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Abstract

Magneto-plasmonic nanoparticles are one of the emerging multi-functional materials in the field 

of nanomedicine. Their potential for targeting and multi-modal imaging is highly attractive. In this 

study, magnetic core / gold shell (MNP@Au) magneto-plasmonic nanoparticles were synthesized 

by citrate reduction of Au ion on magnetic nanoparticle seeds. Hydrodynamic size and optical 

property of magneto-plasmonic nanoparticles synthesized with the variation of Au ion and 

reducing agent concentrations were evaluated. The synthesized magneto-plasmonic nanoparticles 

exhibited superparamagnetic property, and the magnetic property contributed to the concentration-

dependent contrast in magnetic resonance imaging (MRI). The imaging contrast from the gold 

shell part of magneto-plasmonic nanoparticles was also confirmed by X-ray computed tomography 

(CT). The transmigration study of magneto-plasmonic nanoparticles using an in vitro blood–brain 

barrier (BBB) model proved enhanced transmigration efficiency without disrupting integrity of the 

BBB, and showed potential to be used for brain diseases and neurological disorders.
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Introduction

Nanomedicine, which is based on successful administration of nanomaterials to prevent, 

diagnose, and treat diseases, has attracted attention for the last few decades. Recent progress 

in nanotechnology has significantly broadened the applications of nanomaterials in 

biomedical fields. Although nanomedicine has shown promising results in some 

applications, such as drug delivery and imaging, applications for brain diseases have been 

limited due to existence of the blood–brain barrier (BBB). The BBB is a diffusion barrier 

which separates the circulating blood and the brain.1-4 Tight junctions between the cerebral 

endothelial cells limit the transportation of large molecules, and also diffusion of small 

molecules across the plasma membrane is regulated based on the lipophilicity.5 Due to this 

limited transfer through the BBB, the progress of nanomedicine for brain diseases has not 

been as fast as progress in other areas. Considerable effort has been directed toward 

understanding the mechanism of nanoparticle transmigration across the BBB and to 

improving the targeting efficiency of nanoparticles to the brain non-invasively.2 It has been 

reported that the surface functionalization of nanoparticles with specific ligands can enhance 

receptor-mediated transcytosis.6 The endothelial cells on the BBB express receptors such as 

transferrin receptors and insulin receptors, which allow ligand functionalized nanoparticles 

to transmigrate via binding between the ligands on nanoparticles and the receptors on 

endothelial cells.

Among various nanoparticles developed for nanomedicine, magnetic nanoparticles and Au 

nanoparticles possess promising properties for theranostics (combination of diagnosis and 

therapy). Magnetic nanoparticles react with an external magnetic field and show unique 

properties based on the condition of the magnetic field. A magnetic field gradient exerts 

magnetic force on magnetic nanoparticles, depending on physical parameters such as 

particle volume, susceptibility of particles, and a field gradient.7 This magnetic force 

improves the delivery of therapeutic agents to a specific location. When an alternating 

magnetic field is applied, magnetic nanoparticles induce heat based on hysteresis loss and 

relaxation losses.8 The temperature rise from magnetic nanoparticles can be controlled by 

changing the strength and frequency of an alternating magnetic field. Due to these unique 

properties, magnetic nanoparticles have been applied for various biomedical applications, 

including magnetic resonance imaging (MRI),9,10 drug delivery,11,12 gene transfection,13,14 

and hyperthermia (heat treatment).15,16 Iron oxide nanoparticles (Fe3O4 and γ-Fe2O3) are 
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the most commonly used magnetic nanoparticles for biomedical applications due to their 

biocompatibility. Coating the iron oxide nanoparticles with various materials such as 

dextran,17 polymers,18 and silica19 helps functionalize the surface of the nanoparticles and 

avoids aggregation. These surface-modified and functionalized magnetic nanoparticles have 

shown great potential as nanocarriers for drug delivery to the brain and imaging probes for 

brain diseases.9,20 In addition, our group has reported enhanced transmigration of magnetic 

nanoparticles and magneto-electric nanoparticles using magnetic targeting.12,21,22

Gold has been used for numerous medical applications because of its biocompatibility, in 
vivo stability, and versatility in surface functionalization. In addition to these properties, Au 

nanoparticles possess unique optical property which changes color with their size and shape 

due to surface plasmon resonance (SPR). When the wavelength of light is much larger than 

the nanoparticle size and comes to resonance frequency, it causes polarization of the free-

electrons in the metal to one surface and oscillates in resonance with the light’s frequency.23 

The resonance frequency depends on particle size, shape, dielectric properties, aggregate 

morphology, surface modification, and surrounding medium.24 The shift of resonance 

frequency caused by those factors makes gold nanoparticles strong candidates for 

biosensors.25 This unique optical property makes gold nanoparticles particularly valuable for 

imaging, including photoacoustic imaging.26 Gold nanoparticles also possess great X-ray 

attenuation, which makes them attractive contrast agent for X-ray computed tomography 

(CT).27 The strong absorption of light due to SPR is also converted into heat, which makes 

gold nanoparticles great heat sources for hyperthermia.28 The combination of magnetic 

material and gold within the nanoscale system gives multi-functionalities which enable 

theranostics, multi-modal imaging, and multi-modal image-guided therapies. These are 

emerging strategies in nanomedicine which allow more efficient treatment with precise 

targeting and tracking of treatment progress. Several synthesis methods have been reported 

for magnetic core / gold shell nanoparticles (MNP@Au) such as the microemulsion 

method,29 iterative hydroxylamine seeding process,30 and seeded growth using citrate 

reduction.31 Although the synthesis of magnetic nanoparticles and gold nanoparticles has 

been extensively studied, the synthesis of MNP@Au magneto-plasmonic nanoparticles and 

their physical, magnetic, and optical properties have not been fully investigated for image-

guided therapy, especially for applications in the brain. Here, we synthesized MNP@Au 

magneto-plasmonic nanoparticles by seeding approach using iron oxide nanoparticles as 

seeds and reducing Au3+ using sodium citrate as a reducing agent. The hydrodynamic size 

and optical properties of MNP@Au synthesized with the variation of HAuCl4 and sodium 

citrate concentration were measured, and we evaluated optimal synthesis condition for 

theranostic applications. The optimized MNP@Au was characterized further for its 

cytotoxicity and imaging properties. This study is the first report to show the transmigration 

efficiency of magneto-plasmonic nanoparticles using an in vitro BBB model.

Experimental

Materials

Iron(III) chloride (reagent grade, 97%), hydrochloric acid (36.5-38.0%, BioReagent, for 

molecular biology), sodium sulfite (BioUltra, anhydrous, ≥98% (RT)), ammonium 
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hydroxide (28% NH3 in H2O, ≥99.99% trace metals basis), sodium citrate dihydrate (≥99%, 

FG), Gold(III) chloride trihydrate (ACS reagent, ≥49.0% Au basis), potassium thiocyanate 

(ACS reagent, ≥99.0%), XTT sodium salt (BioReagent), phenazine methosulfate, 

Fibronectin from bovine plasma, and Fluorescein isothiocyanate-dextran (molecular weight 

40,000 Da) were purchased from Sigma-Aldrich. Ultra Pure Agarose was purchased from 

Invitrogen. mPEG-Thiol, Mw 5000 was purchased from Laysan Bio, Inc. Human brain 

astrocytes (HAs), human brain endothelial cells (HBMECs), their culture medium, and poly-

L-lysine were purchased from ScienCell Research Laboratories.

Synthesis of magnetic nanoparticles

Magnetic nanoparticles (MNPs) were synthesized by coprecipitation method reported 

previously.21,22 Briefly, 0.487 g of iron(III) chloride was dissolved in 3 ml of 2M 

hydrochloric acid. 10.33 ml of DI water was added to iron(III) chloride solution, and 0.126g 

of sodium sulfite dissolved in water was added dropwise under stirring. After the color of 

the reaction solution changed from yellow to red–light yellow, 80 ml of 0.85M ammonium 

hydroxide was added dropwise under stirring. The resultant black precipitate was washed 

with DI water twice using a centrifuge, and neutralized using PBS buffer. After washing, the 

nanoparticles were heated at 100° C for 1 h.

Citrate coating of magnetic nanoparticles

Hydrochloric acid (2M) was added to 10 ml of 2 mg/ml MNPs, and sonicated for 0.5h. 10 

ml of 20 mg/ml sodium citrate was added to the MNPs solution, and sonicated for another 

20 min using bath sonication, followed by 5 min probe sonication using a Sonic 

Dismembrator 150E (Fisher Scientific) at 30% amplitude. Citrate-coated MNPs were 

purified with distilled water using a centrifuge. Then, purified citrate-coated MNPs were 

sonicated using a probe sonicator at 20% amplitude, and aggregated nanoparticles were 

removed by centrifugation at 10,000g for 10 min.

Synthesis of MNP@Au magneto-plasmonic nanoparticles

Citrate-coated MNPs (MNP-citrate, 0.05 mM) dispersed in additional sodium citrate 

solution were sonicated for 5 min using a probe sonicator at 20% amplitude prior to gold 

coating. 20 ml of MNP-citrate in sodium citrate solution was heated to boiling temperature 

with stirring at 300 rpm. Then HAuCl4 was added to the MNP-citrate and stirred for 4 min. 

The resulting magnetic core / gold shell nanoparticles (MNP@Au) were collected using a 

magnet and redispersed into distilled water. The reaction was carried out with the initial 

HAuCl4 varied from 1.5 to 15 μmol and fixed concentrations of sodium citrate (5 mM) to 

evaluate HAuCl4 dependence on synthesis. For the reactions with variable concentrations of 

sodium citrate, the initial amount of HAuCl4 was fixed at 15 μmol and the concentrations of 

sodium citrate were varied from 0.5 mM to 20 mM.

Characterization of MNP@Au magneto-plasmonic nanoparticles

The iron and gold concentrations were determined using an inductively coupled plasma 

mass spectrometer (ICP-MS, Perkin Elmer Sciex, model ELAN DRC-II). Samples were 

dissolved in aqua regia and diluted by deionized water prior to the measurement. Optical 
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properties of MNP@Au were determined by measuring absorbance using a UV-Visible 

Spectrophotometer (HITACHI U-2910). Samples were diluted with distilled water to the Fe 

concentration of 10 μg/ml. The hydrodynamic sizes and zeta potentials of MNP@Au were 

measured by Zetasizer Nano-ZS (Malvern instruments). 10 μl of MNP@Au were dispersed 

in 1 ml distilled water. Transmission electron microscopy (TEM) images were acquired 

using a Phillips CM-200 200 kV transmission electron microscope operated at 80 kV. X-ray 

powder diffraction (XRD) pattern of MNP@Au was recorded with a Siemens D-5000 

diffractometer with Cu Kα radiation (λ = 0.154056 nm). The magnetization curves of MNP-

citrate and MNP@Au were measured using a vibrating sample magnetometer (VSM-3, Toei 

Kogyo) equipped with an electromagnet (TEM-WFR7, Toei Kogyo) and a gaussmeter 

(Model 421, Lake Shore Cryotronics, Inc.). The measurement was conducted at room 

temperature with a maximum field of 780 kA/m.

Multimodal imaging property of MNP@Au magneto-plasmonic nanoparticles

The MRI property of MNP@Au was evaluated in a 30cm horizontal bore 7-Tesla MRI 

system (Bruker Biospin). An aqueous solution of nanoparticles (100 μl) was placed into a 

polymerization chain reaction (PCR) tube and fixed with 1wt% agar. Sample temperature 

was maintained at room temperature. The transverse relaxation time (T2)-weighted images 

were obtained with the following parameters: pulse repetition time (TR) 2000 ms, echo time 

(TE) 5.21ms, slice thickness (ST) 1mm, and number of acquisitions (NA) 12. Micro-CT 

imaging was conducted using Skyscan1172 (Bruker) with a source voltage of 40 kV and a 

current of 250 μA. CT values were estimated in Hounsfield units (HU) by calibration with 

water and air as 0 HU and −1000 HU, respectively.

PEGylation of MNP@Au magneto-plasmonic nanoparticles

Polyethylene glycol (PEG) has been used to improve the stability of nanoparticles and 

increase circulation time for in vivo applications. The optimized MNP@Au was coated with 

PEG to improve stability in biological buffer to allow for further cytotoxicity and in vitro 
BBB experiments. For the coating process, mPEG-Thiol (100 ml of 0.5 mg/ml) was added 

to 15 mg of MNP@Au and stirred at 300 rpm overnight. PEG-coated MNP@Au 

(MNP@Au-PEG) was purified three times using a centrifuge and sonicated for 1 min at 

20% amplitude using a probe sonicator.

Cytotoxicity of MNP@Au and MNP@Au-PEG

The cytotoxicity of MNP@Au and MNP@Au-PEG was evaluated by XTT (Sodium 3,3’-(-

[(Phenlamino)carbonyl]-3,4-tetrazolium)-bis(4-methoxyl-6-nitro)benzene sulfonic acid 

hydrate) assay. Primary human astrocytes were seeded in a 96-well cell culture plate at a 

density of 1×104 cells/well. After 24h of incubation at 37° C, the medium was replaced with 

100 μl of fresh medium containing 10–100 μg/ml of MNP@Au. After 24 and 48 hr 

incubation, cells were washed twice with PBS and 100 μl of fresh medium was added. The 

XTT/PMS mixture solution was prepared by mixing XTT and phenazine methosulfate 

(PMS) immediately before use. 25 μl of XTT/PMS mixture solution was added to each well 

and incubated at 37 μC for 4 hr. Absorbance was measured at 450 nm using a microplate 

reader (Synergy HT, multi-mode microplate reader, BioTek).
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Experiments were performed in quadruplicate replicates (N=3). The results are represented 

as the mean ± standard deviation. Statistical analysis was performed using one-way analysis 

of variance (ANOVA) followed by Tukey’s multiple comparison test and difference was 

considered significant at P<0.05.

In vitro blood-brain barrier (BBB) model

The BBB model was established as described earlier.21,22 In brief, the in vitro BBB model 

was developed in a bicompartmental transwell culture plate (Corning Life Sciences). The 

upper chamber of this plate was separated from the lower chamber by a 10 μm thick 

polycarbonate membrane with 3.0 μm pores. In a 24-well cell culture plate with pore density 

of 2×106 pores/cm2 and cell growth area of 0.33 cm2, 2×105 primary human brain 

microvascular endothelial cells (HBMECs) and human astrocytes (HAs) were grown to 

confluence on the upper side and the underside of the inserts, respectively. The further 

experiment was conducted within 6 days after seeding the cells, and establishment of the 

BBB integrity was confirmed by the transendothelial electrical resistance (TEER) 

measurement.

The transmigration study was conducted by adding 5 μg of MNP@Au-PEG magneto-

plasmonic nanoparticles to the upper chamber and incubating at 37°C for 24h with or 

without magnet (magnetic field of 150 mT at the surface of culture plate) below the cell 

culture plate. After incubation, the media containing the nanoparticles was collected from 

both the upper and lower chambers and centrifuged to precipitate nanoparticles. The 

concentration of the nanoparticles re-dispersed in water was measured using a UV-Visible 

Spectrophotometer. Transmigration efficiency was calculated as

The effect of nanoparticle exposure on the integrity of the in vitro BBB was determined by 

measuring TEER using Millicell ERS microelectrodes (Millipore) after exposure of the 

nanoparticles to the BBB model.

The effect of nanoparticle exposure to the permeability of the in vitro BBB model was 

determined by measuring the transfer of FITC-dextran through the BBB model. Briefly, 100 

μg of FITC-dextran was added to the upper chamber and further incubated for 4h. Samples 

were collected from the lower chamber and fluorescence was measured at an excitation 

wavelength of 485 nm and an emission wavelength of 520 nm using a microplate reader 

(Synergy HT, multi-mode microplate reader, BioTek). The permeability was calculated as a 

percentage of FITC-dextran transported across the BBB model compared to FITC-dextran 

transported across the inserts without cells. Experiments were performed in duplicate 

replicates (N=3). The results are represented as the mean ± standard deviation.
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Results and discussion

Synthesis of MNP@Au magneto-plasmonic nanoparticles

MNP@Au magneto-plasmonic nanoparticles were synthesized by seeding approach with 

modification.32,33 Brown et al synthesized large colloidal Au nanoparticles by growing 

small Au nanoparticles (seeds) with adding HAuCl4 and citrate at boiling temperature.32 

The surface-catalyzed reduction, which is reduction of Au3+ on the surface of seeds without 

new particle nucleation, allowed production of large Au nanoparticles with uniform size and 

shape.33 By modifying this method, core-shell nanoparticles of magnetic nanoparticles core 

and Au shell have been synthesized by reducing Au3+ on magnetic nanoparticle seeds.31,34 

Since narrow size distribution of seeds is the key for monodispersity of MNP@Au, we 

conducted surface modification of MNPs with sodium citrate and removed aggregation 

using a centrifuge prior to Au coating. The average hydrodynamic size of citrate-coated 

MNPs (MNP-citrate) was 63 ± 14 nm. After citrate coating, additional sodium citrate was 

added to the MNP-citrate as a reducing agent and heated to boiling temperature, followed by 

the addition of Au ions. The clear brown color of MNPs became dark brown after addition 

of Au ions and gradually turned into red.

Characterization of MNP@Au magneto-plasmonic nanoparticles

Figure 1(a-c) shows the Au to Fe weight ratio, absorbance, and hydrodynamic sizes of 

MNP-citrate and MNP@Au synthesized with initial HAuCl4 varied from 1.5 to 15 μmol and 

fixed concentration of sodium citrate (5 mM). The color of MNP@Au changed from brown 

to red by increasing the amount of HAuCl4 based on the absorbance of the particles. An 

Increase of absorbance at the wavelength below 460 nm was observed for MNP-citrate, 

which corresponded with previous reports.31 It has been reported that iron oxides show 

absorption at the wavelength of 250–400 nm due to ligand to metal charge transition.35 The 

optical property of MNP@Au largely depends on the particle size, shape, and thickness of 

the Au shell due to surface plasmon resonance (SPR), which is based on the oscillation of 

free-electrons polarized to one surface under light with oscillation frequency.23 There were 

no apparent absorbance peaks for MNP-citrate and MNP@Au synthesized with 1 μmol 

HAuCl4 at the wavelength above 460 nm. With increasing the amount of HAuCl4, 

significant absorbance appeared at the wavelength between 460 nm and 600 nm. This can be 

explained by the increase of Au to Fe ratio proportionally with the amount of initial 

HAuCl4. The peak of absorbance was observed at 526 nm for MNP@Au synthesized with 

15 μmol HAuCl4. Average hydrodynamic sizes of MNP@Au synthesized with 1.5, 3, 7.5, 

and 15 μmol HAuCl4 were 84, 63, 61, and 57 nm, respectively.

Table 1 shows synthesis conditions and characterizations of MNP@Au synthesized with 

initial HAuCl4 of 15 μmol and sodium citrate concentration varied from 0.5 to 20 mM. 

Figure 1(d-f) illustrates the Au to Fe weight ratio, absorbance, and Au to Fe weight ratio of 

MNP@Au decreased significantly with increasing the concentration of sodium citrate from 

0.5 mM to 2 mM and increased with further increases of sodium citrate. This indicates that 

the particle size of MNP@Au varies with the concentration of sodium citrate during 

synthesis. In Figure 1(c), MNP@Au synthesized with 0.5 mM sodium citrate showed SPR 

peak at the wavelength of 556 nm, and the absorbance at the SPR peak was the highest 
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among other MNP@Au. Those synthesized with 1 mM and 20 mM sodium citrate showed 

broader SPR spectra, and similar broad SPR spectrum with lower absorbance was observed 

for those synthesized with 2 mM sodium citrate. MNP@Au synthesized with 5 mM sodium 

citrate showed a narrower SPR spectrum at the wavelength of 526 nm. The citrate reduction 

method is the most commonly used method for gold nanoparticle synthesis. It has been 

reported that the nanoparticle size was reduced with increasing sodium citrate 

concentration,36 and further increases of sodium citrate concentration increased the particle 

size.37 This trend corresponds with the reduced Au to Fe ratio with increasing sodium citrate 

concentration and increase of Au to Fe ratio with further increase of sodium citrate. This 

size variation with the concentration of sodium citrate has been determined by the solution 

pH during reaction which affects to the stability of nanoparticles and reactivity of Au 

(composition of Au3+).37,38 The pKa value of citric acid is 3.2, 4.8, and 6.4. Above pH 6.4, 

the carboxyl groups in sodium citrate are fully deprotonated, and the resulting negative zeta 

potential keeps the stability of nanoparticles by repulsion. On the other hand, when the pH 

of reaction solution is low, the carboxyl groups are protonated, lose repulsion between 

nanoparticles, and consequently cause aggregation of nanoparticles. In reaction solutions 

with lower pH (pH 3.2 and 5.5 for 0.5 mM and 1 mM sodium citrate, respectively), it is 

possible that aggregation of nanoparticles occurred in the sodium citrate solution during 

growth of the Au shell, and the aggregation was reduced with increasing the sodium citrate 

concentration. The reduction of Au to Fe ratio with increasing sodium citrate concentration 

up to 2 mM can also be explained by pH dependent redox potential of Au complexes. AuCl4 

is formed when HAuCl4 is totally dissociated in aqueous solutions. As the solution pH 

increases, hydroxyl containing gold complexes are formed, and the complex changes from 

AuCl (OH)− to Au(OH),−38 which weakens reactivity. On the other hand, in the reaction 

solution with pH 7.0 (5 mM to 20 mM sodium citrate), it is possible that the reduction of 

Au3+ was increased by increasing the amount of sodium citrate, which resulted in higher Au 

to Fe ratio.

In Figure 1(f), the average hydrodynamic sizes of MNP@Au synthesized with 0.5, 5, and 20 

mM sodium citrate were 64, 57, and 95 nm, respectively, and MNP@Au synthesized with 1 

and 2 mM sodium citrate showed polydispersity. The color of MNP@Au varied between 

purple and red. It is known that SPR is dependent on particle size, shape, dielectric 

properties, aggregate morphology, surface modification, and surrounding medium.24 For 

example, the red shift and broadening of the absorbance have been reported as the 

hydrodynamic size of gold nanoparticles increases.39 It is possible that the broad SPR peak 

of MNP@Au synthesized with 1 mM, 2 mM, and 20 mM sodium citrate is caused by their 

polydispersity or larger hydrodynamic size as compared to MNP@Au synthesized with 0.5 

mM and 5 mM sodium citrate. As shown in Figure 1(e) inset, MNP@Au synthesized with 5 

mM sodium citrate exhibited the narrowest SPR peak at the wavelength of 526 nm, followed 

by MNP@Au synthesized with 0.5 mM sodium citrate, which showed highest SPR peak at 

wavelength of 556 nm. Hydrodynamic size is one of the important factors for nanoparticle-

based in vivo applications. Nanoparticles smaller than 10 nm are rapidly removed by renal 

clearance, and larger nanoparticles (>200 nm) are removed by the reticuloendothelial system 

(RES) of the spleen and liver.40 Therefore, the optimal hydrodynamic size of nanoparticle 

formulation for in vivo applications is known to be 10–100 nm.41 This excludes MNP@Au 
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synthesized with 1 mM and 2 mM sodium citrate, which showed multiple peaks in their 

hydrodynamic sizes, and MNP@Au synthesized with 20 mM sodium citrate, which showed 

hydrodynamic size distribution between 51 nm to 220 nm. Comparing MNP@Au 

synthesized with 0.5 mM and 5 mM sodium citrate, serious aggregation was observed for 

MNP@Au synthesized with 0.5 mM sodium citrate within a month after synthesis, while 

MNP@Au synthesized with 5 mM sodium citrate remained stable. Considering these 

factors, we conducted further characterization on the MNP@Au synthesized with 15 μmol 

HAuCl4 and 5mM sodium citrate.

Figure 2(a) shows the TEM image of the MNP@Au. The average particle diameter of 14.5 

nm and spherical morphology were observed from this TEM image. Since the MNP core 

showed an average diameter of 10 nm and spherical morphology in our previous report,12 

the average thickness of the shell is calculated to be 2.3 nm.

Figure 2 (b) shows the X-ray diffraction (XRD) pattern of MNP@Au. The XRD pattern of 

MNPs has been reported in our previous report.21 The XRD pattern of MNP@Au showed 

sharp peaks at 38.2°, 44.4°, 64.5° and 77.7°, which can be indexed to the (1 1 1), (2 0 0), (2 

2 0) and (3 1 1) planes, respectively. The sharp peak at 38.2° could be the synergistic effect 

from (3 1 1) plane of MNP core and (1 1 1) plane of Au shell. It has been reported that the 

diffraction from the core can be observed by the penetration of X-ray through the gold shell 

layer,42 and the diffraction from the gold shell dominates as the thickness of the gold shell 

increases.43

Figure 2 (c) and (d) show the magnetization curves of MNP-citrate and MNP@Au, and the 

picture of MNP@Au attracted by a magnet. The MNPs showed superparamagnetic 

properties before and after Au coating. The saturation magnetization of MNP-citrate and 

MNP@Au were 27 emu/g and 22 emu/g, which are 36% and 29% of the bulk saturation 

value for hematite (76 Am2/kg or emu/g 44), respectively. Significant decrease in saturation 

magnetization of MNPs after Au coating due to diamagnetic contribution of the Au shell has 

been reported previously31. However, MNP@Au showed slightly lower saturation 

magnetization and higher susceptibility compared to MNP-citrate, contrary to the large 

portion of Au (61%) in MNP@Au. Since magnetic nanoparticles respond to the magnetic 

field gradient in a size dependent manner, magnetic separation has been used to separate 

larger particles.45 We expect that MNP@Au with small saturation magnetization was 

removed during purification process using a magnet, and MNP@Au with only large 

magnetization was collected after purification.

Multimodal imaging property of MNP@Au magneto-plasmonic nanoparticles

MRI and micro-CT scan were conducted to demonstrate multimodal imaging capability of 

MNP@Au magneto-plasmonic nanoparticles. Figure 3 (a) and (b) show the T2-weighted 

MR images and transverse relaxivity of MNP@Au as a function of Fe concentration. 

Stronger negative contrast was observed with increasing the concentration of Fe. In addition, 

linear correlation between transverse relaxivity and Fe concentration was observed. The T2 

relaxivity was calculated to be 60 mM−1·s−1.
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The micro-CT images and CT values of MNP@Au are shown in Figure 3 (c) and (d). The 

brightness increased in a concentration-dependent manner, and MNP@Au showed CT 

attenuation values of 24 Hounsfield units (HU) and 178 HU at the concentrations of 0.5 

mg/ml and 5 mg/ml, respectively. This result corresponded to previous reports showing the 

concentration dependence of CT value from Au nanoparticles due to X-ray attenuation of 

gold.46 There is a growing interest in using Au nanoparticles as CT contrast agents because 

of the higher X-ray attenuation coefficient of gold compared to iodine which is currently 

used in the clinic.47 Since X-ray attenuation is not efficient and the blood circulation time of 

iodinated CT contrast agents is short,48 the nanoparticles containing heavy metal are the 

great candidates as novel CT contrast agents. These strong contrasts in MRI and X-ray CT 

from MNP@Au suggest that the magneto-plasmonic nanoparticles have potential as a strong 

multi-modal imaging probes for MRI and X-ray CT.

Cytotoxicity of MNP@Au and MNP@Au-PEG

Figure 4 shows the impacts of MNP@Au and PEG-coated MNP@Au (MNP@Au-PEG) on 

cell viability evaluated by XTT assay. The viability of human astrocytes decreased to 74% 

and 69% after exposure of MNP@Au at the concentration of 100 μg/ml for 24h and 48h, 

respectively. No significant decrease in the viability was observed for the cells exposed to 

MNP@Au-PEG at the concentrations lower than 100 μg/ml.

Although magneto-plasmonic nanoparticles have been studied for biosensor applications, 

they are relatively new in in vitro and in vivo biomedical applications. Thus, there are fewer 

studies evaluating the biocompatibility of MNP@Au nanoparticles compared to well-studied 

iron oxide nanoparticles and gold nanoparticles. Moreover, there is no viability study 

conducted on primary human astrocyte cells to the best of our knowledge. Some researchers 

have conducted viability assays on cell lines including L929 fibroblast,49 HeLa cells,50 

H9c2 cardiomyoblasts, and MCF-7 breast carcinoma cells51 after exposing MNP@Au. 

Significant viability reduction was not observed in L929 fibroblast and HeLa cells, and 14% 

and 23% reductions were observed in cultured H9c2 cardiomyoblasts and MCF-7 breast 

carcinoma cells after 24h exposure of nanoparticles at the concentration of 500 μg/ml. This 

reduction range is similar to our results on primary human astrocytes. Also, no significant 

influence on the viability of human mesenchymal stem cells (hMSCs) and U87 glioma cells 

has been reported after exposing hybrid nanoparticles containing Fe3O4 core coated with 

gold nanoparticles.52,53

Since MNP@Au is less stable in media due to lack of PEG chain, we expect that 

aggregation of MNP@Au caused the reduction of viability contrary to the PEG-coated 

MNP@Au which showed no viability reduction.

In vitro blood−brain barrier (BBB) model

The transmigration across the blood−brain barrier (BBB) is very limited due to the presence 

of tight junctions between capillary endothelial cells.54 This limitation restricts application 

of nanoparticles in the brain. Therefore, it is essential to evaluate the transmigration 

capability of nanoparticles across the BBB for brain-targeted applications. The 

transmigration efficiency of magneto-plasmonic nanoparticles was evaluated using the in 
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vitro BBB model prepared with primary human brain microvascular endothelial cells 

(HBMECs) and human astrocytes (HAs) (Figure 5 (a)). PEG-coated MNP@Au (MNP@Au-

PEG) were used for this experiment due to their high viability and stability in media. The 

transmigration efficiency of magneto-plasmonic nanoparticles was determined by measuring 

the concentration of the nanoparticles crossed the in vitro BBB model. The transmigration 

efficiency of the nanoparticles in the absence and in the presence of a magnetic field is 

shown in Figure 5 (b). Only 3.8% of the nanoparticles were able to cross the BBB without a 

magnetic field. Compared to this low transmigration efficiency due to the high integrity of 

the BBB, the presence of a magnetic field increased transmigration efficiency significantly 

which was four-fold increase compared to the transmigration in the absence of a magnetic 

field.

The integrity of the BBB model was evaluated by TEER measurement. Figure 5 (c) shows 

TEER values of the control BBB without nanoparticles or a magnetic field from a magnet, 

with nanoparticles in the absence of a magnetic field, and with nanoparticles in the presence 

of a magnetic field from a magnet. Since a TEER value around 200 Ω/cm2 is considered as 

the formation of the BBB,55 195.5 ± 13.0 Ω/cm2 from the control BBB proves that the BBB 

model is already formed and intact. The TEER values of the BBB with nanoparticles in the 

absence and in the presence of a magnetic field were 194.2 ± 5.2 and 197.7 ± 4.7 Ω/cm2, 

respectively. Compared to the control BBB, there was no effect on the integrity of the BBB 

model after exposure to nanoparticles and magnetic field.

Permeability across the BBB model was then determined by measuring the transfer of FITC-

dextran.56 Figure 5 (d) shows the percentage of FITC-dextran transfer across the BBB 

calculated with respect to the FITC-dextran transfer across untreated insert without cells. 

The FITC-dextran transfer of the control BBB, the BBB with nanoparticles in the absence of 

a magnetic field, and the BBB with nanoparticles in the presence of a magnetic field was 

22%, 22%, and 20%, respectively. This shows that exposing nanoparticles along with an 

external magnetic field does not induce an effect on the permeability of the BBB model. 

Overall, the results in Figure 5 indicate that the presence of a magnetic field increases the 

transmigration of magneto-plasmonic nanoparticles significantly without affecting the 

integrity and permeability of the BBB.

In this study, we developed MNP@Au magneto-plasmonic nanoparticles optimized for 

image-guided therapy for brain diseases and demonstrated the biocompatibility and 

capability of these nanoparticles to cross the BBB. The MRI and X-ray CT contrasts 

generated by the magneto-plasmonic nanoparticles will enable image-guided therapy for 

various brain diseases such as brain tumors, Alzheimer's disease, and human 

immunodeficiency virus (HIV) infection. Furthermore, the magneto-plasmonic nanoparticles 

can be used for a wide range of biomedical applications including hyperthermia or 

photothermal therapy, radiation sensitizer, and stem cell tracking.

Conclusions

Magneto-plasmonic nanoparticles with magnetic core / gold shell structure were synthesized 

by reduction of Au ion on magnetic nanoparticle seeds using sodium citrate. The 
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hydrodynamic sizes and optical properties of magneto-plasmonic nanoparticles varied with 

changing Au ion and sodium citrate concentrations. The smallest hydrodynamic size and 

narrowest SPR peak were observed with the nanoparticles synthesized with 15 μmol 

HAuCl4 and 5mM sodium citrate. The synthesized magneto-plasmonic nanoparticles 

exhibited superparamagnetic property, and T2-weighted MRI and X-ray CT imaging 

contrasts in a concentration-dependent manner. The transmigration of magneto-plasmonic 

nanoparticles across the in vitro blood–brain barrier (BBB) was significantly enhanced 

without disrupting the integrity of the BBB, when an external magnetic field was applied. 

These results demonstrate the potential of magnetic-gold core-shell magneto-plasmonic 

nanoparticles for brain-targeted theranostics and image-guided therapy.
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Fig. 1. 
Au to Fe weight ratio (a), absorbance (b), and hydrodynamic sizes (c) of MNP-citrate and 

MNP@Au synthesized with initial HAuCl4 varied from 1.5 to 15 μmol and fixed 

concentration of sodium citrate (5 mM). Au to Fe weight ratio (d), absorbance (e), and 

hydrodynamic sizes (f) of MNP@Au synthesized with initial HAuCl4 of 15 μmol and 

sodium citrate concentrations varied from 0.5 to 20 mM. All the samples for UV-vis and 

hydrodynamic size measurements were prepared at Fe concentration of 10 μg/ml. Inset: 

Absorbance of MNP@Au synthesized with 0.5 and 5 mM sodium citrate per unit mass of 

Au, and pictures MNP@Au samples.
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Fig. 2. 
TEM image of MNP@Au (a), X-ray diffraction (XRD) patterns of MNP@Au (b), 

magnetization curves of MNP-citrate and MNP@Au (c), and picture of MNP@Au attracted 

by magnet (d). The average diameter of MNP@Au was 14.5 nm. MNP@Au showed 

superparamagnetic property and Au specific diffraction pattern.
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Fig. 3. 
T2-weighted MRI images (a), transverse relaxivity (b), micro-CT images (c), and CT values 

(d) of MNP@Au. MRI images showed strong negative contrast in a Fe concentration 

dependent manner, and linear correlation between transverse relaxivity and Fe concentration 

was observed. Micro-CT images showed concentration dependent positive contrast and 

increase of CT values with nanoparticle concentration.
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Fig. 4. 
Viability of human primary astrocytes after 24h and 48h exposure to MNP@Au (a) and 

MNP@Au-PEG (b) determined using XTT assay. (∗P < 0.05; NS, not significant, P > 0.05; 

N = 3) Viability reduction was observed after exposing MNP@Au at the concentration of 

100 μg/ml. In contrast, no reduction was observed for the astrocytes exposed to PEG coated 

MNP@Au.

Tomitaka et al. Page 18

Nanoscale. Author manuscript; available in PMC 2018 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
(a) Schematic illustration of in vitro blood brain barrier (BBB) model, (b) transmigration of 

PEG coated MNP@Au across an in vitro BBB model, (c) transendothelial electrical 

resistance (TEER) values of the in vitro BBB model after exposure to PEG coated 

MNP@Au, and (d) effect of PEG coated MNP@Au exposure on fluorescein isothiocyanate-

dextran transfer in the BBB model. (∗P < 0.05; N = 3)
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Table 1

Synthesis conditions and characterizations of MNP@Au synthesized with initial HAuCl4 of 15 μmol and 

sodium citrate concentration varied from 0.5 to 20 mM.

Sodium
citrate

HAuCl4 pH Hydrodynamic size SPR peak

20 mM 15 μmol 7.0 95 ± 31 nm 531 nm

5 mM 15 μmol 7.0 57 ± 26 nm 526 nm

2 mM 15 μmol 6.0 Polydispersed 523 nm

1 mM 15 μmol 5.5 polydispersed 533 nm

0.5 mM 15 μmol 3.2 64 ± 27 nm 556 nm
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