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 ABSTRACT 

 

Neurodegenerative disorder imposes a significant challenge in neuroscience due 

to the lack of effective treatment to reverse the progress. Here we introduce an approach 

of using multifunctional superparamagnetic iron oxide (SPIO)-gold (Au) core-shell 

nanoparticles (NPs) to regulate cellular activities and promote neuronal differentiation and 

neurite growth under the stimulation of electromagnetic fields. SPIO-Au NPs were firstly 

synthesized by a synergistic seed growth method with tunable thicknesses, uniform quasi-

spherical nanostructures and excellent plasmonic properties. The high stabilities of SPIO-

Au NPs in deionized water and cell culture medium were then confirmed by UV-Vis 

absorption spectra and zeta potential measurements. The outstanding plasmonic properties 

were further characterized by using a novel thermocouple (TC)-tip-exposing technique to 

measure the temperature profile of NPs with laser irradiation in a simple and accurate way. 

The near unity photothermal conversion efficiency (≈1) of NPs (26 nm) was demonstrated 

by embedding the finite element modeling with experimentally measured parameters.   

Then the SPIO-Au NPs were functionalized with nerve growth factor (NGF) with 

high stability for the magnetic fields (MFs) stimulation. The enhanced cell uptake of NPs 

by the bounded NGF and their high cell viability were observed in PC-12 neuron cells. 

The NGF-SPIO-Au NPs also showed the promotional effect on neuronal differentiation, 

neurite growth and orientation by the stimulation of dynamic MFs, which performed better 

than their static counterparts.  
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In the end, the effect of NGF-SPIO-Au NPs on promoting the neuronal 

differentiation in response to light emitting diode (LED) stimulation was explored. LEDs 

(1.9 mW/cm2) exhibited no obvious cellular toxicity and no significant reduction of 

proliferation for up to 1 h of exposure. The promotional effect of LEDs and NGF-SPIO-

Au NPs on neuronal differentiation and neurite growth was proved through morphology 

studies. The stimulation of LEDs on NGF-SPIO-Au NPs with strong photothermal effect 

also triggered an increase of calcium level and the upregulation of the neuronal 

differentiation specific marker b3 tubulin and the cell adhesive molecule integrin b1 

through the activation of plasmonic NGF-SPIO-Au NPs. To conclude, the capacities of 

multifunctional SPIO-Au NPs on regulating the cellular activities and promoting the 

neuronal differentiation suggest the strong potential of this nanomedicine for 

neuroregeneration.  
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CHAPTER I  

INTRODUCTION* 

 

Motivation: Neurodegenerative diseases, like Alzheimer’s and Parkinson’s, and 

other neurological damages like traumatic brain injury resulting from the loss of neurons 

in the brain, have been a major challenge in neuroscience. Axon regeneration in humans 

generally occurs at very low speed (2-5 mm/day), which leads to the extremely prolonged 

recovery time.1 Therefore the study of the regenerative agents and techniques that promote 

the nerve repair and speed the neuronal growth and differentiation is of great interest. 

Nerve growth factor (NGF) has the strong pharmacological potential for the treatment of 

neurodegenerative diseases as it is essential for the stimulation of neuron survival and 

differentiation.2 However the short half-life and slow diffusion restricted the therapeutic 

usage of NGF. Nanoparticles (NPs) as drug carriers have been demonstrated to influence 

the activity and stability of therapeutic molecules, and enable the extended half-life and 

increased efficiency of NGF.3 Multifunctional core-shell NPs are promising nanocarriers 

to deliver the therapeutic biomolecules like NGF across the blood-brain barrier (BBB) for 

the treatment of nerve repair. Capable of magnetic and plasmonic responses, 

multifunctional magneto-plasmonic NPs are of great interest among other type of NPs 

                                                

* Part of this chapter is reprinted with permission from “Promoting neuroregeneration by applying dynamic 
magnetic fields to a novel nanomedicine: Superparamagnetic iron oxide (SPIO)-gold nanoparticles bounded 
with nerve growth factor (NGF)” by Yuan M, Wang Y, Qin Y-X, 2018. Nanomed Nanotech Biol Med, 
14(4):1337-1347. Copyright [2019] by Elsevier. 
Part of this chapter is reprinted with permission from “SPIO‐Au core–shell nanoparticles for promoting 
osteogenic differentiation of MC3T3‐E1 cells: Concentration‐dependence study” by Yuan M, Wang Y, Qin 
YX, 2017. J Biomed Mater Res A, 105(12):3350-3359, Copyright [2019] by John Wiley & Sons, Inc. 
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because of their strong potential to regulate cellular activities and neuronal differentiation 

through generating mechanical tensile forces under external magnetic fields (MFs) or 

producing photothermal effect by light stimulation.   

SPIO-Au core shell NPs 

Advanced medical techniques for taking advantages of the special optical 

properties has driven the development of superparamagnetic iron oxide (SPIO) NPs 

coupled with active coatings, such as metal,4-8  alloy,9 polymer or nonmetallic oxides.10 

SPIO NPs have been widely studied for their unique magnetic properties in the biomedical 

field. For example, SPIO NPs have been used as a highly sensitive contrast agent,11,12 

noninvasive cell labeling13-15 and visualization using magnetic resonance imaging 

(MRI).16 Besides their potential applications as contrast agents, SPIO NPs can also be 

directed to a specific site by external MFs, which further extends their usage in targeted 

drug or gene delivery.17 However the direct use of uncoated magnetic NPs faces 

challenges such as their instability in biological environments,1,18-20 , aggregations,16 and 

the cellular toxicity.21-24 To address these issues, magnetic NPs can be protected by a thin 

and impenetrable shell made by biocompatible materials, which not only shield the 

magnetic core from being exposed to surroundings but also make them to be readily 

functionalized with different groups.25 The coating modifies the surface function of the 

SPIO NPs to reduce their toxicity,17,26 increase their anti-oxidation resistance,12 and 

improve their plasmonic properties,27 e.g., photothermal therapy,28-32 brain tumor 

imaging,16,18 active targeting19 and drug delivery.20,22 Among various active coating 

materials (polymer, alloy, metal, etc.),5,33,34 gold (Au) exhibits excellent 
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biocompatibility35-37 and low cytotoxicity because of its inertness and high stability.6,7 Au 

not only shield the magnetic core from exposure to complicated environments, but also 

provides tunable surface functionalization with various ligands such as proteins, aptamers 

and peptides through its stable thiol (-SH) and amide (-NH2) binding affinity.38-40 The 

tunable surface functionalization23,24,33,41-44 of Au NPs due to the well-developed Au-S 

chemistry45,46 further extends their applications to the fields of drug/gene delivery,47,48 

fluorescence imaging,49 cell labeling50 and bio-sensing.41 Especially, the surface 

plasmonic resonance of Au coatings provides an efficient mechanism to convert photon 

energy to thermal energy when Au coatings are irradiated at their resonance wavelength 

with a laser51-56 for photothermal therapy. Au-coated SPIO NPs can also be stabilized more 

efficiently with NGF, biomolecule,23,42,43 cytotoxic agents44 or tumor-targeting 

molecules.57 This makes Au-SPIO NPs an extremely interesting nanomedicine for 

photothermal treatment,28-32 bone regeneration, nerve regeneration and many other 

medical applications.58,59 

Synthesis of SPIO-Au NPs 

Important progress has been made in chemical synthesis of the monodisperse Au NPs60,61 

and the Au coated magnetic NPs.4,6,46,57,62-64 The monodisperse Au NPs can be synthesized 

by seed growth method with mild reducing agents like citrate acid to obtain Au NPs of 

different size. The controlled seeded growth method combining the Turkevic61 citrate 

reducing method was proposed by Bastus60 to form the citrate-stabilized monodisperse Au 

NPs ( from 10 ~ 180 nm) with quasi-spherical shape and a narrow size distribution and 

controlled diameter, by controlling the reaction condition such as the PH, seed to gold 
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precursor ratio, temperature, etc. The Au coated SPIO NPs can be synthesized in a similar 

way. Instead of using Au NPs, SPIO NPs can be used here as seeds and the Au shell can 

be formed at the surface of SPIO NPs, followed by the formation of thicker Au shell by 

simply adding more chloroauric acid and reducing agent to the aqueous solution. For 

example, Fan et al63  used citrate reducing method to form Au coated Fe3O4 magnetic NPs. 

They first prepared the iron oxide NPs as seeds by co-precipitation method and then coated 

them with Au shell by reducing Au3+ into Au on the iron oxide surface. The adding of 

sodium citrate and gold chloride solution was repeated several times to achieve thicker 

shell. However there is a lack of enough characteristics to demonstrate the formation of 

SPIO-Au NPs. Another strategy is developed by Xu et al.6 to form Au coatings (1, 1.5, 2, 

and 2.5 nm) on Fe3O4 cores (10 nm) using ascorbic acid as reductant. Yet the difficulty of 

removing extra CTAB makes the NPs less bio-friendly. Lyon et al62 also developed an 

iterative hydroxylamine seeding method to synthesize the Au coating on Fe2O3 cores at a 

total diameter of 60 nm with 14 nm standard deviation.  

Exploration of plasmonic property via photothermal measurement of SPIO-Au NPs 

The localized surface plasmon resonance (LSPR) of Au NPs is caused by the 

collective resonation of the conduction free electrons at the certain wavelength of light. 

Such a superior optical property of Au NPs indicates their potential advantages in 

photothermal therapy to efficiently convert photon energy to thermal energy when 

irradiated by a laser at their resonance wavelength.28,30-32,51-53 When Au is used as a coating 

material for SPIO NPs,  this newly formed SPIO-Au nanomedicine expands its usage in 

many medical fields, such as magnetic hyperthermia65 and photothermia28,31 where their  
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light-to-heat conversion efficiency becomes critical.  

Before using SPIO-Au NPs for photothermal therapy, it is necessary to develop 

techniques to quantify the photothermal properties of SPIO-Au NPs. Traditional 

techniques for the photothermal conversion efficiency measurement and calculation rely 

mainly on experimental techniques. One method was developed in 2007 by Roper et al.,52 

which proposed a microscale heat transfer model and designed an experimental setup of 

placing the cuvette in the vacuum condition to measure the temperature profile of Au NPs 

(20 nm diameter, 920 ppm in deionized (DI) water, 7.9 ul, 350 s to reach equilibrium) 

using a 514 nm continuous wave (CW) laser (0.17 W, 3 mm beam size). According to 

their modeling and calculation of the time constant, the photothermal conversion 

efficiency h  of Au NPs of 920 ppm was 0.034, which was very low and inaccurate. The 

possible reason is that the mass of water was greatly underestimated during the 

photothermal conversion efficiency calculation because of the heat convection dominated 

heat transfer driven by the temperature gradient in the NPs solution under the illumination 

of the laser. Until now, Roper’s method of using the time constant was still adopted for 

measuring the photothermal conversion efficiency of several newly synthesized plasmonic 

NPs.66-68 Followed the same method, Feng et al. (2015)66 measured the photothermal 

conversion efficiency (h=0.24) of Au/Polypyrrole@Fe3O4 NPs (200 nm, 1400 ppm) using 

an 808 nm laser at a power density of 2 W/cm2. Hu et al.(2017)67  tested the photothermal 

conversion efficiency (η=0.1) of Au-coated Fe3O4 NPs (100 nm, 0.78-100 ppm) using an 

808 nm laser irradiation at 15 W/cm2. Wang et al. (2018)68 measured the photothermal 
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conversion efficiency (h = 0.618) of MoSe2 nanoflowers (150-180 nm, 75 ppm) using an 

808 nm laser at a power density of 1 W/cm2.  

To address the aforementioned inaccuracy in the time constant method developed 

by Roper et al,52 Jiang et al. (2013)53 used a stirrer to experimentally reduce the 

temperature gradient in the Au NPs solution (5-50 nm, 39.4 ppm, 1 mL) inside the cuvette 

under the laser irradiation (532 nm, 0.228 W, 2 mm beam size). It took at least 1200 s to 

reach an equilibrium and the calculated efficiency was size-dependent and reached 0.737 

for Au NPs of 18 nm in diameter. As a result, the heat conversion efficiency of Au NPs 

was largely modified compared with Roper’s method. Unfortunately, due to some possible 

collective heating losses during the long period to reach the equilibrium state, their 

experimental data was not quantitatively correlated with the theoretical prediction of 

conversion efficiency η, which was proportional to the ratio of absorbance/extinction in 

order to account for scattered light that removes non-heat energy from the system.  

In comparison with Roper’s work, Richardson et al.(2009)51 developed a new 

experimental technique by controlling a hanging drop (10 ul) of Au NPs solution (20 nm, 

45 ppm) from a syringe needle with thermocouple (TC) tip inside the droplet to measure 

the temperature profile of NPs under a 532 nm CW laser (0.14 W, 0,23 W and 0.28 W). 

The time to reach equilibrium was about 50 seconds. Using their measurement setup, the 

efficiency h was determined to be very close to 1 (0.97-1.03), which was in agreement 

with the expectation of the near unity energy conversion of photon to heat for small NPs 

because of the nearly zero quantum yield (10-6).69 However this method required careful 

control of the syringe droplet and the evaporation of the NPs solution cannot be avoided 
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during the laser irradiation. After reviewing the techniques developed in the literature for 

the measurement of photothermal conversion efficiency, it is necessary to develop a 

simple but accurate technique to easily measure the temperature profile and to yield a 

highly accurate calculation of the photothermal conversion efficiency of different 

plasmonic NPs of different sizes and concentrations. 

Biocompatibility of SPIO-Au NPs 

So far, many studies have been carried on to evaluating the biocompatibility of 

pure Au NPs with different sizes. High viability towards different cell lines was found for 

citrate-capped Au NPs of 4 nm by Connor et al.70 and 12 nm by Mustafa et al.59 The impact 

of aggregation of Au NPs was examined by Albanese et al.71 They found that the 

aggregation of Au NPs does not induce the toxicity of Hela cells. Moreover, Kawazoe et 

al.45 proved the good viability of Au NPs conjugated with different surface functional 

groups, such as amine, carboxyl, hydroxyl and citrate, towards human MSCs. SPIO-Au 

core-shell NPs (36-56 nm, 1-500 μg/mL) were proved to be nontoxic to mouse leukemic 

monocyte macrophage cells by Zhang et al. (> 90% viability, 3 days of incubation).7 

However, they were not able to test the concentration-dependent cell viability for longer 

incubation periods and there was a lack of proliferation evaluation, which is essential for 

the application of this nanomaterial in regulating neuronal activities.72 

Multifunctional SPIO-Au NPs for nerve regeneration 

MF stimulation 

Due to the slow rate of axonal regeneration,73 neuroregeneration, one of the most 

significant challenges in neuroscience, has driven extensive studies focused on techniques 
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to increase the speed of neuron recovery. Many efforts have been contributed to develop 

the molecules,74,75 proteins,76,77 growth factors78,79 and biomaterials80,81 possessing the 

ability to stimulate or direct the axonal outgrowth. Among them, NGF has been found to 

be essential for the neuronal growth and differentiation via the tropomyosin kinase 

receptor and the non-selective p75 neurotrophin receptor.82,83 However, the slow diffusion 

and short half-life of NGF from the enzyme degradation84,85 have restricted its application 

in neuroregeneration. Moreover, the main obstruction impeding its in-vivo studies is that 

many drugs designed for the treatment of nerve recovery like NGF cannot be easily 

transported through the blood brain barrier (BBB) due to the selective permeability of the 

BBB.86 Therefore, it is necessary to find a suitable carrier to efficiently deliver nerve 

regenerative agents such as NGF across BBB and to enhance the half-life and efficiency 

of NGF in promoting neuronal growth.  

Magnetic NPs have been extensively used in clinical practice, such as MRI,12,15,16 cell-

labeling13,14 and targeted drug or gene delivery17 due to their special magnetic properties. 

Recent studies have examined the effect of SPIO NPs as the nanocarrier of NGF, and have 

shown the improvement of neurite outgrowth on PC-12 cell line.87  M. Marcus et al.3 found 

the promotion effect of differentiation and neurite outgrowth of PC-12 cells and the 

extension of the NGF’s half-life by conjugating NGF with SPIO NPs. They have also 

proved the ability of iron oxide NPs to direct the neurite orientation.88 Christina Riggio et 

al.1 confirmed that the NGF functionalized magnetic NPs can guide the neurite outgrowth 

along the external MF direction by generating a tensile force under the applied MFs. It 

was also demonstrated that the effective delivery of brain-derived neurotropic factor 
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(BNDF) across the BBB can be achieved by using magnetic NPs as the nano-carriers, 

which enables the in-vivo application of BNDF.86 However, none of the previous work 

involves the study of SPIO-Au NPs for nerve regeneration and the demonstration of 

dynamic magnetic field stimulated neurite growth through activating the magnetic SPIO-

Au NPs, which are also the potential nano-carriers of NGF for nerve regeneration due to 

their unique magnetic, optical and chemical properties. 

LED light stimulation 

Engineered NPs mediated by external stimuli have attracted accumulative 

attentions in nanomedicine for non-invasive or less invasive therapeutics. In particular, 

Au NPs have been used as a mediator to induce light-based neuro-stimulation through 

photothermal effect from LSPR.89 SPIO NPs can also be stimulated by MF for nerve 

regeneration due to their strong magnetic properties.1,88,90 Adding a protective and 

functional shell of Au on SPIO core to avoid aggregation12 and enhance the 

biocompatibility,5 SPIO-Au core-shell NPs possess very unique and attractive features 

integrating the magnetic properties of SPIO and the LSPR properties of Au into one single 

nanoplatform,6,7,70 and therefore exhibit strong potential for many multimodal biomedical 

applications, such as the targeted drug delivery,91,92 photo induced/magnetic 

hyperthermia93-95 and imaging-assisted cancer treatment.96,97  

However, among these applications, there has been no attempt to use NGF-SPIO-

Au NPs to modulate neuronal activities under photostimulation. In comparison with other 

traditional stimuli such as electrical stimulation,98 photostimulation is considered non-

invasive and relatively harmless. 99-101 In comparison with other types of nanomedicine, 
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NGF-SPIO-Au NPs have their unique advantages for brain therapeutics. First of all, the 

gold shell can help regulate neuronal functionality since the plasmonically-induced heat 

activates temperature-sensitive channels in neurons102 for excitation103 and inhibition104 of 

action potentials. Such a photothermal effect is also believed to regulate Ca2+ level,105 

which is critical for transmitting neuronal signals between neurons,106, 107 and for 

regulating cytoskeleton growth behaviors via phosphorylation.108 Besides, the effective 

loading of therapeutic molecule (like NGF) and the magnetic property enabled the usage 

of magnetic force guided drug delivery. Our team has recently synthesized NGF-SPIO-

Au NPs using a facile method and proved their stimulation impact on neuronal growth and 

differentiation under dynamic MFs.90,109 However, how this nanomedicine responds to 

photostimulation, an advantageous non-invasive tool to regulate neuronal activities and 

promote nerve regeneration, is still unknown.  

Traditional photostimulation strategies rely on laser sources which could induce 

potential tissue damages, often require a high-voltage power supply, and are costly.103 As 

an emerging alternative to a laser,13 light emitting diode (LED) is portable, cheap, 

consumes little power, and has negligible human and environmental toxicity.110-114 It has 

shown potentials for improving cognition on patients with chronic and traumatic brain 

injury (TBI).115 The effect of 940 nm LED on sciatic nerve regeneration was also reported 

on rats,116 which showed improved morphofunctional sciatic nerve recovery with 

phototherapy after nerve damage.  However, LED has not been used as a light source to 

irradiate and activate plasmonic NPs, especially NGF-SPIO-Au NPs for regulating 

neurological functions through the plasmonically-generated heating effect.  
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Objectives and outlines 

With the ultimate goal of promoting the development of nanomedicine-based 

neurogenesis induction scheme for optimized nerve regeneration and repair, the objective 

of this dissertation is to study the multifunctional plasmonic-magnetic behavior of SPIO-

Au NPs and their synergistic effect on neuronal activities with the stimulation of 

electromagnetic fields (MFs and LED light).  

In Chapter II, we describe the synthesis method of SPIO-Au NPs and their 

characterization techniques. This includes the reaction conditions, synthesis protocols, 

reagents and operational conditions of sample characterization such as TEM and light 

absorbance spectrum. A synergistic seed growth method is developed to synthesize SPIO-

Au NPs with tunable size, narrow size distribution, high dispersity and excellent 

plasmonic property. The stabilities of NPs are then investigated by UV-Vis absorption 

spectra and zeta potential measurement.  

In Chapter III, in order to explore the plasmonic behavior of SPIO-Au NPs under laser 

irradiation, we develop a simple but accurate TC tip exposing technique to measure the 

photothermal efficiency of SPIO-Au NPs (Diameter: 20.8 nm)  by embedding the 

experimentally measured data into the finite element modeling (FEM). The heating period 

is restricted to the first 30 seconds. Within such a short period of laser exposure, the 

characteristic heat diffusion length is smaller than the cuvette dimensions, so the heat 

transfer process was simplified by avoiding both the natural convection and the influence 

of the container geometry on the heat transfer of the SPIO-Au NPs aqueous solutions. The 
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TC tip exposing technique also reduces the complexity of the experimental set-up and 

assures the accuracy of the measurement by directly placing the TC tip in the center of the 

laser beam.  

In Chapter IV, the effect of magnetic stimulation on multifunctional SPIO-Au NPs 

(Diameter: 20.8 nm) is explored. The parametric effects on cell viability and cellular 

uptake are studied to explore the impact of different concentrations and conjugating of 

NGF. Then the static and dynamic MFs are constructed and applied on PC-12 cells treated 

with NGF functionalized SPIO-Au (NGF-SPIO-Au) NPs to compare which configuration 

is preferred to promote neuronal differentiation, neurite growth and orientation. Finally, 

the cytoskeleton force-based model is developed to predict the neurite elongation and the 

orientation stimulated by magnetic fields, and the effectiveness of which can be 

demonstrated with experimental data.  

In Chapter V, to explore the effect of light stimulation on neuroregeneration, we use low-

intensity LEDs (<2 mW/cm2) to irradiate NGF-SPIO-Au NPs of 20.8 nm diameter and 20 

µg/ml and to examine their molecular and cellular effect on PC-12 cells. At first, the 

toxicity of LED light at different power intensities, exposure times and incubation times 

is evaluated to find the optimal setting of LED light. Temperature assessment of LED-

irradiated NPs proves the strong photothermal effect of NGF-SPIO-Au NPs and the 

temperature equilibrium is achieved after 25-30 minutes of heating. Therefore, we set 30 

minutes as the duration time of LED treatment that is sufficient to stimulate neuronal 

activities via plasmonically-generated heat. The morphological evaluation of LED 

irradiated NGF-SPIO-Au NPs at the intensity of 1.90 mW/cm2 on enhanced neuronal 
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differentiation and neurite growth of PC-12 cells is performed through quantitative 

analysis. Using calcium imaging and molecular analysis through the reverse transcription-

polymerase chain reaction (RT-PCR) and western blot assay, we further examines how 

the LED-irradiated NGF-SPIO-Au NPs interact with the calcium level and proteins/genes 

related to neurite outgrowth and neural differentiation. For example, the neural specific 

marker, b3-tubulin protein is known as an essential element to form microtubules,117 and  

the cell adhesive molecules, integrin b1 is important to the PC-12 cell attachment on 

substrate and the neurite extension.118  
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CHAPTER II  

TUNABLE SPIO-AU CORE-SHELL NPS: SYNTHESIS AND 

CHARACTERIZATIONS  

In this chapter, we reported a facile synthesis of Au coated SPIO-core 

nanoparticles (NPs) with tunable shell thickness (1.5 nm to 8.8 nm). A synergistic seed 

growth method using citrate acid as a reducing agent was proposed to reduce Au3+ to Au 

at the surface of SPIO NPs (10 nm) that serve as original seeds. The thickness of Au 

coatings was tuned by moderating the composition of the reactants and other reaction 

conditions. This refined synthesis method facilities the easy tuning of plasmonic properties 

of SPIO-Au core shell nanomedicines to promote high light-to-heat conversion 

efficiencies, demanded by different hyperthermia treating conditions (discussed in chapter 

3) Transmission electron microscope (TEM) images of the SPIO-Au NPs reveal the 

uniform quasi-spherical nanostructure and the absence of aggregation. The inductively 

coupled plasma mass spectrometer (ICP-MS) analysis demonstrates the successful 

formation of SPIO-Au NPs at predicted sizes and concentrations. UV-Vis light absorption 

spectra verify the slightly red shift of the surface plasmon resonance band with the increase 

of the thickness of Au coating. 

Materials and methods 

Materials 

Hydrogen tetrachloroaurate (III) hydrate (HAuCl4 •xH2O) and sodium citrate 

were purchased from Sigma-Aldrich, USA. Water-based super paramagnetic iron oxide 
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(SPIO, γ-Fe2O3) nanoparticles (EMG-304) were purchased from Ferrotec. All chemicals 

were used as received without further treatment. 

Synthesis of Au coated SPIO-core NPs 

Briefly, SPIO-Au core-shell NPs were synthesized by the seed growth method62,63 

with sodium citrate as a reducing agent to form an Au coating on a SPIO core (10 nm) as 

shown in Figure 1(a). In this reaction, 0.02 mL of SPIO (EMG-304 (10 nm), Ferrotech, 

Santa Clara, CA) aqueous solution (0.931 M) was diluted to 3.724 mM by adding 4.98 

mL of Deionized (DI) water and then sonicated for 5 minutes. 0.1 mL of diluted SPIO 

solution (3.724 mM) was then added into 30 mL of DI water and heated to 90°C under 

vigorous mechanical stirring. Next, 1.1 mL of 1% sodium citrate (Sigma-Aldrich, St. 

Louis, MO) and 0.5 mL of 1% HAuCl4 (Sigma-Aldrich, St. Louis, MO) were sequentially 

added to the solution. During the reaction, the color of the solution changed from light 

brown to deep red in 30 min. Then, the resulting solution was used as a seed solution and 

the citrate reducing process was repeated again to produce a thicker Au coating, as shown 

in Figure 1(b), from left to right: sample size of 13 nm at 117 ppm, sample size of 19 nm 

at 103 ppm and sample size of 26 nm at 120 ppm. All the as-prepared SPIO-Au NP 

solutions were directly used for the characterization of NPs without further purification.   
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Figure 1. (a) Synthesis process of SPIO-Au NPs (b) Sample pictures 
 

TEM imaging  

The TEM imaging of as-synthesized SPIO-Au NPs was performed on a JEOL JEM 

1400 Transmission Electron Microscope (TEM) at 120 kV operating voltage. 100 

microliter droplets of each sample were dropped onto a 300-mesh copper grid (Ted-pella, 

inc.) and left to dry in air. Size distribution measurement as well as the calculation of 

average diameter and standard deviation is obtained based on at least 100 NPs from TEM 

images of each SPIO-Au NP sample. 

Inductively coupled plasma mass spectrometer (ICP-MS) test  

The samples were digested in mineral acid to bring Au and Fe into solution. 2% 

nitric acid was used as an analytical matrix for ICP-MS. In detail, the SPIO-Au NPs were 

digested by a mixture of HCl (0.3 mL, ~30%) and HNO3 (1.1 mL, ~65%) under slow 
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heating. After the evaporation to near dryness, the samples were diluted into 2% nitric 

acid. Then the samples were tested on the Inductively Coupled Plasma Mass Spectrometer 

(Thermo-Finnegan Element2).  

UV-Vis light absorption spectra 

1 mL of each SPIO NP solution (10 nm diameter) or SPIO-Au NP solution (13, 

15, 17, 18, 19, 21, 26, 27 nm diameter) at different concentrations were placed in a 

standard cuvette (1 cm) and the light absorption spectra were recorded at wavelengths 

between 350 nm and 900 nm at room temperature. As shown in Figure 2, the experimental 

setup consists of computer installed with Spectra Suite Software to record the absorption 

spectra via USB 4000 spectrometer (200-1000 nm, 3648 pixels), two QP600-1-SR-600 

um Premium fibers (200-2000 nm), a CUV-UV cuvette holder with two 74-UV 

Collimating lenses (200-2000 nm) with a focus length of 10 mm, as well as a DH-2000-

BAL tungsten halogen light source (210 nm – 2500 nm) with 74 UV collimating lens (200-

2000 nm). All the measuring components were purchased from Optics Co.  
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Figure 2. Experimental setup of UV-Vis light spectra test: 1) Computer with 
SpectraSuite software. 2) USB 4000 spectrometer, 3) CUV-UV cuvette holder with 
two 74-UV Collimating lenses 4) QP600-1-SR-600 um Premium fiber, 5) DH-2000-
BAL tungsten halogen light source (210 nm – 2500 nm) with 74 UV collimating lens 
(200-2000 nm)  
 

Stability examination 

To examine the influence of the cell growth medium on the stabilities of NPs, the 

UV-Vis absorption spectroscopy and the zeta potential characterization were conducted. 

The solution of SPIO-Au NPs at the concentration of 80 μg/mL was suspended in MC3T3-

E1 cell growth medium and in deionized (DI) water, respectively. At different time points, 

the light absorption spectra were recorded at wavelengths between 400 nm and 800 nm at 

room temperature with a FLAME-S-XR1-ES spectrometer and the SpectraSuite software 
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from Ocean Optics Inc. The zeta potential test was performed with a Malvern Zetasizer 

Nano ZS (Malvern Instruments Inc.) at 25 °C.  

Results and discussion  

Synthesis of Au coated SPIO-core NPs at different sizes and concentrations 

In this study, the SPIO-Au core-shell NPs were synthesized by reducing Au3+ to 

Au at the surface of SPIO NPs that served as original seeds. The desired Au shell thickness 

was achieved by carefully controlling the Au: SPIO NP stoichiometric ratio and the 

repeating number of the coating procedure. A seed mediated growth strategy helps obtain 

higher NP concentrations after successive seeding aliquots; achieve the monodispersed 

NPs and enable incremental nano-shell increases for enhanced size control.60  

Figure 3 shows the TEM image of SPIO-Au NPs of 13, 15,17, 18, 19, 21, 26 and 

27 nm in diameter. The average particle diameter and standard deviation were calculated 

using Image J to measure the area of particles. The histograms showing size distribution 

over 100 NPs are depicted along with the TEM images. Narrow size distribution was 

obtained for each sample and uniform quasi-spherical morphology was observed through 

TEM images.   
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Figure 3. Nanosphere morphology and size distribution for Au-coated SPIO NPs of 
diameter (a) 13 nm (1.5 nm Au coating), (b) 15 nm (2.5 nm Au coating), (c) 17 nm 
(3.5 nm Au coating), (d) 18 nm (4 nm Au coating), (e) 19 nm (4.5 nm Au coating), (f) 
21 nm (5.5 nm Au coating), (g) 26 nm (8 nm Au coating) and (h) 27 nm (8.5 nm Au 
coating). Histograms indicate size distribution for 100 NPs in total. Note narrow 
size distribution and uniform quasi-spherical morphology. 
 

ICP-MS test of SPIO-Au NPs at different sizes and concentrations 

The elemental concentration of Au and Fe for each SPIO-Au sample was measured 

through an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (Element 2 

Finnigan MAT). The measured molar amounts of Au and Fe are listed in Table 1, which 

also summarizes the composition of reactants for different coating thickness. The 

measured average diameters of as-synthesized SPIO-Au NPs were 13, 15, 17, 18, 19, 21, 

26 nm and 27 nm.  Note that, M_est. indicates the estimated mass of Au according to the 

calculation from the molar amounts of the added seeds and the precursors for the reaction, 

M_ICP refers to the mass of Au measured from ICP-MS, D_ICP-MS refers to the 

predicted diameter from ICP-MS measurement using eq.1 by assuming the spherical 

shaper, and D_mea refers to the measured diameter from TEM.  
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                                                                       (1)     

where mAu, nSPIO, and ρAu are corresponding to the mass of the Au, the number of 

SPIO particles and the density of Au, added for reaction. The measured diameters obtained 

from TEM images by using Image J software were lower than the predicted diameters due 

to the loss of Au during each experimental step. The measured molar amounts were 

achieved by ICP-MS test by measuring the elemental concentration of Au and Fe. The 

predicted diameter was calculated by using the measured molar amount of SPIO and Au. 

There is small discrepancy between the measured diameter using TEM and the predicted 

diameter using ICP-MS. 

Table 1. Summary of composition of reactants for the synthesis of SPIO-Au NPs 
with varying average particle sizes. 

Sample SPIO/Au 
Mole 
ratio 

n_SPIO      
(E13) 

M_est 
(mg) 

M_ICP 
(mg) 

D_ICP 
(nm) 

D_mea 
  (nm) 

Mass 
Concentration 
(ppt) 

S13 0.026 1.141 0.968 0.392 16.4 13.1±1.5 117.4 
S15 0.026 3.424 2.898 0.910 15.4 15.0±1.4 125.2 
S17 0.010 0.685 2.898 0.652 21.8 17.3±1.2 251.0 
S18 0.010 0.685 1.449 0.840 23.6 18.1±1.5 93.3 
S19 0.017 1.141 2.417 0.155 13.3 19.3±1.7 103.0 
S21 0.005 0.685 4.348 1.338 27.3 21.3±1.7 104.3 
S26 0.005 0.685 4.348 1.802 30.0 26.1±1.7 119.8 
S27 0.008 0.571 2.655 1.265 28.4 27.6±2.2 209.9 

 

UV-Vis light spectra 

The light absorption spectra of the SPIO NP seeds and the multifunctional SPIO-

Au NPs with different coating thickness were measured by UV-Vis spectroscopy and 

plotted in Figure 4(a). The SPIO-Au NPs have a remarkable light absorption peak at 
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around 520 nm while the spectrum of pure SPIO NPs shows no peak in the range of 450-

800nm, implying the formation of SPIO core-Au shell NPs. The surface plasmon 

resonance band of the SPIO-Au NPs shows a roughly red shift with the increase of the Au 

coating thickness, as shown in Figure 4(b) (from 1.5 nm to 8.8 nm of thickness), except 

the NPs at 13 nm and 21 nm, which may due to the possible local nonuniformity in the 

solution and the error of calculating diameter through TEM images.   These findings agree 

well with the statement that the surface plasmon resonance band exhibits a red shift when 

the size of the pure Au NPs is increased.60 The fact that the spectra on SPIO-Au NPs with 

diameter from 13.1 nm to 27.6 nm own maximum absorption value at around 523 nm 

(which is close to the surface plasmon peak of pure Au NPs) indicated the uniform quasi-

spherical structure and the absence of aggregation,7,8,62 which is also supported by 

observing few precipitation of the solution over time. 
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Figure 4. (a) UV-Vis absorption spectra of the SPIO NP seeds and the SPIO-Au 
NPs with different sizes (scaled to the same concentration). (b) the change of 
maximum peak position with different NP sizes 
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Stability of SPIO-Au NPs  

In the cell growth medium, although a slight broadening of the peak with time is 

observed, no decrease of the absorbance peak is found even after 21 days (Figure 5(b)). 

Therefore, one can conclude that our SPIO-Au NPs are stable in both the cell growth 

medium and the DI water for up to 21 days. Interestingly, the absorbance peak shifted to 

555 nm for NPs dispersed in the cell growth medium from that of 524 nm for NPs 

dispersed in the DI water, which is due to the optical effect of the cell growth medium, 

whose absorbance peak was found at 555 nm (Figure 5(c)). The measured zeta potential 

was changed from -31.7 mV (in DI water) to -11.9 mV (in cell growth medium), indicating 

the stability of NPs in the cell growth medium, due to the strong electrostatic repulsion 

between NPs arising from the negative charges. The change of zeta potential indicated the 

attaching of medium components with positive charges onto the NPs in the cell growth 

medium.72  
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Figure 5. UV-Vis absorption spectra of SPIO-Au NPs (17.3 nm) at 80 μg/mL in (a) 
Cell growth medium for different time periods with a maximum absorbance at a 
wavelength of 553 nm and an obvious discrepancy of absorbance at a wavelength of 
630 nm. (b) Deionized water for different time periods with a maximum absorbance 
at a wavelength of 520 nm (c) The spectrum of the cell growth medium only with a 
maximum absorbance at a wavelength of 560 nm, which explains the shift of the 
peak of the absorbance curve from (b) to (c). 

 



 

 

 

26 

CHAPTER III  

SPIO-AU CORE-SHELL NPS: PHOTOTHERMAL CONVERSION EFFICIENCY  

In this chapter, a new thermocouple (TC)-tip-exposing temperature assessment 

technique composed by the experimental measurement of temperature profile and the 

numerical modeling of the photothermal conversion efficiency is presented. The proposed 

technique is designed to evaluate the photothermal conversion efficiency of gold-coated 

superparamagnetic iron oxide nanoparticle (SPIO-Au NP) solution (26 nm, 12-70 ppm) at 

low continuous wave (CW) laser power (103 mW, 532 nm) irradiation in a very simple 

but accurate manner. In combination with the experimentally measured temperature 

profile, a finite element model (FEM) was developed to simulate the temperature rise of 

the NP solution at the very first 30 seconds from the starting point of the laser illumination. 

Experimentally measured parameters were embedded into the FEM simulation to predict 

the photothermal conversion efficiency of SPIO-Au NP solution which was close to the 

unity. The theoretical model (the ratio of absorbance/extinction) derived by the Mie theory 

also confirmed the near unity conversion efficiency of the as-synthesized SPIO-Au NPs. 

The key point of the proposed temperature assessment technique is to expose the TC tip 

in the center of the laser beam to ensure direct temperature measurement. In addition, the 

proposed technique was very straightforward, and largely reduce the complexity of the 

experimental set-up compared with traditional temperature assessment techniques. This 

technique provided a new promising strategy to evaluate the photothermal conversion 

efficiency of plasmonic NPs. And the lab-made SPIO-Au NPs are suggested to be the 
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potential nanomedicine with high photothermal conversion efficiency for high-

performance laser surgery on well-controlled tumor cell removal. 

Theoretical basis and methods  

TC-tip-exposing temperature assessment technique 

Referring to Figure 6(a) and 6(b), to measure the temperature profile of the NP 

solution a polystyrene (PS) semi-micro cuvette (12.5×12.5×45 mm outer dimensions) is 

filled with 0.5 mL of NP solution. An MGL-FN-532 (CNI Optoelectronics) CW laser 

provides a 1.5 mm radius (Where the intensity values fall to 1/𝑒A of the axial intensity 

value, e is the base of natural logarithm) Gaussian beam with a power of 103 mW that is 

directed horizontally through the middle of the liquid in the cuvette (cuvette inner depth: 

d=10 mm). A K-type TC-tip (Omega Engineering) with wires in 0.041 mm (0.0016 in) 

diameter and a bead diameter of 0.080 mm is placed in the geometric center (𝑥 = 0, 𝑧 =

0) of the laser-illuminated liquid region approximately 𝑦 = 3 mm from the inner cuvette 

wall facing the incident laser beam, to ensure that the temperature sensor and the heating 

laser were located in the same region of the liquid.  The test is performed in ambient 

conditions (vacuum not required), and the temperature sensor is in direct contact with the 

heated NP solution. The temperature profile of the DI water and the NP solution at 

different concentrations were measured using this proposed TC-tip-exposing method 

under the excitation of a 532 nm CW laser.  
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Figure 6. Experimental setup of the temperature profile measurement of SPIO-Au 
NP solutions. (a) Experimental setup (front view), (b) experimental setup (side 
view) (c) Detail of laser path through the cuvette containing DI water / NPs 
solution.  Here (1) Thermocouple (Omega, Stamford, CT, K-type, 0.041 mm.); (2) 
BRAND polystyrene (PS) cuvette (1 cm by 1 cm); (3) SPIO-Au NPs solution (4) 
MGL-FN-532 (nm)-103 mW (PSU-H-FDA) laser. 
  

Figure 6(c) showed how the 532 nm CW laser passes through the cuvette and the 

liquid. Here, I represented the axial incident laser intensity. I1 is axial laser intensity inside 

the front wall of the cuvette, which is made of polystyrene (PS) and is 1 mm thick, and I2 

represents the axial laser intensity when the laser leaves the front PS wall and enters the 

liquid.  

The refractive indices of the air, PS wall and water are nair=1.00, nPS =1.59, nwater 

=1.33, respectively. The reflectance between the air and the PS wall can be obtained from: 

𝑅 = JKLMN'KOP
KLMNQKOP

R
A
= 0.052                                                                                                              (2) 

while the reflectance between the DI water and the PS is:  

 𝑅S = JKTLUVN'KOP
KTLUVNQKOP

R = 0.008                                                                                                            (3) 

Then the intensities (I, I1 and I2 represent the maximum intensity at the center of 

the beam radius) in the PS wall and beginning of the liquid are: 
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𝐼Y = (1 − 𝑅)𝐼                                                                                                                                   (4) 

𝐼A = (1 − 𝑅)(1 − 𝑅S)𝐼                                                                                                                   (5) 

Finite element simulation 

Laser beam description 

The incident laser beam is assumed to be Gaussian beam with a radius 𝑟\=1.5 mm 

at which the laser intensity falls to 1/𝑒A of the axial laser intensity and propagates in the 

𝑧 direction. The incident laser intensity (W/cm2) can be expressed as: 

𝐼(𝑟) = 𝐼\𝑒
'A] NN^

_
`

= A%a
1b̂`

𝑒'A]
N
N^
_
`

                                                                                               (6) 

where 𝐼. = 103  mW is the total incident laser power (mW) measured by a 

Coherent FieldMate laser power meter. I0 is the axial laser intensity. In Cartesian 

coordinates the beam intensity becomes: 

𝐼(𝑥, 𝑧) = A%a
1b̂`

𝑒
c`de`fg`h

N^
` .                                                                                                                   (7) 

where the center of the laser beam is located at 𝑥 = 0, 𝑧 = 0 (the middle of the liquid as 

shown in Figure 6(a)), and the laser beam propagates along y direction.  

A finite element model (FEM) was developed using COMSOL Multiphysics ® to 

simulate the temperature profile of SPIO-Au NPs irradiated under low laser power.  The 

SPIO-Au NPs aqueous solution in the cuvette has dimensions 2𝑊 =4.5 mm, 2𝐻 = 23 

mm, and 𝑑=10 mm as shown in Figure 6(a) and (b) 

The transient heat conduction equation is used to determine the time-dependent 

temperature history of the NP solution and the thermocouple:  
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𝜌m𝐶o,m
pqM
pr
= 𝑘m ]

p`qM
pt`

+ p`qM
pu`

+ p`qM
pv`

_ + �̇�m(𝑥, 𝑦, 𝑧)                                                  (8) 

where 𝜌 is the density, 𝐶o the specific heat, and 𝑘 is the thermal conductivity, and  

𝑖 = 𝑛𝑝 for the NP solution and 𝑖 = 𝑡𝑐 for the thermocouple. (In the numerical solution the 

TC alloys are further distinguished between the chromel leg, the alumel leg and the bead.)   

The temperature 𝑇 = 𝑇(𝑥, 𝑦, 𝑧, 𝑡) varies with both position and time.   

The TC bead is modelled as a sphere of diameter 0.080 mm, with thermophysical 

properties 𝑘 , 𝜌  and 𝐶o  taken as the average of the corresponding properties for the 

chromel and alumel. The chromel leg extends vertically upward (𝑥 > 0, 𝑧 = 0) and the 

alumel leg extends vertically downward (𝑥 < 0, 𝑧 = 0).   

The heating coefficient for the TC is determined by replacing the NP solution with 

DI water and measuring the transient laser heating.  The DI water does not absorb the laser 

light, hence the only source of heating is the TC itself.  The TC heating coefficient, 𝛽 is 

adjusted in the model until model and data agree.  

The boundary conditions are as follows.  For the NP solution,  

𝑇�o(𝑥, y, z, t) = T�  at  𝑥 = ±𝑊                                                     (9a) 

𝑇�o(𝑥, y, z, t) = T�  at  𝑧 = ±𝐻                                                                                 (9b) 

𝑇�o(𝑥, y, z, t) = T�  at  𝑦 = 0 and 𝑦 = 𝑑                                                                (9c) 

where 𝑇�	is the ambient temperature. 

For the TC, the boundary conditions are that the temperature and heat flux are 

continuous at the TC surface 

    𝑇r� = 𝑇�o                                                                                                                                   (10a) 
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  𝑘r�
pqU�
p�

= 𝑘�o
pq3O
p�

                                                                                                                   (10b) 

where the 𝑛 is the direction normal to the TC at the point of interest.  

The initial condition for the entire system is 

 𝑇m(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇� at 𝑡 = 0.                                                                                                      (11) 

The thermodynamic properties for the NP solution and the thermocouple alloys 

chromel and alumel are shown in Table 2.  Because the NP concentration is low, the NP 

solution properties for DI water are used. 

Table 2. Thermal properties for analysis. 
Material Density, 

 𝝆 (kg/m3) 
Thermal 

conductivity,  
k (W/m·K) 

Specific Heat, 
Cp (J/kg·K) 

NP solution 0.9982 0.6 4180 
Chromel 8730 17.3 448 
Alumel 8610 29.7 523 

 

Heat-source terms 

The volumetric heating source (W/m3) for the TC as a result of direct heating by 

the incident laser light is: 

�̇�r�(𝑥, 𝑧) = 𝛽𝐼A𝑒'��𝑒'A(t
`Qv`)/b̂`                                                                                   (12) 

where 𝛿 = 3	 mm (TC tip position y = 3 mm)  is the distance from the from the 

front cuvette wall through which the incident laser light enters to the TC tip location in 

the NP solution, 𝛼 is the absorption coefficient obtained from the measured absorbance 

A: 𝛼 = −ln(10'()/𝑑 . The absorbance 𝐴  was measured using a Flame miniature 

spectrometer (FLAME-S-XR1-ES, Ocean Optics Inc.) at a wavelength of 532 nm. 𝛽 
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[1/m] is the proportionality factor above that is determined from the TC heating in DI 

water only. 

The laser intensity in the NPs solution, after accounting for reflections in the front 

cuvette wall, is: 

𝐼(𝑥, 𝑦, 𝑧) = 𝐼A𝑒'�u𝑒'A(t
`Qv`)/b̂`.                                                                                        (13) 

The laser light is attenuated as it passes through the NP solution due to absorption 

and scattering, i.e., �%
�u
< 0 .  The fraction of light absorbed, 𝜂 , is the photothermal 

conversion efficiency, and contributes to the NP solution heating: 

�̇��o(𝑥, 𝑦, 𝑧) = −𝜂 �%
�u
= 𝜂𝛼𝐼A𝑒'�u𝑒'A(t

`Qv`)/b̂`.                                                          (14) 

Results and discussion 

 

Figure 7. Morphology and size distribution for Au-coated SPIO NPs of diameter 26 
nm (8 nm Au coating). Histogram indicates size distribution for 100 NPs in total. 
Note narrow size distribution and uniform quasi-spherical morphology. 
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Figure 8. Light absorption spectra of the 26 nm SPIO-Au NP solutions indicating 
the peak absorbance value increased at higher concentrations (12, 26, 38, 70 ppm) 
and the insert indicating the linear relationship between the peak absorbance and 
the concentration. 
 

Our SPIO-Au NPs were synthesized using the synergistic seed growth and citrate 

reducing method reported in previous work.90,109 Figure 7 shows the transmission electron 

microscope image of the SPIO-Au NPs of 26 nm in diameter with quasi-spherical shape 

and narrow size distribution.  

Figure 8 shows the absorbance vs. wavelength of the SPIO-Au NP solutions (26 

nm) at different concentrations (12, 26, 38, 70 ppm) with the inset indicating the linear 

relationship between the absorbance and the concentration, agreeing well with Beer’s law 

of absorption. The absorbance 𝐴 and the corresponding absorption coefficient 𝛼 of the 

NPs solutions at different concentrations at the wavelength of 532 nm are listed in Table 

3. (𝛼	= 0 for water only); 

By comparing this FEM simulation with the temperature profile measurement, the 

photothermal conversion efficiency 𝜂 of an unknown plasmonic NPs can be determined 



 

 

 

34 

using the following procedure: first, the temperature profile with the TC in DI water is 

measured, followed by a measurement with the NPs of interest.  The temperature history 

during the first 30 seconds of the laser heating is recorded. The heat source equations (eq. 

12 and eq. 14 with unknown 𝜂) are used to simulate the heating of the DI water and the 

NPs solution and calculate the temperature profile at one point located at the surface of 

the TC tip which is time-dependent. The value 𝜂 is adjusted until the simulation matches 

with the measured temperature profile as closely as possible to determine the conversion 

efficiency 𝜂. Restricting the measurement time to 30 seconds is important to avoid energy 

loss from conduction through the cuvette walls and natural convection within the NP 

solution119.   

Table 3. α and A values for different concentrations of SPIO-Au NPs. 

Concentration (ppm) 12 26 38 70 

Absorbance, A 0.199 0.505 0.781 1.416 

Absorption 

coefficient, 𝛼 (1/m) 

45.8 116.3 179.8 326.0 

 

The temperature profile of the pure DI water and NPs at the concentration of 12, 

26, 38 and 70 ppm were experimentally measured and are shown in Figure 9. Then the 

FEM model in COMSOL Multiphysics ® was utilized to simulate the temperature profile 

of the DI water only during the first 30 seconds from the starting point of the laser 

illumination. For this case, the heat source came from the TC tip only, thus �̇��o = 0. By 
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simulating the temperature profile of the DI water and comparing it with the experimental 

data, 𝛽	was found to be 118,600	m-1.  

Next the simulation of the temperature profile with the NPs solution was 

performed. The numerical model was run with values of 𝜂  ranging from 0 to 1. The 

goodness-of-fit parameter, 𝑅A was calculated, and 𝜂 was adjusted to maximize 𝑅A. The 

results are shown in Figure 9, and it can be seen that the simulated temperature history 

agrees very well with the experimental measurement within the first 30 s, indicating that 

our assumption of the heat conversion efficiency was valid for NPs at all concentrations. 

Table 4 lists the best-fit value of the photothermal conversion efficiency for each 

concentration and the corresponding value of R2. It was found that in all cases, a photo 

conversion efficiency of unity (𝜂	 = 	1.00) yielded the best fit. This finding is in consistent  

with the literature51 that ultra-small plasmonic NPs (~20 nm) have extremely low optical 

quantum yields (10–6), and almost 100% of the photon energy is converted to heat.   
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Figure 9. The comparison of measured temperature increases from experiments v.s. 
simulated temperature increases from the FEM modeling during the very first 30 
seconds for (a) water (α = 0); (b) NPs solution at 12 ppm (α = 45.8 1/m); (c) NPs 
solution at 26 ppm (α =116.3 1/m); (d) NPs solution at 38 ppm (α= 179.8 1/m); (e) 
NPs solution at 70 ppm (α = 326.0 1/m); The value of R2 represents how close the 
simulation results are to the experimental data, with higher values better. 
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Table 4. The photothermal efficiency for different concentrations of SPIO-Au NPs. 

Concentration (ppm) 12 26 38 70 

Photothermal conversion 

efficiency 𝜂 

1.00 1.00 1.00 1.00 

Coefficient of determination 𝑅A   0.920 0.953 0.980 0.946 

 

The scattering, absorption and extinction cross-sections of SPIO-Au core shell NPs 

with 26 nm diameter were studied by using a boundary element method proposed by 

Hohenester (MNPBEM toolbox).120 The results were plotted in Figure 10 and the ratio of 

absorbance/extinction at the wavelength of 532 nm was calculated to be 0.987 (the 

absorbance cross section / the extinction cross section at 532 nm). This value was in 

agreement with the near 100% heat conversion efficiency, further confirmed the high 

accuracy of the simulation.   

 



 

 

 

38 

 

Figure 10. (a) Scattering cross section (10.87 nm2 at 532 nm)  (b) absorption cross 
section (831.53 nm2 at 532 nm)   and (c) extinction cross section (842.40 nm2 at 532 
nm) for 26 nm SPIO-Au NPs (SPIO core diameter: 10 nm, Au shell thickness: 6.5 
nm) calculated based on the MNPBEM toolbox 
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Compared with traditional temperature profile assessment methods reported in the 

literature,1-3 this work incorporates an innovative experimental measurement technique 

with a FEM simulation, which provides several benefits. First, placing the TC tip in the 

center of the laser beam assures that the temperature sensor and the heating laser represent 

the same region in the liquid where the heating due to photothermal conversion occurs. 

Second, our method involves a fast and simple sample preparation using commercial 

hardware and can be done in ambient conditions in the laboratory. Third, by combining 

the experimental measurements with a high-fidelity FEM simulation, we only required the 

data of the temperature rise for the very first 30 seconds, avoiding the long-time laser 

heating to achieve the equilibrium temperature, which is time consuming and generated 

additional measurement errors due to conduction, natural convection, and evaporation of 

the water.  

Conclusions 

We have developed a novel direct-exposure technique for the measurement of 

nanoparticle solution photothermal coefficients. A thermocouple is immersed in the 

nanoparticle solution irradiated directly by a 3 mm diameter, 532 nm CW laser. The heat 

transfer equations for both the thermocouple directly and the surrounding nanoparticle 

solution are formulated and solved for using COMSOL Multiphysics® to simulate the 

temperature profile within the very first 30 seconds. Using the photothermal conversion 

coefficient as an adjustable parameter, very good agreement between the model and 

measurement are found.  SPIO-Au NPs with uniform quasi-spherical shape and narrow 

size distribution were used in the development of the technique, and the photothermal 
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conversion affinity was found to be near unity, as expected from both predictions and 

other investigations. 
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CHAPTER IV  

ELECTROMAGNETIC STIMULATION USING DYNAMIC MAGNETIC FIELDS: 

TOWARDS NEUROREGENERATION (PC-12 CELLS)* 

Neuroregeneration imposes a significant challenge in neuroscience for treating 

neurodegenerative diseases. The objective of this study is to evaluate the hypothesis that 

the nerve growth factor (NGF) functionalized superparamagnetic iron oxide (SPIO)-gold 

(Au) nanomedicine can stimulate the neuron growth and differentiation under external 

magnetic fields (MFs), and dynamic MFs outperform their static counterparts. The SPIO-

Au core-shell nanoparticles (NPs) (Diameter: 20.8 nm) possessed advantages such as 

uniform quasi-spherical shapes, narrow size distribution, excellent stabilities, and low 

toxicity (viability >96% for 5-day). NGF functionalization has enhanced the cellular 

uptake. The promotion of neuronal growth and orientation using NGF functionalized 

SPIO-Au NPs, driven by both the static and dynamic MFs, was revealed experimentally 

on PC-12 cells and theoretically on a cytoskeletal force model. More importantly, dynamic 

MFs via rotation performed better than the static ones, i.e., the cellular differentiation ratio 

increased 58%; the neurite length elongation increased 63%. 

 

 

 

                                                

* Reprinted with permission from “Promoting neuroregeneration by applying dynamic magnetic fields to a 
novel nanomedicine: Superparamagnetic iron oxide (SPIO)-gold nanoparticles bounded with nerve growth 
factor (NGF)” by Yuan M, Wang Y, Qin Y-X, 2018. Nanomed Nanotech Biol Med, 14(4):1337-1347. 
Copyright [2019] by Elsevier. 
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Methods 

Synthesis of SPIO NPs  

SPIO (Fe2O3) NPs were synthesized by the co-precipitation method.7,62 Briefly, 

2.81 g FeCl3*6H2O and 1.0 g FeCl2*4H2O were dissolved in a solution containing 1.03 g 

of 37% HCl in 12.5 ml of deionized (DI) water. The solution was added dropwise to 125 

ml of 1.5 M NaOH solution with vigorous stirring. Then the formed black precipitate was 

isolated by magnetic decantation and washed 3 times with DI water, followed by 

dispersing the resulting Fe3O4 NPs in 125 ml of 0.01 M HNO3 solution and heating the 

solution with stirring at 90°C for 30 min to oxidize the NPs. The resulting SPIO NPs were 

washed twice with DI water and dispersed in 125 ml of 0.1 M TMAOH.  

Synthesis of SPIO-Au NPs 

The 0.5 ml of as-synthesized SPIO NPs (60 mM) were sonicated and diluted to 1.5 

mM with 19.5 ml of DI water. Then 5.5 ml of the diluted SPIO NPs was mixed with 5.5 

ml of 0.1 M sodium citrate and stirred for 10 min to exchange the absorbed OH- with 

citrate anions. Then the solution was diluted to 100 ml using DI water and followed by the 

addition of 0.5 ml of 1% HAuCl4 solution to the mixture. The pH of the solution was 

adjusted to 8.86 by using 0.1 M NaOH solution. Then 0.6 ml of 0.2 M NH2OH*HCl was 

added to the mixture to form the Au coating. The color of the mixture was changed from 

brown to purple to pink-red in several minutes, which indicated the successful formation 

of the Au shell. Finally, the NPs was separated and washed by magnetic decantation. The 

as-prepared SPIO-Au NPs dispersed in 10 ml of DI water were directly used in the 

following experiments without any further purification. The concentration of the SPIO-
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Au NPs was 422 μg/ml (including 68.7% of Au in mass) (Table A1, Appendix A). All the 

aforementioned chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless 

otherwise states.  

Functionalization of SPIO-Au NPs 

NGF-β (N2513, Sigma) was labeled with Alexa Fluor 488 (A10235, Invitrogen) 

according to the manufacturer’s protocol. The labeled protein was purified through a size 

exclusion purification resin to separate the unincorporated dye. The functionalization of 

the SPIO-Au NPs was performed by adding 14 μg of the labeled protein to 0.47 ml of 422 

μg/ml SPIO-Au NPs (NGF: NPs = 1:14 in mass). The suspension was stirred for 3 h at 

room temperature. The resulting mixture was washed 3 times and the free NGF was 

removed using magnetic separation. Finally, the functionalized NPs was re-dispersed in 1 

ml of DI water.  To estimate the amount of NGF bounded to SPIO-Au NPs, the absorbance 

of the supernatant from the previous step was first measured at the absorbance peak of 280 

nm (NGF). And then the concentration of free NGF was calculated by using a calibration 

curve showing the absorbance of a series of solutions with known NGF concentration. By 

subtracting the amount of free NGF, the final composition of 198 μg/ml of SPIO-Au NPs 

(68.7% Au in mass) and 11.15 μg/ml of NGF was achieved.  

Characterization of SPIO-Au NPs 

To observe the morphology of the synthesized SPIO-Au NPs, the transmission 

electron microscopy (TEM) imaging was performed on a JEOL JEM 1400 microscope at 

an operating voltage of 120 kV. Briefly, 100 μL droplets of each sample were dropped 

onto a 300-mesh copper grid (Ted Pella Inc., Redding, CA) and then left to dry in the air. 
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The functionalization of SPIO-Au NPs was characterized by zeta-potential measurement 

using Zetasizer Nano ZS (Malvern Instruments Inc., Westborough, MA). The 

measurements were repeated 3 times and the results were expressed using average values 

and standard deviations.  

PC-12 cell culture 

PC-12 cells (from rat pheochromocytoma) obtained from American Type Culture 

Collection (ATCC) were cultured in ATCC modified RPMI-1640 medium supplemented 

with 10% heat inactivated horse serum (HS), 5% fetal bovine serum (FBS) and 1% 

penicillin–streptomycin (medium and supplements were purchased from Gibco, Grand 

Island, NY). Cells were cultured in poly-L-lysine (PLL, P4707, Sigma-Aldrich, St. Louis, 

MO) coated Petri dishes in a humidified incubator under a 5% CO2 atmosphere at 37°C. 

To induce cell differentiation, PC-12 cells were incubated in serum reduced media (1% 

heat inactivated HS and 0.5% FBS).  

Cell viability evaluations- Trypan blue exclusion assay and CCK-8 assay 

To examine the cytotoxicity of SPIO-Au NPs, PC-12 cells were seeded into 24-

well plates coated with PLL and incubated for 1 day. Then the cells were washed with 

Dulbecco's phosphate-buffered saline (DPBS) and incubated with SPIO-Au NPs at 

different concentrations (Groups: 0.7 μg/ml NGF, 10 μg/ml NPs, 0.2 μg/ml NGF-SPIO-

Au NPs, 1 μg/ml NGF-SPIO-Au NPs, 5 μg/ml NGF-SPIO-Au NPs and 10 μg/ml NGF-

SPIO-Au NPs). After 1, 3 and 5 days, the cells were dislodged from the dish, centrifuged 

and dispersed in growth medium. Cells were then stained with 0.4% Trypan blue solution 

(Gibco, Grand Island, NY) and examined through a hemocytometer (Bright-Line™ and 
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Hy-Lite™ Counting Chambers, Hausser Scientific, PA). Cell cultured without NPs or 

NGF were used as control.  

The CCK-8 cell counting kit (Sigma-Aldrich, St. Louis, MO) was used to evaluate 

the effect of SPIO-Au NPs on cell proliferation. PC-12 cells were seeded into PLL coated 

96-well tissue culture plates at a density of 2*103 cells/well with growth medium. After 

24 h of incubation, the medium was replaced by fresh medium containing SPIO-Au NPs 

and (or) NGF (groups: 0.7 μg/ml NGF, 10 μg/ml NPs, 0.2 μg/ml NGF-SPIO-Au NPs, 1 

μg/ml NGF-SPIO-Au NPs, 5 μg/ml NGF-SPIO-Au NPs and 10 μg/ml NGF-SPIO-Au 

NPs). Cells without NPs were seeded as a control group. After 1 and 3 days of incubation, 

the media were replaced with fresh media and 10 μL of CCK-8 solution was added to each 

well and followed by the incubation of the plates for 2h at 37 °C. The absorbance was 

measured using a microplate reader (SpectraMax i3x, Molecular Devices Inc.)  at the 

wavelength of 450 nm.  

Cellular uptake TEM analysis 

To study the cellular uptake of SPIO-Au NPs, PC-12 cells were seeded onto an 

Aclar® (Electron Microscopy Sciences Inc.) film in a 12-well plate at a density of 2*105 

cells per well and incubated with growth medium containing SPIO-Au NPs and NGF-

SPIO-Au NPs at the concentration of 10 μg/ml. After 24 h of incubation, cells were 

prefixed in 3% Electron Microscopy grade glutaraldehyde in 0.1 M PBS, pH 7.4 at room 

temperature for 1 h. Cells were then fixed in 1% osmium tetroxide in 0.1 M PBS, pH 7.4. 

Followed by the dehydration in a graded series of ethyl alcohol and embedded in Durcupan 

resin (Sigma-Aldrich, St. Louis, MO). Ultrathin sections (80 nm) were cut with a Leica 
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EM UC7 Ultramicrotome (Leica Microsystems Inc.) and collected on formvar coated 

copper slot grids. Then these sections were stained with uranyl acetate and lead citrate and 

then analyzed by using a FEI Tecnai12 BioTwinG2 microscope with an AMT XR-60 CCD 

digital camera system, at an accelerating voltage of 80 kV. 

Neurite growth under dynamic MFs 

To compare the cytoskeletal influence of dynamic MFs with static MFs, two 

identical magnetic applicators were printed on a MakerBot Replicator using a polylactic 

acid (PLA) filament. One applicator was used to generate static MFs. The other was 

installed on a rotating platform to generate dynamic MFs (Figure 11 (a) and (b)), where a 

Petri dish was mounted on a Tower Pro MG90S Micro Servo controlled by an Arduino 

Uno R3 Microcontroller A000066. The dish was rotated at 24 revolutions (45°) per minute 

during the test. Cells were seeded at the density of 2*105 cells/dish in PLL pre-coated Ibidi 

Petri dishes (D: 35 mm). After 24 h, the medium was replaced by fresh serum reduced 

medium containing NGF-SPIO-Au NPs at the concentration of 10 μg/ml. Cells were 

incubated for 24 h to let the NPs to interact with cells. Then the Petri dish was put inside 

each magnetic applicator. Three groups of cells were prepared (control, static and 

dynamic). After 1 day, a light microscope (Axiovert 200M Inverted Fluorescence/phase 

Contrast Microscope (Carl Zeiss Inc.) equipped with an AxioCam CCD camera) was used 

to capture the images of differentiated cells. For each group, at least 40 pictures were 

acquired, and more than 4000 cells were quantified. The neurite angle, length and number 

in each image were measured using Simple Neurite Tracer as a plugin of Fiji. 
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Figure 11. Set-up of the dynamic MFs. (a) The magnetic applicator using N52 
magnets and the rotating platform. Inset: The Ibidi Petri dish (b) FEM of the N52 
magnetic applicator; (c) FEM result (theoretical) and the experimental 
measurement of the flux density distribution inside the N52 Halbach-like magnetic 
applicator. (d) The derivative dB/dr (T/m) along the radial direction. The dot line 
in (d) represents the average value of dB/dr, which is -36.19 T/m. Reprinted with 
permission from reference 90. 

 

Statistical analysis 

All results were analyzed based on at least 3 independent experiments and 

expressed using the standard deviation. Statistical analysis was performed by the Mann–

Whitney U test and the one-way analysis of variance with Tukey post hoc test. Each group 

treated with SPIO-Au NPs was compared with the control group. P value less than 0.05 

was considered as a significant difference.  

Results 

Characteristics 

The TEM images showed the synthesized SPIO cores (Figure 12(a)) (D: 13.2 ± 

2.5 nm) before the coating process, and SPIO-Au NPs (Figure 12(b)) (D: 20.8 ± 2.7 nm) 
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with a quasi-spherical shape and a narrow size distribution. The light absorbance spectrum 

showed the peak of Au around 524 nm, confirming the existence of Au coating (Figure 

13(a)). The as-synthesized SPIO-Au NPs were then conjugated with Fluor 488 labelled 

NGF through Au-amine (NH2) linkage (covalent bond)121 The UV-Vis measurement 

showed the typical absorbance peak of NGF protein and Fluor 488 at 280 nm and 494 nm 

respectively (Figure 13(b)). The functionalization of SPIO-Au NPs with NGF was 

characterized by zeta potential measurement (Figure 13(c)). The initial zeta potential of 

SPIO-Au NPs before the functionalization of NGF was -33.2 mV, reflecting the high 

stability of colloidal SPIO-Au NPs by strong electrostatic repulsion,122 while it dropped 

to -25.1 mV with the addition of NGF (SPIO-Au: NGF = 1:0.005 in mass), which 

confirmed the successful functionalization of NGF with NPs. The zeta potential of NGF-

SPIO-Au NPs increased towards the isoelectric point with higher NGF/SPIO-Au mass 

ratio, revealing that more of the NGF factors were bounded to SPIO-Au NPs and the 

saturation point was not reached in the tested range. It is also mentioned in the literature 

that the zeta potential changes to less negative values with increasing counter ion size.123  

Adversely, the hydrodynamic diameter decreased, this may due to the partial removal of 

the original citrate ligand from the ligand shell, as more of the NGFs were added to the 

solution, more of the citrate ligand were detached from the NPs surface and replaced by 

the NGF  to attach to the surface of the SPIO-Au NPs. It is interesting to notice that the 

molecular weight of NGF (53036 kDa (1 Da= 1 g/mol) is much larger than the molecular 

weight of citrate acid (189.09 g/ml) and therefore more efficient shielding of the NGF was 

achieved to protect SPIO-Au NPs from aggregation which resulted in the formation of 
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smaller clusters of NPs, and therefore the hydrodynamic diameter decreased. The similar 

phenomenon is observed in literature as well.123   

 

Figure 12. TEM images of the NPs. (a)  SPIO NPs; (13.2 nm) (b) SPIO-Au NPs 
(20.8 nm). Reprinted with permission from reference 90. 
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Figure 13. Light absorbance and zeta potential measurement. The UV-Vis 
spectrum of (a) SPIO-Au NPs and (b) NGF-Fluor.  (c) Zeta potential of SPIO-Au 
NPs and hydrodynamic diameter at different NGF/NPs ratio (by adding different 
amount of NGF to the same concentration of SPIO-Au NPs). Reprinted with 
permission from reference 90. 
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Cell viability evaluation 

To reveal how SPIO-Au NPs affect the in-vitro cellular viability, the Trypan blue 

exclusion assay was performed on PC-12 cells treated with NGF (0.7 μg/ml), NPs (10 

μg/ml) and NGF-NPs at the concentrations from 0.1 to 10 μg/ml. For up to 5 days of 

incubation, no significant reduction of live cells to total cells ratio was observed for all the 

concentrations compared with the control group. Interestingly, there was a significant 

increase of the viability for groups treated with NGF, NPs and NGF-NPs at 5 days of 

incubation (Figure 14(a)). To further explain this phenomenon, the cell proliferation test 

using the CCK-8 colorimetric assay was performed. The absorbance of the formazan dye 

generated by the dehydrogenases activities in cells was recorded for each group, which 

was proportional to the number of live cells.124 A stimulated proliferation (% of control 

group) was observed for groups treated with NGF, NPs and NGF-NPs. In particular, 

groups treated with NGF (184% of control, 7 days), NPs (166% of control, 7 days) and 

NGF-NPs (>163% of control, 7 days) had higher proliferation rate than the control group. 

And the proliferation rate was significantly improved with the increasing concentration of 

NGF-SPIO-Au NPs for up to 7 days of incubation. This increase explained why their 

viability from trypan blue assay also increased compared with the control group as more 

viable cells were proliferated relative to dead cells. (Figure 14(b)) 
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Figure 14. Cell viability evaluation. (a) The viability results from Trypan Blue 
staining. (b) The absorbance results from CCK-8 cell counting kit. The addition of 
NPs and NGFs significantly improve the cell proliferation for up to 7 days of 
incubation. Reprinted with permission from reference 90. 

 

Cellular uptake of NPs: TEM analysis 

The cellular uptake of NPs and NGF-NPs at the concentration of 10 μg/ml was 

examined by TEM analysis on PC-12 cells incubated for 24 h (Figure 15). TEM images 

showed the successful internalization of NPs, locating inside the endosomal vesicles in 

the cytoplasm, rather than in the nucleus. The cytoplasmic membranes remained intact for 

both of the groups. For the cells treated with NGF-SPIO-Au NPs, the large clusters of NPs 
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were found inside each cell with some of the clusters of NPs located at the cell membrane 

which engulfing the NPs (Figure 15(d)), implying the cellular uptake through endocytosis. 

While for the cells treated with SPIO-Au NPs only, some free individual NPs  were found 

in the cytoplasm, which were more likely to penetrate into the cell membrane by direct 

diffusion as no SPIO-Au NPs were found to be attached to the cytoplasmic membrane, 

since NPs usually need to be absorbed to the cell membrane for endocytic internalization.59   

 

Figure 15. TEM images to show the cellular uptake of PC-12 cells. (a) and (b): PC-
12 cells treated with NPs only; (c) and (d): PC-12 cells treated with NGF-NPs. (b) 
and (d) are enlarged images of areas shown inside the dashed circles in (a) and (c). 
Scale bar = 500 nm. Reprinted with permission from reference 90. 
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The morphology analysis-neuron growth and differentiation under static and dynamic 

MFs  

To demonstrate our hypothesis that the NGF-SPIO-Au NPs can stimulate the 

neuronal growth and differentiation under external MFs, and the dynamic MFs outperform 

the static ones, PC-12 cells treated with NGF-SPIO-Au NPs (10 μg/ml) were cultured and 

placed in a dynamic magnetic applicator composed by eight of N52 NdFeB magnetic 

cubes of 0.5 inch arranged in a Halbach array (Figure 11 (a) and (b)) and a static magnetic 

applicator with the same magnetic configuration. In this setup, the magnetic strength along 

the diameter of the magnetic applicator was simulated from finite element modelling 

(FEM) and then experimentally measured using a F.W. Bell 8010 gauss/tesla meter 

(Figure 11 (c)), which was in agreement with the theoretical simulation. An average MF 

gradient of -36.19 T/m was calculated from the FEM result (Figure 11 (d)). In this test, we 

visualized the morphology of differentiated cells using bright field microscopy (Figure 

16). Then the Fiji software was used to trace neurites for control (no MF: 1 Day-control-

MF-), static (with static MFs: 1 Day-N52-static-MF+) and dynamic groups (with dynamic 

MFs: 1 Day-N52-dynamic-MF+). To quantify the orientation of neurite, the angle q 

between the neurites and the direction of the magnetic force (radial outward direction) was 

measured and the orientation index was defined as Oi=cosq (0<q<p, Oi~1 for neurite 

along the magnetic force direction).  
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Figure 16. Bright field microscopy images. PC-12 cells were treated with 10 μg/ml 
NGF-SPIO-Au NPs (a) without MF, (b)with static and (c) with dynamic MF for 1 
day of incubation. Reprinted with permission from reference 90. 
 

As the results of analysis, after 1 day of magnetic treatment, both of the static 

(130%) and rotation (206%) groups showed a significant increase for the ratio of 
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differentiated cells compared with the control group which had no magnetic treatment. 

Moreover, the dynamic group had much higher ratio (~158%) than that of the static group 

(Figure 17(a)). The dynamic group also showed a significantly increased number of 

neurites per differentiated cells (117% of control) (Figure 17(b)). Both of the static (114% 

of control) and dynamic (187% of control) groups exhibited longer average neurite length.  

noticeably the average neurite length of the dynamic group was 63% longer than that of 

the static group (Figure 17(c)). The distribution of angles between the neurite and the 

magnetic force (0°) showed that the neurites preferentially aligned along the direction of 

the magnetic force (Oi=0.20 for the static group and Oi=0.14 for the dynamic group), 

while in the control group without MFs, the neurites showed a homogeneous distribution 

with no preferred directions (Oi= 0.01, the arbitrary axis was chosen as there was no 

magnetic field for control group) (Figure 18 (a), (b), (c) and (d)). To analyze how the MF 

affected the neurite outgrowth, the neurite length (normalized with control) was compared 

for different MF configurations at different ranges of angle relative to the direction of the 

magnetic force. It was shown that under the dynamic MFs, the average neurite length was 

much higher than the group with static MFs at the angle between 0° and 50° (Figure 18(e)). 
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Figure 17. Morphology analysis for PC-12 cells treated with and without dynamic 
MFs. (a) Percentage of differentiated neuronal phenotype cells (b) Number of 
neurites per cell (c) Average neurite length; *p < 0.05; **p < 0.01; ***p < 0.001. 
Reprinted with permission from reference 90. 
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Figure 18. Neurite orientation (q) distribution. (a) Without MF. (b) With static 
MFs. (c) With dynamic MFs. (d) Orientation index (cosq) distribution: The box plot 
represents the median, the first quartile, the third quartile, the maximum and the 
minimum value. cosq~1 for the neurites along the direction of magnetic force. (e) 
Average length of neurites normalized with the control grouped for different 
classes of angles of the neurites relative with the direction of the magnetic force 
(radial direction): The stimulated neurite growth aligned along the direction of the 
magnetic force with dynamic MFs. (f) The number of differentiated cells 
distributed throughout the dish (center at 0 cm): The number of differentiated cells 
increased with the higher magnetic flux. Reprinted with permission from reference 
90.   
 

The stimulation effect of the static magnetic force with NPs on the neuronal growth 

and differentiation was also validated in a Halbach-like magnetic applicator composed by 

eight of N42 NdFeB magnetic cubes of 0.5 inch (Figure A1, Appendix A, dT/dr = -23.28 

T/m). It was shown that the ratio of differentiated cells significantly increased by 72%; 

the number of neurites per differentiated cells increased by 25%; the average neurite length 

increased by 43% of the control group, as well as the preferential alignment of the neurites 
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along the direction of magnetic force. (Figure A2 and A3, Appendix A) To reveal the 

relationship between the cell differentiation and the magnetic flux density, the distribution 

of the differentiated cells along the diameter of the magnetic applicator was plotted in 

Figure 18(f), which revealed the similar trend with the magnetic flux density. 

Additionally, the effective induction of neuronal differentiation verified that fluorescent 

labeling of NGF and the functionalization of Fluor 488 labeled NGF to SPIO-Au NPs did 

not affect the bioactivity of NGF, and therefore can be used in the future for the 

fluorescence visualization and identification of NGF-SPIO-Au NPs interacted with cells.  

Discussion 

Our homemade SPIO-Au NPs were characterized with uniform shape, narrow size 

distribution, high stability, and facile functionalization with NGF. Although SPIO-Au NPs 

was proved to have no toxicity in other cell lines, such as mouse leukemic monocyte 

macrophage cells (36-56 nm, 1-500 μg/mL, > 90% viability, 3 days of incubation)7 and 

MC-3T3-E1 cells (17 nm, 10-80 μg/mL, > 93% viability, 7 days of incubation), no 

viability or proliferation studies were reported on neuron-like cells, which can be essential 

for the application in neuronal regeneration. Here we confirmed their low cytotoxicity, 

and high biocompatibility in neuron-like cells, and their potentials in promoting neuron 

growth and differentiation.  

The TEM analysis revealed two different cellular uptake mechanisms. For the cells 

treated with only SPIO-Au NPs at the concentration of 10 μg/mL, smaller clusters of NPs 

were found localized in the cytoplasm and no NPs were found at the endocytic pathway, 

implying that they may directly penetrate into the cells through diffusion. This mechanism 
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has been proposed by Mustafa et al.59 for Au NPs at the concentration as low as 10 μg/mL. 

However, when the SPIO-Au NPs were functionalized with NGF factors, they were more 

likely to cross the cytoplasmic membrane by endocytosis. To further identify which 

cellular uptake mechanism was (primarily) utilized, some commonly used inhibitors can 

be employed to study endocytic pathways, such as Chlorpromazine (to inhibit clathrin-

mediated endocytosis), filipin III (to inhibit caveolae) and amiloride (to inhibit 

micropinocytosis). Detailed discussion will be presented in our future work.125 By 

examining the existence of NPs inside the cells, the larger cluster and higher number of 

NGF functionalized NPs in PC-12 cells indicated that the addition of NGF promoted the 

cell absorption of NPs. 

The morphology analysis in this study confirmed that driven by external magnetic 

forces, the NGF-SPIO-Au NPs can stimulate the neuronal differentiation, promote the 

axonal growth, and influence the neurite direction by aligning them toward the direction 

of the applied magnetic forces. Similar results have been obtained in literature for SPIO 

NPs driven by static MFs. However, none of the previous works reported the usage of 

dynamic MFs and examined their effect on neurons treated by NGF-SPIO-Au NPs. Our 

work innovatively introduced the dynamic MFs to NGF-SPIO-Au NPs for promoting 

neurite outgrowth. Experimental results proved that the dynamic MFs could remarkably 

enhance the neurite growth in comparison with the static ones.  

To theoretically interpret the above results, it is necessary to establish a mechanical 

model to analyze NPs under forces. NPs’ transport in biological systems is usually 

governed by several forces: magnetic force Fm, gravity Fg, viscous drag Fu, cytoskeletal 
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force Fc, buoyancy force Fb and interparticle force Fin. For the NPs located inside the 

neurons, there is another type of force acting on NPs, called cytoskeletal force due to the 

elongation and the retraction of neurons. For most submicron particles with slow flow rate 

(<10 mm/s), the magnetic force and the cytoskeletal force dominant as all other forces can 

be neglected.126  

For example, the gravity Fg can be expressed as  

𝐹� = 𝜌o�brm����
-
*
𝜋𝑟o�brm����*𝑔.                                        (15) 

As our NPs are composed by SPIO core and Au coating, Eq. (1) can be rewritten 

as: 

𝐹� = 𝜌#$%&
-
*
𝜋𝑟#$%&*𝑔 + 𝜌�)

-
*
𝜋d𝑟o�brm���* − 𝑟#$%&*h𝑔.                         (16) 

Here 𝜌#$%& and 𝜌�) are 5,240 Kg m-3 and 19,320 Kg m-3 as the density of SPIO 

and Au, respectively, 𝑟#$%& (6.6 nm) is the radius of the SPIO core and 𝑟o�brm��� (10.4 nm) 

is the radius of the NPs. g is the gravitational acceleration near Earth’s surface (9.81 m s-

2). 

We can get Fg = 2.73 *10-19 N. With low Reynolds numbers, the viscous force can 

be expressed as  

𝐹u = −6𝜋𝜂𝑟od𝑣o − 𝑣�h.                                                (17) 

Here η is the dynamic velocity of the fluid, vp is the velocity of the particle, and vf 

is the velocity of the fluid. In our experiment, the nanoparticles can be treated to be static, 

so this force can be neglected. The buoyancy force, Fb is given by: 

                      																											𝐹  = 𝜌 -
*
𝜋𝑟o�brm����*𝑔                                     (18) 
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Here ρ is the density of the medium (approximated as the density of water 1000 

Kg m3).  The buoyancy force is calculated to be 2.1 * 10-20 N. Under a MF (B), the 

magnetic force Fm, on a particle is given by: 

 
                               𝐹. = (𝑚 ∙ ∇)𝐁.                                                      (19)  

Here m is the magnetic moment of the particle. Because the MF gradient dB/dr in 

our experiment is the only non-zero component, the Eq. (19) can be simplified to  

𝐹. = 𝑚 �𝑩
�b
= -

*
𝜋𝑟o�brm���* 𝜌#$%&M𝛾

�𝑩
�b
= -

*
𝜋𝑟#$%&* 𝜌#$%&M

�𝑩
�b

                                   (20) 

Here, 𝛾	 is the fraction of magnetic volume, which equals to (-
*
𝜋𝑟#$%&* )/

(-
*
𝜋𝑟o�brm���* ), M is the magnetization of particles (54.3 Am2Kg-1 from reference),7 dB/dr 

is the MF gradient (23.28 T/m for N42, 36.19 T/m for N52). We can get Fm = 7.97*10-18 

N for N42 magnets and 1.24*10-17 N for N52 magnet exerted on one NP.  

To simulate the cytoskeleton force, the neurites can be modeled as Hookian springs 

with the spring constant k and an elongation of x. If there are 𝑛�����¨$�  NPs in the neuron, the 

cytoskeleton force per NP is: 

𝐹� =
©t

��VªªP
«5P .                                                                (21) 

Here 𝑛�����¨$�  is roughly 2.5*105 from literature.1 From the experimental results the 

elongation of x for magnetic applicator with N42 magnets is 3.89 µm. When reach 

equilibrium, the spring constant can be estimated as 5.12 *10-13 N/µm. Using this 

simulation, we approximated the average elongation of neurites in the magnetic applicator 

with N52 magnets as 1.51 µm, which was very close to the experimental value of 1.394 
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µm. (Note: the cell density of the N52 case was 4 times of the N42 case. So 𝑛�����¨$�   was 

reduced to 0.625*105 for the N52 case.) 

The angle of the neurite can be simulated according to the equation:1   

𝐹��)b¬ (𝜃, 𝑡) = 𝑛��)b¨$� 𝐹.𝑠𝑖𝑛𝜃 = 𝑛�����¨$� 3̄V0N

�̄°U±O
𝐹.𝑠𝑖𝑛𝜃 =

Y
*
𝑘Δ𝜃𝑟 ³]�(r)

�
_
A
− 1´.                   (22) 

For t = 0, q = p/2 and for magnetic field treating time tf =24 h, q = qf. Taking 

experimental results of using N52 for example, the neurite length l(tf)=1.394*10-6 m and 

k =4.1*10-6 N/m, which was calculated before. From the literature,1 the neurite radius r = 

7.5*10-7 m, the number of NPs per cell 𝑛�����¨$�   =2.5*105 and the parameter 𝑎 =

Y
¶¨·

=0.0045, where Nb=5*104 is the number of bridges for cell. Assume a uniform 

particle distribution in cell cytoplasm, the number of NPs entrapped in neurite 𝑛��)b¨$�  can 

be estimated by knowing the volume of the neurite Vneur==p*r2*L=2.46*10-18 m3 by 

modeling the neurite as a cylinder with radius r, and length L=1.394*10-6 m (experimental 

value of average neurite length for N52 case)  and the volume of the cell cytoplasm 

Vcytop=4.41*10-16 m3 according from reference.1 By solving the equation (8), we found 

q=82.8°, which was very close to the experimental measured value  q=78.5° (Oi=0.2). The 

modeling results allows the prediction the values of neurite elongation and the angle of 

the neurite orientation driven by a magnetic applicator formed by eight of N52 magnets, 

which are in good agreement with the experimental measurement. This model provides a 

predictive insight of the cellular effect induced by the cytoskeleton force.  

This study confirms that applying dynamic MFs on NGF-SPIO-Au NPs are able 

to accelerate neurite growth by as high as 187% of control within only 24 h. This finding 
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may be beneficial for the long-term nerve recovery and repair, and thus possesses the 

clinical importance to treat neurodegenerative diseases. Additionally, the ultra-small size 

of the SPIO-Au NPs (20.8 nm) are advantageous to transverse the BBB.127 And the core-

shell bimetallic structure makes them promising dual-mode contrast agents for multimode 

imaging technique, like MRI and computed tomography imaging.7 It should be 

acknowledged that only one size of NPs is involved in this work, and future study will 

focus on the size dependence analysis. And we should also explore more variables like the 

strength of the MFs as well as the rotating speed and the angle of the dynamic MF, which 

may positively affect the development of neurites.   

Conclusions 

In this work, the SPIO-Au NPs (D: 20.8 ± 2.7 nm) were synthesized by combining 

co-precipitation and iterative hydroxylamine seeding method, and then functionalized 

with NGF. The light absorbance and zeta potential measurement confirmed the successful 

functionalization of NGF with NPs. The viability results (> 96%) indicated the excellent 

biocompatibility of SPIO-Au NPs. The TEM images of PC-12 cells treated with NGF-

SPIO-Au NPs showed that the cellular uptake can be enhanced by the functionalization of 

NGF. Then a noninvasive magnetic stimulation technique was developed by applying 

dynamic MFs on cells treated with NGF-SPIO-Au NPs. Our results showed that this 

multifunctional nanomedicine was able to effectively stimulate and promote the neuronal 

growth. And the dynamic MF was favored, as it drove the neurite stretching more 

efficiently than that of the static MF. Also, a cytoskeleton force model was created, which 

agrees well with our experimental data of neurite elongation and orientation. This study 
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confirmed the potential of non-invasive magnetic neuron stimulation technique 

synergistically combining the biocompatible magnetic NGF-SPIO-Au NPs with dynamic 

MFs for promoting neuronal growth. 
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CHAPTER V  

ELECTROMAGNETIC STIMULATION USING LIGHT EMITTING DIODES: 

TOWARDS NEUROREGENERATION (PC-12 CELLS) 

This chapter reports the use of low-intensity light-emitting diode (LED) (525 nm, 

1.09, 1.44, and 1.90 mW/cm2) to stimulate the NGF-SPIO-Au NPs of 20 µg/ml on PC-12 

neuron-like cells. A remarkable Ca2+ influx was detected in differentiated PC-12 cells 

treated with NPs, irradiated by LED of 1.90 and 1.44 mW/cm2 with great cell viability 

(>84%) and proliferations. The strong heat generated through their plasmonic surface 

upon LED irradiation on NGF-SPIO-Au NPs was observed. For cells treated with LED 

(1.90 mW/cm2) and NGF-SPIO-Au NPs, a dramatic enhancement of neuronal 

differentiation (83%) and neurite outgrowth (51%) was found, and the upregulation of 

both the neural differentiation specific marker (b3-tubulin) and the cell adhesive molecule 

(integrin b1) was observed by the reverse transcription-polymerase chain reaction and 

western blot analysis.  

Methods 

Preparation of NGF-SPIO-Au NPs 

SPIO-Au NPs were first synthesized using the seed growth method and then 

functionalized with NGF at the mass ratio of 14:1 (NPs:NGF). Detailed procedures about 

the synthesis of SPIO-Au NPs and the functionalization of NGF are available in Chapter 

II and our previous publication.90 The as-synthesized NGF-SPIO-Au NPs in the diameter 

of 20.8 nm were directly used in the following experiments without any further 

purification.  
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Cell culture 

PC-12 cells (from rat pheochromocytoma) obtained from American Type Culture 

Collection (ATCC) were cultured in growth medium composed of ATCC modified 

RPMI-1640 medium supplemented with 10% heat-inactivated horse serum (HS), 5% fetal 

bovine serum (FBS) and 1% penicillin-streptomycin (medium and supplements were 

purchased from Gibco). Cells were seeded and cultured in poly-L-lysine (PLL, P4707, 

Sigma-Aldrich) pre-coated Petri dishes in a humidified incubator under a 5% CO2 

atmosphere at 37°C. To induce cell differentiation, PC-12 cells were cultured in serum-

reduced medium (1% heat-inactivated HS and 0.5% FBS).  

Cytotoxicity evaluation  

To evaluate the cell viability of LED irradiation, the cell counting kit-8 (CCK-8, 

Sigma-Aldrich) was used at first. PC-12 cells were seeded into PLL-coated 96-well tissue 

culture plates at a density of 2*103 cells/well with growth medium. After 24 hours of 

incubation, the medium was replaced by fresh medium containing NGF-SPIO-Au NPs at 

the concentrations of 0, 1, 5, 10 and 20 µg/ml. On each day, cells were exposed to LED 

irradiation (wavelength: 525 nm, maximum intensity: 1.90 mW/cm2 (LIU525B, Thorlabs 

Inc. Newton, New Jersey)) at different time periods (1 min, 10 min, 30 min and 1 h). Cells 

without treating with LED irradiation or NPs were cultured as control groups. After 1, 3 

and 5 days of incubation, the media were replaced by fresh media and 10 µl of CCK-8 

solution was added to each well and followed by the incubation of the plates for 2 hours 

at 37 °C. The absorbance was measured using a microplate reader (SpectraMax i3x, 

Molecular Devices, LLC. San Jose, CA) at a wavelength of 450 nm.  
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To further evaluate the cytotoxicity of LED irradiation at different intensities, PC-

12 cells were seeded into 24-well plates coated with PLL and incubated for 1 day. Then 

the cells were washed with Dulbecco's phosphate-buffered saline (DPBS) and incubated 

with NGF-SPIO-Au NPs at the concentrations of 5, 10 and 20 µg/ml. On each day, cells 

were exposed to LED irradiation for 30 minutes at 3 different light intensities (1.90, 1.44 

and 1.09 mW/cm2), which were regulated by using multilayers of the light diffuser films 

(Matte 1 sided, Inventables Inc. Chicago, IL). Cells without NPs were cultured as control 

group. After 1, 3 and 5 days, cells were dislodged from the dish, centrifuged and dispersed 

in the growth medium. Cells were then stained with 0.4% Trypan blue solution (Gibco, 

Grand Island, NY) and examined through a hemocytometer (Bright-Line™ and Hy-Lite™ 

Counting Chambers, Hausser Scientific Inc. Horsham, PA).  

Regulation of neurite growth by LED irradiation  

PC-12 cells were seeded in PLL pre-coated Ibidi Petri dishes (D: 35 mm). After 

24-hour incubation in the serum-reduced medium, cells were treated with NGF-SPIO-Au 

NPs at the concentration of 20 µg/ml in the serum reduced medium. Cells were incubated 

for another 24 hours to allow the NPs to interact with cells and to induce differentiation 

mediated by NGF. Then the cells were cultured for 1 day with 30 minutes of LED 

irradiation at the intensity of 1.90, 1.44 and 1.09 mW/cm2 daily, respectively. Cells 

cultured without being treated by LED irradiation or NPs were considered as controls. 

During the LED irradiation, the temperature of the medium was recorded using the HH374 

4-Channel Type K Data Logger Thermometer (OMEGA Engineering, Inc. Norwalk, CT). 

Finally, the neuronal differentiation of cells (cells with at least one neurite) was observed 
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and recorded using a light microscope (Axiovert 200M Inverted Fluorescence/phase 

Contrast Microscope (Carl Zeiss, Inc. Jena, Germany) equipped with an AxioCam CCD 

camera). For each group, at least 40 pictures were acquired, and more than 4000 cells were 

quantified. The number of differentiated cells, the length and number of neurites in each 

image were counted and measured using the Simple Neurite Tracer as a plugin of Fiji. 

Calcium imaging 

PC-12 cells treated with NGF-SPIO-Au NPs of 20 µg/ml were incubated with the 

Fluo-4 direct calcium assay (Life Technologies) according to the manufacturer’s protocol 

and with 5 mM probenecid as a stock solution. Briefly, 10 ml of calcium assay buffer and 

200 µL of the 250 mM probenecid stock solution were mixed with the calcium reagent. 

The calcium reagent solution was then directly added to dishes containing cells in the 

growth medium in a 1:1 ratio. The dishes were then incubated for 60 minutes before 

fluorescence imaging. For the LED light stimulation, the calcium level was monitored 

immediately with the treatment of LED irradiation at the intensity of 1.90, 1.44 and 1.09 

mW/cm2. The group without LED irradiation was considered as a control. The Ca2+ signals 

of the PC-12 cells were captured by performing the real-time confocal imaging on Zeiss 

LSM 510 META NLO Two-Photon Laser Scanning Confocal Microscope System (Carl 

Zeiss, Inc. Jena, Germany) with 40 objectives under 488-nm laser excitation at the speed 

of 2 frames/second (512x512 pixel images). The measured fluorescence signals F were 

normalized to the baseline fluorescence intensity F0 (10 s).  

RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR) 

PC-12 cells were seeded in PLL pre-coated 6-well plates. After reaching 
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confluency, cells were incubated with fresh serum-reduced medium with and without 

treatment with NGF-SPIO-Au NPs at the concentration of 20 µg/ml, respectively. Cells 

were then incubated for another 24 hours to allow the NPs to sufficiently interact with 

cells and to induce differentiation. Then the cells were cultured for 1 day with LED 

irradiation for 30 minutes at the intensities of 1.90, 1.44, and 1.09 mW/cm2, respectively. 

Then, the total mRNA was extracted from PC-12 cells using the RNeasy@ mini kit (Qiagen 

Sciences), according to the manufacturer’s protocol. mRNA concentration of each sample 

was measured using a NanoDrop 2000c Spectrophotometer (NanoDrop Technologies, 

LLC, Wilimington, Delaware). All the mRNA samples were diluted to 10 ng/µl. Then the 

diluted mRNA samples were reverse-transcribed to complementary DNA by using a high 

capacity cDNA reverse transcription kit (Applied Biosystems) and followed by 

polymerase chain reaction (PCR) amplification using TaqMan@ gene expression assays 

(Applied Biosystems) for integrin beta 1 (Rn00566727_m1) and tubulin beta 3 

(Rn00594933_m1). The expression levels were recorded with respect to the control group 

(without LEDs) and were normalized to GAPDH (Rn01775763_g1). 

Western blot analysis 

Cells were treated according to the previous RT-PCR process. The total cell lysate 

was collected and prepared using Pierce@ RIPA lysis and extraction buffer (Thermo 

Scientific) containing the cOmplete EDTA-free protease inhibitor (Millipore Sigma) (1 

tablet for 10 ml lysis buffer). After lysing for 30 minutes on ice and then centrifuging at 

14000 g for 15 minutes at 4 °C, the supernatant was collected. 2x Laemmli sample buffer 

(Bio-Rad) was added to the protein solution in a 1: 1 ratio and the protein solution was 
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then heated to 95 °C for 5 min in order to denature the protein, and centrifuged at 16000 

g (g is the unit of the relative centrifugal force, g=1.118*10-5 (radius of the rotor) * (RPM)2 

) for 1 minute at 4 °C. Then the samples were loaded onto Mini-PROTEAN® TGX™ 

Precast Protein Gels (Bio-Rad). After running the gel at 80 V for 5 minutes and 150 V for 

1 hour, the proteins were transferred (90 V, 70 min) onto an Immun-Blot® PVDF 

Membrane (Bio-Rad). The membrane was then blocked for 60 minutes with the blocking 

buffer (1:1 Odyssey@ blocking buffer in Tris-buffered saline (TBS) (LI-COR): 1x TBS). 

After blocking, the membrane was incubated overnight at 4 °C with β3-tubulin (Cell 

Signaling, 5666) and GAPDH (Invitrogen, PA1988) primary antibodies (at 1:1000), 

respectively. After washing 5 times with 0.05% Tween-20 in TBS for 5 minutes, the 

membranes were incubated for 1 hour at room temperature with StarBright™ Blue 700 

Goat Anti-Rabbit IgG (12004158, Bio-Rad) diluted to 1:2500 (v/v). The membranes were 

washed 5 times again with 0.05% Tween-20 in TBS and 2 times with TBS. Finally, the 

labeled proteins were visualized by using the LI-COR Odyssey CLx Infrared Scanner (LI-

COR Biosciences) and analyzed by using the ImageJ software.  

Statistical analysis  

All results were analyzed based on at least three independent experiments and 

presented as mean ± standard deviation. Statistical analysis was performed by using the 

analysis of variance (ANOVA) with Tukey post-hoc test to assess NGF-SPIO-Au treated 

and untreated cells with and without LED irradiation. A p-value less than 0.05 was 

considered as a significant difference. 
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Results 

Our previous study has shown that our lab-synthesized SPIO-Au NPs with the 

diameter of 20.8 nm had quasi-spherical shape with narrow size distribution and excellent 

optical property. The successful functionalization of NGF to SPIO-Au NPs was confirmed 

through zeta potential measurements.90 In the following experiments, we focused on 

exploring the synergistic effect of LED light and NGF-SPIO-Au NPs for promoted 

neuronal differentiation and neurite growth.  

Cytotoxicity evaluation 

The viability and proliferation evaluation of  NGF-SPIO-Au NP-treated PC-12 

cells irradiated by LED light was examined by measuring the absorbance of the formazan 

dye generated by the reduction of water-soluble tetrazolium salt (WST-8) through 

dehydrogenases activities in cells, which was proportional to the number of living cells.109 

Our results show that without NGF-SPIO-Au NPs, the stand-alone LED exposure did not 

induce significant loss of the WST-8 reduction for up to 5 days of incubation, revealing 

the unaffected cellular proliferation by LED illumination alone (Figure 19).  After 1 day 

of incubation with 20 μg/ml of NGF-SPIO-Au NPs, the LED exposure of 1 minute, 10 

minutes, and 1 hour resulted in a slight decrease of WST-8 reduction (Figure 19(a)). After 

3 days of incubation, this decrease by LED effect was noticed at the NP concentration of 

1, 5, 10, and 20 μg/ml (Figure 19(b)). After 5 days of incubation, the decrease of WST-8 

reduction was noticed at the concentrations of 5 and 10 μg/ml (Figure 19(c)), indicating 

that the LED irradiation suppressed the promotional effect of NPs on cell proliferation. 

However, the synergistic effect of LEDs and NPs still resulted in a higher proliferation 
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rate compared with the control groups without LEDs and NPs. Figure 19(d) showed the 

time and concentration dependence of the WST-8 reduction with 30 minutes of LED 

exposure each day. Without NP-treatment, the PC-12 cells gained the highest MST-8 

reduction rate after 5 days. However, the highest WST-8 reduction rate with NP-treatment 

was observed after 3 days, which might be explained by the fact that the existence of NPs 

largely promoted the WST-8 reduction and therefore cells reached confluency after 3 days 

of incubation.  

 

Figure 19. Cell viability evaluation by using a CCK-8 kit. PC-12 cells treated and 
untreated by NGF-SPIO-Au NPs for (a): 1 day, (b): 3 days and (c): 5 days of 
incubation with 0 minutes, 1 minute, 10 minutes, 30 minutes and 1 hour of LED 
exposure (1.90 mW/cm2) daily; (d) the time and concentration dependency of 
absorbance value for cells exposed to 30 minutes of LED light (1.90 mW/cm2) daily. 
*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. 
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Figure 20. Cell viability evaluation by Trypan Blue staining. PC-12 cells treated 
and untreated by NGF-SPIO-Au NPs were irradiated with 30-minutes of LED light 
at 3 different intensities: 1.90, 1.44 and 1.09 mW/cm2 daily for the (a): 1 day, (b): 3 
days and (c): 5 days of incubation, (d) the time and concentration dependency of 
cell viability for cells exposed to 30 minutes of LED light (1.90 mW/cm2) each day. 
*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. 
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To further explore the cytotoxic effect of LEDs at different light intensities with 

NGF-SPIO-Au NPs, the Trypan blue exclusion assay was performed. The results of the 

living cells to total cells ratio showed that after 1 day of incubation, the LED intensity 

increased from 1.09 to 1.90 mW/cm2 induced a slight reduction of cell viability from 0.97 

to 0.95 at the NP concentration of 5 μg/ml, while the cell viability of all LED intensities 

at NP concentrations from 0-20 μg/ml was still above 0.95, indicating no obvious 

cytotoxic effect of LEDs on PC-12 cells at this time point (Figure 20(a)). After 3 days of 

incubation, only a slight reduction of cell viability was observed for the LED illumination 

of 1.90 mW/cm2 at all NP concentrations (0-20 μg/ml, viablity >89%) (Figure 20(b)). 

After 5 days of incubation, the slight reduction of cell viability by using LED with stronger 

intensities was only observed at NP concentrations £10 μg/ml (Figure 20(c)). At this point, 

the viability is recovered at NP concentrations of 20 μg/ml, confirming that LEDs had 

little long-term effect on viability at this concentration of NPs (Figure 20(d)). To minimize 

the viability effect and maximize the stimulation effect of the LED light, it is 

recommended to use LEDs at a higher intensity (i.e., 1.90 mW/cm2) for a shorter time of 

incubation (i.e., 1 day) with higher concentrations of NPs (i.e., 20 μg/ml).  

Thermal effect of LED light  

The temperature measurements in the cell culture medium  under the LED light 

exposure from 0 to 1800 seconds showed that the LED irradiation elevated the local 

medium temperature after 30 minutes of LED exposure (Figure 21), while without LED 

light, this temperature elevation was not observed for both cases with and without NP 

treatment. The NPs treated medium temperature under the LED irradiation of 1.90 
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mW/cm2 increased by 4.6 °C, while this value was 3.3 °C and 2.4 °C under the LED 

irradiation of 1.44 and 1.09 mW/cm2, respectively. It is noticed that the temperature of the 

medium reached equilibrium after the LED irradiation of 1100 seconds. By comparing the 

temperature rise of LED irradiation at 1.90 mW/cm2, it is found that the temperature rise 

of the NPs treated group (marked as “�” in Figure 21, total temperature increase is 4.6 °C) 

is higher than that of the group without NPs (marked as“´” in Figure 21, temperature 

increase is 3.5 °C),  at the same LED irradiation intensity. This higher temperature increase 

is mainly due to the enhanced localized surface plasmon resonance (LSPR) effect of NGF-

SPIO-Au NPs, as reported from our previous work128: a strong light absorbance peak was 

observed at the wavelength of 525 nm, leading to the conversion of the photon energy to 

heat.  

 

Figure 21. Temperature increase of cell culture media with and without plasmonic 
NGF-SPIO-Au NPs under the irradiation of LEDs or not. The temperature 
increase is higher at stronger LED intensity. The temperature rise of the NP-
treated group is higher than that of the group without NPs at the LED irradiation 
of 1.90 mW/cm2, confirming the photothermal effect of NGF-SPIO-Au NPs. 
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Morphology analysis 

To examine the synergistic effect of LED light and NGF-SPIO-Au NPs on 

neuronal differentiation, PC-12 cells treated with NPs were exposed to LED light of 

different intensities for 30 minutes. PC-12 cells derived from rat pheochromocytoma 

respond to NGF by induction of the neuronal phenotype. Thus they have been widely used 

as a useful model to examine the neuronal differentiation.129 The morphological 

differentiation of PC-12 cells in 5 different groups were recorded: LED-NP- (control 

group: no LED exposure, no NP treatment), LED-NP+ (no LED exposure, with NP 

treatment), LED1.90 (LED: 1.90 mW/cm2, with NP treatment), LED1.44 (LED:1.44 

mW/cm2, with NP treatment) and LED1.09 (LED:1.09 mW/cm2 LED exposure, with NP 

treatment).  

To quantitatively investigate the level of neuronal differentiation, the number of 

differentiated cells and total cells were counted for each group. After 1 day of incubation, 

cells treated with NGF-SPIO-Au NPs and exposed to LED light showed a significant 

increase of the ratio of differentiated cells: for LED intensity at 1.90 mW/cm2, this value 

reached 0.13, whereas for the control groups without LEDs or NP treatment, this value 

was only 0.07 . LED light at lower intensities also led to an increase in differentiated cells 

(0.11 for LED at 1.44 and 1.09 mW/cm2) in comparison with the control groups (Figure 

22(a)). 
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Figure 22. Morphology analysis for NGF-SPIO-Au NPs treated and untreated PC-
12 cells exposed with and without LEDs. (a) Percentage of differentiated neuronal 
phenotype cells (b) Number of neurites per cell (c) Average neurite length. Group 
without LED or NPs were treated as control group. *p < 0.05; **p < 0.01; ***p < 
0.001, ****p < 0.0001. 
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A similar trend was observed in examining the number of neurites per cells, as 

another parameter characterizing the level of neuronal differentiation: cells treated with 

NGF-SPIO-Au NPs and LED light developed more neurites per cell compared with the 

control groups without NPs or LED light. For the LED light intensities at 1.90, 1.44 and 

1.09 mW/cm2, the average number of neurites per cell is 1.58, 1.45 and 1.47, respectively, 

while it is 1.43 for the groups with only NPs and 1.21 for the control groups (Figure 22(b)). 

The neurites’ length was also measured and quantified for examining the 

morphological changes of PC-12 cells. The groups treated with NPs and LED of 1.90 

mW/cm2 had the longest average neurite length of 12.24 μm, with an increase of about 

51% (of control group). However, the groups with only NPs had an average neurite length 

of 11 μm (an increase of 35% of control group), indicating the synergistic effect of LED 

of 1.90 mW/cm2 and NPs on promoting neurite growth, which was not observed at lower 

LED intensities (1.44 and 1.09 mW/cm2) (Figure 22(c)).  

Localized Ca2+ signaling  

To demonstrate whether the LED light could induce Ca2+ influx in differentiated 

PC-12 cells treated with NGF-SPIO-Au NPs, the localized Ca2+ signal was visualized 

using confocal fluorescence microscopy. Results showed no fluorescence intensity change 

for PC-12 cells without LED irradiation for both NPs treated and untreated cases, 

indicating no change of intracellular Ca 2+ level (1st, 2nd , and 4th row) without the LED 

treatment, while an enhancement of the fluorescence intensities (red circle area) was 

observed for LED intensities at 1.90 and 1.44 mW/cm2, indicating an increase of Ca2+ 

level stimulated by LED light (3rd and 5th row) (Figure 23(a)). The F/F0 (normalized 
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fluorescence by background fluorescence) in the red circle area was plotted in Figure 23(b) 

(1st row), (c) (2rd and 3th row), (d) (4th and 5th row), and (e) (6th row). During the exposure 

of LED light at the intensities of 1.90 and 1.44 mW/cm2, the fluorescence intensity was 

elevated from the baseline, indicating the localized Ca2+ influx stimulated by LED light. 

On the other hand, neurons without LEDs exposure did not exhibit any elevation of the 

Ca2+ level from the baseline for both the NP-treated and untreated cases. 

 

Figure 23. Calcium influx induced by LEDs at the neurites. (a). The 1st row shows 
control group of cells without LEDs and NPs; the 2nd and 4th row shows groups of 
cells with NPs and without LED treatment. For the 3rd, 5th and 6th row, cells with 
NPs were irradiated by LED light at the intensity of 1.44, 1.09 and 1.90 mW/cm2 
starting from t=60s to t=120s. (b). The normalized fluorescence intensity of circled 
area in the 1st row of (a) for the control group.  (c) The normalized fluorescence 
intensity of circled area in the 2nd and 3rd row of (a) for the NP treated group 
without LED and LED intensity=1.44 mW/cm2, respectively. (d). The normalized 
fluorescence intensity of circled area in the 4th and 5th row of (a) for the NP treated 
group without LED and LED intensity=1.90 mW/cm2, respectively. (e). The 
normalized fluorescence intensity of circled area i and ii in the 6th row of (a) for 
LED intensity=1.90 mW/cm2. 
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Figure 23 Continued 

 

Molecular effects 

The RT-PCR and western blot assay were used to quantify the effect of LED light 

and NGF-SPIO-Au NPs on the expression level of the adhesive molecule, integrin b1, and 

the neural specific marker, b3-tubulin in PC-12 cells. The upregulation of the mRNA level 

of integrin b1 in PC-12 cells was observed in groups treated with LED light and NGF-

SPIO-Au NPs as compared with the control groups (with NPs only). While without NPs, 

there was no significant change of mRNA level of integrin b1 in LED light irradiated PC-

12 cells as compared with the control groups (no NPs and no LED irradiation) (Figure 

24(a)). These findings revealed that the synergistic effect of LED and NGF-SPIO-Au NPs 

enhanced the expression of integrin b1, which may be beneficial to the cell attachment 

and thus the induction of neurite growth.87  

To account for the stimulation effect of LED and NGF-SPIO-Au NPs on neural 

differentiation, the mRNA levels of neural-specific marker, b3-tubulin were assayed. The 

results showed the upregulated expression of b3-tubulin in groups treated with LED and 
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NPs at the intensities of 1.90 and 1.44 mW/cm2 as compared with the control groups (with 

NPs only). However, without NPs, the groups exposed to LED light exhibited a slightly 

reduced expression level of b3-tubulin as compared with the control groups (no LED 

irradiation) (Figure 24(b)).  

 

Figure 24. Results of RT-PCR and western blots for PC-12 cells treated 
with/without NGF-SPIO-Au NPs (20 µg/ml) and exposed to different intensity of 
LED light. (a) RT-PCR results for the mRNA level of integrin b1 of differentiated 
PC-12 cells. (b) RT-PCR for the mRNA level of b3-tubulin of differentiated PC-12 
cells. The gene expression level was normalized to GAPDH as housekeeping gene. 
(c) Western blot analysis of b3-tubulin of differentiated PC-12 cells. (d) The 
average level of b3-tubulin protein normalized by GAPDH from triplicated 
experiments. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. 
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This synergistic effect was also confirmed by the western blot analysis. The 

expression level of b3-tubulin protein was significantly upregulated by the LED (1.90 and 

1.44 mW/cm2) and NPs in comparison with the groups without LED and NPs, while the 

treatment of NPs alone or LED alone did not affect the expression level of b3-tubulin 

(Figure 24(c) and (d)).  

Discussion 

There are plenty of previous works focused on using iron oxide NPs as the nano 

carrier of NGF to stimulate neurite outgrowth under the direction of external magnetic 

fields.1,3,86,87 However, the high dose of iron oxide NPs was reported to cause cell 

dysfunction.21,22,130 Too strong magnetic fields with long-time exposure have also been 

proven to be toxic to cells131-133 and may suppress the reproductive process,134,135 not to 

mention the other challenges of using bare iron oxide NPs like the aggregations.12 In this 

work, we presented the exploration of using our lab-synthesized NGF-SPIO-Au NPs as a 

nanomedicine to regenerate neurons non-invasively through low-intensity LED 

illumination. We demonstrated that low-intensity LEDs (up to 1.90 mW/cm2) can trigger 

the neurite growth and neuronal differentiation remarkably with a stimulation time up to 

30 minutes for 1 day of incubation. Within this time period, LED light did not induce 

severe toxicity on PC-12 cells at the measured intensities (up to 1.90 mW/cm2) and 

exposure time (up to 1 hour). 

From the morphology evaluation, we demonstrated the intensity-dependence of 

neurite growth and neuronal differentiation of PC-12 cells treated by LED irradiated NPs. 

And the comparison between the group treated by NPs alone, and by LED-illuminated 
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NPs showed that the synergistic effect of LED irradiation and NGF-SPIO-Au NPs is more 

effective than using NPs alone, which could be due to the remarkable photothermal effect 

of NPs from LED irradiation.  

It is known that microtubules are essential cytoskeletal elements within the growth 

cones that affect the axon regeneration and outgrowth under the stimulation.136 The 

associated microtubule proteins can be regulated by Ca2+ and/or Ca2+ sensitive kinases.137 

Filamentous actin (F-actin), as the other major cytoskeletal element within the growth 

cones, is also regulated by Ca2+ through affecting the binding affinity of various actin-

binding proteins (ABP) to F-actin.138 Therefore the concentration of cytoplasmic and 

intracellular Ca2+ has been treated as an essential regulator of neurite outgrowth, and the 

optimal range of Ca2+ can promote the neurite steering and extension.139 Our results 

showed that the LED light-irradiated NPs induced a local Ca2+ influx in neurites, which 

implied the formation of the local calcium gradients that could interact with the growth 

cone cytoskeleton.108  

In addition, we found from the molecular analysis that the stimulation by LED and 

NPs upregulated the neuronal specific marker as well as the cell adhesive molecules, 

which were associated with the cell attachment and neurite growth. And this stimulation 

effect was not found by LED or NPs alone. Additionally, the heat generation was observed 

during the LED irradiation of the NPs-treated medium which was the result of the LSPR 

effect of NGF-SPIO-Au NPs. These results suggest that the photostimulation of LED light 

might promote the neuronal differentiation and the neurite outgrowth via the photothermal 

effect of LED irradiated NGF-SPIO-Au NPs by modulating the local Ca2+ level and 
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enhancing the cell attachment. However, it is still unclear that whether any other factors 

triggered by LED illumination on NGF-SPIO-Au NPs could affect the neuronal 

differentiation pathway. Therefore a more detailed investigation on exploring other 

neural-related factors is needed to further explore the mechanism of nerve regeneration, 

which will be the focus of our future study.  

Conclusions 

In summary, this study reported a novel non-invasive neuroregeneration approach 

of using low-intensity LED light to irradiate NGF-SPIO-Au NPs, a promising 

nanomedicine, for promoting remarkable neuronal differentiation and neurite outgrowth 

in an intensity-dependent manner. And LEDs of higher intensities were favored to produce 

more differentiated cells, more branching points and longer neurite length. No severe 

toxicity was observed upon LED light irradiation at our measured intensities. In particular, 

NGF-SPIO-Au NPs irradiated by LED light of 1.90 mW/cm2 were found to induce the 

calcium influx in the neurites, and upregulate a neural differentiation specific marker, b3-

tubulin, and an adhesive molecule integrin b1. The results demonstrated a promising non-

invasive nanomedicine-based neurogenesis induction scheme using low-intensity LED 

irradiated NGF-SPIO-Au NPs for nerve regeneration. 



CHAPTER VI 

CONCLUSIONS 

In this thesis, we developed the multifunctional SPIO-Au core-shell NPs for 

promoting neuronal differentiation and neurite growth with the stimulation of MF and 

LEDs for nerve regeneration. In chapter 2, we first introduced a synergistic approach 

combing the seed growth and the citrate reducing method to prepare SPIO-Au NPs in DI 

water with well-controlled coating thickness (1.5 nm to 8.8 nm). NPs were proved to 

possess uniform quasi-spherical shape and narrow size distribution by TEM images.  The 

successful formation of SPIO-Au NPs at predicted sizes and concentrations was further 

supported by ICP-MS analysis. The slightly red shift of the surface plasmon resonance 

band with the increasing Au shell thickness was verified by UV-Vis spectra. Lab 

synthesized SPIO-Au NPs also exhibited excellent stability in DI water and the cell growth 

medium for up to 21 days. 

Then in chapter 3 we evaluated the unique plasmonic behavior of SPIO-Au NPs 

by measuring the photothermal efficiency of SPIO-Au NPs. A novel TC-tip-exposing 

temperature assessment technique was developed for the accurate measurement of the 

temperature profile of the lab-synthesized SPIO-Au NPs described in chapter 1. A FEM 

model using COMSOL Multiphysics ® was designed to simulate the temperature profile 

within the first 30 seconds. By combining the experimental measurement and the 

simulation, the photothermal conversion efficiency was found to be close to 1 for all the 

concentrations, which was further confirmed by the Mie theory by calculating the 

absorption/extinction ratio. 

86
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The work on exploring the effect of SPIO-Au NPs on promoting neuronal 

differentiation and neurite growth was split into two chapters based the stimulation type, 

i.e. magnetic stimulation (chapter 4) and light stimulation (chapter 5).  In chapter 4, we 

modified the method of synthesizing SPIO-Au NPs (D: 20.8 ± 2.7 nm) combining co-

precipitation with iterative hydroxylamine seeding method, and then functionalized SPIO-

Au NPs with NGF. The light absorbance and zeta potential measurement confirmed the 

successful functionalization of NGF with NPs. As the prerequisite of bio-applications, we 

evaluated the biocompatibility of NGF-SPIO-Au NPs in PC-12 cells. The viability results 

(> 96%) indicated the excellent biocompatibility of SPIO-Au NPs. The TEM images of 

PC-12 cells treated with NGF-SPIO-Au NPs showed that the cellular uptake can be 

enhanced by the functionalization of NGF. Then a noninvasive magnetic stimulation 

technique was developed by applying dynamic MFs on cells treated with NGF-SPIO-Au 

NPs. Our results showed that this multifunctional nanomedicine was able to effectively 

stimulate and promote neuronal growth. The dynamic MF was favored, as it drove the 

neurite stretching more efficiently than that of the static MF. Also a cytoskeleton force 

model was created, which agrees well with our experimental data of neurite elongation 

and orientation. This study confirmed the potential of non-invasive magnetic neuron 

stimulation technique synergistically combining the biocompatible magnetic NGF-SPIO-

Au NPs with dynamic MFs for promoting neuronal growth. 

In chapter 5, we reported a novel non-invasive neuroregeneration approach of 

using low-intensity LED light to irradiate NGF-SPIO-Au NPs, a promising nanomedicine, 

to remarkably induce neuronal differentiation and neurite outgrowth in an intensity-
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dependent manner. LEDs of higher intensities were favored to produce more differentiated 

cells, more branching points and longer neurite length. No severe toxicity was observed 

upon LED light irradiation at our measured intensities. In particular, NGF-SPIO-Au NPs 

irradiated by LED light of 1.90 mW/cm2 were found to induce the calcium influx in the 

neurites and upregulate a neural differentiation specific marker b3-tubulin and an adhesive 

molecule integrin b1. These results demonstrated a promising non-invasive 

nanomedicine-based neurogenesis induction scheme using low intensity LED irradiated 

NGF-SPIO-Au NPs for nerve regeneration. 

We have also checked the potential of SPIO-Au NPs for bone tissue regeneration 

as shown in Appendix B. We found that SPIO-Au NPs (10, 20, 40 and 80 µg/mL) didn’t 

induce acute toxicity for up to 7 days of incubation. The existence of SPIO-Au NPs did 

not affect the proliferation of MC3T3-E1 cells at the concentration range between 1 and 

40 µg/mL. The TEM results revealed the cellular uptake of SPIO-Au NPs through 

endocytosis and the dose-dependence of the internalization of NPs into cells. The 

enhanced ALP activity level of cells treated by NPs implied their potential in promoting 

the osteogenic differentiation of MC3T3-E1 cells which suggested another possible 

application of SPIO-Au NPs for bone tissue regeneration.  

To summarize, in the current work, we have demonstrated the effectiveness of 

electromagnetic fields on stimulating neuronal differentiation and regulating neuronal 

activities through activating the magneto-plasmonic SPIO-Au NPs. However it is still 

limited for brain tissue regeneration and repair due to the insufficient exploration of the 

intracellular internalization and localization mechanism and the low photothermal 
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modulation efficiency: visible light cannot penetrate deep inside brain tissue, but near-

infrared (NIR) light, which can penetrate deeper, has a very low photothermal effect on 

these NPs. Therefore one of the future improvement is to explore how the surface 

chemistry and electronic properties of SPIO-Au NPs are related to their interactions with 

neurons and affect their intracellular localization at targeted organelles. It is known that 

the cellular internalization can be affected by the different surface charge of NPs. For 

instance, the cationic Au NPs tend to pass through the cell membrane by direct diffusion, 

whereas anionic Au NPs enter a cell through endocytosis.140,141 For efficient drug delivery, 

direct diffusion is preferred as NPs tend to aggregate together during endocytosis pathway 

and are strictly confined to the endosomes, which restricts the interaction between NPs 

and cell organelles compared to freely dispersed NPs in the cytosol by direct diffusion.142  

Therefore the surface modification needs to be optimized in surface charge type and 

density to balance the delivery efficiency and minimize the cytotoxicity. For this purpose, 

SPIO-Au NPs can be functionalized with various ligands. It will be interesting to explore 

how the surface functionality of NPs affect the NPs – cells interaction and the behavior of 

NPs. 

To overcome the limitation of restricted tissue penetration depth of 525 nm LED 

light and move forward to in vivo validation, the NGF-SPIO-Au NPs can also be 

stimulated by micro or nano-LED fibers, which have been developed very well in 

vivo,143,144  allowing the wireless optogenetic manipulation of neuronal activities in 

animals. 
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For the further validation of light-stimulation and magnetic stimulation of SPIO-

Au NPs for nerve regeneration on an animal model, it is also necessary to perform some 

preliminary in vivo examinations to explore the biodistribution, the in vivo toxicity as well 

as the half-life of SPIO-Au NPs. These data will be very useful for evaluating the dosage 

and duration time of SPIO-Au NPs for the effective stimulation of brain in animal test.  
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 APPENDIX A  

ELECTROMAGNETIC STIMULATION USING STATIC n42 MAGNETIC FIELDS 

FOR NEUROREGENERATION (PC-12 CELLS)* 

The determination of the concentration of SPIO-Au NPs 

The calculation of the final concentration of SPIO-Au NPs is based on the original 

mass of materials used in the synthesis process. As shown in table A1, the mass amount 

of SPIO used is 1.32 mg, while the mass amount of Au is 2.9 mg. So the total mass 

concentration of SPIO-Au NPs is 422 μg/ml (in 10 ml DI water). 

Table A1. The calculation of SPIO-Au concentration. Reprinted with permission from 

reference 90. 

Fe 

(mmol) 

Fe2O3 

(mmol) 

SPIO 

conc. 

(mM) 

SPIO 

diluted 

(mM) 

SPIO 

(*10-3 

mmol) 

Au 

(*10-3 

mmol) 

SPIO 

(mg) 

Au 

(mg) 

Total 

conc. 

(μg/ml) 

15 7.5 60 1.5 8.25 14.7 1.32 2.9 422 

  

N42 static magnetic applicator-set-up and results 

As shown in the inset of Figure A1, the static magnetic applicator was composed 

by eight N52 NdFeB magnetic cubes of 0.5 inch arranged in a Halbach array. The 

magnetic strength along the diameter of the magnetic applicator was simulated from FEM 

                                                

* Reprinted with permission from “Promoting neuroregeneration by applying dynamic magnetic fields to a 
novel nanomedicine: Superparamagnetic iron oxide (SPIO)-gold nanoparticles bounded with nerve growth 
factor (NGF)” by Yuan M, Wang Y, Qin Y-X, 2018. Nanomed Nanotech Biol Med, 14(4):1337-1347. 
Copyright [2019] by Elsevier. 
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modeling and then experimentally measured using a F.W. Bell 8010 gauss/tesla meter 

(Figure A1), confirming the theoretical simulation.   

An average magnetic field gradient of -23.28 T/m was calculated from the FEM 

modeling (Figure A1). Cells were seeded at the density of 5*104 cells/dish in PLL pre-

coated Ibidi Petri dishes (D: 35mm). After 24 h, the medium was replaced by fresh serum 

reduced medium containing NGF-SPIO-Au NPs at the concentration of 10 μg/ml. Cells 

were incubated for 24 h to let the NPs to interact with cells. Then the Petri dish was put 

inside the N42 static magnetic applicator.  

Two groups of cells were prepared (control (Control-MF-), static (N42-static-

MF+)). After 1 day, a light microscope (Axiovert 200M Inverted Fluorescence/phase 

Contrast Microscope (Carl Zeiss Inc.) equipped with an AxioCam CCD camera) was used 

to capture the images of differentiated cells. The neurite length, number and angle theta 

between the direction of the neurite and the magnetic force (0 degree) in each image were 

measured using Simple Neurite Tracer as a plugin of Fiji. The results were shown in Figure 

A2 and Figure A3.  
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Figure A1. Finite element modeling result (theoretical) and the experimental measurement 

result of the flux density distribution inside the N42 Halbach-like magnetic applicator. 

The top figure is the tangential flux density B(T) and the bottom figure is the derivative 

dB/dr (T/m) along the radial direction inside the Halbach-like magnetic applicator. The 

dot line in the bottom figure represents the average value of dB/dr, which is -23.28 T/m. 

Reprinted with permission from reference 90. 
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Figure A2. Morphology analysis for PC12 cells treated with and without N42 magnetic 

field for 1 day of incubation. (A) Percentage of differentiated neuronal phenotype cells 

(B) Number of neurites per cell (C) Average neurite length; *p < 0.05. Reprinted with 

permission from reference 90. 
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In Figure A2, the ratio of differentiated cells (72%), the number of neurites per cell 

(25%) and the average neurite length (43%) are significantly increased for cells treated 

with static N42 magnetic field compared with control group. In Figure A3, the magnetic 

field group exhibits the preferential alignment of the neurites along the direction of 

magnetic force.  

 

 

Figure A3. Neurite orientation (q) distribution: (A) 1 day of incubation without magnetic 

field(control). (B) 1 day of incubation with N42 static magnetic field. (C) Orientation 

index (cosq) distribution: The box plot represents the median, the first quartile, the third 

quartile, the maximum and the minimum value. cos~1 for the neurites long the direction 

of magnetic force. Reprinted with permission from reference 90. 
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APPENDIX B  

CONCENTRATION-DEPENDENT PROMOTING EFFECT OF SPIO-AU CORE-

SHELL NANOPARTICLES: TOWARDS TISSUE DIFFERENTIATION (MC3T3-E1 

CELLS)* 

This work aims to explore the concentration-dependence of SPIO-Au core-shell 

NPs (17.3 ± 1.2 nm in diameter) on biocompatibility and osteogenic differentiation of 

preosteoblast MC3T3-E1 cells. The stability of NPs was first investigated by UV-Vis 

absorption spectra and zeta potential measurement. Then concentration effects of NPs (10-

80 μg/mL) were evaluated on viability, morphology, proliferation, cellular uptake and 

alkaline phosphate (ALP) activity levels. Results have shown no acute toxicity (viability 

> 93%) or morphological difference at all concentration levels of NPs. The proliferation 

results indicated that NP of 10 μg/mL could promote the cell proliferation to 100% 

confluency at 7 days of incubation. Transmission electron microscopy (TEM) images 

revealed the successful internalization of NPs into MC3T3-E1 cells and the dose-

dependent accumulation of NPs inside the cytoplasm. The ALP level of MC3T3-E1 cells 

was improved by 49% (of control) after treated with NPs at 10 μg/mL for 10 days, 

indicating their positive effect on early osteogenic differentiation. This study confirmed 

the excellent biocompatibility of SPIO-Au NPs and their great potential for promoting 

                                                

* Reprinted with permission from “SPIO‐Au core–shell nanoparticles for promoting osteogenic 
differentiation of MC3T3‐E1 cells: Concentration‐dependence study” by Yuan M, Wang Y, Qin YX, 2017. 
J Biomed Mater Res A, 105(12):3350-3359. Copyright [2019] by John Wiley & Sons, Inc. 



 

119 

 

osteogenic differentiation and promised the future application for these NPs in bone 

engineering including drug delivery, cell labeling and activity tracking within scaffolds. 

Materials and Methods 

Cell culture 

MC3T3-E1 cells at passage-8 were cultured in Petri dishes with cell growth 

medium, which consisted of 89% alpha Minimum Essential Medium (αMEM) (Gibco, 

Grand Island, NY), 10% fetal bovine serum (Gibco, Grand Island, NY) and 1% penicillin 

streptomycin solution (Gibco, Grand Island, NY). The cells were kept in a 5% CO2 

atmosphere at 37°C. The cell growth medium was replaced every two days and the cells 

were passaged at sub-confluency. 

Cell viability assessment and cell morphology observation 

The cell viability test was performed by using a Cellstain double staining kit 

(04511, Sigma-Aldrich, St. Louis, MO). Briefly, MC3T3-E1 cells were seeded into 96-

well tissue culture plates at a density of 1000 cells per well with growth medium. After 24 

h of incubation, the medium was replaced by fresh growth medium containing SPIO-Au 

NPs at different concentrations (10, 20, 40, and 80 μg/mL). Cells without NPs were seeded 

as a control group. All the cells were incubated for 1, 3 and 7 day(s) for further testing. At 

each time period, the cells were washed with Dulbecco's phosphate-buffered saline 

(DPBS) twice and incubated in 100 μL of the assay solution (5 mL of DPBS containing 

10 μL of calcein-AM and 5 μL of propidium iodide) in each well for 15 min. The live/dead 

fluorescence images were captured using an Axiovert 200M Inverted Fluorescence/phase 

Contrast Microscope (Carl Zeiss Inc.) equipped with an AxioCam CCD camera. The cell 



 

120 

 

morphology was also observed and recorded with this inverted microscope after 3 and 7 

days of incubation. 

Cell proliferation assay  

The proliferation of MC3T3-E1 cells was measured using a CCK-8 cell counting 

kit (Sigma-Aldrich, St. Louis, MO). MC3T3-E1 cells were seeded into 96-well tissue 

culture plates at a density of 1000 cells per well with growth medium. After 24 h of 

incubation, the medium was replaced by fresh medium containing SPIO-Au NPs at 

different concentrations (1, 5, 10, 20, 40 and 80 μg/mL). Cells without NPs were seeded 

as a control group. All the cells were incubated for 1, 3 and 7 day(s). At each time period, 

the cells were washed with DPBS and followed by adding 100 μL of growth medium and 

10 μL of CCK-8 solution to each well. Then after 2 h of incubation the intensity was 

measured at the wavelength of 450 nm by using a microplate reader (SpectraMax i3x, 

Molecular Devices Inc.).  

Transmission electron microscopy (TEM) 

To observe the cell uptake of SPIO-Au NPs in MC3T3-E1 cells, cells were seeded 

on a Aclar® (Electron Microscopy Sciences Inc.) film in a 12-well plate at a density of 

1*105 cells per well and incubated with growth medium containing SPIO-Au NPs at 

concentrations of 40 μg/mL and 80 μg/mL, respectively. After 48 h of incubation, cells 

were prefixed in 3% Electron Microscopy (EM) grade glutaraldehyde in 0.1 M phosphate 

buffer saline (PBS), pH 7.4 at room temperature for 1 h. Cells were then fixed in 1% 

osmium tetroxide in 0.1 M PBS, pH 7.4. Followed by the dehydration in a graded series 

of ethyl alcohol and embedded in Durcupan resin (Sigma-Aldrich, St. Louis, MO). 
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Ultrathin sections (80 nm) were cut with a Leica EM UC7 Ultramicrotome (Leica 

Microsystems Inc.) and collected on formvar coated copper slot grids. Then these sections 

were stained with uranyl acetate and lead citrate and then analyzed by using a FEI 

Tecnai12 BioTwinG2 transmission electron microscope with an AMT XR-60 CCD Digital 

Camera system, at an accelerating voltage of 80 kV. 

Alkaline phosphatase activity (ALP) assay 

To study the performance of SPIO-Au NPs in osteogenic differentiation of 

MC3T3-E1 cells, the ALP activity level was assessed by using an Abcam® Alkaline 

phosphatase assay kit (ab83369, Abcam, Cambridge, MA). MC3T3-E1 cells were seeded 

into a 24-well plate at a density of 5*104 cells per well with growth medium. After 24 h 

of incubation, the medium was changed to osteogenic induction medium, containing 

SPIO-Au NPs at different concentrations (0, 1, 5, 10 and 20 μg/mL). The osteogenic 

induction medium consisted of αMEM (Gibco, Grand Island, NY) supplemented with 

10% fetal bovine serum (Gibco, Grand Island, NY), 1% penicillin (Gibco, Grand Island, 

NY), 10 mM disodium β–glycerophosphate (Sigma-Aldrich, St. Louis, MO), 10 nM 

dexamethasone (Sigma-Aldrich, St. Louis, MO) and 0.28 mM ascorbic acid (Sigma-

Aldrich, St. Louis, MO). All the cells were incubated for 7, 10 and 14 days. At each time 

period, cells were harvested following the manufacturer’s instruction. The intensity was 

measured at the wavelength of 405 nm on a microplate reader (SpectraMax i3x, Molecular 

Devices Inc.). The amount of ALP in each well was calculated and normalized by total 

protein content, which was measured simultaneously using the PierceTM Coomassie 

(Bradford) protein assay kit (Thermo Scientific, Rockford, IL). 
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Statistical analysis 

All results were analyzed based on 3 independent experiments and expressed using the 

standard deviation. Statistical analysis was performed by the one-way analysis of 

variance (ANOVA) and Tukey post hoc test. Each sample group treated with NPs was 

compared with the control group. P value less than 0.05 was considered as a significant 

difference.  

Results 

Cell viability of SPIO-Au NPs: Fluorescence images and statistics 

The treatment of live/dead double staining was performed to assess the viability 

on cells treated with SPIO-Au NPs at concentrations of 10, 20 40 and 80 μg/mL for 1, 3 

and 7 day(s) of incubation. As observed, all groups of cells exhibited high cell viability 

with scarcely any dead cells (red staining) in comparison to the control group (Figure B1).  

The number of viable and dead cells in the fluorescence images was counted and 

plotted (Figure B2). The percentage of live cells to the total cells showed no significant 

difference for 1 and 3 day(s) of incubation. Although a slight reduction of viability was 

observed at the highest concentration of 80 μg/mL for 7 days of incubation, SPIO-Au NPs 

still had 93% viability of MC3T3-E1 cells. No obvious cytotoxic effect was found with 

the treatment of SPIO-Au NPs. 

Cell morphology: time and concentration dependence study 

The morphology of cells treated with the SPIO-Au NPs was observed by an 

inverted light microscope (Figure B3). After 3 and 7 days of incubation, MC3T3-E1 cells 

were formed with spindle shapes. The increase of the number of cells was observed at a 



 

123 

 

longer incubation period (7 days). No significant difference in morphology was observed 

between the cell groups treated with NPs and the control group at each time period. 

 

Figure B1. Fluorescence images for live/dead double staining tests after the cells were 

cultured with different concentrations of SPIO-Au NPs for 1, 3 and 7 day(s) in growth 

medium. Live and dead cells were stained by the calcein AM and the propidium iodide 

respectively. Green color represents viable cells while red color represents dead cells. 

Scale bar length = 200 μm. Direct observation of live cells and dead cells was provided 

to guarantee the accuracy. Reprinted with permission from reference 109. 
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Figure B2. Cell viability determined by fluorescence images of live/dead cells. The 

number of live cells and dead cells were counted by using Matlab. Cells containing no 

NPs were used as the control group. Viability higher than 93% was observed for each 

sample group. Slight reduction of viability happened at the highest concentration after 7 

days incubation. ((***) p ≤ 0.001). Reprinted with permission from reference 109. 

 

 



 

125 

 

 

Figure B3. Cell morphology images by using an inverted light microscopy after cells 

were treated with different concentrations of SPIO-Au NPs for 3 and 7 days of 

incubation. The increase of cell density was observed at a longer time period. Scale bar 

length = 100 μm. Reprinted with permission from reference 109. 
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Cell proliferation: Curve-fitted modeling and analysis 

The proliferation of MC3T3-E1 cells treated with the SPIO-Au NPs at 

concentrations of 0, 1, 5, 10, 20, 40 and 80 μg/mL was determined at different time points 

up to 7 days (Figure B4). The standard curve of Absorbance vs. Cell concentration was 

generated to reflect the relationship between the absorbance and the cell concentration by 

using a CCK-8 kit (Figure B5). Results show that the absorbance was increased at higher 

concentration, which approximated a linear relationship when the concentration was 

below the threshold value of 1.5*105 cells/mL. Results of the proliferation assay in Figure 

B4 showed a significant reduction of the proliferation rate for 3 days of incubation when 

the concentration reached 80 μg/mL. However, there was no significant decrease of the 

proliferation rate at lower concentration levels (£ 40 μg/mL) for 3 days of incubation and 

at the whole concentration range (1-80 μg/mL) for 1 day and 7 days of incubation.  

Cellular uptake of SPIO-Au NPs: TEM analysis 

To examine the cellular uptake of the SPIO-Au NPs, MC3T3-E1 cells were 

incubated for 48 h after treated with NPs at concentrations of 40 and 80 μg/mL, 

respectively. As shown in the TEM images (Figure B6), the clusters of SPIO-Au NPs were 

found inside each MC3T3-E1 cell, indicating the successful internalization of NPs at both 

concentration levels.  
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Figure B4. Proliferation of MC3T3-E1 cells treated with different concentrations of 

SPIO-Au NPs determined by a CCK-8 kit. Cells were cultured for up to 1, 3 and 7 day(s) 

in cell growth medium. Cells containing no NPs were used as the control group. ((***) p 

≤ 0.001). Reprinted with permission from reference 109. 
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Figure B5. Standard curve of absorbance vs. cell concentration by experimentally 

measuring the absorbance of cells at different concentration. The linear-like region was 

found at the concentration below 1.5*105 cells/mL, indicating that the absorbance 

measurement can be used to reflect the change of cell concentration. The curve fit was 

performed by SciDAVis software using Polyfit4 function. Reprinted with permission from 

reference 109. 

 



 

129 

 

 

Figure B6. Transmission electron microscopy (TEM) images of MC3T3-E1 cells treated 

with SPIO-Au NPs at 40 μg/mL (a, b, c) and 80 μg/mL (d, e, f) after 48 h of incubation. 

Note: (c) and (f) are enlarged images of areas shown inside the dashed circles in (b) and 

(e). The arrows in (a), (c), (d) and (f) showed the accumulation of SPIO-Au NPs inside 

the cellular cytoplasm. In particular, (a) and (d) illustrated how NPs penetrated into cells 

through endocytosis. Reprinted with permission from reference 109. 
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Interestingly, the internalized NPs mainly located inside the endosomal vesicles in 

the cytoplasm, rather than in the nucleus, as preferred. Larger clusters of NPs were found 

in the vesicles at a higher concentration (80 μg/mL), than that at a lower concentration (40 

μg/mL). For both concentrations, some NP clusters were found in the endocytic pathway, 

suggesting that NPs penetrated into cells mainly through endocytosis.72,146  

It can be readily seen how the plasma membrane engulfed the cluster of NPs (the 

areas pointed by arrows) before their penetration into the cytoplasm (Figure B6(a) and 

(b)), which was the sign of early endocytosis.59 Moreover, examined from all the TEM 

images, the MC3T3-E1 cells treated with NPs at concentrations of 40 and 80 μg/mL had 

intact cytoplasmic membranes, indicating the excellent biocompatibility of SPIO-Au NPs. 

Promoting the osteogenic differentiation of MC-3T3-E1 cells  

The ALP activity assay was conducted to explore the concentration-dependence 

of SPIO-Au NPs on the osteogenic differentiation (Figure B7(a)). Cells were treated with 

NPs at concentrations of 1, 5, 10, and 20 μg/mL in the osteogenic induction medium for 

7, 10 and 14 days. It was found that the ALP level of MC3T3-E1 cells was affected by the 

treatment of NPs in a time and dose dependent manner. The significant increase of ALP 

level per gram of protein was displayed at 10 and 20 μg/mL for 14 days of incubation, 

with the maximum increase of ALP level by 49% at 10 μg/mL.  

Interestingly, the ALP level of groups treated with NPs was slightly reduced after 

7 days of incubation, while promoted after 10 and 14 days of incubation. It was speculated 

that for a short time incubation (7 days), most NPs might not be able to interfere with the 
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cells yet. The ALP level normalized by protein content exhibited the similar trend (Figure 

B7(b)). 

 

Figure B7. (a) The Alkaline phosphatase activity level of MC3T3-E1 cells treated with 

different concentrations of SPIO-Au NPs for 7, 10 and 14 days of incubation (original 

data without normalization by protein content). Cells containing no NPs were used as the 

control group. ((**) p ≤ 0.01) (b). The Alkaline phosphatase activity level of MC3T3-

E1 cells treated with different concentrations of SPIO-Au NPs for 7, 10 and 14 days of 

incubation (Normalized by protein content). Cells containing no NPs were used as the 

control group. ((*) p ≤ 0.05, (**) p ≤ 0.01)). Reprinted with permission from reference 

109. 
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Discussion 

Our goal is to evaluate the concentration-dependence of SPIO-Au NPs (17.3 ± 1.2 

nm) on the osteogenic differentiation of the MC-3T3-E1 preosteoblast cell line. This work 

lays the foundation for future applications of these NPs in tissue engineering, such as drug 

or gene delivery, cell labeling and tracking within scaffolds.  

Our results showed an excellent cell viability (≥ 93%) for the SPIO-Au core-shell 

NPs at concentrations of 10, 20, 40 and 80 μg/mL. The cell morphology observation 

clearly exhibited the unchanged shape and size of cells treated with SPIO-Au NPs at all 

tested concentrations, and demonstrated that the near-zero influence of cellular 

internalization of NPs on the cellular morphology. This supports the aforementioned 

viability result. More morphological work in 3D network, i.e. scaffolds, could be 

performed in the near future.  

The proliferation results proved the optimal concentration range of the NPs (£ 40 

μg/mL) and saturation could be reached at much faster rate with higher NP concentrations 

(> 40 μg/mL). The inhibition of proliferation may happen when the concentration of NPs 

reaches 80 μg/mL, while interestingly the viability of cells still maintained above 93% for 

concentrations up to 80 μg/mL. This suggests that, longer incubation days (> 1 day) or 

higher NP concentration levels (> 40 μg/mL) are not necessary for obtaining optimal 

proliferation benefits. For instance, NP of 10 μg/mL could promote the cell proliferation 

to 100% confluency at 7 days of incubation.  

TEM analysis provided a direct tool to observe the existence of NPs absorbed by 

MC3T3-E1 cells. The size and the number of the NP clusters shown in TEM images 



 

133 

 

demonstrated the dose-dependence of cellular NPs uptake. The fact of NPs staying inside 

the vesicles within the cytoplasm structure implied the possible mechanism of cell 

internalization by endocytosis at the concentrations of 40 and 80 μg/mL, which was further 

supported by some TEM images showing the engulfing of NPs by cells. The zeta potential 

measurement showed that the surface charge of the SPIO-Au NPs is negative (-31.7mV 

in water) due to the existence of citric acid as the stabilizing ligand, while the surface 

charge was increased to -11.9 mV (in cell growth medium), which implies the surface 

modification of SPIO-Au NPs by the nonspecifically absorbed serum proteins. Therefore, 

we hypothesize that the access of NPs into cells was induced by serum proteins, which 

were absorbed onto the surface of SPIO-Au NPs, via receptor-mediated endocytosis. This 

mechanism has been proposed by Chithrani et al.147 and Mustafa et al.59 for the study of 

the internalization of Au NPs by Hela cells and ME3T3-E1 cells, respectively. At the 

concentration as low as 10 μg/mL, Thikra et al.27 suggested that NPs may penetrate into 

the cells individually rather than through endocytosis. Moreover, the intact cell 

membranes indicated the excellent biocompatibility of SPIO-Au NPs, which has been 

proved before by viability results. We can also conclude that the uptake of NPs into cells 

did not induce any cellular toxicity (viability > 93%). In addition, the surface modification 

of SPIO-Au NPs also plays an important role in cell uptake as it determines the surface 

charge and the hydrophilicity148 of NPs. Cho149 found that the surface conjugation of 

different groups changed the amount of the NPs internalized by SK-BR-3 cells in the 

following order: poly(allylamine hydrochloride) > anti-HER2 > antibody > poly(ethylene 

glycol). To determine the best mechanism for cellular NP uptake and cellular kinetics, 
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longer incubation time, more time points and necessary surface functionalization are 

needed for future study. 

The results from viability, proliferation, morphology and TEM analysis indicated 

that SPIO-Au NPs did not induce acute toxicity on MC3T3-E1 cell line. Based on the 

biocompatibility evaluation, The ALP activity measurements were designed and 

performed to assess the potential of SPIO-Au NPs in osteogenic differentiation. The 

results exhibited the promoted effect of SPIO-Au NPs on the early osteogenic 

differentiation of MC3T3-E1 cells. Pure Au NPs have been shown to promote the 

osteogenic differentiation of ADSCs.145 However the examination of the SPIO-Au NPs 

core-shell on osteogenesis have not been mentioned in any of previous works. The 

presented work is the first to confirm the osteogenic effect of SPIO-Au NPs for the 

application in bone cell regeneration. The ALP level is known to be an early phenotypic 

marker for osteogenic differentiation.150 In the next stage, matrix mineralization and 

specific gene expression will be studied to further examine the effect and mechanism of 

SPIO-Au NPs on osteogenesis. To enhance their promotion effect on bone tissue 

regeneration, NPs can be embedded into scaffolds in the near future. In particular, 

composite scaffolds are able to provide enough surface roughness for cellular attachment 

and improve the mechanical strength of the system.151 Incorporating NPs with osteogenic 

agents,152 growth factors153 and drugs are some other promising strategies to promote cell 

differentiation and/or add more functionality to the scaffolds.154 Moreover, to enhance the 

contrast capability, SPIO-Au NPs can be combined with other types of nanocomposite 

scaffolds.155  
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Conclusions 

In this work, we synthesized SPIO-Au core-shell NPs with uniform size 

(17.3 ± 1.2 nm), shape (spherical) and excellent stability in DI water and the 

MC3T3-E1 cell growth medium. Experimental results suggest that SPIO-Au NPs 

(10, 20, 40 and 80 μg/mL) didn’t induce acute toxicity for up to 7 days of 

incubation. The existence of SPIO-Au NPs does not affect the proliferation of 

MC3T3-E1 cells at the concentration range between 1 and 40 μg/mL. The TEM 

results revealed the cellular uptake of SPIO-Au NPs through endocytosis and the 

dose-dependence of internalization of NPs into cells. The enhanced ALP activity 

level of cells treated by NPs implied their potential in promoting the osteogenic 

differentiation of MC3T3-E1 cells. Further investigation of SPIO-Au NPs 

integrated with 3D scaffolds and/or growth factors as well as the in-vivo studies 

will be performed in the near future to explore their promising applications in bone 

tissue engineering. 




