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Abstract

Magnetic nanoparticles (MNPs), primarily iron oxide nanoparticles, have been incorporated into 

cellular spheroids to allow for magnetic manipulation into desired shapes, patterns and 3-D tissue 

constructs using magnetic forces. However, the direct and long-term interaction of iron oxide 

nanoparticles with cells and biological systems can induce adverse effects on cell viability, 

phenotype and function, and remain a critical concern. Here we report the preparation of 

biological magnetic cellular spheroids containing magnetoferritin, a biological MNP, capable of 

serving as a biological alternative to iron oxide magnetic cellular spheroids as tissue engineered 

building blocks. Magnetoferritin NPs were incorporated into 3-D cellular spheroids with no 

adverse effects on cell viability up to 1 week. Additionally, cellular spheroids containing 

magnetoferritin NPs were magnetically patterned and fused into a tissue ring to demonstrate its 

potential for tissue engineering applications. These results present a biological approach that can 

serve as an alternative to the commonly used iron oxide magnetic cellular spheroids, which often 

require complex surface modifications of iron oxide NPs to reduce the adverse effects on cells.
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1. Introduction

A variety of nanoparticles (NPs), including magnetic iron oxide NPs, gold NPs, carbon 

nanotubes and polymeric NPs, have been integrated with tissue engineering to provide in 

situ imaging, drug delivery, mechanical properties and functionality [1,2]. Nanotechnology 

can benefit tissue engineering due to its ability to control interactions at sub-cellular levels 

that are not possible using common tissue engineering techniques [3–5]. In particular, 

magnetic nanoparticles (MNPs) have been integrated with tissue engineering applications 

for tissue patterning and maturation [6–9]. However, the direct and long-term interaction of 

MNPs with cells can induce adverse effects on cell viability, phenotype and function, and 

therefore remain a critical concern [6,10–13]. Commonly investigated MNPs include ferrites 

(cobalt [14], manganese [15], nickel [16]), manganites, as well as metals (Fe [17], Co, Ni 

[18]) and their alloys. However, before these ferrite NPs may be used, their surfaces must be 

modified with polymers [19–21], oleates [22,23], dextran [24,25], gold or silica [26] to 

improve the MNPs’ biocompatibility. Because of the complex chemistry inherent in such 

modifications, there is a critical need to investigate biological MNPs as an alternative to the 

commonly used iron oxide MNPs to effectively reduce adverse effects on cells, thereby 

allowing for long-term use in tissue engineering applications.

Magnetoferritin is a potential biological MNP that can address the adverse cellular effects of 

common metallic MNPs. Compared to other surface-modified iron oxide MNPs, the 

apoferritin shell of magnetoferritin is protein based, unlike other inorganic coatings, thereby 

making it a naturally biocompatible surface coating. The primary role of ferritin, a natural 

protein in the body, is short- and long-term iron storage. The intracellular functions of 

ferritin include providing iron reserves for cytochromes, hemoglobin, myoglobin and 

nitrogenase [27], with normal blood serum levels ranging from 10 to 200 ng ml−1, and mean 

values of 103 and 35.6 ng ml−1 for males and females, respectively [28]. Furthermore, 

apoferritin demonstrates ferroxidase activity by catalyzing the oxidation of Fe(II), an initial 

step in the preparation of iron for storage in ferritin [29,30]. In this work, we hypothesized 

that a biological magnetic NP will be a less toxic alternative than iron oxide MNPs when 

integrated into cellular spheroids. Specifically, we prepared magnetoferritin NPs with 

tailored loading and magnetic properties, analyzed its effects on cell viability, and 

demonstrated its ability to mediate tissue patterning via magnetic force assembly. The 

results demonstrate that magnetoferritin NPs have the potential to mitigate the cytotoxicity 

that currently prevents prolonged use of MNPs in tissue engineering applications.

2. Materials and methods

2.1. Materials

Apoferritin (equine spleen), trimethylamine-n-oxide ((CH3)3N(O), 98%), AMPSO 

(C7H17NO5S, 99%), ammonium (II) sulfate hexahydrate ((NH4)2Fe(SO4)2·6H2O, 99%), 

potassium ferrocyanide (K4 Fe(CN)6·3H2O, 98.5–102%) and phosphate-buffered saline 

(PBS) were supplied by Sigma-Aldrich. Hydrocholoric acid (6 N) was supplied by Ricca 

Chemical Company. PrestoBlue cell viability reagent, LIVE/DEAD cell viability kit, 

collagense (type IV) and bovine collagen type I were supplied by Life Technologies. 

Commercial iron oxide MNPs were supplied by SkySpring Nanomaterials, Inc. (Fe3O4, 20–
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30 nm). Trypsin (0.25%) was supplied by Thermo Scientific. Zinc-buffered formalin (Z-fix) 

was supplied by Anatech Ltd.

2.2. Magnetoferritin synthesis

Magnetoferritin NPs were synthesized by gradually loading apoferritin with iron oxide NPs 

[31]. Apoferritin (0.44 M) was placed in an AMPSO buffer solution (50 mM, pH 8.6) and 

heated to 65 °C. Aliquots of ferrous ammonium sulfate (Fe2+, 0.1 M) and triemethylamine-

N-oxide (Me3NO, 0.07 M) were added dropwise to the reaction solution. Each addition of 

Fe(II) (0.612 µmol) was followed by a stoichiometric aliquot of Me3NO (3 Fe(II):2 Me3NO, 

0.612 µmol:0.41 µmol) and left for 15 min before repeating the stepwise addition. One 

synthesis cycle was defined as one sequential addition of Fe2+ and Me3NO. Samples were 

dialyzed in water at 4 °C for 2 days prior to use (MWCO: 12–14 kDa).

2.3. Magnetoferritin characterization

A bichinchoninic acid (BCA, Lambda Biotech, Inc.) assay was performed to quantify the 

amount of protein. The iron content within magnetoferritin NPs was quantified using an 

established technique to quantify iron content in solutions [32]. Briefly, magnetoferritin NPs 

were first dissociated using 5 N HCl for 72 h, followed by quantification of free iron within 

solutions using a Perls’ Prussian blue colorimetric technique. Dissociated samples were 

incubated with 5% potassium ferrocyanide for 15 min, followed by absorbance readings at 

562 nm. Additionally, magnetoferritin NPs were characterized using scanning transmission 

electron microscopy (STEM) and energy-dispersive spectrometry (EDS) on a Hitachi 2000 

scanning transmission electron microscope. The magnetic properties of magnetoferritin NPs 

were characterized using an alternating gradient magnetometer (AGM 2900, Princeton 

Measurements Inc.).

2.4. Cell culture

Primary rat aortic smooth muscle cells (SMCs) were used for all cellular spheroid studies. 

Cells were cultured in monolayer cultures using Dulbeco’s modified Eagle’s medium:F-12 

(ATCC, 1:1) supplemented with 10% fetal bovine serum (Atlanta Biologics) and 1% 

penicillin–streptomycin–amphotericin (MediaTech, Inc.) at 37 °C and 5% of CO2.

2.5. Cellular spheroid assembly

Equal volumes of solutions containing NPs (magnetoferritin NPs or iron oxide MNPs), 

collagen and SMCs in medium were combined and immediately dispensed using the 

hanging drop method. Samples were inverted and incubated at 37 °C with 5% CO2 for 3 

days prior to use to allow for spheroid assembly. Cellular spheroids were assembled using 

20,000 cells per spheroid. Collagen was incorporated into cellular spheroids at different 

concentrations, depending on the application (17 µg ml−1 for viability; 5 µg ml−1 for 

magnetic patterning).

To assemble uptake MNP spheroids, a monolayer cell culture flask (~90% confluence) was 

incubated with MNP-containing cell culture medium for 24 h. The bottoms of culture flasks 

were covered with square magnets (K&J Magnetics, Inc., 12.7 × 12.7 mm, 1.6 mm thick, 

vendor calculated pull force = 3.59 lbs) to promote MNP internalization into cells. Media 
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solutions containing iron oxide MNPs were sonicated prior to addition to cells. After 

incubation, cells were washed five times to remove free MNPs, trypsinized, collected, 

placed on a magnetic wash tool and allowed to sit for 5 min. The supernatant was discarded 

and the remaining magnetically attracted cells were suspended in fresh medium. Solutions of 

magnetically attracted cells and collagen were combined and dispensed using the hanging 

drop method, as mentioned previously. Collagen was prepared according to the 

manufacturer’s recommendations and kept on ice prior to use for all samples.

2.6. Quantification of NP uptake

Magnetic cellular spheroids were fabricated with magnetoferritin NPs (500 µg ml−1, 7.5 µg 

per spheroid, 0.375 ng per cell). Spheroids (n = 10, dispersed and uptake) were dissociated 

via incubation with collagenase for 80 min at 37 °C, followed by incubation with trypsin for 

10 min at 37 °C. Spheroids were then centrifuged and physically dissociated in 1 ml of 

medium. Next, samples were placed on a magnetic wash tool for 5 min. The supernatant was 

collected and the remaining cells (magnetically attracted) suspended in 1 ml of fresh 

medium. The amounts of cells in the supernatant and magnet solution were quantified using 

a hemocytometer. Spheroids were collected and analyzed after 3 days of assembly in a 

hanging drop. Three separate batches of spheroids were used for analysis.

2.7. Cellular spheroid viability

Magnetic cellular spheroids were fabricated with magnetoferritin NPs (500 µg ml−1) or iron 

oxide MNPs (300 µg ml−1) and compared to control cellular spheroids without MNPs. 

Spheroids were first dissociated with collagenase (80 min) and trypsin (10 min) as 

previously described, and allowed to adhere to a tissue-treated well plate overnight. A 

PrestoBlue cell viability assay was performed to quantify cell viability compared to MNP-

free controls after spheroid dissociation (at least three repeats per sample). Magnetic cellular 

spheroids assembled using iron oxide MNPs had a lower MNP concentration than 

magnetoferritin NPs due to MNP concentrations used in magnetic patterning studies.

To qualitatively assess the viability of intact spheroids, simultaneous LIVE/DEAD confocal 

microscopy was performed. Spheroids were washed with sterile PBS and incubated with 

LIVE/DEAD working solution, prepared according to the manufacturer’s protocol, 

containing calcein AM (live, green) and ethidium homodimer-1 (EthD-1, dead, red). After 

staining, spheroids were washed with PBS and fixed in Z-fix for 30 min. Samples were then 

imaged using a Nikon Eclipse Ti confocal microscope. All spheroids were collected and 

analyzed after 3 days of assembly in a hanging drop.

Additionally, dissociated spheroids were quantitatively analyzed using a LIVE/DEAD 

viability kit. Spheroid viability was quantified using a Tali Image-Based Cytometer (Life 

Technologies, Green + Red System Protocol). For each sample, 10 spheroids were 

dissociated as previously described with collagenase and trypsin. Cell solutions were 

analyzed for viability per manufacturer specifications using calcein AM (live) and EthD-1 

(dead). Live and dead cells were quantified using the Tali Image-Based Cytometer. An 

unstained sample was first analyzed to set the background and to determine the fluorescent 

thresholds. Each sample was then gated according to these initial thresholds. All spheroids 
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were collected and analyzed after 3 days of assembly in a hanging drop. At least three 

samples per spheroid type were analyzed.

2.8. Histology

Magnetoferritin cellular spheroids were processed and sectioned via standard paraffin 

sectioning techniques. Samples were dehydrated using ethanol and xylene prior to being 

embedded in paraffin. Sections, 5 µm thick, were stained with hematoxylin and eosin and 

Lillie’s technique for Turnbull’s blue reaction (Poly Scientific).

2.9. Magnetic patterning

Commercial axially magnetized ring magnets (SuperMagnet-Man, 10 mm diameter), were 

secured to the bottom of glass chamber slides containing coverglass bottoms. Four hundred 

magnetic cellular spheroids (dispersed) were placed in the chamber and allowed to 

magnetically align. Tissue structures were allowed to fuse for 4 days prior to imaging. The 

magnet patterns were kept static throughout the 4 days and removed for imaging. Samples 

were imaged using a Nikon AZ100 multizoom microscope. Different concentrations of 

magnetoferritin NPs and iron oxide MNPs were used due to the magnetic attraction of 

cellular spheroids.

2.10. Statistical analysis

A two-tailed Student’s t-test was used to assess the significance of cell viability studies 

compared to control cellular spheroids without MNPs. Statistical significance was set at p < 

0.05. Error bars on graphs represent the standard deviation from the mean.

3. Results and discussion

3.1. Magnetoferritin synthesis and characterization

By varying the number of cycles (from 10 to 70) performed during magnetoferritin NP 

synthesis, we were able to tailor the loading of iron oxide into equine spleen apoferritin 

protein shells. By increasing the number of synthesis cycles, we increased the iron oxide 

loading per ferritin shell from 810 to 3395 (iron oxide per protein, Fig. 1a). While the 

maximum loading of iron per ferritin shell is 4500 [27,33], we have synthesized 

magnetoferritin NPs with maximum loadings of around 3400 – similar to other groups 

[31,33,34]. Additionally, by varying the iron oxide content within the magnetoferritin NPs, 

we were able to control the magnetic properties of these biological MNPs, as a higher 

loading content corresponded to stronger superparamagnetic properties with the application 

of an external magnetic field. In our subsequent analysis of our magnetic manipulation of 

magnetoferritin NPs, we determined that 70 cycle magnetoferritin NPs were capable of 

magnetic manipulation and attraction in contrast to unloaded apoferritin NPs (Fig. 1b). 

Magnetoferritin NPs synthesized using 70 cycles were chosen based on previous results that 

analyzed the loading (iron oxide per protein) of various synthesis cycles (Supplementary 

Fig. S1). Furthermore, the ability to tailor the magnetic properties of magnetoferritin NPs 

was confirmed by analyzing the magnetic hysteresis of magnetoferritin NPs compared to 

iron oxide MNPs (Fig. 1c and d). Unlike iron oxide MNPs, the magnetoferritin NPs are 

superparamagnetic, with almost zero remanence and coercivity. With increasing cycles, the 
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shape of the magnetization curve stays the same while the saturation magnetization 

increases, confirming an increase in magnetic properties in 70-cycle magnetoferritin NPs. 

Finally, magnetoferritin NPs were characterized using STEM and EDS (Fig. 2). Z-contrast 

was used for STEM imaging to differentiate the iron oxide cores from their protein shell. 

Results confirmed that magnetoferritin NPs contained iron oxide, as indicated by the 

presence of both iron (red) and oxygen (blue) compared to apoferritin controls in EDS 

analysis. We used EDS to quantitatively confirm the iron content from magnetoferritin 

formulations, as demonstrated by an atomic percent increase in iron for 10- and 70-cycle 

magnetoferritin NPs (12.6% and 29.5%, respectively) compared to unloaded apoferritin 

(0.52%). The small amount of iron present in apoferritin samples was likely due to residual 

iron from the unloading of the native ferritin NPs. By controlling the loading of iron oxide 

into apoferritin shells and therefore the magnetic properties of magnetoferritin NPs, we 

demonstrated the ability to prepare tailored biological magnetic NPs.

3.2. Incorporation of magnetoferritin into cellular spheroids

To determine the capacity for magnetoferritin NPs to serve as effective magnetic NPs for 

tissue engineering applications, magnetoferritin NPs were incorporated into cellular 

spheroids. Specifically, using rat aortic smooth muscle cells, magnetoferritin NPs (70 

cycles) were incorporated into cellular spheroids using two techniques: uptake and dispersed 

(Fig. 3a). Uptake cellular spheroids refer to spheroids composed of cells that have 

internalized magnetoferritin NPs. Dispersed cellular spheroids refer to a method of spheroid 

synthesis in which magnetoferritin NPs are dispersed throughout the extracellular space. 

Histological analysis was performed to analyze the dispersion of magnetoferritin NPs within 

cellular spheroids (Fig. 3b). Samples were stained using hemotoxylin and eosin (H&E), and 

Lillie’s Turnbull blue reaction to show the presence of iron oxide within magnetoferritin 

NPs (iron = black). Magnetoferritin was visible in both stains, appearing red-orange in H&E 

and black in Lillie’s Turnbull blue reaction. The results confirmed the dispersion of 

magnetoferritin NPs throughout the cellular spheroids using both spheroid formulations 

(uptake and dispersed) at magnetoferritin concentrations of 82 µg ml−1. Additionally, as the 

internalization of iron oxide MNPs into cells can induce cytotoxic effects, interaction 

between cells and MNPs should be minimized [13]. Compared to iron oxide MNPs, results 

showed that the percentage of cells internalizing magnetoferrtin NPs with dispersed cellular 

spheroids was significantly lower (14%) than that of iron oxide MNPs (28%) (Fig. 3c). 

These results indicate that magnetoferritin NPs can be effectively incorporated within 

magnetic cellular spheroids with reduced internalization into cells.

3.3. Effect of magnetoferritin on cellular spheroid viability

Next, studies were performed to determine if magnetoferritin NPs induced adverse effects 

on cell viability when integrated within cellular spheroids. Cell viability was analyzed using 

both qualitative (LIVE/DEAD fluorescent confocal microscopy) and quantitative analyses 

(PrestoBlue and LIVE/DEAD cytometry). All studies were performed using both types of 

magnetoferritin NP spheroids (uptake and dispersed) containing 500 µg ml−1 

magnetoferritin and compared to spheroids containing iron oxide MNPs (300 µg ml−1) and 

control spheroids with no MNPs. Using PrestoBlue, results showed that the presence of 

magnetoferritin NPs did not adversely affect cell viability compared to control spheroids 
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without MNPs at days 3 and 7 (Fig. 4a). However, spheroids containing iron oxide MNPs 

using both spheroid types showed decreased viability at both days 3 and 7 when compared 

to control spheroids without MNPs. Uptake and dispersed magnetoferritin NP spheroids 

demonstrated greater viability than control spheroids without MNPs at day 7. However, the 

decreased viability observed in the magnetoferritin uptake spheroids at day 3 could be due to 

the toxic effects of magnetoferritin particle uptake, and the higher viability observed in the 

day 7 magnetoferritin uptake spheroids is evidence of the survival or recovery of cells that 

did not die in response to initial magnetoferritin particle loading. These results suggest that 

the integration of biological nanomaterials with tissue engineering may not only overcome 

cytotoxicity from conventional nanomaterials, such as iron oxide MNPs, but could also 

promote cell growth. However, additional experiments must be performed to gain a full 

understanding of the effect of magnetoferritin NPs on cell proliferation and division. Next, 

samples were prepared to qualitatively analyze spheroid viability using LIVE/DEAD 

fluorescent confocal microscopy. Intact spheroids were imaged at day 3 to visualize live 

(green) and dead (red) cells throughout cellular spheroids (Fig. 4b). Confocal images 

showed that spheroids containing magnetoferritin NPs maintained high viability, as 

confirmed by limited expression of dead (red) cells throughout. However, spheroids 

containing iron oxide MNPs exhibited decreased viability compared to control spheroids 

without MNPs, as noted by an increased presence in dead cells throughout (red signal) 

compared to the spheroids without MNPs. The larger size of spheroids with magnetoferritin 

NPs can be attributed to the larger concentration of MNPs used (500 µg ml−1) when 

compared to iron oxide MNP spheroids (300 µg ml−1). Finally, dissociated samples were 

stained with a LIVE/DEAD kit and analyzed using a Tali Image-Based Cytometer to 

quantify cell viability. Results further confirmed that magnetoferritin NPs had no adverse 

effects on cell viability compared to MNP-free controls. In addition, spheroids containing 

iron oxide MNPs demonstrated decreased viability compared to controls. When normalized 

to control spheroids without MNPs, uptake and dispersed magnetoferritin NP spheroids had 

83% and 96% cell viability, respectively, while uptake and dispersed iron oxide spheroids 

had 19% and 44% cell viability, respectively (Fig. 4c). Results obtained using both 

qualitative and quantitative analysis show that magnetoferritin NPs had no adverse effects 

on cell viability compared to MNP-free controls. Notably, spheroids composed of 

magnetoferritin NPs at a higher concentration (500 µg ml−1) than iron oxide MNPs (300 µg 

ml−1) maintained significantly higher cell viability up to 1 week. Using metallic iron oxide 

MNPs at concentrations of 50 µg ml−1, Ho et al. [6] demonstrated noticeable toxicity in 

patterned cellular spheroids after only 48 h, thereby preventing potential use in tissue 

engineering applications that require long-term interaction with biological systems. Unlike 

iron oxide MNPs, magnetoferritin NPs are composed of a protein shell, which makes them 

more suitable for such applications. The presented results demonstrate that magnetoferritin 

NPs can serve as a more biocompatible alternative to iron oxide NPs by avoiding adverse 

effects related to MNP-induced cell toxicity.

3.4. Fabrication of fused tissue using magnetic force assembly

Finally, to demonstrate the application of magnetoferritin NPs for tissue engineering, fused 

tissue rings assembled using magnetic force assembly were used as a model. Results first 

confirmed the magnetic attraction of magnetoferritin cellular spheroids (Fig. 4d). Next, 
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using dispersed cellular spheroids, magnetoferritin NP spheroids (500 µg ml−1) were 

magnetically patterned and fused over a 4 day period into a tissue ring (Fig. 4e). Samples 

were compared to magnetic cellular spheroids, with iron oxide MNPs as a control (300 µg 

ml−1). Fusion was confirmed by the lack of individual cellular spheroids after 4 days of 

patterning, which formed a single homogeneous tissue void of gaps upon removal of the 

magnetic pattern. Although both rings were assembled using the same number of spheroids, 

magnetoferritin NP spheroids are assembled with a higher MNP content than iron oxide 

spheroids. Therefore, tissue rings assembled using magnetoferritin NPs are larger than those 

assembled using iron oxide MNPs due to differences in spheroid diameter between the two 

types of spheroids (magnetoferritin NPs and iron oxide MNPs). Based on these results, 

magnetoferritin can serve as a biological alternative to metallic MNPs for magnetic force 

assembly of tissues to promote tissue fusion.

4. Conclusions

We have demonstrated that NPs can safely be integrated with tissue engineering applications 

using magnetoferritin NPs and can serve as an alternative to iron oxide MNPs. The 

biological nature of magnetoferritin NPs has been shown to have the most potential in 

applications requiring long-term interaction with biological systems in that they exhibit no 

adverse effects on cell viability at concentrations much higher than that used with other 

metallic MNPs. In future research, we will expand upon our magnetoferritin NPs to fabricate 

complex 3-D tissue structures and multi-cellular tissues, and study the long-term biological 

response of cells, including the effects of magnetoferritin NPs on cell phenotype, 

proliferation and cell cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Characterization of magnetoferritin NPs. (a and b) The loading of iron oxide into 

magnetoferritin NPs was successfully controlled and resulted in magnetic NPs (70 cycle, 

compared to unloaded apoferritin protein NPs). Results confirmed control over loading 

content into magnetoferritin NPs based on the reaction cycles performed. (c and d) The 

ability to tailor magnetic properties of magnetoferritin NPs was confirmed by analyzing the 

magnetic hysteresis of samples. Results confirm that magnetoferritin NPs are 

superparamagnetic, and that magnetic properties can be enhanced by increasing the number 

of synthesis cycles performed.
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Fig. 2. 
TEM and EDS characterization of magnetoferritin NPs. Magnetoferritin NPs were analyzed 

using STEM and EDS to confirm the presence of an iron oxide core, as noted by the high 

expressions of iron and oxygen in magnetoferritin NPs compared to in apoferritin protein 

shells. Magnetoferritin NPs were characterized by an atomic weight percent increase in iron 

between 10 (12.6%) and 70 cycle (29.5%) magnetoferritin NPs, confirming an increased 

presence of iron oxide. Scale bars: apoferritin, 10 cycle = 600 nm, 70 cycle = 300 nm.
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Fig. 3. 
Magnetoferritin NPs in magnetic cellular spheroids. (a) Magnetoferritin NPs were 

incorporated into cellular spheroids using two methods: uptake and dispersed. Uptake 

spheroids contain cells (pink) that have internalized magnetoferritin NPs (black), while 

dispersed spheroids contain magnetoferritin NPs spatially distributed throughout the 

extracellular space. (b) Histological examination confirmed the assembly of cellular 

spheroids using both methods. Samples were stained with H&E and Lillie’s technique for 

Turnbull’s blue reaction (iron) to visualize the location of magnetoferritin NPs (scale bar = 

500 µm). (c) Using dispersed cellular spheroids, results showed that magnetoferritin NPs 

resulted in lower cell uptake compared to iron oxide MNPs (*p < 0.05).
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Fig. 4. 
Magnetoferritin cellular spheroids for tissue engineering. (a) PrestoBlue viability assays 

were performed to compare cellular spheroids containing magnetoferritin NPs (MagF) and 

iron oxide MNPs (IO) to control spheroids without MNPs. Results confirmed that 

magnetoferritin NP spheroids maintained a high level of viability up to 1 week compared to 

control spheroids without MNPs and iron oxide MNPs spheroids (*p < 0.05). (b) Confocal 

microscopy was performed to confirm the effect of magnetic NPs on spheroid viability. 

Intact spheroids were analyzed on day 3 using magnetoferritin NPs (MagF) and iron oxide 
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MNPs (IO) and compared to MNP-free controls. Results showed that magnetoferritin NPs 

had no adverse effects on cells, confirmed by the low level of expression of dead (red) cells 

while spheroids containing iron oxide MNPs showed a high expression of dead cells (scale 

bar = 500 µm). The larger size of spheroids with magnetoferritin NPs can be attributed to the 

larger concentration of MNPs used (500 µg ml−1), when compared to iron oxide MNP 

spheroids (300 µg ml−1). (c) Finally, dissociated spheroid samples for each type were 

analyzed using cytometry with a LIVE/DEAD stain. Viability was quantified using a Tali 

Image-Based Cytometer (Green + Red System Protocol) and normalized to control 

spheroids without MNPs (control). Results showed that magnetoferritin NPs (MagF) 

expressed 83% and 96% viability for uptake and dispersed, respectively, while iron oxide 

MNPs (IO) demonstrated 19% and 44% viability for uptake and dispersed, respectively. (d) 

The ability of magnetoferritin cellular spheroids to magnetically attract to a permanent 

magnet was confirmed (magnet diameter = 10 mm). (e) Using magnetic force assembly, 

results showed a fused homogeneous tissue, with magnetoferritin serving as a comparable 

alternative to iron oxide magnetic MNPs for patterning and fusion. Scale bar = 10 mm.
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