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Abstract

Iron oxides nanoparticles tailored for magnetic particle imaging (MPI) have been synthesized, and 

their MPI signal intensity is 3 times of commercial MPI contrast (Ferucarbotran, also called 

Vivotrax) and 7 times of MRI contrast (Feraheme) at the same Fe concentration. MPI tailored iron 

oxide nanoparticles were encapsulated with semiconducting polymers to produce Janus 

nanoparticles that possessed optical and magnetic properties for MPI and fluorescence imaging. 

Janus particles were applied to cancer cell labeling and in vivo tracking, and as few as 250 cells 

were imaged by MPI after implantation, corresponding to an amount of 7.8 ng of Fe. Comparison 

with MRI and fluorescence imaging further demonstrated the advantages of our Janus particles for 

MPI—super sensitivity, unlimited tissue penetration and linear quantitativity.

TOC image

Janus Fe3O4 @ semiconducting polymer nanoparticles have been developed for cell labeling and 

in vivo tracking by MPI and fluorescence imaging with high MPI sensitivity.
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Introduction

Cell-based therapies, such as cancer immunotherapy or stem-cell therapy, have received 

considerable attention as novel therapeutics in oncological research.1 These therapeutic 

strategies require noninvasive imaging technologies to track the location of therapeutic cells 

after being introduced into the body in real time, and to report the biological fate, activation 

and differentiation of therapeutic cells, ideally at the single-cell sensitivity and resolution at 

any tissue depth.2–4 Current cell-tracking techniques use magnetic resonance imaging 

(MRI), radionuclide imaging (e.g. single-photon emission computed tomography (SPECT), 

positron emission tomography (PET)), or optical imaging (fluorescence, bioluminescence, 

photoacoustic).3 While optical imaging typically offers remarkably high sensitivity, light 

photon is strongly absorbed and scattered as it penetrates biological tissues, which makes it 

difficult to image in deep tissues non-invasively;5,6 even in the wavelength range between 

1000–1700 nm, the tissue penetration depth is just around several millimeters.7,8 MRI offers 

excellent depth penetration and high spatial resolution, however, the T1 contrast agents show 

poor sensitivity for molecular imaging, and T2 or T2* contrast agents such as iron oxide 

nanoparticles produce a negatively enhanced contrast that is difficult to distinguish from 

tissues with naturally low MRI signal (e.g., bones, lungs).2,9–12 Radionuclide imaging 

requires the use of radioactivity and has low spatial resolution; for long-term tracking, 

therapeutic cells have to be genetically labeled with a reporter gene and imaged with 

repetitive injections of radionuclide tracers.13–15

Magnetic particle imaging (MPI) is a new imaging modality that was initially proposed by 

Gleich and Weizenecker to use time-varying magnetic fields to directly detect iron oxide 

nanoparticles, rather than indirectly via MRI signal dropouts.16,17 Compared with existing 

modalities, MPI promises high depth penetration, linear quantitativity, positive contrast, no 

radiation, and nearly no background from tissues.18–20 Moreover, iron oxide nanoparticles 

have already been tested to be safe for MR imaging in clinical use.21–23 Recently, MPI have 

been reported for tracking of iron-oxide nanoparticle labeled stem cells or macrophages, and 
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for imaging of brain injury, vascular, lung perfusion and xenografted tumor in animals.
19,21,22,24–28 Notably, MP imaging abilities are highly dependent on magnetic nanoparticles 

as tracer.16,17 While existing superparamagnetic iron oxide nanoparticles have been 

extensively developed for MR imaging, unfortunately, they are suboptimal for MPI as 

reported because their magnetic core size is small (typically <10 nm in diameter).19,22 

Gleich and Weizenecker estimated a detection limit to be about 100 μM of Fe with current 

commercial MR contrast agent Resovist, but their calculation suggested MPI could reach a 

possible detection limit of 20 nM of Fe with improvements in iron oxide nanoparticles and 

recording electronics.16 Therefore, the realization of the full potential of MPI to the 

sensitivity of PET heavily depends on the availability of magnetic tracers tailored to MPI’s 

unique physics. However, just a few publications report the effort on improving iron oxide 

nanoparticles for MPI application, primarily focusing on tuning the magnetic core size.
26,27,29–31

Herein, we have systemically investigated the reaction conditions required for synthesizing 

iron oxide nanoparticles with high MPI signals. We further encapsulated synthesized iron 

oxide nanoparticles in fluorescent semiconducting polymers to afford Janus 

Fe3O4@semiconducting polymer nanoparticles. Each Janus particle was found to contain 

two or more Fe3O4 nanoparticles, but they displayed the same MPI signal intensity as non-

encapsulated Fe3O4 nanoparticles when compared at the same concentration of Fe. As few 

as 250 HeLa labeled by Janus particles (with the average uptake of Fe at 31 pg/cell) can be 

imaged by the commercial MPI scanner after implantation in mice, corresponding to an 

amount of 7.8 ng of Fe. To the best of our knowledge, this work represents the first example 

of Janus fluorescent MPI-tailored tracers that enable MPI, MRI, and fluorescence imaging 

for cell tracking in vivo.

Results and discussion

We first probed the reaction parameters to synthesize iron oxide nanoparticles with high MPI 

signals. Our nanoparticle synthesis used thermal decomposition of iron-oleate complex in 

the presence of oleic acid.32 We first fixed the reaction temperature at 310 °C, varied the 

reaction times (e.g. 0.5, 5, 10, 21, 31, 48 h) in our synthesis. As TEM images (Figure 1a) 

show, the as-synthesized iron oxide nanoparticles displayed uniform size. Their average 

diameters slightly increased from 14.1 nm to 16.2 nm, as the reaction time extended from 

0.5 h to 48 h. Powder X-ray diffraction (XRD) patterns (Figure 1b) revealed that the iron 

oxide nanoparticles synthesized at 0.5 h was cubic FeO (JCPDS card file no: 06-0615). 

When the reaction time increased to 21 h, the as-synthesized iron oxide nanoparticles were 

gradually converted from cubic FeO to cubic Fe3O4 (JCPDS card file no: 65-3107). When 

the reaction time increased to 31 h, the crystallinity of the cubic Fe3O4 also increased, but 

showed the decrease at 48 h.

The as-prepared iron oxides nanoparticles were coated with a layer of hydrophobic oleic 

acid at the surface. Thus, the copolymer poly(styrene-co-maleic anhydride) (PSMA) was 

introduced to modify the iron oxide particles through the hydrophobic interaction between 

the oleate layer and the styrene units in PSMA at the surface. Subsequent hydrolysis of 

maleic anhydride in PSMA presented the surface with carboxyl groups. As-prepared Fe3O4-
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COOH nanoparticles were well dispersed in PBS with an average size of 27 nm in diameter 

determined by DLS (Figure 2c), and zeta potential of −26.3 mV. The MPI contrast abilities 

of these PSMA modified water-soluble iron oxide nanoparticles were measured by a MPI 

scanner (Figure S1). Figure 1c plots the MPI signals of iron oxides nanoparticles at the same 

amount of Fe (8 μg) versus the reaction times, indicating the peak of the MPI signal at 31 h. 

Interestingly, although the iron oxide nanoparticles prepared at 21 h have similar sizes to 

those prepared at 10 h, their MPI signals exhibited great difference, suggesting that the 

crystallinity of the cubic Fe3O4 is important to the MPI contrast ability of iron oxide 

nanoparticles.

Next, we examined the effect of the reaction temperature and slightly decreased it to 280 °C 

from 310 °C. The iron oxide nanoparticles synthesized at 280 °C/ 21 h were monodisperse 

but had a smaller size—11.4 nm in diameter (Figure 1d). They were also cubic Fe3O4 but 

with lower crystallinity (Figure 1e), and surprisingly, after PSMA modification their MPI 

signal was just about 1/10th of particles prepared at 310 °C/ 21 h (Figure 1f). When the iron 

oxide nanoparticles synthesized at 310 °C/21 h were annealed at 600 °C for 2 h in the air 

atmosphere, the nanoparticles were fused together into large particles without regular 

morphologies, as shown by TEM (Figure 1d). XRD indicated that cubic Fe3O4 was 

completely oxidized to hexagonal Fe2O3 (JCPDS card file no: 33-0664) (Figure 1e). 

Consequentially, no MPI signals were detectable in annealed nanoparticles (Figure 1f). 

Therefore, our results have shown that the MPI signal is greatly dependent on the crystalline 

structure of the iron oxide nanoparticles and the cubic Fe3O4 structure is required for high 

MPI signals.

The MPI signal of Fe3O4-COOH nanoparticles were compared with commercial MPI 

contrast agent ferucarbotran and commercial MRI contrast agent Feraheme. Ferucarbotran is 

available as Vivotrax from Magnetic Insight Inc. (USA) and has the same performance as 

Resovist from Bayer Schering (not available any more). The MPI signal generated by the 

Fe3O4-COOH nanoparticles prepared at 310 °C/31 h is 3 times of that of Vivotrax (Figure 

1g) and 7 times that of Feraheme (Figure S2) at the same concentration of Fe. Figures 1h 

and S3 plot the linear dependence of the MPI signals on the concentration of Fe for Fe3O4-

COOH particles and Vivotrax, but the slope for Fe3O4-COOH particle (80.6 μg−1) is much 

higher than that of Vivotrax (24.2 μg−1).

Semiconducting polymer nanoparticles have been shown to possess unique optical 

properties for fluorescence and photoacoustic imaging.33,34 From both the views of 

nanomaterials and cell tracking, it would be interesting to fuse iron oxide nanoparticles with 

semiconducting polymer nanoparticles and produce Janus nanoparticles that can be imaged 

fluorescently and by MPI. To prepare such Janus nanoparticles, we used a nanoprecipitation 

method (Figure 2a):35–38 a THF solution containing 0.25 mg of semiconducting polymer 

(PFODBT, Poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis (thiophen-2-yl)benzo-2,1,3-

thiadiazole]), 1 mg of oleic acid coated Fe3O4 nanoparticles, and 2 mg of PSMA was rapidly 

injected into H2O under sonication. Similar to the Fe3O4-COOH nanoparticles, the as-

prepared Fe3O4@PFODBT Janus particles also possessed carboxyl groups at the surface 

after hydrolysis of the maleic anhydride on the PSMA. After the removal of THF by rotary 

evaporation and filtration, the nanoparticles were dissolved in water. TEM image indicated 
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these Janus particles at a size of about 42.3 nm in diameter, with iron oxide nanoparticles 

embedded in the polymer matrix (Figure 2b). As-prepared Fe3O4@PFODBT-COOH 

nanoparticles were well dispersed in PBS with an average size of 51 nm determined by DLS 

(Figure 2c), and zeta potential of −32.4 mV. The Janus particles inherited the characteristic 

absorption peaks of both PFODBT and Fe3O4-COOH nanoparticles (Figure 2d), and 

exhibited fluorescence emission at 680 nm when exited at 540 nm (Figure 2e). MPI contrast 

ability of Fe3O4@PFODBT-COOH Janus nanoparticles was compared to Fe3O4-COOH 

nanoparticles. From the two dimensional projection of MPI and line MPI spectrum (Figure 

2f), the Fe3O4@PFODBT-COOH Janus nanoparticles displayed the same contrast ability as 

Fe3O4-COOH nanoparticles. Moreover, the MPI signals of Fe3O4@PFODBT-COOH are 

also linear over a broad range concentration of Fe (R2=0.999, Figure 2g). To our delight, the 

PFODBT polymer encapsulation did not produce any effect on the MPI signal intensity of 

Fe3O4-COOH. The spatial resolution of Fe3O4@PFODBT-COOH for MPI was also 

evaluated: two microbore tubes filled of Fe3O4@PFODBT-COOH were placed in the MPI 

scanner for two-dimensional projection imaging (Figure S4). At the edge-to-edge distance of 

2.5 mm, their MP images are well separated and the significant minimum between them is at 

the half height of the maximum intensity (Figure S4).

We next explored the use of Fe3O4@PFODBT-COOH Janus particles for cell labeling and 

imaging. Human cervical cancer HeLa cells were chosen as a model and incubated with 

Fe3O4@PFODBT-COOH (at 60 μg of Fe/mL) in serum-free culture medium for 4 h before 

washing with PBS for three times to remove unbounded particles.39,40 The confocal imaging 

(Figure 3a) showed discrete red fluorescent dots located around the nucleus. The observed 

red fluorescence emission was from the semiconducting polymers on the Janus 

nanoparticles, indicating that Fe3O4@PFODBT-COOH nanoparticles were taken up into 

HeLa cells. The cellular uptake of particles was further quantified by ICP-MS measurement 

to measure the concentration of Fe, revealing a positive correlation with the incubation 

concentration (Figure 3b). Specifically, at the incubation concentration of 60 μg of Fe/mL, 

the average uptake was 31 pg Fe /cell. After labeling, these particles did not produce notably 

influence on the cell viabilities even after 48 h further incubation (Figure 3c), assayed by 

MTS, suggesting that the as-prepared Fe3O4@PFODBT-COOH was biocompatible with low 

toxicity, when used as a tracer for cell labeling.

After cells were labeled by the Janus particles (31 pg Fe/cell), a series of diluted samples 

with the number of cells from 2,500 to 640,000 in a 200 μL PCR tube were scanned by two-

dimensional MPI, fluorescence and MR imaging. As shown in Figure 3d, the MPI signals 

are linearly correlated to the cell number (R2=0.998). 2,500 labeled HeLa cells gave a 

signal-to-background ratio (defined as (signal-background)/background) of 1.76, estimated 

from the linear scanning MPI spectrum (Figure 3e). The number of cells that can be imaged 

can be further reduced by increasing the scan project number and background subtraction.
41,42 For example, with the 2D Average/ Time Course MPI scanning and using 25 of 

projection number, 500 labeled cells (31 pg Fe/cell) can be imaged with the signal-to-

background ratio of 3.20 (Figure 2f) after subtraction of the background signal from a blank 

sample (Figure S5a), and 250 labeled cells can be clearly visualized as well with the signal-

to-background ratio of 2.03 (Figure 2g & S5b).
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In comparison, while fluorescence imaging of labeled cells under the same conditions 

(excitation at 540 nm, emission at 680 nm) showed good a linear correlation between the 

fluorescence signals and the cell number (Figure 3h), the signal-to-background ratio of 2500 

labeled cells in fluorescence imaging is only 0.11 (Figure S6). For T2-weighted MRI, the 

signals of T2-weighted MRI produced by labeled cells was not linearly dependent on the cell 

number (Figure 3i).

Next, Fe3O4@PFODBT-COOH labeled HeLa cells were implanted into a living mouse for 

whole-body fluorescence, MPI and MRI to directly compare the imaging contrast and depth 

attenuation of these three imaging modalities in vivo. As shown in Figure 4a, 30,000 

labelled cells subcutaneously injected onto the abdomen area of the mouse produced strong 

signal in fluorescence imaging at the front view, but no fluorescence signal could be detected 

when the mouse was imaged from the back view, due to the limited penetration of 

fluorescence light. The autofluorescence from the animal, especially the fur significantly 

compromised the detection sensitivity. After removing the fur around the abdomen area, 

about 2,500 labeled cells could be seen by fluorescence imaging (Figure 4b). In comparison, 

the same 30,000 labelled cells implanted in the same mouse were visualized by 2-D 

projection MPI with high contrast at both the front and back views: the signal to noise ratio 

is 16.1 (Figure 4c). With 2,500 labeled cells subcutaneously implanted onto the back, 2-D 

projection MPI showed the signal-to-noise ratio of 1.3 (Figure 4d). 3-D MPI can be fused 

with CT image (Figure 4e and S7) to show the location of labeled cancer cells in the mouse 

body. When the number of labeled cells decreased further, the MPI signal was low, but if we 

used the background subtraction method, 250 cells were able to be visualized after local 

injection onto back (Figure 4f). On the other hand, MR imaging of labeled cancer cells is 

more challenging since the iron oxide nanoparticles produces a dropout signal similar to 

dark signal at air-tissue interfaces. For example, negative contrast of 2500 labeled cells was 

hardly distinguishable in T2-weight MRI (Figure 4g).

To evaluate Fe3O4@PFODBT-COOH for longitudinal cell tracking, HeLa cells xenografts 

were established by subcutaneously implantation of Hela cells (3.5 × 105) pre-labelled with 

Fe3O4@PFODBT-COOH into mice (n = 3). Fluorescence and MPI images were acquired 

every other day from day 10 post implantation. Strong fluorescence could be detectable from 

tumor area from day 10 to day 20 post implantation (Figure 4h). Meanwhile, serial MPI 

images showed high signal contrast in tumor area with no detectable signal from 

surrounding anatomy (Figure 4j). Moreover, the fluorescence and MPI signals only 

decreased by about 20 % after 10 days of growth (Figure 4i & k). 3-D MPI/CT imaging 

(Figure 4l) correlated the MPI signal with the anatomic location of the tumor mass 

originated from the labeled cancer cells. On day 20 post implantation, the tumors were 

dissected, frozen, sliced, fixed and stained with DAPI for fluorescence imaging, which 

showed strong red fluorescence in tumor slice from the fluorescent semiconducting 

polymers on the Janus particles (Figure 4m). These results have demonstrated that the Janus 

nanoparticle Fe3O4@PFODBT-COOH has the potential for in vivo long-term cell tracking 

by MPI and fluorescence imaging.

Since its conception, MPI has been shown great potential as a new imaging modality for 

molecular imaging. As our results present, MPI can image the magnetic tracer at any tissue 
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depth with a positive contrast, and there is an excellent linearity between the tracer amount 

and the signal intensity. The magnetic tracers, mainly iron oxide nanoparticles, are the key to 

the sensitivity of MPI. Unfortunately, existing iron oxide nanoparticles are not tailored to the 

MPI physics. In this work, we probed the reaction parameters to tailor the synthesis of iron 

oxide nanoparticles for MPI. Our results have shown that MPI signal is also greatly 

dependent on the particle’ crystalline structures, in addition to the particles’ sizes. 

Interestingly, the diameter of the iron oxide core of our particles is about 16 nm, while 

previous works suggest the optimal size of iron oxide core of MPI SPIO nanoparticles is 

around 24–26 nm in diameter. Thus, to optimize the particles for MPI, both particle’ sizes 

and crystallinities should be carefully controlled. The MPI signal of iron oxide nanoparticles 

synthesized under our optimized condition is 3 times of that of Vivotrax, and 7 times that of 

Feraheme at the same concentration of Fe. Thus, the sensitvity of our Janus iron oxide 

nanoparticles is comparable to that of Krishnan’s tailored nanoparticles.43,44 While the 

endogenous background noise of MPI is extremely low, we found that this low level 

background may be subtracted to improve the imaging sensitivity when an extremely low 

amount of tracer was used—a few nanograms of Fe. With further advance in the MPI 

hardware, for example, a new gradiometric receive-coil recently reported by Buzug et al,45 

the MPI sensitivity of our particles may be further improved.

The coating chemistry developed here allows our MPI tailored iron oxide nanoparticles to be 

encapsulated with semiconducting polymers to produce Janus nanoparticles, in which the 

optical property of the polymer and magnetic property of the iron oxide nanoparticles are 

integrated for MPI and fluorescence imaging. The fluorescence emissions of Janus 

nanoparticles can be tuned up with different semiconducting polymers, and maybe even 

afford photoacoustic contrast ability since semiconducting nanoparticles have been shown as 

excellent photoacoustic imaging agents.35,46 The dual or more modalities imaging facilitates 

cell imaging at multiple settings from in vitro to in vivo. We evaluated the performance of 

the Janus particles for cell labeling and in vivo tracking, and as low as 250 cells could be 

imaged by MPI after implantation in the mouse body without depth limitation. With further 

optimization of the loading efficiency and the improvement of the particle imaging 

performance, tens of or even single labeled cells may be imaged by MPI.

Conclusion

In conclusion, our investigation into synthesizing MPI tailored iron oxides (Fe3O4), has 

shown that temperature and reaction time affects the quality of cubic Fe3O4 crystal in the 

nanoparticles, and thus the MPI imaging intensity. Our synthetic condition provided iron 

oxide nanoparticles that displayed 3 times MPI signal of commercial MPI tracer (Vivotrax) 

and 7 times that of MRI contrast agent (Feraheme) at the same concentration of Fe. Janus 

nanoparticles made by encapsulating iron oxide nanoparticles in semiconducting polymers 

allowed efficient cell labeling and sensitive MPI tracking after implantation into mice. While 

Janus nanoparticles are applied to cell tracking here, they may enable other MPI 

applications, such as multimodality cancer imaging after particle functionalization with 

tumor-targeting ligands.
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Figure 1. 
(a–c) Characterization of iron oxide nanocrystals synthesized by thermal decomposition of 

an iron-oleate complex at 310 °C with various reaction times (e.g. 0.5, 5, 10, 21, 31, 48 h). 

(a) TEM images of iron oxide nanoparticles synthesized at 310 °C. (b) Powder XRD 

patterns of iron oxide nanoparticles synthesized at 310 °C. (c) MPI peak signals of PSMA-

modified iron oxide nanoparticles synthesized at 310 °C with the same amount of Fe (8 μg) 

in 200 μL H2O. (d–f) Characterization of iron oxide nanocrystals synthesized by thermal 

decomposition of an iron-oleate complex at 21 h with 280 °C and 310 °C, and iron oxide 

nanocrystals (prepared at 310 °C / 21 h) annealed at 600 °C for 2 h in air atmosphere. (d) 

TEM images of as-prepared iron oxide nanoparticles. (e) Powder XRD patterns of as-

prepared iron oxide nanoparticles. (f) Linear scanning MPI spectra of as-prepared iron oxide 

nanoparticles with the same amount of Fe (8 μg) in 200 μL H2O. (g) Photograph of PCR 

tube containing 200 μL of Fe3O4-COOH (prepared at 310 °C / 31 h) and Vivotrax with the 

same amount of Fe (8 μg), and corresponding linear scanning MPI spectra. (h) Plot of the 

MPI signals of Fe3O4-COOH (prepared at 310 °C / 31 h) and Vivotrax versus the amount of 

Fe in 200 μL H2O.
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Figure 2. 
(a) Schematic of the preparation of Fe3O4@PFODBT-COOH Janus nanoparticles through 

nanoprecipitation. (b) TEM image of Fe3O4@PFODBT-COOH Janus nanoparticles. (c) 

DLS size of Fe3O4-COOH and Fe3O4@PFODBT-COOH in PBS. (d) UV-vis absorption 

spectra of PFODBT in THF, and Fe3O4-COOH and Fe3O4@PFODBT-COOH in PBS. (e) 

Fluorescence spectrum of Fe3O4@PFODBT-COOH (excited at 540 nm). (f) Two-

dimensional projection MPI scanning of Fe3O4-COOH and Fe3O4@PFODBT-COOH with 

the same amount of Fe (8 μg) in 200 μL H2O, and their corresponding linear scanning MPI 

spectrum. (g) Plot of MPI signals of Fe3O4@PFODBT-COOH versus amounts of Fe in 200 

μL H2O.
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Figure 3. 
(a) Internalization of Fe3O4@PFODBT-COOH by HeLa cells observed by confocal laser 

scanning microscopy. The cells were incubated with 60 μg Fe /mL of Fe3O4@PFODBT-

COOH for 4 h, then fixed and stained with DAPI. Blue fluorescence shows nuclei stained 

with DAPI and red fluorescence shows the location of Fe3O4@PFODBT-COOH. (b) Plot of 

cellular uptake of particles with the incubation concentration, determined by ICP. (c) MTS 

assay of proliferation of Fe3O4@PFODBT-COOH labeled cells in fresh cell medium for 

indicated periods of time. (d) Plot of MPI signals versus the number of Fe3O4@PFODBT-

COOH labeled cells (31 pg Fe /cell) from 2.5 K to 640 K in 200 μL PBS in PCR tubes. (e) 

Linear scanning MPI spectra of 2500 labeled cells (31 pg Fe/cell) in 200 μL PBS in a PCR 

tube (inset is projection MPI image of 2.5 K cells). (f & g) Linear scanning MPI spectra of 

(f) 500 and (g) 250 labeled cells (31 pg Fe /cell) in 20 μL PBS in a PCR tube; inset is 

projection MPI image of labeled cells. (h) Plot of fluorescent signals versus the number of 

labeled cells ranging from 0 to 160 K (insert is fluorescent image of tubes containing 0 to 10 

K cells). (i) Plot of T2-weight MRI signals of labeled cells versus number of labeled cells 

from 0 to 80 K (inset is MRI image from 0 to 80 K).
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Figure 4. 
(a & b) Fluorescence imaging of a mouse from front or back view after local subcutaneous 

injection of Fe3O4@PFODBT-COOH labeled cells (excitation: 540 nm; emission: 680 nm). 

(c & d) Two-dimensional projection MP imaging of mouse from front view or back view, 

after local subcutaneous injection of labeled cells. (e) Three-dimensional MPI and CT 

imaging of mouse after local subcutaneous injection of labeled cells. (f) Overlay of white 

light picture and 2-D projection MPI image of a mouse implanted 250 labeled cells after 

background subtraction. (g) MRI transverse images of mouse body after local subcutaneous 
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injection of cells labelled with Fe3O4@PFODBT-COOH. (h-m) In vivo tracking of HeLa 

cells xenograft tumor. The mice (n = 3) were subcutaneously implanted with Hela cells (3.5 

× 105) pre-labeled with Fe3O4@PFODBT-COOH. (h) Longitudinal fluorescence images of a 

representative mouse at different time points (excitation: 540 nm; emission: 680 nm). (i) 

Quantification of fluorescence signals (%) of tumor areas as a function of post implantation 

time, relative to the value of day 10 post implantation. (j) Longitudinal two-dimensional 

projection MPI images of a representative mouse over 10 days. (k) Quantification of MPI 

signals (%) of tumor areas as a function of post implantation time, relative to the value of the 

10th day post implantation. (l) Three-dimensional whole-body MPI and CT imaging of a 

representative mouse at the 20th day post implantation. (m) Confocal images of tumor slice 

on the 20th day after implantation. The tumors were frozen, sliced, fixed and stained with 

DAPI; blue fluorescence: nuclei stained with DAPI, red fluorescence: Fe3O4@PFODBT-

COOH.
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