it allows microscopic probes to measure
very small concentrations very far away. We report sensitivity measurements on recently
introduced technology that has allowed us to improve the sensitivity by two orders of magnitude, a
factor of 200 so far.

Index Terms
Magnetic particle imaging; perpendicular magnetic particle imaging; SMSB

[. Introduction

There are a host of applications where the concentration of a given chemical agent or
metabolite is needed for patient care [1]. Blood sugar, lactate reveal energy metabolism for
diabetics [2]. Hormones tell us about the patient’s physiological state. Drug concentrations
[3] and signaling molecules reveal a great deal about how well a given therapy is performing
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[4]. In most cases, a local concentration is needed to isolate the response of one organ from
another. Currently, physicians can only measure concentrations in blood or using biopsy.
Those are suboptimal for a great many applications. Biopsy needles are large enough to alter
signaling by themselves [5]. Blood levels are not useful in many circumstances because
hormones and signaling molecules are not specific to disease. For example, VEGF
stimulates blood vessel development in cancer and heart disease, but also around a paper cut
or even a needle stick [5]. Or the inflammation markers distinguishing successful from
failed cancer immune checkpoint therapy [6]—-[8] are also produced by a common cold or a
bacterial infection around a simple cut. There is a tremendous need to get the local
concentrations of specific metabolites in vivo.

We are developing microscopic probes to measure the concentration of agents locally over
time. Placing the probes anywhere in the body would be minimally invasive, and once
placed, they could be read out over time noninvasively using magnetic fields. The read out
would be based on magnetic spectroscopy of nanoparticle Brownian motion (MSB) [9]-
[12]. The probes described here are porous shells encapsulating magnetic nanoparticles
(mNPs) conjugated with aptamers that specifically bind the desired molecule. The shells
protect the mNPs from immune absorption and keep them localized allowing longitudinal
measurements. The targeted agent biomarker diffuses into the shell and binds two mNPs
together. The number of bound mNPs can be determined from their spectroscopic signal [9],
[10], enabling the concentration to be estimated from the spectra of the magnetization of the
mNPs in an alternating magnetic field.

The MSB is important because it has the potential for very high sensitivity. Nanoparticle
binding has been demonstrated previously using methods not amenable to in vivo use [13],
[14] or limited to superficial applications [15], [16]. The sensitivity achieved by measuring
the harmonics of the magnetization of mNPs should allow microscopic probes to be
envisioned; the previous method of measuring biomarker concentration in vivo at depth
required centimeter size probes to achieve sufficient signal [17]. Size is critical because the
tissue damage associated with probe insertion is much larger for biopsy needles or large
probes. In addition, lesions have to be larger than the probes for proper measurements so
large probes are limited in usefulness. In consequence, the probes in [17] were described as
measuring concentrations in blood where microscopic probes should be able to measure
concentrations in interstitial fluid. The reduction in tissue damage resulting from reduced
probe size should not be underestimated in an in vivo application.

We have showed that the methods work well in vitro [12] and have been working toward in
vivo capabilities. We are showing three important things that are needed for high impact in
vivo applications: we demonstrate that: 1) the chemistry functions well in the probes; 2) the
probes function adequately within a complex and challenging environment very like the
actual in vivo environment; and 3) the sensitivity can be improved to allow small probes to
measure very low concentrations.
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[l. Methods

Alginate probes were prepared using extrusion methods [18], [19]. Briefly, 1% sodium
alginate in water functioned as the anionic solution and 2% calcium chloride containing 1%
carboxymethylcellulose functioned as the cationic solution. Functionalized mNPs [12]
(Micromod, 100 nm hydrodynamic diameter, iron oxide, dextran coated) were added to the
cationic solution to achieve 1 mg/ml concentration. Droplets of the cationic solution were
injected into 100 ml of anionic solution under constant stirring to generate hollow core
beads. After alginate beads formed, they were rinsed with 2% calcium chloride three times,
and incubated in 0.01% calcium solution at 4 °C. The resulting probes proved stable for two
months. For spectroscopic measurements, calcium-alginated beads containing around 300 pg
mNP were used.

We used blood as a surrogate for the interstitial in vivo environment. Blood contains most of
the chemical complexities of the in vivo environment: the antibodies, enzymes, and a host of
other proteins large and small present in vivo are all present in blood. Other biological
samples are generally less problematic: urea, saliva, tissue, and so on. Blood is also the most
commonly collected biological sample and has the most complicated composition. It has
been shown that mNPs were readily taken in by cells resulting in a lower MSB signal [11].
Whole blood was harvested in an eppendorf tube containing heparin from the vena cava of
euthanized C57BL/6 mice using a 3 mL syringe and a 25G needle. The whole blood was
spun at 4500 r/min for 20 min at 4 °C, and the supernatant was used for experiments as
plasma.

The spectroscopic measurements for the probe data were acquired at 1270 Hz on our
original apparatus [9]-[12]. The ratio of the fifth over the third harmonics of the mNP
magnetization was used as a concentration-independent metric [9], [10].

In the second arm of this paper, we tested the sensitivity of a recently introduced
spectrometer that measures the magnetization perpendicular to the oscillating applied field.
The perpendicular magnetization is induced by applying a small static field perpendicular to
the oscillating applied field [20].

[1l. Results

First, the probes’ ability to measure concentrations in biological samples that mimic the in
vivo environment was demonstrated. Then, the improved sensitivity of new spectrometer
designs was demonstrated. The combination addresses two critical areas in the development
of microscopic in vivo probes.

1) ssDNA Detection in Different Biological Samples

As previously reported, using properly functionalized mNP, MSB is capable of detecting
proteins and DNA molecules with sub-picomole sensitivity [12]. Here, we demonstrate that
the same chemistry functions in blood. The MSB signals from mNP show different offsets in
different environmental conditions, Fig. 1. The high viscosity of plasma caused a lower
MSB signal, Fig. 1(b). The addition of cell uptake caused even lower MSB signals, Fig. 1(c)
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and [11]. However, the MSB signal dropped in response to increasing concentration of the
analyte in all of the conditions. In the presence of 2 nM complimentary single stranded DNA
(CSDNA), the decrease in MSB signal in buffer and plasma are comparable (4.7% and
5.1%, compared with the control). This result confirmed that the protein and other molecules
in plasma did not inhibit the binding between ligands on the mNP and analyte in samples.
But, when the samples are blood, which contains blood cells, the mNP cell uptake process
competes with the binding between analyte and ligands on mNPs, resulting in poorer
sensitivity. This demonstrates the need for shells to protect the mNPs from immune system
cells.

2) Encapsulated mNP as Sensing Probes

Alginate probes are attractive biodegradable and biocompatible material and have been used
in humans for drug delivery applications for many years. It is applied in this paper to
encapsulate the mNPs protecting them from absorption by phagocytes and other immune
system cells. First, the MSB signals of mNPs with and without alginate encapsulation were
compared in phosphate buffered saline (PBS) buffer, Fig. 2. The alginate shells were 1-2
mm in size for these experiments. These shells are already three orders of magnitude smaller
volumes than those previously used for in vivo measurements [17] and they can be made
much smaller [18], [19]. The capsulated mNPs produced reduced MSB signals partly
because the shell reduces rotational freedom, but it might also be attributed to stray strands
of alginate in the shell. The MSB signal dropping in the presence of 2 nM CSDNA was
4.7% and 3.7% without and with alginate encapsulation.

We further investigated the detection of alginate capsulated mNPs in whole blood the results
of which are shown in Fig. 3. The linear detection range is from 0 to 4 nM CSDNA. For 2
nM CSDNA, the signal dropped 4.0%, which is comparable with the result from detection in
buffer.

The two highest concentration points suggest the system is reaching a less sensitive region
and that needs to be further explored. We quantitate the analyte concentration via a
calibration curve and that curve tends to be steep at low concentrations producing high
sensitivity and less steep at higher concentrations where a significant proportion of the
binding sites are occupied [21]. This produces high sensitivity at low concentrations and
lower resolution at higher concentrations. The reduction in resolution at higher
concentrations also extends the dynamic range. However, the shoulder shown in Fig. 3
might be at too low a concentration to represent competitive binding effects. The
quantitation of analyte is still possible no matter what the genesis of the shoulder. We are
primarily interested in the lowest concentrations where mNPs are more likely to be bound in
pairs and the response is linear because that is most important physiologically. But, further
exploration is needed.

This result also confirmed that MNP uptake by cells was eliminated by encapsulation.

We selected alginate shells partly because they are biodegradable. However, that also means
their lifetime in biological environments is limited and our current probes have not yet been
optimized for stability or size distribution. The current beads swelled and slowly degraded in
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biological conditions. For example, in one experiment, the MSB signal lost 30% in 1 h (data
not shown). The harmonic ratios in Fig. 3 have been normalized for shell degradation using
a control shell with unfunctionalized mNPs. By optimizing the formulation process, the
stability of the alginate shells needs to be tuned to balance stability and biodegradability.

3) Improved Sensitivity Using sMSB

Previous spectroscopy used the harmonics of the magnetization induced in the magnetic
mNPs by an alternating magnetic field [9]-[12]. We recently showed that spectroscopy can
also be performed using a perpendicular component of the magnetization induced by a small
static field in the direction perpendicular to the alternating magnetic field [20]. It was termed
SMSB. One of the advantages of that geometry is that the pickup coil is geometrically
isolated from the large alternating field.

We implemented a second prototype SMSB spectroscopy system. The system used the
perpendicular geometry and epoxy was used to fix the drive and pickup coils. The feed-
through from the alternating magnetic field was minimized by rotating the pickup coil. The
feed-through was reduced enough to measure the Johnson noise of the pickup coil.

The sensitivity of the system was sufficient to measure 100 ng of Micromod mNPs. Our
previous apparatus [9]-[12] could only measure 20 ug of the same mNPs so we achieved an
improvement by a factor of roughly 200. Most of our data have been taken using 100 pug of
mNPs.

The difference between the 100 ng spectra and the empty baseline spectra in Fig. 4 is highly
significant; the p-value for the null hypothesis that the 100 ng spectra is different from the
empty spectra is 2 x 107/, It is clear that lower quantities of mNPs would be significantly
different from the empty spectra measurements so the sensitivity is actually higher. Using a
linear model, these data suggest that concentrations of 40 ng would be the minimum that is
significantly different from the empty spectra measurements taken without mNPs.

There are several other steps that will be taken to further improve the sensitivity including:
stabilizing the temperature of the coils and the power amplifier, optimized the design and
fabrication of the pickup coil, including the number of turns, magnetically shielding the
apparatus, and placing a smaller, low-noise preamp closer to the pickup coil in the read out
circuit.

IV. Conclusion

We demonstrated two critical aspects of the proposed methods of measuring molecular
concentrations in vivo that show that magnetic spectroscopy sensing techniques are capable
of measuring diagnostic concentrations of biomarkers in vivo with microscopic probes. First,
the probes formed of targeted mNPs encapsulated in porous alginate shells allowed
concentrations to be measured in blood. Blood effectively mimics many aspects of the in
vivo environment suggesting the system should be capable of in vivo use. The sensitivity
loss was minimal, less than a factor of four.
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cond, new spectrometer designs are able to improve the sensitivity a great deal; using the

improved geometry produced an improvement by a factor of 200-400 in the sensitivity to

na

noparticles reducing the amount of iron that has to be encapsulated, as well as increasing

the sensitivity to small analyte concentration changes.
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