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ABSTRACT

There is momentum towards implementing patient-derived xenograft models (PDX) in cancer research to reflect the 
histopathology, tumor behavior, and metastatic properties observed in the original tumor. To study PDX cells preclinically, 
we used both bioluminescence imaging (BLI) to evaluate cell viability and magnetic particle imaging (MPI), an emerging 
imaging technology to allow for detection and quantification of iron nanoparticles. The goal of this study was to develop 
the first successful iron labeling method of breast cancer cells derived from patient brain metsastases and validate this 
method with imaging during tumor development. The overall workflow of this labeling method is as follows: adherent 
and non-adherent luciferase expressing human breast cancer PDX cells (F2-7) are dissociated and concurrently labeled 
after incubation with micron-sized iron oxide particles (MPIO; 25 μg Fe/ml), with labeling validated by cellular imaging 
with MPI and BLI. In this study, NOD/SCID/ILIIrg−/− (n = 5) mice received injections of 1 × 106 iron-labeled F2-7 cells 
into the fourth mammary fat pad (MFP). BLI was performed longitudinally to day 49 and MPI was performed up to day 
28. In vivo BLI revealed that signal increased over time with tumor development. MPI revealed decreasing signal in the 
tumors over time. Here, we demonstrate the first application of MPI to monitor the growth of a PDX MFP tumor and the 
first successful labeling of PDX cells with iron oxide particles. Imaging of PDX cells provides a powerful system to better 
develop personalized therapies targeting breast cancer brain metastasis.

Keywords: bioluminescence imaging, breast cancer, cellular imaging, magnetic particle imaging, patient-derived xe-
nografts

INTRODUCTION

Breast cancer is one of the most common cancers seen in women, 
currently affecting 1 in 8 women in North America [1]. Mortality asso-
ciated with this disease is caused most frequently by metastasis, which 
is the spread of cancer from the primary tumor to other distant locations 
in the body. In breast cancer, these locations often include the brain, 
bone, lungs, and lymph nodes [2]. For brain metastases in particular, 
prognosis is poor, with mean 1-year survival rates of only 20% [3], and 
2-year survival rates of < 2% [4]. Additionally, the incidence of brain 
metastasis (BM) is increasing, as neuroimaging techniques improve 
and treatments that allow for longer patient survival permits more time 
for cells to metastasize to the central nervous system [5]. Insight into 

the mechanisms and pathophysiology of breast cancer brain metastasis 
have long relied on the use of immortalized cell lines that have been 
injected intracardially into the left ventricle of the mouse heart in order 
to selectively grow tumors within the brain. While these cell lines have 
been well characterized, they do not represent the tumor heterogeneity, 
metastatic behaviours, and histopathology seen clinically, and are un-
suitable for evaluating therapies due to their fast progression in vivo [6].

Patient-derived xenografts, or PDXs, have begun to supplant tradition-
al cell lines due to their retention of clinical biomarkers and heterogeneity 
from the original tumor [7]. In recent years, PDXs have been developed to 
grow in the mammary fat pad of NOD/SCID/ILIIrg−/− (NSG) mice, with 
a long-term objective to advance personalized medicine. This strategy 
has shown exciting progress for the development of novel PDXs from 
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brain metastases in breast cancer patients. In 2017, Contreras-Zárate et al. 
developed BM-PDXs to study the biology of brain metastasis and to 
serve as tools for testing novel therapeutic approaches [8]. These novel 
BM-PDXs retained intratumoral heterogeneity and metastatic potential, 
providing a clinically relevant model to study mechanisms of brain 
metastatic colonization and slower progression to allow for therapeutic 
testing. Currently, most PDX models are typically studied using methods 
such as histology, immunohistochemistry, and fluorescent microscopy, 
limiting the ability to study these models before an experimental end-
point has been reached. Tools that enable the longitudinal study of the 
fate of BM-PDXs would provide valuable information to characterize 
to the mechanisms and metastatic patterns in vivo.

Cellular imaging and cell tracking can be used to study cancer cell 
populations and metastatic processes in vivo. Bioluminescence imaging 
(BLI) with the reporter firefly luciferase (Fluc) has been widely utilized 
for tracking preclinical models of cancer. BLI is a valuable imaging 
modality as it allows for the longitudinal study of cell viability. Fluc 
BLI requires adenosine triphosphate (ATP) as a co-factor, and thus, the 
signal measured with BLI is directly proportional to the number of viable 
cells in a region of interest [9]. This modality is exceptionally useful 
when measuring treatment and therapeutic response, as cell viability 
may change but tumor volumes can remain unaltered.

Our group has previously shown that BLI can be complemented with 
iron-based cellular MRI technology to provide longitudinal measures 
of cancer cell viability in preclinical models [10]. Iron-based cellular 
MRI requires cells to be loaded with superparamagnetic iron oxide 
nanoparticles (SPIONs) and has shown to provide single cell sensitiv-
ity [11]. However, a limitation of this modality is that SPIONs create 
regions signal loss where iron-labeled cells are present in images, and 
so, determining the quantitation of signal loss is challenging and it is 
not possible to determine cell number [12]. Magnetic particle imaging 
(MPI) is an emerging imaging modality that directly detects SPIONs 
[13], resulting in a positive signal that appears as a “hot spot” in images. 
The signal strength detected is linearly proportional to the number of 
SPIONs, allowing for quantitation [14]. Presently, MPI has been used 
as a cell tracking modality for immortalized cancer cell lines [15], 
stem cells [16-18], pancreatic islets [19], T-cells [20] and macrophages 
[21,22]. However, no studies exist studying the growth of patient-derived 
xenografts labeled efficiently with an SPION in vivo.

Efficient iron labeling of a patient-derived xenograft cell line presents 
a challenge due to the mixed and heterogeneous population of cells. In 
this work, we report the first iron-labeling method for a patient-derived 
xenograft cell line and validate its utility for cell tracking with MPI 
and BLI.

MATERIALS AND METHODS

F2-7 cell line origin and cell culture
A firefly luciferase and enhanced green fluorescent protein (eGFP) 

expressing patient-derived xenograft cell line (F2-7) was obtained from 
the Cittely Lab (UC Denver), and was originally developed from a tri-
ple-negative brain metastatic patient-derived xenograft [8]. F2-7 cells 
were maintained in T75cm2 flasks coated with collagen-I (1 mg/ml) for 
2 h to encourage attachment. 12 ml of Dulbecco’s modified Eagle’s 
medium (DMEM)-F12 supplemented with 10% of fetal bovine serum 

(FBS), 1 μg/ml hydrocortisone, 100 ng/ml of cholera toxin, and 1 nM of 
insulin was added to flasks after collagen coating. Cells grew under 37°C 
and 5% CO2. Since cells grow as both non-adherent mammospheres 
and adherent single cells, both populations require maintenance with 
each passage.

MPIO labeling procedure

Day 1
DMEM-F12, PBS, and trypsin were heated at 37°C for 30 min in a 

water bath. Conditioned media and non-adherent cells were collected 
into 15 ml conical tubes from confluent flasks of F2-7 cells. Conical 
tubes were centrifuged with a ThermoFisher Cytospin 4 for 5 min at 
900 rpm, and the supernatant was removed and stored for future use 
as conditioned media. 1 ml of 0.25% Trypsin-EDTA was added to the 
cell pellet within the conical tube and was placed in the water bath for 
2 min to trypsinize cells. In parallel, 1 ml of 0.25% Trypsin-EDTA 
was added to the flask with remaining adherent cells and incubated for 
approximately 5 min. Once adherent cells and mammospheres were 
dissociated, cell populations were mixed and resuspended in 5 ml of 
fresh media. After, the mixed population of cells were centrifuged again 
at 900 rpm for 5 min. The supernatant with trypsin was removed, and the 
cell pellet was resuspended in 2–5 ml. Cells were assessed for viability 
with Trypan blue exclusion assay and counted to achieve the correct 
volume of media to plate 2 × 106 cells. Cells were plated in uncoated 
T75 cm2 flasks to discourage attachment with 50% fresh media and 50% 
conditioned media. To iron label these cells, 3 methods of iron labeling 
were performed to determine the most efficient labeling technique. In 
the first trial, cells were supplemented with 25 μg Fe/ml of micron-sized 
iron oxide particles (MPIO) (0.9 μm diameter, ~63% magnetite, labeled 
with Flash Red; Bangs Laboratory, Fishers, IN, USA), and swirled in 
the flask to mix. The second trial used the 50 ug Fe/ml of the same 
MPIO, and the third used 25 ug Fe/ml with a magnetic plate under the 
flask to allow for magnetofection [23]. Following this, all flasks were 
incubated for 24 h.

Day 2
After 24 h, cells from the flasks were harvested and dissociated in 

accordance to the protocol in Day 1. After, cells were harvested and 
washed with 10 ml PBS in the flask to remove unincorporated MPIO. 
Cells were centrifuged at 900 rpm for 5 min. This process was repeated 
thrice to thoroughly remove unincorporated MPIO prior to cell injec-
tions. Cell viability was assessed and calculated using the Trypan blue 
exclusion assay. A simplified visual of this protocol is shown in Figure 1.

Assessing iron labeling
To visualize MPIO labeling, labeled cells were affixed to a glass 

slide with a ThermoFisher Cytospin 4 cytocentrifuge and fixed with a 
Methanol/Acetic acid solution. Slides were then stained with a Perl’s 
Prussian Blue (PPB) solution and counterstained with Nuclear Fast Red. 
Slides were dehydrated with increasing concentrations of ethanol, cleared 
with xylene, and coverslipped with a xylene-based mounting medium. 
These PPB-stained slides were examined to assess the localization of 
MPIO within the cell to determine the labeling efficiency using a Zeiss 
AXIO Imager A1 Microscope (Zeiss Canada, Toronto, ON, Canada). 
Iron oxide particles appear dark blue, and cells appear light pink in color.
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Figure 1. A simplified illustration of the workflow to efficiently label patient-derived xenograft cells with iron-oxide particles. Created with 
BioRender.com.

Animal model and workflow
All animals were cared for in accordance with the standards of the 

Canadian Council on Animal Care, under an approved protocol of the 
University of Western Ontario’s Council on Animal Care and housed 
in a pathogen-free barrier facility. Female NSG mice (n = 5) (NOD.
Cg-PrkdcscidIl2rgtm1Wjl/SzJ, 6–8 weeks, Humanized Mouse and 
Xenotransplantation Facility, Robarts Research Institute, University of 
Western Ontario, London, ON) were first anesthetized with isoflurane 
(2% in 100% oxygen). NSG mice were then injected into the fourth 
mammary fat pad (MFP) with a suspension of 1 × 106 MPIO-labeled 
F2-7luc/eGFP+ cells in 50 μl of sterile saline and 50 ul of Matrigel. Mice 
were imaged with BLI (n = 2) out to day 49 and MPI (n = 3) out to day 
28. At endpoint, mice were sacrificed by isoflurane overdose. Tumors 
were excised and placed in paraformaldehyde. Ex vivo MFP tumor 
volumes were estimated using the following formula = 0.52 (width)2 
(length) to approximate the volume of an ellipsoid (mm3). Fixed MFP 
tumors were then processed, paraffin embedded and then cut into 5 μm 
sections with 5 sections placed on each slide. Immunohistochemistry 
was performed on contiguous slides for epidermal growth factor receptor 
(EGFR) and cytokeratin 5 (CK5) and the subsequent slide was stained 
with hematoxylin and eosin (H&E),

In vitro BLI procedure
To evaluate the relationship between cell number and BLI signal, 

cells were seeded in 24-well plates in 0.5 ml of growth medium at con-
centrations of 2 × 105, 6 × 105, 1 × 106 cells per well. Cells were allowed 
to adhere for 24 h and then 5 μl of D-luciferin (30 mg/ml) was added 
to the cell media 2 min prior to imaging using a hybrid optical/X-ray 
scanner (IVIS Lumina XRMS In Vivo Imaging System, PerkinElmer). 
Region-of-interest (ROI) analysis was performed for each well using 
Living Image Software (IVIS Imaging Systems, PerkinElmer) and 
data is expressed as the average radiance (photons/sec/cm2/steradian).

In vivo BLI procedure
BLI was performed on NSG mice (n = 2) on days 4, 28, 35, 42, and 

49 using a hybrid optical/X-ray scanner (IVIS Lumina XRMS In Vivo 
Imaging System, PerkinElmer). Mice were anesthetized with isoflu-
rane (2% in 100% oxygen) using a nose cone attached to an activated 
carbon charcoal filter. Mice received a 100 ul intraperitoneal injection 
of D-luciferin (30 mg/ml), and luminescent images were captured for 
approximately 35 min to obtain the peak signal at each imaging session. 
Region-of-interest (ROI) analysis was performed for each mouse using 
Living Image Software (IVIS Imaging Systems, PerkinElmer) and 
data is expressed as the average radiance (photons/sec/cm2/steradian).
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MPI acquisition
Full body MPI images of mammary fat pad tumor bearing NSG mice 

(n = 3) were acquired at days 0 (30 min post-injection), 7, 14, and 28. 
Images were collected on a MomentumTM scanner (Magnetic Insight Inc., 
Alameda, CA, USA) using the 3D high sensitivity isotropic (multichannel) 
scan mode. In this mode, images were acquired using a 5.7 T/m gradient, 
21 projections and a FOV (field of view) of 12 × 6 × 6 cm, for a total scan 
time ~18 mins per mouse. Mice were anesthetized with 2% isoflurane in 
100% oxygen for the entirety of the scan. 3D high sensitivity isotropic 
images of ex vivo tumors (n = 2) removed on Day 40 were acquired 
using the same parameters and a FOV of 4 × 6 × 6 cm, for a total scan 
time of ~12 min.

MPI calibration and signal quantification
To generate a calibration curve for converting MPI signal to iron 

content, samples were made with 2 μl aliquots of MPIO and 2 μl PBS 
and were imaged using the 3D high sensitivity isotropic parameters. 
The FOV was 12 × 6 × 6 cm. The following samples were scanned 
separately: 0.175 μg, 0.35 μg, 0.70 μg, 1.40 μg, 2.80 μg, 5.6 μg. Images 
were analyzed using the open-source Horos imaging software, version 
3.3.5 (Annapolis, MD USA). To quantify the MPI signal in each image 
set, signal intensities were set to full dynamic range in order to represent 
the full range of signal in each specific ROI, such as the calibration 
samples and mammary fat pad tumors. Areas of interest were then seg-
mented manually, and 3D volumes were reconstructed and calculated 
using the Horos volume algorithm. The total MPI signal was calculated 
using the equation mean signal × volume (mm3).

Hematoxylin and eosin staining
Sections were washed briefly in distilled water, stained in Harris 

hematoxylin solution for 5 min and differentiated in 1% acid alcohol 
for 30 s. After washing in 0.2% ammonia for 5 min, sections were 
counterstained in eosin-phloxine solution for 30 s; dehydrated through 
95% alcohol, 2 changes of absolute alcohol, and 5 min each. Sections 
were then dehydrated and cleared through 95% ethyl alcohol, absolute 
alcohol and xylene, and mounted with resinous medium.

Immunohistochemistry
EGFR and cytokeratin 5 immunostaining were performed using a 

rabbit anti-EGFR antibody (1:200 dilution; Cat. # ab32077, Abcam) 
and a rabbit anti-cytokeratin 5 antibody (1:200 dilution; Cat. # ab64081, 
Abcam). All sections were rinsed in PBS, incubated for 10 min in PBS 
containing 3% hydrogen peroxide, and immersed for 30 min in blocking 
reagent (Dako Protein Block, S0909, Dako). Sections were then incu-
bated with primary antibody at 4°C for 24 h followed by biotinylated 
horse anti-rabbit IgG secondary antibody (1:300 dilution; BA1100, 
Vector Laboratories) for 30 min at room temperature and rinsed in PBS 
for 3 changes for 5 min each. Tissue sections were processed using 
the (ABC) solution for 30 min (Vector Laboratories, Burlington, ON), 
and visualized with 3,3’-diaminobenzidine (0.5 mg/ml; Sigma-Aldrich 
Canada, Oakville, ON). Negative control staining (without addition of 
primary antibody) was performed on adjacent sections. Counterstain-
ing of EGFR and cytokeratin 5 stained sections was performed using 
hematoxylin. Slides were then dehydrated through 70–100% alcohol, 
cleared with xylene, and cover slipped for microscopic examination.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8 Software 

(GraphPad, San Diego, CA, SA). Pearson’s rank correlation was used 
to determine the relationship between total MPI signal and iron content. 
In vivo data was expressed as mean ± SD and analyzed with a one-way 
ANOVA. Differences were considered statistically significant at P < 0.05.

RESULTS

Cell labeling
For each trial of labeling, F2-7 cells had varying labeling efficiencies 

demonstrated by a PPB stain shown in Figure 2, with cancer cells ap-
pearing pink, and intracellular iron in blue. For trial 1 with 25 μg Fe/ml 
of MPIO, F2-7 cells were efficiently labeled with labeling efficiency 
of 81.80 ± 10.14% (Fig. 1A) and viability of over 90%. This labeling 
efficiency was deemed successful and the 25 ug Fe/ml of MPIO labeling 
procedure was used for the remainder of the study. The second trial, 
using the 50 ug Fe/ml of the same MPIO, resulted in a labeling effi-
ciency of 27.51 ± 1.19% (Fig. 1B). Finally, the third trial which used 
25 ug Fe/ml with a magnetic plate resulted in a labeling efficiency of 
5.55 ± 1.65% (Fig. 1C).

Bioluminescence imaging
F2-7/eGFP-luc cells were seeded at concentrations of 2 × 105, 6 × 

105, 1 × 106 cells per well and in vitro BLI was performed (Fig. 3A). A 
significant positive correlation was found between the number of F2-7/
eGFP-luc cells and BLI signal (R2 = 0.9664). Specifically, as seeded 
cell number increased, BLI signal also increased (Fig. 3B). In Figure 
3C, the BLI signal from a representative tumor is shown to increase 
over time with tumor development. No BLI signal was detected in any 
other region of the mouse body.

Magnetic particle imaging
A calibration line was generated to determine iron content for a 

given MPI signal based on the 3D, high sensitivity, isotropic parameters 
used to image MPIO. An example of the images of samples measured 
to generate calibration curves are shown in Figure 4A for MPIO and 
the calibration line generated from this data is shown in 4B. Based on 
this data, we determined here was a strong linear relationship between 
iron content and MPI signal (arbitrary units, A.U.) for MPIO (R2 = 
0.9836, P < 0.001). The equation of the line was: MPI Signal = 69.559 
(Iron Content) for MPIO. Using this relationship, iron content could be 
determined for a given MPI signal.

Figure 5A shows representative MPI of a tumor bearing mouse on 
day 0, 7, 14, and 28 post-injection of 1 × 106 MPIO-labeled F2-7 cells. 
MPI signal is clearly visualized in the lower, right MFP tumor, with 
signal decreasing over time (box). The mean iron content in the MFP 
tumors decreased significantly between day 0 (M = 4.06 ± 2.09 ug) and 
day 28 (M = 0.41 ± 0.25 ug) (P = 0.0095) (Fig. 5B). Note that some 
MPI signal can also be detected elsewhere in the body. Additionally, 
ex vivo MPI was performed on tumors removed on day 40 (Fig. 5C). 
A representative ex vivo tumor is shown in Figure 5D. The tumors 
measured 152.88 mm3 and 178.36 mm3, and the iron content was 0.05 
ug and 0.75 ug, respectively.
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Histology and immunohistochemistry
Tumors that formed from both the MPIO labeled and the unlabeled 

F2-7 cells retained expression of both EGFR and CK5, H&E stained 
sections confirmed the presence of tumor growth in the MFP (Fig. 6).

DISCUSSION

The increasing incidence of breast cancer brain metastases and its 
poor prognosis has highlighted the critical need for clinically relevant 
models to develop new therapeutic strategies and to understand the 
mechanisms underlying its progression. PDX models have been used 
increasingly to understand the role of tumor heterogeneity in the de-
velopment of novel drugs and metastatic progression, and while other 
groups have made exciting progress in this area, most methods employed 
have been performed ex vivo, through histology, or with immunohisto-
chemistry. Alone, these do not allow for the longitudinal study of cancer 
progression in vivo, and therefore, tools such as cellular imaging would 
be extremely valuable in further investigation and characterization of 
these models. Additionally, only a handful of studies exist that validate 
the engraftment and growth patterns of PDX models with imaging. At 

this time, only four studies have used MRI to image PDX models of 
breast cancer brain metastasis. In 2016, Ni et al. monitored therapeutic 
response to combination therapies by both MRI and BLI of an orthoptic 
PDX brain metastatic model [24]. In 2017, two novel brain metastatic 
PDX cell lines, including F2-7, as well as BM-E22-1, were imaged 
to determine successful engraftment and detect metastases within the 
mouse brain [8]. Sharma et al. also confirmed the tumor establishment 
of two PDX cell lines (PDX2147 and PDX1435) with MRI after 30 d 
[25]. In 2020, Oshi et al. developed new implantation techniques for 
higher engraftment and growth rates of a PDX model and monitored 
tumor development with MRI [26]. Including the mentioned study by 
Ni et al., only three studies have used BLI to monitor cell viability in 
PDX models of breast cancer brain metastasis. Turner et al. used BLI 
to monitor the response of two basal-like, triple-negative PDX cell 
lines (WHIM2 and WHIM30) to treatment [27]. Liu et al. described 
establishment of orthotopic mouse models of BCBM-PDXs and moni-
tored their engraftment with BLI [28]. To address this, we developed a 
novel method to label luciferase expressing PDX cells with iron-oxide 
particles to allow for the in vivo, longitudinal cell tracking with two 
imaging modalities for the first time.

Figure 2. Perl’s Prussian Blue (PPB) stains of F2-7 cells labeled with MPIO. A. PPB stain showing F2-7 cells labeled with 25 μg Fe/ml of MPIO, with 
labeling efficiency of 81.80 ± 10.14%. B. PPB stain showing F2-7 cells labeled with 50 μg Fe/ml of MPIO, with a labeling efficiency of 27.51 ± 1.19%. C. 
PPB stain showing F2-7 cells labeled with 25 ug Fe/ml and a magnetic plate, resulting in a labeling efficiency of 5.5 5 ± 1.65%.

Our group has previously demonstrated that BLI is a valuable tool 
for cell tracking preclinical models of breast cancer brain metastasis, 
as is it is able to provide longitudinal measures of tumor growth and 
indicates cell viability [10]. MPI is an emerging, highly sensitive imaging 
modality that can be used for cell tracking and offers the benefits of 
directly detecting iron-oxide nanoparticles to allow for the quantification 
of iron in a region of interest. These modalities are complementary, 

as BLI allows for real-time monitoring of viable cells longitudinally. 
However, experiences tissue attenuation of emitted light. MPI addresses 
this by providing a quantitative method to directly measure iron content 
within cells longitudinally but does not provide measures of viability 
or proliferation. Additionally, while MPI has been used to detect cell 
lines of breast cancer [15,29], to date, no studies exist demonstrating 
the labeling of PDX breast cancer cells with iron-oxide nanoparticles 
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to allow for MPI cell tracking.
In this work, we visualized the iron labeling of the luciferase ex-

pressing F2-7-eGFP with PPB stains and demonstrated that 25 μg Fe/
ml was the most successful labeling trial. The addition of the magnetic 
plate for labeling was likely ineffective due to the fact that the majority 
of these cells are in suspension during labeling, which differs from most 
studies which have labeled adherent cells. Previous work by our group 
has shown that this concentration of MPIO effectively labels immor-

talized cancer cells for the purposes of cell tracking [30]. However, the 
methods of labeling described in this work varies from the traditional 
labeling protocol of adherent cells due to the differences in homogeneity 
and complex cell culture required to grow PDX cells. Consequently, a 
limitation of this method is that labeling efficiency may vary due to the 
mixed cell populations within established PDX cell lines. Future work 
will investigate labeling trials with different iron particles and whether 
this changes the visualization of these cells in vivo with MPI or MRI.

Figure 3. In vitro and in vivo bioluminescent imaging of F2-7luc/eGFP+ cells. A. F2-7luc/eGFP+ cells seeded at various concentrations. B. A strong 
linear correlation is seen between cell number and BLI signal; R2 = 0.9664. C. BLI signal from a representative tumor is shown to increase over time with 
tumor development from day 4 to day 49.

In this model, F2-7 mammary fat pad tumors were monitored out to 
day 42 with BLI. BLI signal increased over time, demonstrating that the 
PDX cells had successfully engrafted and were proliferating over time. 
In contrast, the MPI signal from the MFP decreased over time during 
the 28-day period. This may be related to the clearance of iron released 
from dead labeled cancer cells. We observed MPI signal elsewhere in 
the body, which may be signal from the gut and attributed to iron in the 
mouse feed, or signal from the liver, which may result from clearance 
of iron from the tumor. Wang et al. have shown that when iron-labeled 
islets were transplanted under the kidney capsule MPI signal is detected 

in the kidney on day 1 post-transplant but on day 14 MPI signal also 
appears in the liver, where the released iron particles accumulate [19]. 
These observations require more study. Future work will investigate 
this signal located in elsewhere in the body through ex vivo imaging 
and iron quantification with MPI.

Our group and others have used either BLI or MPI to detect iron-la-
beled cancer cells in vivo. However, only one study has used both 
modalities [29], although they performed imaging at a single timepoint 
in a single mouse. We have previously shown that labeling cancer cells 
with iron-oxide nanoparticles does not significantly affect cell viability, 
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proliferation, apoptosis, or metastatic efficiency, demonstrating that 
this labeling agent is an effective technique to track cells in vivo [11]. 
With the increased use of PDX models as a platform to study cancer 

metastasis and develop novel drugs and therapeutics, this method 
provides a reliable and efficient method to determine the fate of these 
cells in vivo and their response to therapeutic treatments.

Figure 4. MPI calibration line generation and signal quantification. A. Images of MPIO samples measured to generate calibration curves. B. A strong 
linear relationship is seen between iron content and MPI signal. The asterisks in the equation represents a multiplication sign. R2 = 0.9836.

Figure 5. In vivo and ex vivo MPI of mammary fat pad tumors. Representative MPI of a tumor bearing mouse on day 0, 7, 14, and 28 post-injection 
of 1x106 MPIO-labeled F2-7 cells, with images window-leveled to the tumor (orange box). B. Quantification of mean iron content over time in MFP tumors 
decreasing significantly between day 0 (M = 4.06 ± 2.09 ug) and day 28 (M = 0.41 ± 0.25 ug) (P = 0.0095). The double asterisks represents statistical 
significance, indicating (P = 0.0095). C. Representative MPI of an ex vivo tumor removed on day 40. D. A representative ex vivo tumor of F2-7 cells.
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Figure 6. Expression of cytokeratin 5 (CK5) and estrogen growth factor receptor (EGFR) in MPIO-labeled and unlabeled F2-7 MFP tumors and 
corresponding hematoxylin and eosin (H&E) staining.
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