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Abstract

Purpose—To design, fabricate, characterize and in vivo assay clinically viable magnetic particles 

for MRI-based cell tracking.

Methods—PLGA encapsulated magnetic nano- and microparticles were fabricated. Multiple 

biologically relevant experiments were performed to assess cell viability, cellular performance and 

stem cell differentiation. In vivo MRI experiments were performed to separately test cell 

transplantation and cell migration paradigms, as well as in vivo biodegradation.

Results—Highly magnetic nano- (~100 nm) and microparticles (~1–2 μm) were fabricated. 

Magnetic cell labeling in culture occurred rapidly achieving 3–50 pg Fe/cell at 3 hrs for different 

particles types, and >100 pg Fe/cell after 10 hours, without the requirement of a transfection agent, 

and with no effect on cell viability. The capability of magnetically labeled mesenchymal or neural 

stem cells to differentiate down multiple lineages, or for magnetically labeled immune cells to 

release cytokines following stimulation, was uncompromised. An in vivo biodegradation study 

revealed that NPs degraded ~80% over the course of 12 weeks. MRI detected as few as 10 

magnetically labeled cells, transplanted into the brains of rats. Also, these particles enabled the in 

vivo monitoring of endogenous neural progenitor cell migration in rat brains over 2 weeks.

Conclusion—The robust MRI properties and benign safety profile of these particles make them 

promising candidates for clinical translation for MRI-based cell tracking.

Introduction

The field of MRI-based cell tracking has recently graduated from a research tool on animal 

models to clinical investigations with patients (1). The foundation behind MRI-based cell 

tracking is the use of superparamagnetic iron oxide particles for magnetic cell labeling. 
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Using MRI experiments sensitive to local magnetic field inhomogeneities, i.e. T2 and/or T2
* 

mechanisms, these particles can be detected, generally as dark contrast (2, 3). Thus, by 

labeling cells with these particles, detection of the particles indirectly reports on the location 

of the cells. This principle has been used experimentally to monitor many cell transplant 

paradigms, from the migration of transplanted neural precursor cells in brain injuries (4), to 

hematopoietic and mesenchymal stem cells in myocardial infarct models (5), to immune cell 

trafficking (6).

Commonly used iron oxide nanoparticle formulations consist of either a 5 nm ultrasmall 

particle of iron oxide (USPIO) or 7 nm small particle of iron oxide (SPIO) crystal coated 

with dextran (7), bringing the total particle hydrodynamic size to 30 or 150 nm, respectively 

(8, 9). The 7 nm core/150 nm diameter SPIO, previously sold commercially as Feridex, was 

the most commonly used particle in the field and has been used for MRI-based cell tracking 

in humans (1). It must be emphasized that Feridex, while FDA approved for liver MRI, was 

not FDA approved for magnetic cell labeling. In most studies using iron oxide nanoparticles 

to visualize macrophage infiltration in humans, the iron oxide agent has been various non 

FDA-approved USPIOs, not Feridex (10).

An important characteristic of (U)SPIOs in general is that they are biodegradable within 

cells, with the iron entering the systemic iron pool of the individual (11). However, this 

advantage is overshadowed by numerous disadvantages as the particles relate to MRI-based 

cell tracking. First, USPIO and SPIO are less than 0.1% iron by volume. This results in 

extraneous space that could be filled with additional magnetic material. A second 

disadvantage is that (U)SPIOs require prior complexation with a transfection agent, either 

poly-l-lysine or protamine sulfate, in order to achieve sufficient cell labeling to enable in 

vivo detection (12–16). This introduces an additional experimental measure, potentially 

complicating clinical use. Third, a major disadvantage is that the FDA approved material, 

Feridex, is no longer being manufactured. While similar particle formulations continue to be 

sold by third parties, these products are not FDA approved.

Recently, a nanocomplex consisting of ferumoxytol with protamine sulfate and heparin 

(HPF) has been proposed as a clinically viable option for magnetic cell labeling (17). 

However, as with previous (U)SPIOs, prior complexation is required for iron oxide 

internalization and low intracellular iron concentration is achieved, ~ 0.75 – 2.5 pg Fe/cell, 

making sensitive detection of labeled cells challenging (17). Taken together, these three 

disadvantages strengthen the rationale to start over with a more robust magnetic cell labeling 

agent.

Inert micron sized iron oxide particles (MPIOs) have been introduced as an alternative to 

(U)SPIOs (2, 18). Many versions of these particles are available commercially. The 

construction of the beads incorporates multiple nanometer sized iron oxide cores within inert 

polymer matrices, thereby maintaining superparamagnetism. Some further incorporate high 

amounts of fluorescent dyes within the polymer matrix. Importantly, many of these MPIOs 

are >45% magnetite by weight. Thus, because of efficient packaging of iron into these 

particles, cells can be loaded with significantly more iron using MPIOs. Another major 

advantage of MPIOs is their higher r2* molar relaxivity, expressed as s−1mM−1, which 
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reflects the ability of a standard concentration of material to alter relaxation rates. The r2* 

relaxivity is important because many cell tracking MRI experiments make use of gradient 

echo T2*-weighted images. The r2* relaxivities of Feridex and 0.76 micron MPIOs at 4.7T 

are 240 and 356 s−1mM−1 for SPIO and MPIO respectively, and at 11.7T, 498 and 851 

s−1mM−1 respectively (18). The significance of these two advantages is that the ability to 

detect magnetically labeled cells is directly proportional to both the relaxivity of the agent as 

well as the iron content achieved by magnetic cell labeling. Indeed, robust single cell 

detection has been accomplished in vivo in animals using MPIOs (19–21).

Protocols have been developed for efficiently labeling various cell types with many different 

sized MPIOs (2). In most studies, cell labeling has been achieved by simple overnight 

incubation of particles in the cell culture medium, in a desired ratio for labeling, i.e. 40 

particles per cell. Free particles can then be washed away from the dish, leaving behind 

labeled cells. Still, a major disadvantage of commercial MPIOs for magnetic cell labeling is 

that their polymer coatings are inert matrices. From a clinical perspective, it is generally 

favorable to have particles disintegrate following administration to limit long-term 

inflammation. Furthermore, for some applications, nanoparticles may simply label cells 

more efficiently than microparticles.

PLGA is an FDA-approved material and has been used for over thirty years for intracellular 

drug delivery (22–24). Importantly, PLGA degrades rapidly compared to other polymers, 

and its degradation products, lactic acid and glycolic acid, are well tolerated by the body 

(25). We have previously described the design, fabrication, and characterization of initial 

formulations of poly(D,L-lactide-co-glycolide) (PLGA)-encapsulated magnetite 

nanoparticles (NPs) and microparticles (MPs) (26). Conceptually, magnetic PLGA particles 

combine the advantages of Feridex and inert MPIOs into a single entity, that is, they are 

biodegradable and efficiently package iron. Initial formulations of magnetic PLGA particles 

were not yet optimized for magnetic content but preliminary viability and cell labeling 

studies were encouraging.

The work described in this manuscript builds upon this previous effort in several ways. First, 

particles were optimized for iron content both at the nanoparticle and microparticle size. 

Second, magnetic cell labeling was thoroughly investigated at multiple time points for 

several cell types. Third, a thorough in vivo biodegradation study was carried out. Fourth, 

these optimized PLGA-encapsulated iron oxide NPs and MPs were subject to a thorough 

pre-clinical evaluation in multiple stem and immune cell assays, including viability and 

physiology, stem cell differentiation, and immune cell cytokine release. Lastly, these 

particles were assessed for MRI-based cell tracking towards clinical and preclinical 

applications, using both a standard transplantation model and an innovative neural 

progenitor cell migration paradigm. Taken together, the present study represents the first 

ever complete evaluation of dedicated magnetic particles specifically designed for magnetic 

cell labeling for MRI-based cell tracking.
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Methods

Fabrication and characterization of magnetic PLGA particles

Magnetic PLGA nanoparticles (NPs) and microparticles (MPs) were fabricated and 

characterized as described in Nkansah, et al (26). Weight ratios of magnetite to PLGA were 

0:1, 1:1, and 2:1.

Magnetic cell labeling kinetics and physiological analysis

Magnetic PLGA NPs and MPs were assayed for cell labeling kinetics in culture. Mouse 

embryonic fibroblasts (STOs) were grown to near confluence (1 × 106 cells/well) in 6 well 

cell culture dishes in media, which consisted of Dulbecco’s Modified Eagles Medium 

(DMEM) without L-glutamine supplemented with 10% fetal calf serum (FCS), 1% 

penicillin-streptomycin (PS), and 1% L-glutamine. Stock solutions of each NP and MP were 

diluted in media as described in Table 2. STOs were incubated in labeling media for 3, 6, 10, 

and 24 hours, after which cells were thoroughly washed to remove free particles and 

harvested. Iron content at each time point was assayed using inductively coupled plasma 

optical emission spectroscopy (ICP). Triplicate assays were performed.

Cell viability was determined by FACS analysis using Sytox Blue stain (Invitrogen) and 

validated by standard trypan blue protocol. Generation of reactive oxygen species (ROS) 

was measured with the general oxidative stress indicator CM-H2DCFDA (Invitrogen). 

Following 24 hour incubation with non-fluorescent version of the various particles, cells 

were extensively washed, collected in PBS at a concentration of 1 *106 cells/mL and 10 μM 

of ROS reagent was added for 1 hour incubation at 37°C. Following removal of the loading 

buffer, cells were suspended in PBS and fluorescence was detected at 500nm. Experiments 

were run in quintuplicate (STOs) or triplicate (MSCs and macrophages).

Stem cell labeling and differentiation

Adult-derived rat hippocampal neural stem cells (Millipore Cat # SCR022, Billerica, MA) 

were cultured in growth media [N2 (Invitrogen, Carlsbad, CA)-supplemented Ham’s 

DMEM/F12, 1% L-glutamine, 1% PS, and basic fibroblast growth factor (b-FGF, 20 ng/ml; 

Peprotech)] for 48 hours in chamber slides coated with human plasma fibronectin 

(Calbiochem, San Diego, CA). Cells were incubated for 24 hours with magnetic particles in 

media according to Dose 2 in Table 2, blank particles, or particle free media as unlabeled 

controls. After labeling, cells were washed with PBS and fed with differentiation media 

[FGF-deficient growth media plus 1% heat-inactivated FCS with retinoic acid (100 ng/ml, 

Stegment, Cambridge, MA)] for 1 week, then forskolin (5 μM, Stemgent, Cambridge, MA) 

for a second week.

For immunohistochemical analysis of labeled cells, NSCs were fixed in 4% 

paraformaldehyde for 10 minutes, washed twice with PBS, blocked and permeabilized with 

2% normal donkey serum/0.3% Triton X-100 in KPBS for 1 hour at room temperature. Cells 

were then treated with primary antibodies [mouse anti-O4 IgM (Chemicon, Temecula, CA, 

1:100), chicken anti-GFAP (Chemicon, 1:500), and mouse anti-type-III beta tubulin (TUJ1, 

Covance, Princeton, NJ, 1:500)] in 0.2M KPBS/0.3% Triton X-100 for 72 hours at 4°C, 
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washed, and incubated with suitable secondary antibodies [donkey anti-mouse IgM DyLight 

549 for O4, donkey anti-chicken DyLight 649 for GFAP, and donkey anti-mouse IgG 

Rhodamine Red X for TUJ1; 1:250] in 0.2M KPBS/0.3% Triton X-100 for 1 hour at room 

temperature. Slides were coverslipped using ProLong® Gold Anti-Fade mount with DAPI 

and imaged using confocal microscopy (Leica TCS SP5 Spectral Confocal Microscope).

To enable flow cytometry of differentiation marker expression, NSCs labeled with the 

various particles and fed with differentiation media over a 2-week period were fixed with 

4% paraformaldehyde for 20 minutes at room temperature washed with PBS and incubated 

for 45 mins in PBT-NDS (1x PBS, 3% BSA, 0.1% Triton-X-100, 10% normal donkey 

serum). NSCs were then incubated in primary antibodies on ice (using ratios described 

earlier) for 45 minutes in PBT (3% BSA/PBS for anti-O4), washed in 3% BSA/PBS and 

incubated in phycoerythrin (PE)-conjugated secondary antibodies (1:500; Jackson 

Immunoresearch, West Grove, PA) in PBT on ice for 30 minutes, washed in 3%BSA/PBS, 

and analyzed via flow cytometry. For the extracellular marker O4, NSCs were labeled in 

both fixed and live forms. O4-labeled live NSCs were also stained for viability using 7-

aminoactinomycin D (7-AAD; BD Pharmingen, San Diego, CA). Expression levels were 

quantified using mean fluorescence intensities (MFI) of gated cell populations with 

fluorescence greater than secondary antibody-labeled control.

The ability of MSCs to differentiate down adipogenic and osteogenic lineages following 

labeling was investigated using previously published methods (27).

Immune cell labeling and cytokine release

Macrophages were labeled with magnetic PLGA particles and were assayed for cytokine 

release. Bone marrow cells were harvested from Sprague Dawley male rat femurs and 

cultured in RPMI containing 10% FCS, 1% PS, 1% L-glutamine, and 20 ng/ml macrophage 

colony stimulating factor at 37°C in a 5% CO2 incubator for 7 days to allow them to 

differentiate into macrophages (28). Macrophages were labeled for 24 hours with magnetic 

particles in media according to Dose 2 in Table 2, blank particles, or particle free media as 

unlabeled controls, after which TNF-alpha and IL-6 ELISAs (Thermo Scientific, Logan UT) 

were performed on the supernatant to test for immunological activation of the macrophages 

by the particles. Stimulation of macrophages was initiated by addition of 2 μg/ml 

lipopolysaccharide for three hours. Controls were unlabeled macrophages. Experiments 

were run in triplicate.

In vivo MRI

Animal experiments were approved by the Yale Animal Care and Use Committee.

In vivo biodegradation—In vivo biodegradation of PLGA NPs was investigated using a 

procedure originally designed by Saebo, et al (29–31). PLGA 2:1 NPs was prepared at 1 mg 

Fe/ml in 0.9% saline and injected via tail vein into 8 week old CD-1 female mice at a dose 

of 2 mg Fe/kg (n=5). Mice were on average 30 g, and so received 60 μl injections. Mice 

underwent serial MRI for 12 weeks (time points were 1 day, 2 weeks, 4 weeks, 7 weeks, 9 

weeks and 12 weeks post injection), after which they were sacrificed. Sacrifice was carried 
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out by intracardiac perfusion of saline. MPIOs and Feridex were similarly prepared and 

injected into mice (n=5 for each) and were scanned serially for all 12 weeks, after which 

they were sacrificed. A set of control animals receiving no injections was also scanned 

(n=5). The MRI procedure consisted of a respiratory gated, multislice T2* mapping 

protocol, acquired on a 4.0T Bruker Biospec. A separate transmit volume and surface 

receive coil were used to enhance sensitivity and restrict the field of view to the liver. Mice 

were anesthetized with 1% isoflurane delivered via nosecone in 100% oxygen. Image 

resolution was 200 × 200 microns; 8 TE were acquired, spaced 3 ms apart. Particle remnant 

was calculated as fractional R2* relative to R2* of liver at Day 0. Data were also baseline 

corrected for the increase in R2* of normal mouse liver over the course of the twelve week 

long experiment.

MRI of cell transplantation—MSCs were labeled in culture with 1:1 NPs for 10 hours 

after which uninternalized particles were removed by washing. Rats were anesthetized with 

3% isoflurane in 90% oxygen/10% medical air, orally intubated, and mechanically 

ventilated at 65 breaths/minute. Respiratory patterns and end tidal CO2 were monitored. 

MSCs were stereotactically injected into the rat cortex at three doses; 10, 100 and 1000 

cells, all in 5 μl. A fourth injection was an injection of 1000 unlabeled cells. MRI was then 

immediately performed on an 11.7T Varian system, VnmrJ 2.3 software. Separate transmit-

only volume (70 mm birdcage coil) and receive-only surface coils (35 mm diameter ring) 

were used. T2* weighted 3D gradient echo MRI was performed using the following imaging 

parameters: FOV 2.56 cm3, matrix 2563 or 1283 (100 μm or 200 μm isotropic voxel size, 

respectively), TR = 30 ms, TE = 8 ms.

MRI of endogenous neural progenitor cell migration—MRI-based cell tracking was 

tested using our well-developed paradigm of in vivo labeling and tracking of endogenous rat 

neural progenitor cells (32). Under anesthetic conditions as stated above, 20 μL of PLGA 

1:1 MP (10 mg/mL) were stereotactically injected into the right anterior lateral ventricles of 

adult Sprague-Dawley rats at 1.5 mm caudal, 1.5 mm medial lateral from bregma, 3 mm into 

the brain (n=6, 180–200 g; Harlan, Indianapolis, Indiana) (32). One animal was similarly 

injected with 20 μL of 1.63 micron MPIO (10 mg/mL).

MRI was performed as described above using the following imaging parameters: FOV 2.56 

cm3, matrix 2563 (100 μm isotropic voxel size), TR = 30 ms, TE = 8 ms. Following MRI, 

animals were revived and returned to the animal facility. Subsequent MRI scans were 

performed on days 1, 7, and 14 post injection.

CNR calculations, which determine the quality of the particles and labeling, and volume 

fraction of contrast in the OB, which measures the rate of endogenous progenitor cell 

migration, were performed for the PLGA MP and compared to inert MPIO cohorts as 

previously described (33).

At the end of the MRI sessions, rats were transcardially perfused with 0.1 M PBS, followed 

by 4% paraformaldehyde pH 9.5. Brains with intact olfactory bulbs were excised and 

processed for frozen sections by post-fixing in 4% paraformaldehyde with 10% sucrose for 

three days at 4°C. Brains were then embedded in TissueTek® embedding compound, and 
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frozen. Sagittal sections (16 μm) were cut on a cryostat, and standard Prussian Blue staining 

with nuclear fast red counterstaining was performed to identify iron in the brain.

Statistical evaluation

Statistical analysis for the significance of differences in particle sizes, differences between 

labeling time points, and change in CNRs and volume fractions was performed using the 

Student’s t-test (2 tails, unpaired). For cytokine release experiments, Student’s t-tests (2 

tails, unpaired) were performed on individual particle formulations versus unlabeled cells 

and only within stimulated or unstimulated subsets. For analyzing stem cell differentiation 

data, one-way ANOVA was used to analyze differences between groups with a post ad hoc 

Tukey test to evaluate significance (p<0.05 was considered statistically significant).

Results

Characterization of magnetic PLGA particles

Magnetite was synthesized by thermal decomposition of iron oleate, achieving uniform 8–10 

nm single domain crystals (34). Then, fluorescent, magnetic PLGA NPs and MPs were 

fabricated employing oil in water emulsion methodologies, using three different 

magnetite:PLGA weight ratios; 0:1, 1:1and 2:1 (26). By scanning electron microscopy 

(SEM), NPs and MPs had average diameters of 95–105 nm and 0.9–2.1 μm, respectively 

(Figure 1), with low polydispersity, especially for the NP preparations. Particles attempted 

with magnetite:PLGA weight ratios higher than 2:1 did not form NPs or MPs (data not 

shown). Table 1 lists the particle sizes and iron content for the different groups of particles 

made. Particles fabricated with higher concentrations of magnetite showed no difference in 

spherical morphology or gross surface characteristics from those made using a lesser 

amount. Increasing the magnetite:PLGA weight ratio to 2:1 was successful in augmenting 

the magnetite content in the MPs from 58.2% to theoretical limits of 66.1%, while achieving 

even higher than theoretical limits of magnetite weight percent for NPs, up to 83.7%. This is 

likely due to ultrasound-induced degradation of polymer during fabrication at high 

magnetite:PLGA weight ratios and is consistent with previous observations (35),(36). 

Magnetite volume fractions of particles (26.4, 33.4, 25.2, 57.0 vol% for MP 1:1, 2:1 and NP 

1:1, 2:1 respectively) were at least twice that of Bangs beads (13 vol%), and compared 

favorably with the random close packing limit of 63.4 vol% for monodisperse spheres in a 

unit-volume.

Measured r2 and r2* molar relaxivities for both magnetic MPs formulations were consistent 

with static dephasing regime relaxation theory, with low r2 (44.7, 38.7 s−1mM−1 iron, 1:1, 

2:1 MP respectively) and high r2* (384.1, 614.1 s−1mM−1 iron, 1:1, 2:1 MP respectively) 

(37). Relaxivity for NP suggest a transition from diffusion regime to static dephasing regime 

for 1:1 NP to 2:1 NP as 1:1 NP had high r2 and r2* (196.0, 659.1 s−1mM−1 iron, 

respectively) while 2:1 NP had low r2 and high r2* (28.5, 243 s−1mM−1 iron, respectively) 

(37). For comparison, we have previously measured r2 and r2* relaxivities for Feridex on the 

same MRI system to be 110.5 and 214.8, respectively (26). Converting these relaxivity 

values to per particle numbers reveals that NP are 360–820 times more efficient than 
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Feridex for r2 relaxivity and 1400–1600 times better for r2* relaxivity. MP relaxivity on a 

per particle basis are equivalent to inert MPIOs.

Magnetic cell labeling and cytotoxicity of PLGA particles

The kinetics of magnetic cell labeling with the different particle formulations was 

determined in mouse embryonic fibroblasts. Stock solutions of each NP and MP were 

prepared as outlined in Table 2. Quantification of iron content within the cells by ICP 

analysis revealed two findings. First, all particle types labeled cells in a time-dependent 

manner. In the case of 2:1 MPs, maximal labeling occurred at 6 hours for the two lowest 

doses and at 10 hours for the highest dose (Figure 2a). It should be noted that for all particle 

types, substantial cell labeling occurred at 3 hours, particularly for NP 2:1 and the two MP 

particle types. This is potentially important for some primary cell types, such as hepatocytes, 

which undergo rapid phenotypic changes in cell culture. A second finding was that when 

exposed to a common dosing paradigm where NPs and MPs were added at equal particle 

numbers within groups (Dose 2, Table 2), as expected, cells that were labeled with particles 

containing higher magnetite content, 2:1 NPs and 2:1 MPs (83.7% and 66.1% magnetite 

respectively) were found to contain significantly more iron per cell than same size particles 

containing less iron (Figure 2b). Cell labeling occurred in strict dose dependent fashion for 

MPs (Figure 2a), while for NPs the relationship between magnetic cell labeling and dose 

was less clear. Indeed, PLGA NPs can exhibit aggregation, especially in high concentration. 

To alleviate this and facilitate NP resuspension following freeze drying, cryoprotection 

during particle fabrication will likely be necessary in the any final clinical particle 

formulation (38, 39). Dose dependent cell labeling data for all four magnetic particle types 

are shown in Supplementary Figure 1.

Internalized magnetic particles can be diluted during cell division and this needs to be taken 

into account when designing cell transplantation experiments with different cell types. As 

expected, iron retention within slowly dividing mesenchymal stem cells was substantially 

preserved over 8 days (Fig. 3a). On the other hand, iron in fast dividing cells was essentially 

lost after eight days (Fig. 3b), consistent with recent findings using HPF in fast dividing 

cells (17).

Initial attempts to label T-lymphocytes in suspension by simple incubation proved 

unsuccessful, likely due to settling of the heavy magnetic particles to the bottom of the dish. 

Indeed, T-lymphocyte labeling with any magnetic particle that does not use a transfection 

agent or antibody-mediated chemistry is extremely challenging. For example, overnight 

labeling of T-lymphocytes in culture with HPF (which includes protamine sulfate) is only 

able to achieve 0.75 pg Fe/cell(17).

The effect of internalized particles on cell viability and generation of reactive oxygen 

species (ROS) was evaluated. Cell viability for slow dividing cells (rat mesenchymal stem 

cells MSCs) and fast dividing cells (STO mouse embryonic fibroblasts) from 1 to 8 days 

post labeling was found to be largely unaffected by the label (Figure 3c,d). For one sample, 

MSCs labeled with MP 0:1, a non-magnetic particle, a statistically significant (p=0.03) loss 

of viability was observed one day following labeling, that was not observed at the 8 day time 

point. In macrophages, generation of ROS 1 day following labeling was insignificant 
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between labeled and unlabeled cells (Figure 3e). ROS generation for labeled STOs 1 day 

following labeling showed significant changes only for MP 0:1 and NP 2:1 samples. 5 days 

post labeling, significant differences in ROS production were found in all samples except 

MP 2:1 as compared to unlabeled cells (Figure 3f). These experiments were performed on 

cells that were labeled for 24 hours using unsterilized research grade particles, reaching iron 

contents that in some cases, based on Figures 2 and Supplementary Figure 1 could be higher 

than 50 pg/cell. While these results do suggest a potential mild negative effect of the 

particles on cellular health, definitive information on cellular harm should be obtained from 

experiments using sterile, optimally formulated, clinical grade material with varying 

internalized iron content.

Stem cell differentiation and immune cell cytokine release

We evaluated two different rat stem cell types, rat hippocampal neural stem cells (NSCs) 

and rat MSCs, for multilineage differentiation capacity following magnetic cell labeling. 

Multipotent NSCs generated cells of all three neural lineages as confirmed by 

immunocytochemistry for oligodendrocytes (using the antibody to O4, a sulfatide on pro-

oligodendrocytes, and type-1 and type-11 oligodendrocytes) (40), astrocytes (using the 

antibody to glial-fibrillary acidic protein, GFAP) (41) and immature neurons (using the 

antibody to type III beta tubulin, Tuj1) (42) (Figure 4a). Furthermore, using both 

immunocytochemical and flow cytometry experiments, the proportions of differentiated cell 

types generated from magnetically labeled NSCs showed no statistically significant 

differences when compared to unlabeled differentiated NSCs (Figure 4b).

Supplementary Figure 2 shows MSCs labeled with all four particle types prior to 

differentiation. Labeling MSCs with NPs/MPs did not affect their ability to differentiate into 

fat and bone cells, compared with unlabeled controls, (Figure 5). Furthermore, the number 

of adipocytes generated from magnetically labeled MSCs was not statistically different from 

the number of adipocytes generated from unlabeled MSCs.

Primary bone-marrow derived macrophages were labeled for 24 hours with particle 

concentrations detailed as Dose 2 in Table 2, and were assayed for their ability to secrete 

inflammatory cytokines following stimulation by LPS (43). For all particle types, cytokine 

secretion by labeled cells following stimulation was uninhibited, while importantly, the 

presence of the particles themselves caused only minimal, albeit statistically significant, 

stimulation of cytokine release (Supplementary Figure 3). This minimal stimulation is 

commonly observed for immune cells following labeling with a variety of nanomaterial 

types (reviewed in (44)).

In vivo biodegradation

The in vivo biodegradation of NPs was investigated using a procedure initially designed by 

Briley-Saebo, et al (29–31). Serial MRI of the liver over 12 weeks was used to investigate 

the biodegradation of the three particle types (Figure 6). As expected, Feridex was rapidly 

degraded and the iron recycled within two weeks. Also as expected, inert MPIOs exhibited 

no biodegradation. 2:1 NPs exhibited an intermediate biodegradation rate, with 80% 

clearance of the iron at the end of 12 weeks.
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In vivo MRI-based cell tracking

Two MRI-based cell tracking experiments were performed. The first was a standard cell 

transplant paradigm. Rat MSCs cells were labeled in culture with 1:1 NPs for 10 hours using 

Dose 2 and injected into a rat brain at three doses; 10, 100 and 1000 cells. A fourth injection 

was an injection of 1000 unlabeled cells. 3D gradient echo MRI revealed robust detection of 

the 10-cell injection at 100 microns resolution, while 100 cells were detected at 200 microns 

resolution (Figure 7). This second low resolution study was performed as a basis for more 

likely achievable clinical image resolution (45).

MRI-based cell tracking was tested using our well developed paradigm of in vivo labeling 

and tracking of endogenous rat neural progenitor cells (32, 33) comparing 1:1 MPs and inert 

MPIOs. The in vivo potential of PLGA MPs was assessed via two parameters. The first is 

the contrast to noise ratio (CNR) calculation, which determines the quality of the particles. 

The second parameter is the volume fraction of contrast in the OB, which determines 

applicability of these particles in an established model of endogenous progenitor cell 

labeling and tracking. As can be seen in Figure 8a, dark contrast on T2* weighted MRI was 

detected from the lateral ventricle along the rostral migratory stream to the olfactory bulbs, 

as early as 1 day post injection, in concomitance with results obtained using inert MPIOs 

(Figure 8b) (33). This contrast then moved into the OB at day 7, with little increase at day 

14. Figure 8b shows the data from one animal injected with inert MPIOs and reveals an 

identical time course. CNR measurements of the dark contrast regions (Figure 8c) revealed 

no statistically relevant differences in dark contrast hypointensity during the two-week MRI-

based cell tracking paradigm, in line with the slow biodegradation of the NPs. There was, 

however, significantly greater CNR achieved with PLGA MPs than with inert MPIOs at all 

time points. Quantification of the volume of dark contrast in the OB from both cohorts of 

animals (Figure 8d), indicative of the migration time course of neural progenitor cells, 

matches the known migration time course from purely histological studies (46) as well as 

from previous MRI studies employing inert MPIOs as the contrast agent (33). However, 

while the time course is identical between the PLGA MPs and inert MPIOs, PLGA MPs 

have nearly four-fold higher volume content than inert MPIOs at days 7 and 14. This could 

be due to either higher labeling efficiency (# of cells initially labeled) or stronger contrast in 

labeled cells (more particles in cells). Prussian blue staining of histological sections from 

animals injected with PLGA MPs revealed the presence of iron within this migratory 

pathway (Figure 8e), indicating that indeed magnetic PLGA MPs can enable the same type 

of advanced MRI-based cell tracking paradigms that inert MPIOs enable (33) and 

potentially with better imaging characteristics.

Discussion

A critical component of MRI-based cell tracking is robust magnetic particles for cell 

labeling. Dextran coated (U)SPIO nanoparticles have played a major role in progressing the 

field from animal research to initial human evaluation. While this acceleration has been 

exciting, the MRI particles used to perform these studies are non-ideal and an FDA 

approved version is no longer commercially available. This presents a critical barrier to 
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progress in the field. Thus, there exists a need to formulate new, robust agents with the 

possibility for FDA approval.

In this work, we describe the preparation and pre-clinical evaluation of clinically viable 

magnetic polymer nano- and microparticles. Particles rapidly labeled cells safely, to high 

intracellular iron levels, without affecting the ability of stem cells to differentiate properly or 

for immune cells to perform vital inflammatory functions. These particles were also proven 

useful for MRI-based cell tracking in two in vivo animal models.

Moving forward, next generation particles for magnetic cell labeling in a clinical setting 

should possess four properties. First, they should have high iron content. For a number of 

reasons including magnetic field strength, the use of anesthetized animals, and the size of 

the MRI coils used, small animal MRI is capable of achieving very high image resolution, 

upwards of 50 microns, in vivo. As such, it is possible to detect low numbers of magnetically 

labeled cells labeled either with particles which deliver iron efficiently, i.e. MPIO (19–21), 

or with particles deficient of iron, i.e. (U)SPIO (47). However, as we transition to MRI-

based cell tracking in humans, where image voxel sizes necessarily increase (image 

resolution decreases) (45), detection of the same low number of cells as the animal 

experiments will require magnetic particles that efficiently deliver iron. This will be most 

critical in detecting small numbers of cells in either migration/homing type procedures or for 

diagnostic purposes. The particles we fabricated in this work were optimized to contain high 

iron content, minimally 57% weight, ranging as high as 84%, and exceptionally high r2* 

relaxivity, and have the potential to enable exceptionally highly sensitive cell detection, 

even in humans. Directly comparing NPs to Feridex reveals that NPs are 2–3 orders of 

magnitude better for magnetic cell labeling and deliver ten times more iron to cells than 

ferumoxytol/heparin/protamine sulfate complexes (HPF) (17). Indeed, MRI was capable of 

robustly detecting 10 transplanted cells in rat brain at 100 micron isotropic resolution, 

commonly performed in animals, and 100 cells at 200 micron resolution, a more realistic 

image resolution using high field human MRI. This is at least ten times more sensitive than 

recent reports using HPF labeled cells, where 1000 cells represented a minimal detection 

capability (17).

A second property is that particles should not interfere with cellular processes. In this work, 

we have shown that the presence of internalized magnetic particles were non-interfering in 

the ability of stem cells to differentiate properly or for immune cells to perform vital 

inflammatory functions. This has been a common finding among many magnetic particle 

formulations. Furthermore, magnetically labeled cells were capable of cytokine release 

following stimulation. Interestingly, there was low but significant cytokine release simply 

from magnetic cell labeling itself. This phenomenon is worth investigating using 

pharmaceutical grade particles produced in a sterile, GMP environment, which would be the 

next logical step for clinical translation. Indeed, the particles used in these studies were not 

sterilized. Lastly, the innocuousness of the particles was corroborated in the in vivo MRI 

experiment, where the presence of internalized MPs did not interfere with the rate of labeled 

neural progenitor cell migration in the brain.
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Thirdly, particles should be easy to manipulate for cell labeling, both for maintaining control 

over final cell labeling potential, as well as ease of use. Indeed, it may be important to 

maintain control over final cell labeling potential, as it has been demonstrated that cells can 

be over-labeled and hence, affect critical cellular properties (48, 49). The necessity for 

mixing particles with transfection agents prior to magnetic cell labeling (12) or the 

requirement of using serum free media for a few hours then supplementing with serum 

containing media (17) opens up experimental avenues either for errors or for additional 

requirements for optimization for particular cell types. Ideally, particles should be ready to 

use for magnetic cell labeling right out of the bottle. Multiple studies have demonstrated that 

magnetic cell labeling using (U)SPIO only occurs when combined with the use of 

transfection agents (13, 14, 16, 50) or, in some instances, the use of electroporation/

sonoporation techniques (51, 52). In this work, sufficient magnetic cell labeling was 

accomplished at 3 hours using both NPs and MPs, simply by incubating particles with cells 

in culture. Most importantly, PLGA NPs show high labeling efficiency without the use of a 

transfection agent. A multitude of factors could explain these results. Key among these is 

that the magnetic PLGA NPs are heavier than (U)SPIO and sink easily in the labeling 

media, rapidly contacting plated cells.

Lastly, particles should be biodegradable, with known degradation profiles and safe 

degradation byproducts. Magnetic PLGA particles have two different degradation 

phenomena; degradation of the polymer encapsulant and dissolution of the iron oxide cores. 

Previous work on investigating these two processes in lysosomal mimicking media 

demonstrated that magnetic PLGA particles exhibit rapid degradation of the polymer coating 

during the first two weeks, followed by slower degradation over the next 4 weeks (26). Iron 

dissolution was slower but complete at 100 days. Our in vivo biodegradation study revealed 

that NPs degraded ~80% over the course of 12 weeks, or 84 days, matching closely the in 

vitro degradation characteristics. Whether this degradation time proves to be too slow still 

needs to be determined and small modifications to the fabrication scheme and materials will 

allow for faster degradation, such as the use of smaller iron oxide nanocrystals or using 

alternative PLGA compositions. The measured CNR of the MRI data demonstrated that 

even within these degradation windows, uniformly sustained MRI contrast could be 

generated for several weeks.

We chose to fabricate MPs as well as NPs. Indeed, while most work in magnetic cell 

labeling has historically concentrated on the use of NPs for cell labeling (53), magnetic MPs 

have proven useful in a number of MRI-based cell tracking paradigms (54). A benefit of 

MPs over NPs is that, in principle, only single MPs will be necessary for robust detection by 

MRI at high resolution (3). This has implications in using MRI to monitor transplantation of 

cells which are challenging to label, such as demonstrated in the work here with endogenous 

neural progenitor cells, or which are expected to divide multiple times, thereby diluting the 

label (55). Furthermore, due to clustering of such a significant amount of iron oxide within a 

single entity (56), MPs exhibit an increased r2* molar relaxivity versus NPs, even for similar 

iron weight percents. Thus, if one is using gradient echo MRI methodologies, which are 

most sensitive to r2*, magnetic MPs are more sensitive than NPs. However, for some cell 
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labeling paradigms or certain cell types, magnetic cell labeling with NPs may simply be 

easier than MPs.

The clinical utility of PLGA encapsulated magnetite MPs and NPs will require two key 

determinations. The first is their potential for enhanced clinical management or unique 

capabilities, especially when compared to more mature particle platforms. Indeed, it is 

acknowledged that dextran coated iron oxide particles such as Feridex, and ferumoxytol 

have been through rigorous FDA approval processes and have been optimally formulated for 

shelf life and intravenous delivery. But with respect to magnetic cell labeling for MRI-based 

cell tracking, there exist significant limitations for their use. Specifically, the weak magnetic 

properties of these particles and the inefficiency of iron packaging result in low detection 

sensitivity in terms of numbers of cells able to be detected. This weak cell labeling may 

restrict the types of clinical evaluations that MRI can potentially be used for, because a lot of 

labeled cells are required for detection. Labeling with weak magnetic particles will not be 

useful clinically for detecting cells that migrate away from cell transplants, it will not be 

useful clinically for tracking infiltration of immune cells for early diagnosis of disease, and 

it will not be useful for research in discovering new migration pathways or rare cell types. 

Conversely, we have demonstrated here how highly magnetic PLGA encapsulated magnetite 

MPs and NPs can label cells with 10 to 50-fold higher magnetite content without affecting 

cellular phenotype. We demonstrated here how this high magnetic labeling affords the 

detection of 10 cells or less by MRI, and would likely afford detection of individual cells in 

an appropriate model (19–21). Thus the detection sensitivity afforded by the use of PLGA 

encapsulated magnetite MPs and NPs as the labeling agent can potentially enhance clinical 

management and provide unique capabilities for disease detection and research endeavors.

The second key determination will be the likelihood of these particles to achieve FDA 

approval. The particles reported in this paper are composed of only two entities – iron oxide 

nanocrystals and PLGA. These two chemicals are mixed together into particles ranging from 

~100 nm to 920 nm. Independently, each of these two chemicals is present in numerous 

FDA approved drugs. Iron oxide is the core component of ferumoxytol and ferumoxides, 

and is also FDA approved for use in cosmetics. Several PLGA based drug formulations are 

FDA approved and in clinical use including Decapeptyl SR, Nutropi Depot, Risperdal 

Consta, Sandostati LAR, Vivitrol and Trelstar. Thus, while the exact PLGA/magnetite 

construct needs to be tested for FDA approval, the simplicity of its makeup and the prior 

FDA approval of each of its two constituents, provides a more facile way forward to 

approval than if the particle were formed from components not already FDA approved. 

Indeed, with respect to FDA approval, there is little difference between the combination of 

iron oxide and PLGA into a new nanocomplex, and the combination of ferumoxytol, heparin 

and protamine – none of which are FDA approved for magnetic cell labeling – into one new 

nanocomplex, as proposed for HPF (17).

In conclusion, biodegradable and highly magnetic particles were fabricated with an FDA-

approved polymer (PLGA) and were evaluated in multiple stem and immune cell assays, 

including viability, stem cell differentiation, and immune cell cytokine release. Additionally, 

particles were assessed for MRI-based cell tracking, using a transplantation paradigm and an 

innovative neural progenitor cell migration paradigm in which 10 cells were robustly 
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detected by MRI. Not only did neural and mesenchymal stem cells remain viable following 

labeling with magnetic particles, they also retained their ability to differentiate into multiple 

lineages in culture with similar proportions of differentiated cells. Furthermore, 

magnetically labeled immune cells were able to secrete appropriate levels of cytokines 

following stimulation. Taken together, these results demonstrate the potential of these 

particles for use as clinically viable contrast agents for MRI-based cell tracking and have the 

efficacy to enable highly sensitive cell detection by MRI in humans.

Conclusion

In this work, we described the preparation and pre-clinical evaluation of PLGA encapsulated 

magnetic particles for MRI-based cell tracking. Highly magnetic nano- (~100 nm) and 

microparticles (~1–2 μm) were fabricated using single oil-in-water emulsion technology and 

highly characterized. Magnetic particles were able to rapidly label cells in culture, within 3 

hours delivering high amounts of iron to cells (50–150 pg Fe/cell). Notably, this was 

accomplished without the requirement of a transfection agent, and with no effect on cell 

viability. In rigorous experiments, the capability of magnetically labeled mesenchymal or 

neural stem cells to differentiate down multiple lineages, or for magnetically labeled 

immune cells to release cytokines following stimulation, was uncompromised. Testing their 

use for MRI, as few as 10 magnetically labeled cells, transplanted into the brains of rats, 

could be detected. To further test their use for MRI-based cell tracking, these particles 

enabled the in vivo monitoring of endogenous neural progenitor cell migration in rat brains 

over 2 weeks, achieving higher contrast to noise ratio than inert micron-sized iron oxide 

particles (MPIOs). The robust MRI properties and benign safety profile of these particles 

make them promising candidates for clinical translation for MRI-based cell tracking and 

would potentially enable highly sensitive detection of transplanted cells in humans.
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Figure 1. 
Scanning electron micrographs of magnetic PLGA particles made with 2 concentrations of 

magnetite — first column is 0:1 magnetite/PLGA, second column is 1:1 magnetite/PLGA 

and third column is 2:1 magnetite/PLGA. Top row is nanoparticles and bottom row is 

microparticles. Note the regular, spherical appearance of all fabricated particles. Scale bar is 

1 μm for NPs and 10 μm for MPs.
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Figure 2. 
Temporal labeling dynamics for a) 2:1 MP using three doses in Table 2 and b) for all four 

particles using only Dose 2. Data are means +/− SEM. In a) statistical insignificance is 

reached after 6 hours labeling for the two lowest doses, while it is reached for the high dose 

(p<0.05) after 10 hours. In b) statistical significance in intracellular iron content was 

measured (p<0.01) between MP and NP formulations at all time points.
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Figure 3. 
Cellular iron content and physiology for labeled and unlabeled cells. Cellular iron content 

for a) slow dividing MSCs and b) fast dividing STOs as a function of time and particle type. 

Cell viability for c) slow dividing MSCs (* = p < 0.05) and d) fast dividing STOs as a 

function of time and particle type. ROS production for e) macrophages and f) STOs as a 

function of time and particle type. Data are means +/− SEM.
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Figure 4. 
a) Confocal fluorescence microscopy analysis of neural stem cell differentiation. Row and 

column headers indicate particle type and antigen stained for. All primary antibodies were 

labeled with secondaries that fluoresce red showing Tuj1+ neurons, GFAP+ astrocytes, or 

O4+ oligodendrocytes. Nuclear DNA is labeled with 4′,6-diamidino-2-phenylindole (DAPI) 

shown in blue, while green fluorescence is that of coumarin-6 incorporated in particles. For 

non-magnetic particles, bleeding from the green channel to the red channel was observed as 

orange overlap, possibly due to very high levels of coumarin-6 incorporation. Insets show 

digital expansions of cells highlighting intracellular presence of particles. Scale bar is 10 

microns. b) Quantification of proportion of differentiated cell type relative to unlabeled 

cells. Data are means +/− SEM.
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Figure 5. 
Light microscopy of mesenchymal stem cell labeling and differentiation. Top two rows are 

adipogenic differentiation (Oil red O staining). Bottom two rows are osteogenic 

differentiation (Alizarin red staining). Row and column headers indicate particle 

formulation. Panels d and l) are differentiation of unlabeled cells. Panel h) is cells labeled 

with 1:1 MP prior to differentiation. Panel p) is a digital zoom of panel o) showing the 

presence of particles in the cells. Insets in a–g) are optical zoomed images of individual 

adipocytes containing particles, or for panel d), no particles. Chart compares proportion of 

labeled cells that differentiated into adipocytes to unlabeled cells that differentiated into 

adipocytes. Data are means +/− s.d.
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Figure 6. 
In vivo biodegradation over 12 weeks following intravenous injection of Feridex, inert 

MPIOs and NP 2:1. Data are mean +/− SEM. MRI of mice livers are at TE = 6 ms for mice 

injected as indicated, both at 1 day and 12 weeks following injection.
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Figure 7. 
In vivo MRI of transplanted stem cells. 3D MRI acquired at either 100 or 200 microns with 

1) 10 cells, 2) 100 cells, 3) 1000 cells or 4) 1000 unlabeled cells. Accompanying Prussian 

Blue histology from appropriate locations (1, 2 or 3) showing general number of cells 

detected at each location.
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Figure 8. 
In vivo MRI of endogenous neuroblasts migration. MRI montage of same animal at level of 

SVZ – RMS – OB injected with a) MP 1:1 or b) inert MPIOs. Days of MRI are given in 

panels. c) CNR measurement of dark contrast within RMS. d) Volume of dark contrast in 

the OB. e) Prussian blue staining for iron in SVZ, RMS, and OB showing presence of iron 

specifically and throughout the migratory pathway. Data in panels c and d are mean +/− 

SEM.
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Table 2

Particle doses used for magnetic cell labeling. All three doses were tested for magnetic cell labeling in 

fibroblasts. Dose 2 was used for cell labeling of neural and mesenchymal stem cells, and immune cells.

1:1 NP 2:1 NP 1:1 MP 2:1 MP

Dose 1 (μg/mL) 100 150 100 100

 # particles 71.4 × 109 69.9 × 109 8.8 × 106 7.8 × 106

Iron concentration (mM) 0.73 1.06 0.75 0.77

Dose 2 (μg/mL) 137 210 133 149

 # particles 97.8 × 109 97.8 × 109 11.7 × 106 11.7 × 106

Iron concentration (mM) 1.00 1.48 1.00 1.15

Dose 3 (μg/mL) 200 250 200 200

 # particles 142.8 × 109 116.4 × 109 17.6 × 106 15.6 × 106

Iron concentration (mM) 1.46 1.76 1.50 1.54
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