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ABSTRACT

Purpose: The objective of this proof-of-concept study was to demonstrate the targeted 

delivery of erythropoietin (EPO) using magnetically guided magnetic nanoparticles (MNPs). 

Materials and Methods: MNPs consisting of a ferric-ferrous mixture (FeCl3×6H2O and 

FeCl2×4H2O) were prepared using a co-precipitation method. The drug delivery system (DDS) 

was manufactured via the spray-drying technique using a nanospray-dryer. The DDS 

comprised 7.5 mg sodium alginate, 150 mg MNPs, and 1000 IU EPO. 

Results: Scanning electron microscopy revealed DDS particles no more than 500 nm in size. 

Tiny particles on the rough surfaces of the DDS particles were composed of MNPs and/or 

EPO, unlike the smooth surfaces of the only alginate particles. Fourier-transform infrared 

spectroscopy revealed DDS peaks characteristic of MNPs as well as of alginate. Standard 

soft lithography was applied to DDS particles prepared with fluorescent beads using a 

microchannel fabricated to have one inlet and two outlets in a Y-shape. The fluorescent DDS 

particles reached only one outlet reservoir in the presence of a neodymium magnet. The 

neurotoxicity was evaluated by treating SH-SY5Y cells in 48-well plates (1 X 105 cells/well) 

with 2 mL of a solution containing sodium alginate (0.075 mg/mL), MNPs (1.5 mg/mL), or 

sodium alginate + MNPs. A cell viability assay kit was used to identify a 93% cell viability 

after MNP treatment and a 94% viability after sodium alginate + MNP treatment, compared 

with the control (p < 0.01). 

Conclusions: The DDS-EPO construct developed here can be guided using magnetic control 

without displaying significant neurotoxicity. 

Keywords: erythropoietin; magnetics; nanoparticles; neurotoxicity; regeneration
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INTRODUCTION

Central nervous system (CNS) injuries, including brain and spinal cord injury, cause serious 

sequelae in most patients and increase the medical costs associated with individuals and 

nations. Among the various therapeutic strategies against CNS injuries currently under 

development,1 erythropoietin (EPO) has been tested in in vitro/in vivo experiments in brain 

and spinal cord injury models.2-6 Neuro-protection or -regeneration in the presence of EPO 

has been evaluated since early 2000s.1, 7 The widespread use of EPO in hematologic diseases 

suggests that it may be more readily applicable to CNS injury patients than other 

experimental drugs.8 Unfortunately, the therapeutic time window within which EPO may be 

effective against CNS injury is very limited (no more than 6 hours after injury),9 and few 

clinical trials have obtained high-quality evidence supporting the efficacy of its use. In the 

study of acute stroke patients, no significant improvement in the Barthel index was observed 

in the EPO group compared to the control group, but mortality was higher in the EPO 

group.10 Although significant improvements in functional outcomes were observed in 

patients with spinal cord injury, it was studied in the case of administration within 6 hours 

after injury.11 Even when EPO was administered in moderate to severe traumatic brain injury, 

erythropoietin did not decrease the number of patients with severe neurological dysfunction, 

but rather increased the incidence of deep venous thrombosis of the lower limbs.12 Thus, 

clinical studies to date have not shown positive results, unlike animal experiments, but rather 

caused serious side effects. Although the positive effect could be expected when 

administered to spinal cord injury patients, short therapeutic window time needs to be 

resolved. Additionally, hematopoietic and non-hematopoietic EPO receptors display 

significant heterogeneity and phylogenetic differences in human beings.13 Efficient action 

requires EPO to escape binding at non-in situ EPO receptors. To demonstrate clinical 

feasibility in urgent CNS injury situations, it is essential to ensure very fast targeted delivery 

to an injured area.

Drug delivery systems (DDS) have been widely investigated in recent years. In a 

stroke model study of DDS with nanoerythropoietin, Chen et al. reported that treatment with 

erythropoietin nano-drug was 10 times more effective than erythropoietin.14 It was thought 
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that the nanoformulation might stabilize the EPO and promote blood brain barrier crossing.

Also, DDS using nanoparticles has the advantage of being able to mix and administer the 

desired substances as well as therapeutic drugs. In particular, if the magnetic substance is 

mixed together, the magnet can be used to collect the drug in the desired position, thereby 

maximizing the action of the drug. In the previous study, magnetic-guided navigation is 

advantageous in its ability to guide magnetic nanoparticles (MNPs) and successfully 

penetrate the blood-brain barriers (BBBs) in in vivo rat models.15 The results showed that 

magnetic-guided navigation can increase additional effects of drug, and therefore, its 

usefulness is considered to be promising.

Colloidal MNP solutions are stable in the presence of organic materials, such as fatty 

acids or polysaccharides, during delivery to targeted areas. Magnetic DDS using MNPs may 

be one of the most promising DDS methods identified to date.16 However, when DDS is 

prepared by mixing only MNP and erythropoietin, it is easily aggregated by external 

stimulation such as pH and temperature, and thus a substance capable of stabilizing the 

conjugate is required. Among those substances, sodium alginate is a widely used, natural, 

non-toxic, biodegradable polymer (α-L-guluronic acid units and (1,4)-linked β-D-

mannuronic acid units).17

This work sought to demonstrate a new therapeutic strategy against CNS injury 

utilizing the rapid delivery of a combination of EPO and MNPs to injured sites within a 

therapeutic time window and the localization of these constructs exclusively within the 

injured area with aid of external magnetic field guidance, to avoid competition with other 

EPO receptors outside of the injured sites. As proof-of-concept, the authors manufactured a 

DDS comprising biodegradable alginate-coated EPO-nanoparticle polymers using a 

nanospray drying technique. The particles were then encapsulated and characterized in terms 

of their size, degree of encapsulation, amenability to magnetic guidance, and neuronal cell 

toxicity. 
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MATERIALS AND METHODS

First, MNPs to be used for DDS were synthesized, and then DDS was prepared using the 

spray-drying technique with recombinant human erythropoietin (rhEPO), MNPs and sodium 

alginate. Finally, the size, shape, and configuration of the fabricated DDS were verified. And 

it was confirmed whether the DDS with MNPs was well induced by the magnet. We also 

confirmed the neurotoxicity of MNPs and sodium alginate. Schematic diagram of the 

magnetically guided targeted delivery of erythropoietin was described in Figure 1.

1. Synthesizing magnetic nanoparticles

MNPs were synthesized using a chemical co-precipitation method, the most widely used 

method for synthesizing MNPs.18 Fe3O4 MNPs were prepared via the chemical co-

precipitation of Fe3+ and Fe2+ ions in a molar ratio of 2 : 1 under basic conditions. The MNP 

synthesis reaction could be expressed as: 

2FeCl3 + FeCl2 + 8NaOH → Fe3O4 (s) + 4H2O + 8NaCl

Ferric chloride hexahydrate (FeCl3
×6H2O) and ferrous chloride tetrahydrate 

(FeCl2×4H2O) were obtained from Sigma-Aldrich, S. Louis, USA. In 100 mL distilled (DI) 

water, 0.02 mol/L FeCl3×6H2O and 0.01 mol/L FeCl2×4H2O were dissolved to form a 

homogeneous solution in a 250 mL glass beaker. An NaOH (Kanto, Tokyo, Japan) solution 

was prepared (0.8 mol/L in DI water) over 30 minutes. The ferric-ferrous mixture was stirred 

at 500 rpm, and the NaOH solution was slowly added to this solution using a syringe pump 

at a flow rate of 1.0 mL/min under oxygen-free conditions at room temperature. The pH 

value was measured continuously, and NaOH delivery was stopped once the pH reached 

10.5.19 Following completion of the NaOH reaction, the mixture was stirred continuously for 

3 hours. Subsequently, MNPs (black suspended particles) in the solution were magnetically 

filtered using a strong permanent magnet. The supernatant containing residual chemicals was 
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Fig. 1. Schematic diagram of the magnetically guided targeted delivery of erythropoietin.
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removed. The filtered MNPs were washed several times with DI water to reach a neutral pH. 

The neutral MNPs were dried at 80°C overnight. Finally, the dried MNPs were annealed at 

400°C for 2 hours. 

2. Drug delivery system fabrication using a nanospray dryer

The alginate-encapsulated EPO-MNPs were manufactured via a spray-drying technique 

using a nanospray dryer B-90 (Fig. 2: Büchi Labortechnik AG, Flawil, Switzerland). The 

nanospray dryer included a pulsating casing in the spray nozzle to atomize the feed, and an 

electrostatic particle accumulator gathered the particles.20 This study used a small spray 

nozzle (4 µm). The flow rate was set to 102–106 L/min, and the relative spray rate was fixed 

at 80% with an aspirator flow rate of 27.3 m3/min. The inlet temperature and outlet 

temperature were set to 120°C and 40°C, respectively with a pressure of 28 mbar. 

The alginate solution (Chem-Supply, Gillman, Australia) was mixed with the MNPs 

and rhEPO (Epoetin alfa; Sigma-Aldrich, S. Louis, USA). First, 7.5 mg sodium alginate and 

150 mg MNPs were added to a beaker containing 100 mL DI water, and the solution was 

sonicated for 1 hour. One milliliter 1000 IU rhEPO was added to the mixture of MNPs and 

sodium alginate, and the mixture was stirred for 30 minutes. The final solution was filtered 

prior to applying the spray-drying process to avoid nozzle blockage. The solution was 

sprayed over 1 hour. The dried particles were collected from the particle chamber using a 

powder scraper, which dispersed the DDS. The dried particles comprised 7.5 mg sodium 

alginate, 150 mg MNPs, and 1000 IU rhEPO. The particles were stored in a desiccator at a 

temperature of 25°C. The neuro-protective concentrations reported previously suggested that 

EPO should be diluted at 10 IU/mL.21-23 A 10 IU/mL rhEPO solution was prepared by 

dissolving the collected DDS particles in 1 mL DI water and diluting the solution to 1/100. 

The concentrations of sodium alginate and the MNPs were also diluted to 0.075 mg/mL and 

1.5 mg/mL. 
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Fig. 2. Nanospray dryer.
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3. Characterization of the drug delivery system particles

3.1 Scanning electron microscopy

The sizes, shapes, and surface aspects of the synthesized MNPs, that is, the spray-dried 

alginate and spray-dried DDS, were evaluated using scanning electron microscopy (SEM; 

SU8220, Hitachi, Tokyo, Japan). The particles were sputter-coated with platinum to enhance 

the surface conductivity prior to scanning and were analyzed at a voltage of 5.0 kV. The 

average size was calculated from a set of more than 100 particles imaged by SEM.

3.2 Fourier-transform infrared spectroscopy 

Fourier-transform infrared (FTIR) spectroscopy (Nicolet iS5, Thermo Fisher Scientific, 

Waltham, USA) was conducted to confirm the formation of the DDS by measuring the 

characteristic peaks. The sample pellets were prepared by blending with potassium bromide 

(KBr) and then compressing. The transmission spectra were obtained from 400 to 4000 cm-1

with a resolution of 4 cm-1.

4. Magnetic guidance of the drug delivery system 

Standard soft lithography was used to prepare a bifurcated microchannel and demonstrate 

magnetic guidance of the DDS. The lithography process was used to fabricate a simple 

polydimethylsiloxane (PDMS) bifurcated microchannel to mimic blood vessel 

microchannels. The bifurcated microchannel was designed to have one inlet channel and two 

outlet bifurcation channels in an inverted Y-shape. The width and height of the channel were 

200 µm, and the angle between the two channel branches was 90o. A neodymium magnet 

was placed near the right outlet channel to guide the DDS droplets. 

Fluorescence microbeads were added to the DDS. Gelation was ensured by soaking 

the DDS in CaCl2 for 30 minutes prior to mixing with phosphate-buffered saline (PBS). The 

gelated DDS were mixed with PBS at a concentration of 10 mg/mL and injected into the 

inlet port of the bifurcated microchannel. Fluorescence microscopy was used to monitor the 

movement of the DDS during magnetic guidance tests.

5. The neurotoxicity of the magnetic nanoparticles 



8

Prior to evaluating the neuroprotective effects of the DDS containing rhEPO, the 

neurotoxicity of the MNPs in the DDS was tested. The SH-SY5Y cell line, a human-derived 

neuronal cell line widely used in experimental neurological studies, was used for this 

purpose.24 SH-SY5Y cells (Sigma-Aldrich, S. Louis, MO, USA) were plated into 48-well 

plates at 1 x 105 cells/well. Cells were incubated for 24 hours in a CO2 incubator. 

During incubation, three different solutions containing DI water were prepared as 

followed: MNP solution (150 mg/mL), alginate solution (7.5 mg/mL) and MNP + alginate 

solution (150 mg/mL MNP and 7.5 mg/mL alginate). The DI water used to prepare the 

solutions was sterilized by filtering through a 0.2 mm pore size membrane. All three solutions 

were sonicated for 1 hour at room temperature. Twenty-four hours after plating, the media of 

each well was replaced with 200 mL Dulbecco's Modified Eagle's medium (DMEM). As 

previously mentioned, the target concentrations of MNP and sodium alginate in the well 

were 0.075 mg/mL and 1.5 mg/mL, respectively. The 200 mL DMEM containing the 

incubated SH-SY5Y cells were treated with 2 mL sodium alginate solution, 2 mL MNP 

solution, or 2 mL sodium MNP + alginate solution. 

The treated cells were incubated for 22 hours in a CO2 incubator, and 20 mL EZ-

cytox reagent (DoGeNBio, Seoul, South Korea) was added to each well. The cells were then 

incubated for an additional 2 hours. The treated cell viability was determined using a 

microplate reader that measured the absorbance at 450 nm using the EZ-cytox cell viability 

assay kit (DoGen, Seoul, South Korea). 

6. Statistical Analysis

In cell viability assay, optical density values were calculated using separate analyses using 

one-way analysis of variance (ANOVA). Significance was defined as <0.01 compared with 

the control group.
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RESULTS

1. Scanning electron microscopy

Figure 3 presents the morphologies of the synthesized MNPs, spray-dried alginate, and DDS 

prepared using the proposed methods. The size of synthesized MNPs, spray-dried alginate, 

and DDS is 0.03 µm or less, 0.1-0.5 µm, and 0.1-0.9 µm, respectively. Spray-dried alginate 

particles were spherical in shape with smooth surfaces. SEM images indicated that the MNPs 

and EPO were well mixed with the alginate, and both or either component formed a rough 

surface on the DDS particles.

2. Fourier-transform infrared spectroscopy 

FTIR spectroscopy was used to confirm the formation of the DDS by measuring the 

characteristic peaks (Fig. 4). The FT-IR spectrum of the MNPs (Fig. 4A) revealed a 

vibrational Fe-O peak at 598-628 cm-1, confirming MNPs formation.25 Another 

characteristic peak at 1632 cm-1, corresponding to O-H bending, demonstrated the presence 

of hydroxyl groups on the MNP surfaces. These results highlighted the presence of Fe(OH)2

on the MNP surfaces, which formed during the passivation and stabilization of the MNPs. 

Figure 4B shows the FTIR spectra of the spray-dried alginate (i) and DDS (ii). Compared 

with the spray-dried alginate, the DDS included all peaks characteristic of the spray-dried 

alginate, as expected. The DDS, however, also included peaks characteristic of Fe-O at 

589-630 cm-1, confirming the presence of MNPs on the DDS. A slight shift in the Fe-O peak 

was noted, from 598-628 cm-1 to 580-630 cm-1, attributed to the MNP size reduction during 

DDS formation due to prolonged sonication. The characteristic peaks are listed in 

Supplement table 1.26, 27
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Fig. 3. Scanning electron microscopy. Scanning electron microscopy images showing (A) the 

synthesized magnetic nanoparticles, (B) the spray-dried alginate, and (C) the drug delivery 

system composed of magnetic nanoparticles, alginate, and erythropoietin. The magnetic 

nanoparticles and erythropoietin were well mixed with alginate, and both components 

formed a rough surface on the drug delivery system particles.
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Fig. 4. Fourier-transform infrared spectroscopy. The Fourier-transform infrared spectra 

showed (A) the synthesized magnetic nanoparticles, (B) the spray-dried alginate (i), and the 

drug delivery system composed of magnetic nanoparticles, alginate, and erythropoietin (ii). 

The Fourier-transform infrared spectra of the spray-dried alginate and drug delivery system 

showed that the drug delivery system Fourier-transform infrared spectrum featured a peak 

characteristic of Fe-O at 589-630 cm-1, confirming the presence of magnetic nanoparticles 

and alginate on the drug delivery system.
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3. Magnetic guidance of the drug delivery system 

Figure 5 shows the results of the magnetic guidance experiments. On the right side of the 

bifurcated PDMS microchannels (Fig. 5A), the permanent magnet was positioned to impose 

a magnetic field. (The magnet is not shown in Fig. 5A.) The DDS particles prepared with 

fluorescent beads were injected using a syringe pump through the inlet of the PDMS 

microchannel (the upper branch of Fig. 5A). The injected velocity was 0.3 mL/min. The 

fluorescent DDS particles reached the right outlet reservoir of the PDMS microchannel (Fig.

5B). The left outlet reservoir harvested trace amount of DDS (Fig. 5C). 

4. The neurotoxicity of magnetic nanoparticles

Figure 6 presents the SH-SY5Y neuronal cell viability test results for each of the three 

materials. The alginate-only solution did not cause cell death, as expected. Compared with 

the control, 1.5 mg/mL MNPs displayed a cell viability that was approximately 7% lower 

than that of the control. The mixture of alginate and MNPs yielded a slightly higher cell 

viability (about 1% higher than that of the control).
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Fig. 5. Magnetic guidance of the drug delivery system. Drug delivery system guidance 

experiment results. (A) Bifurcated polydimethylsiloxane microchannel. The magnet was 

positioned in the right area of the microchannel but is not shown. (B) Magnetically guided 

fluorescent drug delivery system particles (red arrow head). (C) Trace amount of drug 

delivery systems was harvested in the absence of guidance.
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Fig. 6. Neurotoxicity of the magnetic nanoparticles, tested using the SH-SY5Y cells. The 

SH-SY5Y neuronal cell viabilities of the three materials were compared. No significant 

cytotoxicity was observed for the alginate, magnetic nanoparticles, and drug delivery 

systems. OD; optical density, *p < 0.01 compared with the control.
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DISCUSSION

1. Significance of the method with respect to existing/alternative methods

EPO is expected to compete for binding at a heterogeneous collection of phylogenetically 

distinct hematopoietic and non-hematopoietic EPO receptors.13, 28 Only a limited quantity of 

EPO is expected to reach an injured site following conventional administration. Therefore, it 

is necessary to reduce the chance that the administered EPO can bind to the hematopoietic 

receptor or the non-hematopoietic EPO receptor away from the injury site, and focus on the 

desired site. For this purpose, our concept of magnetic-guided navigation is expected to help 

improve the above problems in that the administered DDS can be collected around the 

magnetic control. Especially, the very short therapeutic time window for EPO (< 6 hours) 

must be considered in in vivo CNS injury situations.9, 29, 30 Systemic circulation takes only a 

few minutes, such that the DDS is expected to provide EPO a hundred chances to reach an 

injured site and remain there in a high density under magnetic control. To the best of our 

knowledge, the directed targeted delivery of EPO using magnetic guidance represents a 

departure from the approaches of most recent trials, which focused on the slow sustained 

release of EPO from DDS particles.31

Few prior reports have described targeted EPO delivery, and the methods that do 

describe such approaches are, in fact, indirect, for example, inducing BBB crossing using 

focused ultrasound sonication with micro-bubbles or epi-cortical implantation and delivery 

following craniotomy.30, 32 By contrast, the DDS presented here is capable of targeting the 

delivery of EPO directly under magnetic guidance to increase the amount of EPO available 

for neuro-protective action and overcome the current drawbacks of EPO DDS, including in 

vivo competition by receptor binding after delivery.33, 34 Furthermore, prior MNP-

incorporated DDS trials examining the delivery of EPO did not evaluate targeted delivery; 

rather, they examined only the synergistic/additive effects of MNP with EPO.14, 31, 35

Although nanoparticles alone can impart neuro-protective or neuro-regenerative effects by 

stimulating neuronal regrowth, improving neuronal survivability, or promoting neuronal 

differentiation,36 the combination of nanoparticles and EPO has been shown to be 10 times as 

neuro-protective as rhEPO in ischemic rat models.14 Unlike our study, previous study did not 
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attempt to induce drugs using magnets. However, we expected that drug induction using 

magnets will readily concentrate erythropoietin DDS in the desired area, thus it will be more 

effective than simply using nanoparticles in the treatment of CNS injury. Therefore, future 

studies will continue to study erythropoietin using magnetic DDS in vitro and in vivo. 

Especially, the combination of EPO and MNPs may be more promising than another 

magnetic mediator, magnetosomes.37

2. Modifications and troubleshooting

In considering the type of erythropoietin for this experiment, both murine EPO and rhEPO 

were considered. Although previous in vivo animal experiments used commonly both murine 

EPO and rhEPO, a nucleotide sequence analysis revealed that murine EPO showed only 80% 

homology with human EPO.38 Therefore, rhEPO was selected for use in DDS manufacturing

in our study. In addition, considering how to administer EPO, we selected intravenous 

delivery that seemed to be the most convenient approach to systemic circulation 

administration. For successful DDS administration, the particles must be small enough to 

pass through lung capillaries. The average diameter of the lung capillary is 3.0 to 13.0 µm in 

mice and rats and is around 6.3 µm in humans.39, 40 The ferric-ferrous MNPs were found to 

be 10 nm in diameter.41 rhEPO is a small, light (30,400 Da) glycoprotein,8 and the minimum 

radius of EPO is 2.1 nm, smaller than that of human fibrinogen, based on the Erickson’s 

equation.42 The intravenous injection of EPO has been shown in numerous rat studies to 

impart neuro-protective effects.43, 44 In the current experiments, the average diameter of the 

DDS particles prepared with alginate, EPO, and MNPs was measured to be 0.9 µm, ensuring 

facile passage through lung capillaries. 

3. Limitations of the method

During the spray drying and encapsulation processing, EPO may become thermally unstable; 

however, carbohydrate-tagged EPO is expected to display thermal stability up to 56°C, and 

undergo reversible denaturation below 75°C. This form of EPO regained its conformational 

stability after cooling.45 In the current experiments, the temperature of the spray nozzle was 

120°C at the inlet and 40°C at the outlet. The DDS solution was sprayed very rapidly (1767 
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mL/sec) through a very small spray nozzle (4 µm), and the DDS particles were cooled over 1 

hour in a collecting chamber. The EPO subjected to this process was expected to be free 

from irreversible thermal denaturation. The conformational stability of EPO after processing 

will be confirmed in future studies, in view of the degree of in vitro/in vivo neuro-protective 

action.

SEM images revealed that the smooth surface of the alginate polymer was converted 

into a rough surface after spray drying with the MNPs and EPO; however, it was unclear 

whether the MNPs or EPO formed the rough surface morphology. The ferric-ferrous MNPs 

were shown to be 10 nm in diameter,41 and EPO is larger than 4.2 nm in diameter, suggesting 

that visual differentiation might be difficult using SEM. 

High concentrations of EPO beyond a certain threshold can be cytotoxic.5, 9, 46

Moreover, the degree of neuro-protection by EPO depends on the cell line and nature of the 

neuronal cell injury.47 Based on several previous in vitro reports with similar study designs,21, 

23, 47 EPO was diluted to an optimal concentration (10 IU/mL) after DDS fabrication. As a 

result, the concentration of EPO, 0.000084 mg/mL (10 IU), was much lower than that of the 

MNPs, 1.5 mg/mL, and most of the tiny particles on the rough surfaces of the DDS particles 

on the SEM were likely to be MNPs, not EPO. At such low concentrations, FTIR 

spectroscopy was not expected to reveal peaks specific to EPO on the surface. Additionally, 

the characteristic FTIR spectrum of EPO (chemical formula of EPO: C815H1317N233O241S5) 

has not been reported,48 and the authors do not at this time have enough information to 

differentiate the EPO FTIR spectrum from those of alginate and the MNPs.  

The cytotoxicity of the ferric-ferrous MNPs obtained after 24 hours incubation at a 

density of 1500 mg/L using the methods described above (7% lethality) was comparable to 

the cytotoxicity obtained at much lower concentrations in the report of Mashjoor et al (5% 

lethality after 24 hours incubation at a density of 100 mg/L).41 The cytotoxicity was tested 

here using neuronal cells instead of parasite specie cells. Among the neuronal cells of the 

CNS, MNP phagocytosis is more likely in PC1249 and microglia cells.49 Immune reactions 

may be precipitated by the presence of MNPs in the CNS.49 Although neuronal cell toxicity 

was demonstrated here using SH-SY5Y cells, neuronal toxicity and immune reactions must 

be assessed in other neuronal cells because no previous reports have tested these properties 
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in SH-SY5Y cells. 

Finally, this study did not analyze the process of EPO release from DDS. Even if 

the EPO reaches the desired location, it will be ineffective if it does not function in the DDS 

in a timely manner. It may be necessary to confirm in vitro or in vivo experiments how to 

separate from the desired location and how much time is required for release. Previous in 

vivo study using EPO-loaded poly (DL-lactide-co-glycolide) nanoparticles revealed that it 

was released slowly over 24 hours.31 But, in the case of spinal cord injury, it should be 

necessary to release in less time. 

4. Future applications of the method and directions of this research

Because of its small size, the current DDS could be injected as a solution. After injection, the 

DDS is anticipated to be concentration within an injured region under a target magnetic field 

applied using a potentially wearable external magnet. After targeted delivery, spontaneous 

separation of EPO from the DDS is critical for receptor binding. Alginate maintained its 

cross-linking stability with the aid of other molecules, such as gelatin or calcium.50, 51 The 

spray drying technique has been used previously to fabricate alginate-atenolol microparticles 

without aiding particles and was, therefore, chosen for use in the current studies.52 The 

stability in the human body of the three individual components of the DDS as well as of their 

composite particles prepared without aiding particles must be evaluated. It may be necessary 

to introduce additional materials that stabilize the DDS in vivo and provide an EPO half-life 

comparable to that of conventional rhEPO (6-8 hours) with a peak rhEPO presence in the 

cerebrospinal fluid (CSF) 2 hours after intravenous injection.43, 53 Whereas DDS particles

have been reported to spontaneously break down, the maximum long-term stability of an 

EPO-polymer (EPO coated with biodegradable gelatin microspheres) was reported to be 8 

weeks in an in vivo ischemic limb mouse model.54

An alternating magnetic field could potentially induce motion among the MNPs 

inside a DDS. Rapid movement of MNPs under an external high-frequency magnetic field 

could create heat inside a DDS via piezo-electric effects. This heat could increase the 

alginate degradation rate. Controlling the alginate degradation rate could potentially control 

the EPO release rate. In this way, an alternating magnetic field applied to the target area 
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could control the EPO dose.

Hematopoietic complications, such as teratogenicity, increased viscosity, and 

thrombosis have been reported.55 Human studies should seek to avoid these adverse events. 

Carbamylation has been shown to prevent EPO binding to hematopoietic EPO receptors and 

preclude hematopoietic activity while still providing neuro-protection in a focal ischemia rat 

model.44 Moreover, CNS neuro-protection and –regeneration would require BBB penetration. 

EPO could be detected in the cisterna magna of rats up to 8 hours after intravenous injection 

and was found to be present in concentrations comparable to those of simultaneously 

injected mannitol.43 Carbamylated non-hematopoietic EPO was also found in the CSF 4-24 

hours after intravenous administration in rats.44
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CONCLUSIONS

In this study, the authors successfully fabricated a magnetic-guided erythropoietin DDS

using the spray-drying technique. In addition, it was confirmed that the erythropoietin DDS 

was characterized by a size that was small enough to permit passage through lung capillaries 

while also being susceptible to magnetic guidance. Therefore, the magnetic-guided 

erythropoietin DDS could be sufficiently applied in in vivo and clinical studies. Furthermore,

it is expected that its usefulness in the treatment of various CNS injury will be demonstrated.
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APPENDIX

Supplement 1. Characteristic peaks of the nanocomposites in the Fourier-transform infrared 

spectra.

Peaks (cm-1) Assignments

580 – 630 v(Fe-O)

1036, 1094 v(C-O) ester

1297 v(C-O) carboxy

1415, 1613 v(C=O)

1632 δ(O-H)

2919 vs(C-H)

3385 v(O-H)
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국문요약

서문: Erythropoietin은 2000년대 초부터 중추신경계 손상 실험 모델에서 신경

손상의 억제와 신경 재생을 촉진하는 데 효과가 있음이 알려졌다. 하지만 실제

중추신경계 환자에서 투여하였을 때, 약물작용시간이 짧고, 투여된 약물의 일부

만이 수상부위에 작용하는 문제점 등으로 인해 임상적으로는 그 치료효과가 뚜

렷하지 못하였다.

하지만 저자들은 최근 대두되고 있는 약물전달시스템(drug delivery system)을

활용한다면 이러한 문제점들을 극복할 수 있을 것으로 판단하였다. 약물전달시스

템 기술 중 자성나노입자를 이용한 약물전달시스템은 약물과 자성나노입자를 섞

은 다음 약물전달시스템을 신체에 투여하고, 자석을 이용하여 원하는 부위에 이

를 전달한 다음 약물을 분리하여 국소적으로 작용케 하는 기술이다. 이번 연구에

서 저자들은 자성나노입자를 이용한 Erythropoietin 약물전달시스템의 제작과

임상적인 적용이 실제 가능한지를 실험연구를 통해 먼저 확인하고자 하였다.

방법 우선 자성나노입자를 공침법(co-precipitation method)으로 제작하였으며,

이후 나노스프레이 기법을 이용하여 제작된 자성나노입자와 Erythropoietin, 알

긴산 나트륨을 섞어 나노마이크로미터 크기의 약물전달시스템을 제작하였다.

제작된 약물전달 시스템은 먼저 주사전자현미경(scanning electron microscopy)

을 통해 사람의 혈관을 통과할 수 있는 크기와 모양으로 적절히 제작되었는지를

확인하였다. 그리고 푸리에 변환 적외선 분광법(Fourier-transform infrared 

spectroscopy)을 이용하여 혼합물이 적절하게 약물전달시스템 내에 섞여 있는지

도 확인하였다. 또한 제작된 약물전달시스템이 자석에 의해 잘 이끌리는지를 추

가적으로 검증하였다. 검증을 위해 혈관을 모방한 200µm 굵기의 Y형 분기 마이

크로채널을 제작하였으며, 채널의 입구로 형광물질을 추가한 약물전달시스템을

투여하고, 두 갈레의 출구 중 한쪽에는 자석을 두어 자석이 있는 방향으로 약물

전달시스템이 끌려가는지를 관찰하였다. 마지막으로 Erythropoietin 외에 약물전

달시스템을 구성하는 자성나노입자와 알긴산 나트륨이 신경독성이 없는지를 확

인하였다. 신경세포인 SH-SY5Y 세포에 자성나노입자, 알긴산 나트륨 그리고 자

성나노입자와 알긴산 나트륨을 섞은 혼합물 세가지를 각각 투여한 뒤 이를 24시

간 배양하고 세포생존도를 측정하였다.
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결과: 주사전자현미경상 나노스프레이 기법으로 제작된 약물전달시스템은 500

nm 크기의 구형으로 제작되었음을 확인하였다. 또한 푸리에 변환 적외선 분광법

상 약물전달시스템은 자성나노입자와 알긴산 나트륨이 적절히 혼합되어 있음을

확인하였다. 그리고 자석에 대한 이끌림 여부의 검증에서 약물전달시스템이 자석

이 위치한 채널의 출구로만 이동함을 확인하였다. 마지막으로 신경독성 여부의

검증에서 자성나노입자, 알긴산 나트륨, 자성나노입자와 알긴산 나트륨 혼합물의

세 가지 조건 모두가 대조군과 비교 시 유의한 생존도의 차이가 관찰되지 않았

다.

결론: 본 연구에서 저자들은 자성나노입자를 이용한 Erythropoietin 약물전달시

스템을 나노스프레이 기법을 이용하여 제작하였다. 또한 제작된 자성나노입자를

이용한 Erythropoietin 약물전달시스템이 추후 in vivo 및 임상연구에 충분히 적

용할 수 있음을 확인하였으며, 이를 바탕으로 추후 다양한 질환의 치료에서 그

유용성이 증명되기를 기대한다.

중심단어: 에리쓰로포이에틴; 자성; 나노입자; 신경독성; 재생
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