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Abstract

:

Spinal cord injuries (SCI) are well thought to be a crucial issue that roots various side effects for a patient during their entire lifetime. Although therapeutical methods to resolve the SCI are limited, stem cell therapy is determined to be a resolving factor since it possesses the ability to induce the neurogenic differentiation and the paracrine effect. However, stem cells are difficult to inject directly into the lesion, so they must be carefully guided through the spinal canal. Therefore, superparamagnetic iron oxide nanoparticles (SPIONs) are introduced as an instigator that makes the cells respond to the applied magnetic field. This study intends to report the synthesis strategy to develop SPIONs that could be used to treat the injury site by an applied magnetic field. SPION-internalized D1 Mesenchymal stem cells (MSCs) are observed consistently using a confocal fluorescence microscope to analyze the toxicity, maintenance, and monitoring points of intracellular SPIONs. The prepared SPIONs are much anticipated to increase the migration efficiency using magnetism, which was not cytotoxic. Hence, the prepared SPIONs can adeptly target the damaged neural tissue to promote tissue regeneration and treat nervous system disorders. This primary study stands as a focal point to solve SCI by stem cell migration effectively.
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1. Introduction


Spinal cord injury (SCI), which involves dyssynergia and serious damage to motor and sensory functions in the human body, is often caused by trauma, dysfunction, or degenerative disease. Despite decades of therapeutic research, current treatments are limited to drug treatment in the acute stage or surgical methods [1,2]. Additionally, the initial degree of impairment affects patients throughout life. Stem cell therapy is a promising strategy developed to treat SCI [3,4,5]. The transplanted stem cells promote neural and neural cord regeneration by providing a paracrine effect and a scaffold for replacing damaged neurons [6]. Recently, stem cell treatment has been suggested for radical SCI. Particularly, D1 Mesenchymal stem cells (MSCs) can cause auto-regeneration and differentiation of other mesenchymal systems and are used to restore cartilage in the orthopedic area [7]. Mesenchymal stem cells (MSCs) have recently been evaluated for use in cellular repair after central nervous system injury [8,9]. MSCs are derived from the bone marrow and can self-renew and differentiate into several distinct mesenchymal lineages [10,11,12]. Through morphological and phenotypic changes, MSCs differentiate into neuron-like cells, making these cells a good candidate for use in tissue regeneration and treatment of nervous system injuries [13,14].



Super-paramagnetic iron-oxide nanoparticles (SPIONs) are composed of magnetite, which is an iron-oxide, and are thought to be next-generation nano-drugs. These particles are coated with a biocompatible polymer to enhance their stability and cell transfer effects [15,16]. SPION-based drug delivery, nano-biomaterial, bio-imaging, and other methods are studied to determine their practical applications, and animal studies have been conducted to determine their potential in SCI therapy by using stem-cell-fusion to increase migration [17,18]. However, further studies are needed before SPIONs can be applied clinically and to demonstrate the migration, stability, and safety by magnetic induction of stem cell fusions [19,20]. Recent studies have focused, not only on improving biocompatibility and advancing magnetic materials, but also remotely controlling the magnetic field to cause SPIONs fusion [21]. Some research groups have reported risks such as cellular stress, gene expression changes, impacts on cell proliferation, and nanoparticle-protein interactions. Therefore, the cytotoxicity with nanoparticles should be further examined. Nano-materials could be improved to enable the safe use of SPIONs for developing new targeted therapies [22].



In this study, we differentiated our work from the previous study using dopamine coating. Polydopamine is a mussel-inspired adhesive coating, which has become attractive in the biomaterials field due to its ability to form strong adhesive interactions with materials and with functional biomolecules that contain amine groups. The introduction of Polydopamine in SPION does not initiate any phase transfer in the bulk SPIONs since the Polydopamine polymerization influences the formation of the carbon layer on the surface rather than the bulk [23]. Herein, we report neuronal differentiation of MSCs and evaluate whether SPION-labeled MSCs could be magnetically targeted at the injury site to keeping the nature of MSCs under in vitro conditions [24].




2. Materials and Methods


2.1. Osteogenic, Chondrogenic, and Neurogenic Induction of D1 MSCs


In this study, MSCs were induced to form osteocytes, cartilage cells, and nerve cells after incubating D1 mouse bone marrow-derived MSCs (D1 MSCs) in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum in a 6-well plate to evaluate the differentiation potential of the D1 MSCs.



For osteocyte and chondrocyte differentiation induction, the media containing stem cells were replaced with differentiation medium when the cells reached 70% confluence. The cells were cultured for three weeks, and Alizarin red staining was conducted to determine the osteogenic accumulation of differentiated cells. Calcium and Alcian blue staining were used to detect differentiated cartilage cells. After washing the differentiated cells twice with phosphate-buffered saline, the cells were fixed in paraformaldehyde solution at room temperature for 10 min. The fixative was removed, and the cells were washed twice with distilled water. Next, 2% Alizarin red solution and 1% Alcian blue solution was added and incubated for 30 min, followed by washing with distilled water. To induce nerve cell differentiation, after stabilizing the stem cells, the cells were incubated for 24 h in DMEM containing 10% fetal bovine serum medium and 5 ng/mL basic fibroblast growth factor. After replacing the medium with neuronal differentiation medium on the following day, the phenotype of neurons was observed with an optical microscope after 6 and 24 h.




2.2. Synthesis and Characterization of SPIONs


The synthesis of SPIONs has been described previously [19]. Briefly, iron (III) acetylacetonate (1.06 g), oleylamine (2.98 mL), oleic acid (2.85 mL), and 1,2-hexadecanediol (3.88 g) were added and stirred under nitrogen flow for approximately 10 min in 30 mL phenyl ether at room temperature. After removing the stir bar, the mixture was heated for 30 min to 200 °C under nitrogen gas flow, and then the temperature was increased to 265 °C for another 30 min. A black precipitate was formed, which was cooled and dissolved in hexanes in the presence of oleylamine and oleic acid and centrifuged at 6000 rpm for 10 min to remove any undispersed residue. Finally, 100-nm Fe3O4 nanoparticles was obtained by precipitation in ethanol. The SPION is prepared in a similar method and can be seen by XRD and SEM image. (Figure 1, Figure 2 and Figure 3).




2.3. Surface Modification with Dopamine and 675-nm N-hydroxysuccinimide (NHS)


Oleic acid SPIONs were modified to have a dopamine coat to render them hydrophilic and amine-functionalized [20]. Briefly, 100 mg of oleic acid-coated SPIONs dissolved in 5 mL of chloroform was mixed with 100 mg of dopamine dissolved in 100 mL DMSO. After the mixture formed a homogenous solution, stirring was continued, and then dopamine-coated SPIONs were separated by centrifugation and washed with water. To obtain the SPIONs, 675-nm light NHS (Flamma® 675 NHS ester, BioActs, Incheon, Korea) was added to the dopamine SPIONs in distilled water at a 1:0.01 ratio and stirred for 24 h.




2.4. Cell Viability and Magnetic Migration of SPION-Labeled D1 MSCs


The cytotoxicity of SPIONs was determined by the 3-(3,4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as described previously [25]. D1 mouse bone marrow stromal cells (1 × 103 per well) were seeded into 96-well plates in 100 µL culture medium at 37 °C with 5% CO2. After overnight incubation, the supernatant was removed, and fresh medium containing varying concentrations of SPIONs (0.1, 1, 5, 10, 50, 100 µg/mL) was added. Twenty-four hours later, the surviving cells were stained with MTT and quantified by measuring the absorbance at 540 nm. The MTT assay results were plotted as the mean ± S.D. of three experiments.



To analyze the internalization of SPIONs, D1 cells were fixed and observed with a Bio-TEM. The fluorescence of SPION-internalized D1 MSCs was measured with a FOBI (Fluorescence-labeled Organism Bioimaging Instrument). Our SPIONs (100 nm) and commercial SPIONs (NEO-LIVETM Magnoxide675, Biterials, Seoul, Korea) were prepared, and the migration efficiency was measured at different times after dispersing the cells by using a 1.5 T magnetic bar. Additionally, SPION-internalized D1 MSCs were evaluated on days 1, 3, 5, and 7 with a confocal fluorescence microscope and toxicity, maintenance, and monitoring points of intracellular SPIONs were analyzed.





3. Results


3.1. Differentiation Ability Potential of D1 MSCs


When undergoing neurogenic differentiation, D1 MSCs were observed to form spindle-shaped cells with a typical glial and neuronal shape after 6 h; the cell body was condensed, and oligodendrocytes were detected. Some cells partially lost contact with the culture plate, while others were completely detached. However, most nerve cells adhered well and showed good morphology after 24 h. Osteogenic and chondrogenic differentiation ability was confirmed with Alizarin red (osteogenic) and Alcian blue (chondrogenic) staining, respectively, at day 21 (Figure 1).




3.2. Cytotoxicity of SPIONs


SPIONs have been associated with toxic effects that have deleterious cellular consequences, eventually leading to cell death [15]. Labeling agents should be biocompatible and nontoxic and should not affect differentiation. The MTT assay showed that cell viability was not significantly affected by up to 50 µg/mL SPIONs after 24 h of treatment (>96% viability compared to the control sample) (Figure 2). SPION-internalized D1 MSCs were viable from day 1 to 7 and did not undergo apoptosis. However, the fluorescence signal gradually decreased over time, showing only approximately 10% of the initial value on day 7. This is because of the limited number of SPIONs and also because some cells did not contain SPIONs.




3.3. SPIONs Synthesis and Labeling with D1 MSCs


The SPIONs were found to have a spherical core-shell-type shape. The size of particles measured with 675-nm fluorescent dye and dopamine coating was estimated to be approximately 100 nm. Transmission electron microscopy analysis showed that SPIONs were in the cytoplasm of D1 MSCs. Cellular uptake of SPIONs was mediated by endocytosis. In most cells, the particles were near the cell membrane and nuclear membrane as SPION-containing vesicles. However, some SPION particles were detected in the nucleus (Figure 3).



Most cells contained different numbers of SPIONs inside internal vesicles, likely endosomes, which were taken up during nuclear division (Figure 4G). In some cells, we found that large numbers of SPIONs accumulated in enlarged endosomes (Figure 4D).




3.4. Magnetic Targeting and Migration of SPION-Labeled D1 MSCs


To investigate the magnetic targeting efficiency, SPION-labeled D1 MSCs were further labeled with a 675-nm fluorescent marker using 1 × 104–2 × 106 cells. Fluorescence signals were detected for 2 × 106 cells, revealing high migration at the 1.5 T magnetic field. The commercial SPIONs prior to cell labeling only resulted in 50% migration even after 72 h in the magnetic field (Figure S4), while our cells showed a migration value of over 95% at 30 min (Figure 5). Fluorescence values increased consistently over time for different numbers of cells, demonstrating that SPIONs were uniformly distributed in each cell. We also confirmed that SPIONs were not lost after differentiation (Figure 6).





4. Discussion


Spinal cord injury continues to be a devastating injury to affected individuals and their families and creates enormous financial, psychological, and emotional costs [26]. Damaged nerve cells cannot regenerate or show limited regeneration, and thus, initial treatment can have lifelong effects. Despite years of research, current treatment is limited to early administration of high-dose steroids and acute surgical intervention to minimize cord edema and the subsequent cascade of secondary delayed injury [1,27]. Paralysis remains incurable. MSCs can also differentiate into nerve cells. These morphological and phenotypic changes make MSCs good candidates for clinical applications for tissue regeneration and neurological treatment. To effectively regenerate tissues and functions after SCI, stem cells capable of differentiating into nerve cells or glial cells and that can be directly injected into the lesion or administered by an intravascular transplant method are needed. However, direct injection may cause secondary neural injury of the spinal cord, and the poor environment into which stem cells are transplanted may decrease the cell survival, migration rate, and preventing tissue regeneration. To overcome these limitations, SPIONs could be used to label MSCs to increase stem cell migration under magnetic induction. Studies have shown that this system promotes the induction of tissue regeneration [28].



SPIONs have been applied as contrast agents in magnetic resonance imaging [16] and have been suggested to be useful in orthopedic clinical application of stem-cell-based therapies for the tagging, tracking, and activation of stem cells [29,30]. After targeting SPIONs to MSCs, through inducing the magnetic field, it will stimulate the differentiation of neurons and release more neurotrophic factors to increase the therapeutic effect [31]. In recent animal studies of SCI regeneration using SPIONs, stem cells were injected into the spinal canal of the L5 lumbar spine and were induced using a magnetic field. Analysis of the stem cell distribution revealed that the stem cells aggregated effectively in the target area. However, no studies have examined the stability of SPIONs and differentiation ability of SPION-internalized stem cells [32]. Therefore, we confirmed cell stability by producing SPION-internalized MSCs using fluorescence-labeled markers and analyzed stem cell migration induced by a magnetic field at the cellular level. D1 mouse MSCs could undergo osteogenic, chondrogenic, and neurogenic differentiation, which were labeled with dopamine-coated SPIONs [33]. The existence of the carbon layer in the polydopamine-coated SPION surface could effectively increase the stability and bioactivity of the sample. It also makes easy conjugation with the fluorescence probe, as well as, viable detection both in vitro and in vivo. Similarly, through the 675 nm-NHS coating the surface gets further modified to become a theranostic agent and is diagnosed roentgenology with CT or MRI [34]. Hence, both dopamine and 675-nm NHS act on the surface of the SPION and do not influence any phase transfer through the SPIONs.



MTT assays weer used to analyze the cytotoxicity of various concentrations of SPIONs, which was highest at 100 µg/mL. Additionally, 50 µg/mL SPIONs showed the highest migration efficiency without causing toxicity. SPIONs in the cytoplasm of cells were detected by Bio-TEM. Nearly all the SPIONs in the cells were in vesicles in the cytoplasm and nuclear membrane, indicating that absorption occurred through endocytosis. Some SPIONs particles were detected around the nucleus. This may be because, during nuclear collapses, SPIONs in the cytoplasm were near the nucleus. Some cells contained numerous SPIONs in the endosome, but this likely resulted from the aggregation between SPIONs because of the dopamine coating. To determine whether SPIONs internalized by the cells affected cell stability, we evaluated the optimal concentration of 50 µg/mL SPION-treated D1 stem cells from days 1 to 7. The results confirmed that proliferation occurred without cell apoptosis. However, as the cells proliferated, the number of SPIONs in each cell reduced, and fluorescence could not be measured in some cells. In vitro, fluorescence could be detected over seven days. While the cells containing SPIONs were cultured in a plate in the laboratory, the cells actually multiplied in all three dimensions in vitro. The fluorescence signal of SPIONs was retained without dispersion even during cell proliferation. In this study, cytotoxicity was confirmed before magnetic induction experiments, and cytotoxicity test is required after magnetic field in-vivo experiments. This could be studied and applied to the animal experiments in the future.



To analyze the migration efficiency and to monitor the recovering effects in vitro, commercial SPIONs and dopamine-coated SPIONs were used as fluorescent materials. However, the commercial SPION could only manage 50% of the magnetic induction, even though it was not introduced into the cell. The optimal fluorescence signal that could be analyzed in vitro was 2 × 106 cells with 50 µg/mL internalized SPIONs, and the migration efficiency was 95% or more within 30 min under a neodymium magnet at a 1.5 T magnetic force. While measuring the migration rate, the tube was laid horizontally, in order to avoid the effect of gravity as much as possible. Also, the viscosity of the medium does not get affected because there are no additives in the medium. Analysis using a Fluorescence-labeled Organism Bioimaging Instrument (FOBI) showed that the fluorescence value increased steadily as the number of cells increased, indicating that SPIONs were uniformly present in stem cells. Additionally, the comparison of commercial 50-nm SPIONs and our 100-nm SPIONs confirmed that our SPIONs had a higher migration efficiency and were not cytotoxic, even when using a larger amount than the recommended concentration (up to 50 µg/mL). In contrast to existing commercialized SPIONs, our developed SPIONs could be used at high concentrations to increase the efficiency of migration using magnetism which was not cytotoxic.




5. Conclusions


In order to target lesions, SPIONs were labeled with a fluorescent substance, and dopamine was coated to inject to the cells. The MTT assay was used to confirm the cytotoxicity of the SPIONs and the appropriate concentration of SPIONs. Fluorescence materials labeled SPION helped in confirming the magnetic migration and confirmed that it had migrated remarkably. This result indicates that damaged neural tissue could be targeted to promote tissue regeneration and treat nervous system disorders. This primary study anticipates as a pivotal strategy to initiate future studies in treating SCI in vivo.
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Figure 1. Morphological changes of D1 Mesenchymal stem cells (MSCs) following neurogenic, osteogenic, and chondrogenic differentiation. (A) The zero phase of D1 cells before differentiation exhibiting MSC morphology. (B) After neurogenic induction, neuronal morphology was observed at 6 h after replacement the neurogenic media. (C) At 24 h later, most D1 cells had differentiated into neurocytes. However, some cells recovered. (D) Osteogenic differentiation and (E) chondrogenic differentiation induction for 21 days. 
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Figure 2. (A,B) Superparamagnetic iron oxide nanoparticles (SPIONs) fluorescence was measured with a fluorescence microscope from day 1 to 7. (C) Cell viability was determined by a modified 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole (MTT) assay. After 24 h during which up to 100 µg/mL SPIONs were used to label D1 MSCs, the cells were incubated with 0.5 mg/mL MTT solution for 2 h. Absorbance values were measured at 540 nm. 
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Figure 3. (A) Size and shape of SPIONs after interaction with and uptake into D1 MSCs. A final concentration of 50 µg/mL SPIONs was used to label D1 MSCs by incubation for 24 h. After fixation, samples were analyzed by electron microscopy. (B) Most SPIONs were in the cell membrane and nuclear membrane. (C, D) Some SPIONs were observed in the cell nucleus. 
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Figure 4. (A–H) Electron microscopy study of SPIONs location in D1 MSCs. 
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Figure 5. FOBI of SPION-labeled D1 MSCs. (A,B) Fluorescence value of 1 × 104–2 × 106 SPION-labeled cell number. (C,D) Migration change by magnetic field up to 30 min. 
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Figure 6. Confocal fluorescence microscopy analysis of SPION-labeled D1 MSCs. (A) The final concentration of 50 µg/mL SPION-labeled D1 MSCs after incubation for 24 h. (B) SPIONs were retained after neurogenic differentiation. 
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