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Abstract

Cellular imaging is a rapidly growing field as novel tracers and imaging techniques are developed. Magnetic particle
imaging (MPI) detects superparamagnetic iron oxide nanoparticles (SPIO), which can be used to label cells. The
unique detection of SPIO-labeled cells boasts MPI as a sensitive modality; as such, the type of SPIO has a critical role
in determining sensitivity and resolution. For cell tracking applications, the ideal SPIO should label cells efficiently
and retain its sensitivity after cellular uptake. VivoTrax™, a commercially available and commonly used SPIO for
MPI, was recently re-released as VivoTrax+™ with an improved size distribution enriched for larger particles. In this
study, VivoTrax+™ is shown to enhance cellular labeling and improve in vitro/in vivo sensitivity. Importantly, the
sensitivity of both SPIO significantly decreased after cellular internalization. The results from this study emphasize

the importance of translating SPIO performance in vivo to maintain its utility for cell tracking applications.

. Introduction

Cellular imaging can answer many fundamental ques-
tions about the presence, numbers, persistence, and de-
livery of cell therapies. Magnetic particle imaging (MPI)
is a non-invasive, non-ionizing, sensitive modality capa-
ble of tracking cells labeled with superparamagnetic iron
oxide nanoparticles (SPIO). Importantly, signal is propor-
tional to iron content, which, combined with a measure
of iron per cell, can be used to quantify cell number. As a
tracer-based modality, the type of SPIO has a critical role
in determining sensitivity and resolution. The ideal SPIO
for cell tracking should label cells efficiently, without in-
ducing cytotoxicity, and retain magnetic properties after
cellular internalization.

VivoTrax™ (Magnetic Insight Inc.), or ferucarbotran,
is a common MPI tracer and has been used to detect
a variety of cell types [1-8]. Although widely used, it is
not considered optimal for MPI due to its bimodal size
distribution comprised 0f30% 25-30 nm cores and70%
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5 nm cores [9,10]. The smaller cores do not magnetize
sufficiently, leaving a small fraction of particles that con-
tribute to signal. Recently, Magnetic Insight released Viv-
oTrax+™, a filtered form of VivoTrax™ that increases the
fraction of larger cores for improved MPI performance.
This study directly compares the two agents by assessing
sensitivity, cell labeling efficiency, and in vivo imaging.

Il. Material and methods

I1.1. Cell Labeling

A2058 human melanoma cancer cells were cultured at
37° in complete Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, Waltham, Massachusetts) un-
til 90% confluent. VivoTrax+™ and VivoTrax™ were
added to separate cultures (200pg Fe/mL) either with
protamine sulfate (0.24 mg/mL) and heparin (8 USP
units/mL) as transfection agents (TAs), or without the

(© 2022 Infinite Science Publishing


mailto:jgevaert@uwo.ca
https://dx.doi.org/10.18416/ijmpi.2022.2203084
https://dx.doi.org/10.18416/ijmpi.2022.2203084

International Journal on Magnetic Particle Imaging

A B

AR

o oA
£ oo o Al >
£ : b
© g MY kGl =
= - o 4 "% i
9 > Ot NS .

- .

Sless “e# o . )
>% g 1 r:; "
L D e Tl T
X b i 5
© £ A
U % i
>| ) g L
> . v 4 %

1as +TAs +TAs +TAs

Before Ficoll-Pacque After Ficoll-Pacque After magnetic separation

Figure 1: PPB of A2058 cancer cells labeled with VivoTrax+™
and VivoTrax™ (A) without TAs (B) with TAs (C) after Ficoll-
Pacque and (D) after magnetic separation.
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Figure 2: Relaxometry showing the signal of labeled cells be-
fore and after Ficoll-Pacque and after magnetic column sepa-
ration for (A) VivoTrax+™ and (B) VivoTrax™.

addition of TAs. After overnight incubation, cells were
washed 3 times with phosphate-buffered saline (PBS).
Cell counting and viability was determined using the
trypan-blue exclusion assay (Countess Automated Cell
Counter; Invitrogen). Perls Prussian Blue (PPB) staining
was then performed to assess iron labeling.

For cells labeled with TAs, Ficoll-Pacque density gra-
dient separation was applied to remove remaining extra-
cellular iron after PBS washing. Cells were suspended
in 6 mL media and carefully layered over 3 mL Ficoll-
Pacque in a 15 mL falcon tube then spun at 400 x g for
20 minutes without brakes. Cells were collected at the
interface of the two solutions, then separation of labeled
from unlabeled cells was conducted with a magnetic col-
umn. Cells were resuspended in 2 mL PBS and incubated
for 5 minutes in an EasySep™ magnet (Stemcell Tech-
nologies, Vancouver, CAN) at room temperature. Flow
through of unlabeled cells was discarded while SPIO+
cells remaining in the tube were collected.

At each labeling stage (before Ficoll-Pacque, after
Ficoll-Pacque, and after magnetic column separation),
PPB staining was performed and samples containing
1 x 108 cells suspended in250 nL PBS were collected for
MPI acquisitions. Only cells labeled with TAs were used
for further experiments.
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Figure 3: Signal of VivoTrax+™ and VivoTrax™ before (free)
and after cellular uptake (intracellular).

In vitro and In vivo MPI
Acquisitions

MPI relaxometry was performed on triplicate samples
containing 1 x 108 VivoTrax+™ or VivoTrax™ labeled
cells from each labeling stage using the RELAX™ mod-
ule equipped on the Momentum™ scanner (Magnetic
Insight Inc.). Relaxometry curves were analyzed using
Prism software (9.3.0, GraphPad Inc.) for sensitivity val-
ues (peak signal) between the different labeling stages
and to compare SPIO sensitivity before (free) and after
cellular uptake (intracellular).

To assess the effects of extracellular iron on MPI sig-
nal, samples containing 62.5K, 31.3K, 15.6K, 7.8K, and
3.9K (K = 1000) VivoTrax+™ or VivoTrax™ labeled cells
suspended in250 pL PBS were made from each labeling
stage. Projection images were acquired in 2D with a 3.0
T/m selection field gradient and drive field strengths of
22 mT and 26 mT in the X and Z axes, respectively. These
2D images took2 minutes to acquire for a 12 x 6 cm field
of view (FOV).

In vivo imaging was performed on nude mice 24
hours post intravenous (IV) injections of 40 pL (220 pg
Fe) VivoTrax+™ (n = 3) and VivoTrax™ (n = 3). Prior
to imaging, mice were fasted for 12 hours with only wa-
ter, a laxative, and corn bedding in their cage, to reduce
gastrointestinal signal. Mice were anesthetized with 2%
isoflurane and maintained with 1% isoflurane during
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Figure 4: 2D MPI of cell samples (A, D — before Ficoll-Pacque,
B, E — after Ficoll-Pacque, C, F — after magnetic separation).

imaging. The same image parameters were used for 3D
imaging, which combines 35 projections (30 min).

All images were analyzed using open-source Horos™
image analysis software (version 3.3.6, Annapolis, MD
USA). MPI signal was measured using a region of interest
(ROI) that selects signals that exceed 5 times the standard
deviation of system noise [11].

I1l. Results and discussion

I1I.1. VivoTrax+™ has a higher labeling
efficiency

Without TAs, most iron remained extracellular with mini-
mal uptake in cells for both VivoTrax+™ and VivoTrax™
(Fig. 1A). Adding TAs enhanced iron uptake in these less
phagocytic cells (compared to macrophages), but also
produced extracellular clumps of iron (Fig. 1B). Ficoll-
Pacque efficiently removed extracellular iron (Fig. 1C).
After magnetic separation, unlabeled cells were removed
(Fig. 1D). Visually, panels C and D are similar indicating
most cells were labeled and few were removed after mag-
netic separation. Qualitatively, VivoTrax+™ improved
uptake in cells compared to VivoTrax™.,

After Ficoll-Pacque, the MPI signal decreased by30%
for VivoTrax+™ (Fig. 2A) and50% VivoTrax™ (Fig. 2B)
because of extracellular iron being removed. There was
no significant change in MPI signal after magnetic sepa-
ration, indicating few cells were unlabeled. This result
shows that extracellular iron will overestimate the MPI
signal associated with cells, thus the Ficoll-Pacque tech-
nique may be critical for accurate quantification of la-
beled cells.
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Figure 5: In vivo MPI signal of VivoTrax+™ and VivoTrax™
after IV injections in nude mice. Significantly more signal was
detected in mice injected with VivoTrax+™ than VivoTrax™.

I11.1l. MPI signal decreases after cellular
uptake

Relaxometry of free and intracellular VivoTrax+™ and
VivoTrax™ is shown in Fig. 3. The MPI signal was?2.4
times higher for free VivoTrax+™ compared to free Viv-
oTrax™ (111.8 vs. 46.6). After cellular internalization,
the signal was reduced by4 times for VivoTrax+™ and2
times for VivoTrax™. This has been shown to be related
to the confined intracellular environment and aggrega-
tion of iron cores which slows relaxation [12-15]. This ef-
fect was greater for VivoTrax+™ and might be explained
by larger aggregates forming inside the cell from a higher
fraction of larger cores.

LI VivoTrax+™ improves cellular
sensitivity

As few as 15.6K VivoTrax+™ labeled cells were detected
using 2D imaging after all 3 labeling stages (Fig. 4A-C).
With VivoTrax™, 15.6K cells were only visible before
Ficoll-Pacque because of extracellular iron contribut-
ing to MPI signal (Fig. 4D). After extracellular iron was
removed, MPI signal decreased, and only 31.3K cells
were detected (Fig. 4E). After magnetic separation, there
was a slight decrease in signal, and only as few as 62.5K
cells were detected (Fig. 4F). This may be explained
by the column removing lightly labeled cells. Overall,
VivoTrax+™ detected fewer cells with improved label-
ing; 7.5 pg Fe/cell compared to VivoTrax™ with 4.2 pg
Fe/cell. Extracellular iron prior to Ficoll-Pacque falsely
contributed to cell signal with VivoTrax™, overestimat-
ing sensitivity.

IHLIV. VivoTrax+™ improves in vivo
sensitivity

Six nude mice were imaged with MPI following ivinjected
VivoTrax™ (n = 3) or VivoTrax+™ (n = 3) positioned as
shown in Fig. 5A. MPI signal was observed in the mouse
liver 24 hours post-injection, a result of uptake of iron by
phagocytic Kupffer cells. Significantly more signal was
detected in the livers of mice injected with VivoTrax+™
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compared to VivoTrax™ (Fig. 5B-D), demonstrating im-
proved in vivo sensitivity. Residual iron from the injec-
tion is seen in the tail for Mouse 2 (Fig. 5D).

IV. Conclusions

This study demonstrates the improved performance of
VivoTrax+™ and its potential use for cell tracking ap-
plications. VivoTrax+™ had a higher labeling efficiency
compared to VivoTrax™, using transfection agents as
alabeling strategy to enhance cellular uptake. Further-
more, a higher cellular sensitivity was achieved, and sig-
nificantly more MPI signal was detected in the liver of
nude mice 24 hours post IV SPIO-injection. Cellular in-
ternalization significantly reduced the sensitivity of both
SPIO, particularly with VivoTrax+™. This phenomenon
impacts the magnetic relaxation properties of the SPIO
after cell internalization, directly affecting MPI sensitivity
and resolution. In addition to retaining magnetic proper-
ties, labeling cells efficiently is imperative for improving
cellular sensitivity. With the rapid development of SPIO,
these factors must be considered for cell tracking appli-
cations. This study paves a pathway for testing SPIO
sensitivity initially as a free agent to its in vitro and in
vivo performance, translating its utility to cell tracking
applications.
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