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Resumo

Arsalani, Saeideh. Nanopartículas Multifuncionais para Aplicações Teranósticas Guiadas

por Ultrassom. 2023. 124 f. Tese (Doutorado – Programa de Pós-Graduação em Física

Aplicada à Medicina e Biologia) - Departamento de Física da Faculdade de Filosofia, Ciências e

Letras de Ribeirão Preto, Universidade de São Paulo, Ribeirão Preto; 2023.

Os materiais em nanoescala têm sido amplamente explorados em várias modalidades de

imagem e terapia devido às suas notáveis propriedades físico-químicas. Por exemplo,

nanopartículas magnéticas (MNPs) são de grande interesse para uma ampla gama de aplicações

biomédicas devido ao seu pequeno tamanho controlável, propriedades magnéticas ajustáveis e

biocompatibilidade. Nesta tese, a síntese e caracterização de nanopartículas de óxido de ferro

(IONPs) foram realizadas para aplicações biomédicas por meio da rota de coprecipitação

otimizada e revestidas por polietileno glicol (PEG) no procedimento de pós-síntese. Verificou-se

que ambas IONPs são altamente estáveis, biocompatíveis, de forma relativamente homogênea e

livres de agregação para ambos as IONPs. Curiosamente, as IONPs revestidas por PEG exibiram

maior magnetização do que as IONPs nus, o que pode ser atribuído à redução da última camada

atômica dessas nanopartículas. Adicionalmente, o desempenho de ambos os MNPs foram

investigados para aplicações diagnósticas baseado em imagens de ultrassom por magnetomotriz

(MMUS) e terapêuticas por hipertermia magnética (MH). De acordo com os resultados, não

apenas as IONPs revestidas com PEG, mas também as IONPs nus mostraram um deslocamento

induzido quase semelhante no MMUS. No entanto, as IONPs revestidas com PEG demonstraram

maior eficiência de aquecimento em comparação com as IONPs nus, o que pode ser atribuído ao

tempo de relaxação browniano das MNPs após o revestimento com PEG.

Além disso, uma combinação relativamente simples de nanopartículas de Ci-MnFe2O4 e

nanobastões de ouro revestidas com brometo de cetiltrimetilamônio (CTAB-GNRs) foi sugerida

para criar NPs híbridas. Por causa das superfícies de cargas opostas dos CTAB-GNRs e ferrita de

manganês, ocorreu uma interação eletrostática, resultando na formação de pequenos nano

aglomerados, que aumentaram consideravelmente o contraste de MMUS em relação ao uso

apenas de Ci-MnFe2O4. Assim, para estudos de MH, essas NPs híbridas apresentaram uma taxa
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de aquecimento quase semelhante à do Ci-MnFe2O4 e uma temperatura de equilíbrio foi maior

do que apenas com a ferrita de manganês. Além disso, como os GNRs são agentes de contraste

promissores em imagens óticas, essas NPs híbridas também foram examinados em imagens

fotoacústicas (PA), apresentando um excelente contraste.

Palavras-chave: 1. Nanopartículas magnéticas. 2. Nanobastões de uro. 3. Magnetoacustografia.

4. Hipertermia magnética. 5. Imagem fotoacústica.
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Abstract

Arsalani, Saeideh. Multifunctional Nanoparticles for Ultrasound-guided Theranostic

Applications. 2023. 124 f. Dissertation (D.Sc- Graduate Program in Applied Physics to

Medicine and Biology) - Faculty of Philosophy, Sciences and Literature, University of São

Paulo, Ribeirão Preto - SP, 2023.

Nanoscale materials have been widely explored in various imaging modalities and

therapy due to their remarkable physiochemical properties. For example, magnetic nanoparticles

(MNPs) are of great interest for a wide range of biomedical applications owing to their

controllable small size, tunable magnetic properties, and biocompatibility. In this thesis, iron

oxide nanoparticles (IONPs) were synthesized and characterized, and their potential was

investigated in biomedical applications. Firstly, bare IONPs were prepared through an optimized

coprecipitation route and coated by polyethylene glycol (PEG) in the post-synthesis procedure.

The results showed that both IONPs were highly stable, biocompatible, relatively homogeneous

in shape, and free of aggregation. Interestingly, the IONPs coated by PEG exhibited relatively

greater magnetization than bare IONPs, which could be attributed to the reduction of surface

spine disorder after coating. Moreover, the performance of both MNPs was investigated for

diagnostic (magneto-motive ultrasound imaging (MMUS)) and therapeutic (magnetic

hyperthermia (MH)) applications. According to the outcomes, PEG-coated IONPs, and bare

IONPs showed an almost similar induced displacement within tissue labeled with MNPs in the

MMUS. However, IONPs coated with PEG demonstrated higher heating efficiency than the

naked IONPs, which could be the due to the Brownian relaxation time of MNPs after PEG

coating.

Furthermore, a relatively simple combination of citrate coated manganese ferrite (Ci-

MnFe2O4) and cetyltrimethylammonium bromide coated gold nanorods (CTAB-GNRs) was

suggested to create hybrid NPs. Because of the oppositely charged surfaces of CTAB-GNRs and

Ci-MnFe2O4, an electrostatic interaction occurred, resulting in the formation of small

nanoclusters, which increased the contrast of MMUS over just using Ci-MnFe2O4. Moreover, for

MH studies, these hybrid NPs not only observed almost similar heating rates as Ci-MnFe2O4 but
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also its equilibrium temperature was higher than just Ci-MnFe2O4 over time. Moreover, since

GNRs are promising contrast agents in optical imaging, these hybrid NPs also examined in

photoacoustic imaging (PA) and indicated a strong contrast.

Keywords: 1. Magnetic Nanoparticles. 2. Gold Nanorods. 3. Magneto-motive Ultrasound

Imaging. 4. Magnetic Hyperthermia. 5. Photoacoustic Imaging.
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Chapter 1: General Introduction

Cancer, a type of disease with uncontrollable and persistently growing cells that spread

throughout the body, is considered one of the leading causes of death worldwide [1,2]. Recently,

tremendous efforts have been devoted to developing novel techniques for early and accurate

diagnosis and effective therapy. In this regard, nanotechnology has been proposed to allow

working at the cellular and molecular levels and promote advances in healthcare [3–5] .

Nanomaterials, due to their unique size and distinctive physiochemical properties, have received

considerable attention in a wide range of applications, including engineering, biology, chemistry,

material science, and, most notably, nanomedicine [6–9] . Magnetic nanoparticles (MNPs), for

example, are attracting significant interest as one of the most common nanoscale groups and are

applied in a variety of biomedical fields such as magnetic resonance imaging (MRI), biosensors,

magneto-motive ultrasound imaging (MMUS), and magnetic hyperthermia (MH) [10–17] .

Moreover, gold nanorods (GNRs), one of the most widely used noble metal NPs, have been paid

much attention in recent years in imaging and therapy modalities owing to their fascinating

optical properties [18–21] . The combination of these NPs is the promise for creation of hybrid

nanoparticles with potential for non-ionizing theragnostic application based on ultrasound,

magnetism and optical.

1.1. Magnetic Nanoparticles

Generally, iron oxides are formed when iron metal reacts with oxygen in the atmosphere.

Thus, iron oxides have existed on earth for as long as there have been iron and oxygen. Iron

oxide nanoparticles (IONPs) exhibit a wide range of crystal phases, including magnetite (Fe3O4),

maghemite (γ-Fe2O3), Hematite (Fe2O3), and wüstite (FeO) [22] . Among all, Fe3O4 is one of the

most studied NPs in cancer theranostic applications due to their excellent magnetic properties,

low toxicity, easy preparation, and chemical stability [6,14]. Magnetite is composed of both Fe(II)

and Fe(III), having an inverse spinel structure and Fe(II) ions occupying octahedral (Oh) sites,

and tetrahedral (Td) and remaining Oh sites are split by Fe(III) ions. It has the general formula
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AB2O4, where A and B indicate tetrahedral and octahedral sites, respectively and O shows the

oxygen anion site [23]. Fe3O4 contains a face-centered cubic (FCC) unit cell [24], having an edge

length of a = 0.8394 nm [25]. Figure 1.1 depicts the crystal structure of magnetite (Fe3O4).

Figure 1.1. A spinel structure of magnetite (Fe3O4) that is face-centered cubic (FCC), and adapted from

Fouad D et al. [26].

1.2. Nanomagnetism

Magnetic materials are categorized based on their response to an external magnetic field

and characterized by their magnetic susceptibility (χ), which is determined by the ratio of

magnetization (M) to the applied magnetic field (H). The three main types of magnetism are

diamagnetism, paramagnetism, and ferromagnetism. Antiferromagnetism and ferrimagnetism are

subdivision of ferromagnetism [27,28] . More specifically, in diamagnetic materials when the

external field is applied, there are no magnetic dipoles, and they show a small negative magnetic

susceptibility. The susceptibility of paramagnetic materials is small and positive, and their

magnetic dipoles are randomly oriented in the absence of an applied magnetic field. The spins

within the ferromagnetic materials align with the field in one specific direction and exhibit much

larger susceptibility than other magnetic materials [29].

The susceptibility of the classified materials depends on the temperature and strength of

the magnetic field (H). In other words, by increasing the values of H, the materials reach their

saturation magnetization (Ms), Figure 1.2. When an external magnetic field is removed,

magnetization remains in a ferromagnetic material known as remanent magnetization (Mr). An

https://en.wikipedia.org/wiki/Magnetic_field
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additional H in the opposite direction, known as coercivity force (Hc), is required to achieve zero

remanences [27,28]. The magnetization also lags the applied field, a phenomenon known as

hysteresis. A typical hysteresis loop is illustrated in Figure 1.2 (a).

MNPs reveal physical behavior distinct from the bulk counterpart after applying an

external magnetic field. Bulk materials have multi-domain structures, but when the core size of

the particle is reduced, their structure change from multidomain to single domain and result in

new magnetic properties. To put it another way, as the size of magnetic material diminishes, it

gets harder to build domain walls, and below a specific size, which vary depending on the

material, the energy required to create a domain wall becomes insufficient. Thus, the particles

are turned into single-domain structures [30,31].

The relationship between particle size and coercivity is depicted in Figure 1.2 (b). As is

shown in Figure 1.2 (b), when MNPs are either in single or multi-domain domains, Hc reaches its

maximum level, and by reducing the size of the particles, the Hc begins to decrease. After

particles reach a superparamagnetic size (SPR), the Hc completely disappears.

Superparamagnetic NPs, after being exposed to an external field, their spins are aligned in the

same direction as the applied field. In the absence of the magnetic field, these particles do not

show any remanent magnetization and coercivity, which is of great interest in biomedical

applications. However, hysteresis is commonly observed in ferromagnetic materials [31,32].

Figure 1.2. (a) Magnetization curves versus applied field for ferromagnetic (FM (red color)) and

superparamagnetic (SPR (green color)), and (b) the change in coercivity of MNPs as a function of size,

which is modified by Jun YW et al. [32].
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Magnetic single-domain nanoparticles, after being subjected to an external magnetic field, all

their magnetic dipoles are aligned parallel; these orientations minimize the anisotropy energy.

For spherical particles, the magnetic anisotropy energy is defined below [33]:

� = �����2� (1.1)

Where K is the effective anisotropy coefficient, V is the magnetic core volume and � is

the angle between the magnetization and the easy magnetization axis of the particle. Several

factors, including the shape of the crystal, bulk magnetocrystalline anisotropy, dipolar interaction

between neighboring and anisotropy constant nanoparticles, impact the anisotropy energy. When

the size of particles decreases (below certain size), the anisotropy energy becomes lower than the

thermal energy (kBT: where kB is the Boltzmann constant and T the absolute temperature) KV

<KBT. Thus, the particle conserves fixed alignments of the magnetic moment and becomes

superparamagnetic. In comparison, the magnetic anisotropy energy of bulk materials is much

higher than the thermal energy [29,33,34] . Figure 1.3 illustrates the energy diagram of MNPs

having different magnetic spin alignments, ferromagnetism as a large particle and

superparamagnetic as a small NP.

Figure 1.3. The variation of the anisotropy and thermal energies for particles with large and small sizes.

Modified from Naween Dahal et al. [35].

https://www.researchgate.net/profile/Naween-Dahal
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1.3. Gold nanorods

Plasmonic nanostructures such as silver, gold, copper, and platinum are another type of

NP that differ from their bulk counterparts due to their unique nanoscale properties. The optical

properties of these NPs are directed by localized surface plasmons resonance (LSPR) [18,36,37] .

Specifically, LSPR is created by irradiating metallic NPs with an appropriate wavelength of light,

resulting in electron oscillations at a specific frequency along the metallic surface. Among

different shapes of gold nanoparticles (e.g., cubic, rod, star), GNRs have been recognized as the

most attractive plasmonic candidate for biomedical applications owing to their well-defined size,

biocompatibility, and tunable optical properties [38,39] . To illustrate, for a given size, GNRs

have two SPR bands; a transverse (short axis) shows a weak band like gold nanospheres at

around 530 nm, while the intense longitudinal band exhibits a strong absorption peak of nearly

from visible to near infrared (NIR (650−1200 nm, depending on the aspect ratio)). In the NIR

region light absorption is minimal, resulting in maximum penetration in tissue, providing great

opportunities for in vivo medical application [19–21,40–42] . These remarkable properties have

expanded its use in different fields, such as biosensing, photothermal therapy, photoacoustic

molecular imaging, and drug delivery. It should be noted that shape and size play a major role in

LSPR and the optical characteristics of GNRs [38,43,44].

1.4. Synthesize of magnetic nanoparticles

MNPs have become an essential tool in biomedicine due to their nanoscale dimensions

and promising properties, and these physiochemical characteristics are controlled through the

synthesis routes [9,30] . Thus, several approaches have been explored to achieve biocompatible,

monodisperse, highly stable, and well-shaped MNPs, which make them applicable in biomedical

fields [14,17,45,46]. Some examples of chemical synthesis are coprecipitation (the most common

route), thermal decomposition, hydrothermal and sol-gel [7,15,47,48] . A diagram illustration of

different synthesis methods is shown in Figure 1.4. Here, we provide a brief description of a few

popular synthesis techniques.
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Figure 1.4. A schematic illustration of different methods to synthesize IONPs, taken fromMittal A et al.
[49].

1.5. Coprecipitation method

Coprecipitation is known so far as one of the most convenient and high yield routes of

synthesis, which can be performed at room temperature and under atmospheric conditions [13,46].

In this approach, the aqueous metal salts such as chlorides and sulfates are co-precipitated upon

the addition of an appropriate base (NH4OH or NaOH) at room temperature or high temperatures.

Many parameters, such as PH, reaction temperature, salts ratio, basic solution dropping speed,

and stirring rate, influence the size and shape of the final product [50–53].

It is essential to employ an appropriate ligand (organic or inorganic) during or after

synthesis to enhance their stability and biocompatibility [9] . Polyethylene glycol (PEG), for

example, is extensively deployed as a biocompatible stabilizing agent and FDA-approved

polymer that allows further functionalization by targeting ligands, promoting a multifunctional

application in both diagnoses and therapy [54,55]. Another advantage of using this polymer is the

generation of strong steric repulsion, which can act as a barrier to particle interaction and

increase the distance between particles after adsorbing this polymer onto the surface of MNPs.

Furthermore, the presence of PEG on the surface of the IONPs reduces the rate of opsonization

and subsequent mononuclear phagocyte system (MPS) clearance, resulting in a longer circulation

time of MNPs, which is highly desirable in biomedical applications [56,57].

Electrochemical

Microwave

Thermal decomposition

Hydrothermal

Co-precipitation

Synthesis
Methods



7

Although some studies have reported some disadvantages of coprecipitation, such as the

presence of aggregation, difficulty in tuning the size, shape of the particles, and the broad size

distribution of the products [58,59] , optimizing some parameters during synthesis could enhance

the quality of final MNPs to a great extent. On the other hand, this method has received much

attention in several investigations owing to being the simplest, having a short reaction time, and

a high reaction yield [50,51,60].

1.6. Thermal decomposition

Thermal decomposition (TD) is another standard method for producing monodisperse

particles smaller than 20 nm with morphology control and narrow size distribution at high

temperatures [61,62] . This procedure involves the decomposition of an organometallic precursor

in a non-polar boiling solvent in the presence of stabilizing agents, such as 1-octadecene, and

oleic acid (OA), at high temperatures. The primary organometallic precursors used in TD

synthesis are metal carbonyls, such as iron oleate, Fe((CO)5), Fe(Cup)3, and metal

acetylacetonates [63,64] . This procedure begins with the decomposition of the iron oleate

complex to form seeds at temperatures ranging from 200 to 240 °C, which then grow into NPs in

the presence of an appropriate stabilizing agent at higher temperatures between 260 and 290 °C.

Tuning reaction time, temperature, heating rate, and the molar ratios between the solvents and

reducing agents significantly impact the particles' size and morphology [62,65].

Even though the NPs created by the TD method has excellent dispersibility in non-polar

solvents, their hydrophobic property limits their application. As a result, further functionalization

is required to switch their phases from hydrophobic to hydrophilic and make them useful in

biomedical fields. Other disadvantages of this method are complicated procedure, high cost,

extremely high temperature, and difficulty for producing a large particle yield [64,66].

1.7. Hydrothermal

The hydrothermal route is the third method for making NPs. Typically, the reaction

mixture of metal salts, ethylene glycol, and PEG is stirred to form a clear solution, then sealed in

a Teflon autoclave under a high vapor pressure of (0.3 to 4 MPa) and heated and kept at
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temperatures between 130 to 250 °C over a long time (~ 8 h). The use of an appropriate solvent

mixture and varying parameters such as temperature and reaction time all play an important role

in formation of NP and size control [67] . However, the scale-up in this method is difficult and

limited to producing NPs with a small size of less than 10 nm [48,66].

1.8. Synthesize of gold nanorods

There are different methods to synthesize GNRs, including the template, electrochemical,

photochemical, and seeded growth methods [36,39,68] . The latter is regarded as one of the most

typical approaches to preparing GNRs, due to is simplicity, flexible manufacturing of GNRs with

different aspect ratios, low synthesis times, and fairly monodisperse [69,70] . This manufacture

was first proposed in the 1920s [71] since then, several studies were performed using the same

technique with only some modification to obtain the desired GNRs. The principal basis of this

process is the formation of seed solution through the reduction of HAuCl4 in the presence of a

ligand like cetyltrimethylammonium bromide (CTAB) with cold sodium borohydride. The next

step is a growth solution made up of tetrachloroauric acid (HAuCl4) reduced by ascorbic acid,

CTAB, and silver nitrate. Following that, a defined amount of gold seeds added to the growth

solution serves as nucleation sites for the formation of NRs [69,70]. It should be noted that CTAB

as a cationic surfactant micelle is proposed to govern growth of NPs and enhance the stability of

the GNRs. In this synthesis, the number of parameters such as the concentration of CTAB, the

reaction time, temperature, amounts of silver nitrate, and gold seed should be chosen properly.

For example, the function of silver nitrate is to adjust the aspect ratio (size) which influences the

longitudinal band of GNRs, while the transverse band remains unchanged. To elaborate,

changing the aspect ratio by silver nitrate causes a red shift in the longitudinal band from visible

to NIR regions, which is very beneficial for in vivo applications [18,37,40,44].

1.9. Biomedical applications of IONPs

MNPs due to their remarkable physicochemical properties have attracted significant

interest in various biomedical applications. For example, superparamagnetic NPs have been

widely used as promising contrast agents in diagnostic applications such as MRI, magnetic

particle imaging (MPI), and MMUS [16,72–75] . In addition, their potential in therapeutic
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platforms like MH and drug delivery has also been promoted in recent decades [76,77]. A

schematic illustration of various biomedical applications of MNPs is depicted in Figure 1.5.

This thesis will provide a brief explanation of MMUS and MH.

Figure 1.5. A schematic representation of MNPs-based diagnostic imaging techniques and therapeutic

applications, taken from Lage T et al. [78].

1.9.1. Magneto-motive ultrasound imaging

MMUS imaging, a combination of magnetism and ultrasound, is proposed to overcome

the poor contrast of stand-alone ultrasound imaging for the localization of MNPs [10] . This

technique is one of the recent imaging modalities that benefits from superparamagnetic NPs as

contrast agents to visualize molecular and cellular levels through ultrasound imaging while

providing viscoelastic properties within the tissue filled with MNPs [79,80] . This approach applies

an external time-varying magnetic field to move a magnetically labeled tissue. In other words,

the interaction between an external magnetic field gradient with the MNPs leads to a magneto-

motive force. The magneto-motive force acting on the movement of MNP in the direction of the

magnetic field gradient is described by the Equation (1.2):

MNPs
Fluorescence Imaging

Photoacoustic Tomography (PAT)

Single-photon
emission computed
tomography (SPECT)
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Radio-Chemotherapy

Photothermal therapy (PTT)
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Where χnps is the MNP magnetic susceptibility, Vnps is the volume of MNPs, B0 is the magnetic

flux, and µ is the relative permeability of the medium. Therefore, the force acting on the MNPs

is linearly proportional to the magnetic susceptibility, the volume of MNPs, and the magnetic

field magnitude on the z-axis [10,75]. Optimizing any of these factors will enhance the induced

displacements and, subsequently, the contrast of MMUS, which is the aim of this thesis.

However, it should be noted that the displacement will only be linear if the magnetization

remains in the linear region of the magnetization curve. Because after MNPs reach saturation

magnetization, any increment of the magnetic field will not lead to a significant enhancement in

the magnetization of the material.

1.9.2. Magnetic hyperthermia

Magnetic hyperthermia has gained much attention as one of the most efficient localized

forms of therapy. When MNPs are excited by an altering current (AC) magnetic field,

electromagnetic energy is converted into heat, and this heating ability can kill cancer cells.

Because tumor cells have a higher metabolic rate than healthy cells, they are more susceptible

to heating. Thus, when tumor cells are exposed to an alternating magnetic field, their

temperature rise to 42-46 °C, significantly reducing cancer cell viability [12,76]. In MH, thermal

energy upon excitation results from either relaxation mechanisms such as Neel/Brownian or

hysteresis losses, which is associated with the shift of domain walls. Neel relaxation refers to

the rotation of the magnetic moment of MNPs and is visualized in Figure 1.6. The Neel

relaxation is expressed as [81]:

)exp(0 


b

m
N

KV


 (1.3)

Where �0 is the attempt time, equating to 10−9 s, K is the anisotropy constant; and its given

values in the literature range from 7 to 20 KJ/m3, Vm is the particle volume, b is the Boltzmann

constant, and T is the absolute temperature. Brownian relaxation, another mechanism responsible
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for heat generation, is related to the physical rotation of particles (when the entire particle

rotates) and can be described by [82]:




b

h
B

V

 3 (1.4)

Where η and Vh are the viscosity of the medium and the hydrodynamic particle volume,

respectively. Each of these mechanisms is highly dependent on the size and composition of

MNPs. More specifically, for single-domain superparamagnetic NPs, Neel and Brownian

relaxations are the leading causes of heating (until the size of MNPs is smaller than 20 nm),

whereas the ferromagnetic materials are attributed to hysteresis losses. Thus, Brownian

relaxation governs larger particle volumes and lower viscosities, whereas viscous solutions and

small NPs are directed by Neel relaxation [83,84].

Figure 1.6: Brownian (the rotation of the entire particle) and Neel relaxation (the rotation of the magnetic

moment within the particle) phenomena in superparamagnetic NPs, taken from Chang D et al. [85].

Depending on the particle core and hydrodynamic sizes, the Brownian and Neel relaxation

performances occur at different time scales. Effective relaxation time can be given by [81]:

Multi-domain
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1.10. Biomedical application of gold nanorods
1.10.1. Photoacoustic imaging

Photoacoustic imaging (PAI) is a non-invasive hybrid imaging modality that contains an

excellent temporal resolution of ultrasound imaging and contrast of optical imaging [86] . In this

technique, a target is typically irradiated with a laser pulse (with a duration of ns) during PAI,

which causes local temperature increases due to light absorption, the creation of a temperature

gradient, and resulting in a subsequent thermoelastic expansion in the medium, generating

acoustic waves, that are detected using a US acquisition. GNRs are highly desirable for use as

PAI contrast agents due to their tunable resonance in the NIR spectrum and a very high

absorption cross-section [87–89] . In addition, in PAI, GNRs generate higher optical absorption

when compared to background tissue. Thus, highly localized, and targeted regions of interest can

produce a higher PA emission signal. Optical imaging alone does not provide sufficient

resolution in deep tissue due to optical scattering. However, PAI can reach much deeper into

tissue and provide greater contrast, making it a potential system for diagnostic and therapeutic

platforms such as cancer imaging (e.g., breast tumor detection), and its integration with other

imaging modalities such as MMUS or photothermal therapy [90,91].

1.11. Motivation and scope of thesis

In this PhD thesis, we sought to develop multifunctional NPs, carry out all the required

characterization, and examine their potential to be employed in biomedical applications. More

specifically, our first purpose was to manufacture bare iron oxide NPs and coated by PEG with

excellent physiochemical properties. In this regard, we used an optimized coprecipitation method

to create bare MNPs with high stability, relatively high saturation magnetization, uniform size,

and almost no aggregation for biomedical applications. Following that, PEG as a ligand was used

to improve colloidal stability and biocompatibility, both of which are critical factors to consider

before applying in vivo.
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Our second aim was to prepare hybrid NPs with magnetic and optical properties. We

suggested a mixture of Ci-MnFe2O4 and CTAB-GNRs with opposite surface charges because

plasmonic and superparamagnetic NPs have received a lot of attention due to their attractive

features in nanomedicine. Thus, the potential of this hybrid NPs in magneto-optical imaging and

thermal therapy was verified. Next, we synthesized small and highly stable IONPs coated with

sodium citrate and OA using coprecipitation and thermal decomposition methods, respectively,

and estimated their properties. Furthermore, to improve the biocompatibility of CTAB-

coated GNRs, further functionalization with silica shell was performed, as well as some

characterizations.

1.12. Thesis outline

In this work, multifunctional NPs were synthesized and characterized, and they were

found to be a promising candidate for biomedical applications. This thesis is divided into three

major chapters, the second and third of which contain papers that have been published (paper 1,

paper 2). Chapter 4 presents preliminary findings from PhD project that will be investigated

further by members of our groups. The thesis is structured as follows:

Chapter 2 describes Uniform size PEGylated iron oxide nanoparticles as a potential

theranostic agent synthesized by a simple optimized coprecipitation route. This work was

published in the Journal of Magnetism and Magnetic Materials (JMMM).

Chapter 3 reports Hybrid Nanoparticles of Citrate Coated Manganese Ferrite and Gold

Nanorods in Magneto-optical Imaging and Thermal Therapy. This work was published in the

Journal of Nanomaterials.

Chapter 4 presents the initial investigation of OA and citrate coated IONPs via thermal

decomposition and coprecipitation methods, respectively. Also, CTAB-GNRs was synthesized

and overcoated by silica shell to enhance their biocompatibility and thermal stability for future

investigation. Lastly, the cell viability of PEG-MNPs was assessed on the mammalian B16-F10

cell line.
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Chapter 2: Uniform size PEGylated iron oxide nanoparticles as a

potential theranostic agent synthesized by a simple optimized

coprecipitation route

Abstract

Iron oxide nanoparticles, due to their unique intrinsic magnetic properties, have attracted

significant interest in biomedical applications. Therefore, the optimization of Magnetic

Nanoparticles (MNPs) properties has always been the center of attention. For example,

controlling the size of MNPs and enhancing their stability are the two most important parameters

for biomedical applications that must be considered using an appropriate synthesis method. In

this study, we synthesized bare magnetite NPs via an optimized coprecipitation route, followed

by a post-synthesis procedure to coat them with polyethylene glycol (PEG). The synthesized

MNPs presented optimized physiochemical properties, such as high stability, uniform size,

relatively high saturation magnetization, and the absence of aggregation. The X-ray diffraction

results revealed the high crystallinity of MNPs. Fourier transform infrared studies confirmed the

surface modification of particles with PEG. Moreover, an in vitro biological assay on the

bacterial strain of Escherichia coli (E. coli) Rosetta (DE3) demonstrated low cytotoxicity and no

evident cytotoxicity for bare MNPs and PEG-MNPs, respectively at a high concentration (0.5

mg/mL). Lastly, the potential of these MNPs was investigated as theranostic agents in

magnetomotive ultrasound imaging (MMUS) and magnetic hyperthermia (MH). Based on the

obtained results, both MNPs demonstrated the same performance in MMUS; however, PEG-

coated MNPs showed a higher heating efficiency. These results show the great potential of the

particles to be used as theranostic agents or other biomedical applications owing to their high

saturation magnetization.
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2. Introduction

Over the last decades, nanotechnology has embraced multidisciplinary research such as

industry, engineering, biotechnology, environmental science, and nanomedicine [1–3]. In

nanomedicine, for instance, various nanomaterials have been proposed for theranostic

application. As an example, iron oxide nanoparticles (IONPs) are considered one of the most

promising nanostructures due to their unique physicochemical properties, such as

superparamagnetic behavior, chemical stability, biocompatibility, etc. [4–6]. In biomedical

applications, the surface modification of Magnetic Nanoparticles (MNPs) is an essential

parameter since naked IONPs tend to aggregate rapidly, hence losing their colloidal stability. In

addition, due to their high chemical activity, surface oxidation may occur, affecting their

magnetic properties. Thus, appropriate, and biocompatible surfactants/ligands are required to

obtain hydrophilic MNPs, which are stable against agglomeration under different conditions [7].

Various polymer molecules, surfactants, or inorganic materials such as polyvinylpyrrolidone

(PVP), poly (vinyl alcohol) (PVA), polyethylene glycol (PEG), silica, citric acid, dextran,

cetrimonium bromide (CTAB), etc. have been suggested to improve the colloidal and chemical

stability of MNPs [8–10]. Among all, PEG is one of the most frequently used surface coating

agents for IONPs owing to its very high biocompatibility, hydrophilicity, prolonging the

circulation time of MNPs, and enhancing the colloidal stability [11–13]. Therefore, due to its

excellent properties, MNPs coated by PEG have been used in diverse applications [14–16].

Several synthesis methods have been utilized to manufacture IONPs, including

coprecipitation, thermal decomposition, hydrothermal, microemulsion, and sonochemical

synthesis [17,18]. However, among all, coprecipitation is one of the most popular and highly

efficient, being the simplest, the most cost-effective, nontoxic, and high-yield for largescale

synthesis of IONPs [7,17,19]. However, compared to thermal decomposition as the gold standard

method for producing monodisperse nanoparticles [18,20], coprecipitation has some

disadvantages, such as the presence of aggregation, difficulty in tuning the size and shape of the

particles, and the broad size distribution of the products. Nevertheless, due to its simplicity and

efficiency, especially for the mass production of IONPs, a huge number of studies has been

reported on optimizing the reaction parameters in this method to improve the quality of the

resultant nanoparticles [7,21–25]. This includes the reaction temperature, the use of different iron
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salts or bases, the molar ratios between the starting materials, the pH value, the dropping speed

of base/salt solution, the ionic strength of the media, using different surfactants, and the stirring

rate [21]. Although using a surfactant or size selection process has shown that coprecipitation

can lead to obtaining narrow size distribution IONPs [26], most of the surfactant-free routes

resulted in aggregated and/or broad size distribution nanoparticles. In addition, unless in a few

cases where the entire reaction flow is controlled, reproducibility of the reaction is very difficult

[27]. This can greatly affect both the size and magnetic properties of the resultant particles.

Despite several promising progresses in exploring the effect of synthesis parameters, in most

cases, addressing the issue of aggregation, non-uniformity, and/or very low saturation

magnetization (typically between 30 and 50 emu/g [25]) in the resultant MNPs is still

challenging. Sun et al. [28] by using the reaction temperature of 50 ◦C, adding the iron salts to

ammonium hydroxide with a flow rate of 9 mL/ min, and stirring the reaction at 900 rpm,

obtained MNPs with sizes ranging from 8 to 20 nm. The saturation magnetizations of their

MNPs were between 41.60 and 49.24 emu/g. The IONPs synthesized by Mahdavi et al. [29] had

sizes between 8 and 17 nm and saturation magnetizations ranging from 58 to 81 emu/g, where

the optimal conditions were 45 ◦C as the reaction temperature, 800 rpm as the stirring rate, and a

pH of 11. Kim et al. [30] added the iron source dropwise into an alkali source (NaOH) under

vigorous mechanical stirring (2000 rpm) for 30 min at room temperature and passed nitrogen

through the solution media to avoid undesirable oxidation of Fe2+. According to their results, the

synthesized MNPs demonstrated superparamagnetic behavior with a magnetization saturation of

42 emu/g and a diameter of 7.2 nm. Hans-Christian Roth et al. [31] synthesized IONPs of

various mean sizes (3–17 nm) and saturation magnetizations from 16.7 to 89.19 Am2kg. They

investigated the influence of different parameters, such as alteration in reaction temperature, the

concentration of iron salt, and the ratio of Fe3+/Fe2+, while maintaining a constant injection flow

of 150 mL/min iron salt to NaOH solution. Results showed that the concentrations of iron salt

and ratio of Fe3+/Fe2+ had a linear relationship with particle size, however, the synthesis

temperature had almost no effect on particle size. Li et al. [25] examined the addition of citric

acid in different reaction stages, where the iron salts were added dropwise to NaOH at 80 °C

with vigorous mechanical stirring for 15 min. They also studied the effect of temperature on the

adsorption of citric acid on the surface of the MNPs in a two-step synthesis process. They found

that the mean core sizes can vary from 6 to 13 nm depending on the stage of adding citric acid
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and decrease in temperature resulted in increasing the hydrodynamic size from 52.9 to 132.9 nm

on MNPs with the core size of 13 nm. The saturation magnetization of the IONPs in that study

varied between 40 and 51 emu/g. In the present study, we aimed to obtain reproducible and

biocompatible magnetite nanoparticles with a narrow size distribution, aggregate-free, and

relatively high saturation magnetization, which can efficiently act as theranostic agents (i.e., in

magnetomotive ultrasound imaging (MMUS) and magnetic hyperthermia (MH)). The molar

ratios of starting materials for synthesizing bare IONPs were adapted from a previous study [7],

but several other parameters were modified to obtain the optimized MNPs. To do so, several

attempts were made to achieve the optimal synthesis condition for such particles. Mainly, four

parameters, including the flow rate of adding the base solution to the iron salts (from 2 to 6

mL/min), the temperature of the reaction (from room temperature up to 90 °C), the stirring rate

(from 200 to 1000 rpm), and the reaction time (2–10 min) were examined. Finally, we reached

an optimal condition to synthesize bare MNPs: using 750 rpm, 6 mL/min, 80 °C, and 5 min as

stirring rate, flow rate, reactions temperature, and time, respectively. Then, in a post-synthesis

procedure, the obtained IONPs were successfully coated by PEG. Furthermore, both bare and

coated IONPs were characterized using different techniques, including dynamic light scattering

(DLS), zeta potential, transmission electron microscopy (TEM), magnetic separation (SEPMAG),

vibrating sample magnetometer (VSM), and attenuated total reflection (ATR). In addition,

biological studies were also conducted on these IONPs using the bacterial strain of Escherichia

coli (E. coli) Rosetta (DE3).

2.1. Materials

The chemical reagents ferric chloride hexahydrate (FeCl3.6H2O) and ferrous chloride

tetrahydrate (FeCl2.4H2O) were purchased from Sigma Aldrich. Ammonium hydroxide (NH4OH;

27%), polyethylene Glycol (PEG-average mol. wt. 1500 Da), and hydrochloric acid (HCl; 37%)

were purchased from Synth. All the materials were used as received without any purification.

2.2. Methods
2.2.1. Preparation of MNPs

Since the goal was to synthesize magnetite nanoparticles, the molar ratios were used

based on stoichiometric magnetite structure (Fe3O4). The ratios of starting materials for
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synthesizing bare IONPs were adapted from a previous study [7], where the resultant particles

showed a relatively high saturation magnetization. However, to improve the particles’ shape, size,

and distribution while reducing the aggregation, several modifications were performed in the

synthesis route compared to Arsalani et al. study [7]. In a typical reaction, first, 6.75 g of

FeCl3.6H2O was dissolved in 25 mL of pure water from a Milli-Q system, and 3.97 g of

FeCl2.4H2O was dissolved in 10 mL of an aqueous solution of hydrochloric acid (5.45 M). Then,

a 1.28 M NH4OH aqueous solution was prepared (2.5 mL NH4OH in 47.5 mL pure water). The

pH of the NH4OH solution at room temperature was 11. Subsequently, this ammonia solution

was heated up to 80 °C for 10 min on a hot plate, and its pH was decreased to 10.2. At the same

time, using a heating mantle connected to a temperature controller (Novus, N1030) in a three-

neck round-bottom flask, a mixture of 4 mL iron (III) chloride and 1 mL iron (II) chloride

solution was also heated up to 80 °C. When both solutions reached 80 °C, the heat sources were

turned off, and immediately the base solution was injected into the iron sources mixture

dropwise using a syringe pump with the flow rate of 6 mL/min. The ammonia solution was

added under mechanical stirring (750 rpm) using a mechanical homogenizer (Mod. 713, 713 D).

After completing the injection of the base solution, the reaction media was stirred for additional

5 min. Upon starting the base injection to the iron sources, the color gradually changed from

light brown to dark brown and finally to dark black after finishing the additional 5 min of stirring.

The reaction medium was then transferred to a beaker and placed in an ultrasonic bath for 30 min.

Finally, the IONPs were precipitated with a strong permanent magnet with a magnetic field

strength of 300 mT. After discarding the supernatant, the IONPs were re-suspended in ultra-pure

water. This washing process was carried out several times until the colloidal dispersion reached a

pH of 6.5 (the pH of the water from Milli-Q system). After the last washing, the MNPs were

dispersed in 40 mL, half of which were stored for characterization and the other half were used

for functionalization with PEG. A schematic illustration of the synthesis setup is shown in Figure

2.1.
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Figure 2.1. Schematic setup for preparing the MNPs. (A), (B), (C), and (D) are the syringe pump, the

mechanical stirring system, the digital thermometer, and the heating mantle, respectively.

2.2.2. Functionalization with PEG

The bare IONPs were separated from the dispersion using a permanent magnet, and the

water was decanted. Then, the surface modification of MNPs was conducted by adding a 6 wt%

aqueous solution (10 mL and pH 6.8) of PEG to the particles. Following, the solution was mixed

and sonicated for 8 min with an ultrasonic processor (Fisher Scientific, Pittsburgh, PA, USA).

The ultrasonic processor was set with 20% amplitude and 5 s ON/15 s OFF cycle. To remove the

unbounded PEG molecules from the dispersion, the final product was washed several times with

ultra-pure water until it reached the pH of ultra-pure water. Finally, a portion of the sample was

dried in an oven at 32 °C and under vacuum overnight for characterization. The rest of the

sample was stored in refrigerator for further uses.

2.3. Characterization of MNPs and PEG-MNPs

Dynamic light scattering (DLS) was employed to measure the hydrodynamic diameters

and zeta potential of MNPs by a fixed angle (173◦) and an Nd: YAG laser (532 nm) using a

Zetasizer Nano ZS (Malvern-UK). For this, the samples were dispersed in deionized water from

a Milli-Q® system (resistivity 18.2 MΩ.cm. pH 6.5). The core size and morphology of bare and

(A)

(B)

(C)

(D)
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coated MNPs were studied by transmission electron microscopy (TEM) using a JEOL-JEM-100

CXII unit with an accelerating voltage of 100 kV. For TEM samples, a droplet of the colloidal

dispersion was placed onto a copper grid and dried at room temperature. The mean diameters

were calculated from the TEM images using ImageJ software by measuring 900 particles per

sample. The histograms of TEM images were then plotted using origin software. X-ray

diffraction (XRD), D5005 Diffractometer, Bruker, analysis was conducted to study the crystal

structure of the MNPs using X-ray beam nickel-filtered copper K radiation (λ = 1.5406 Å) in the

range 10° < 2θ° < 70°. Furthermore, an attenuated total reflectance (ATR) accessory coupled to a

Fourier-transform infrared spectrophotometer (FTIR) in a measurement range of 4000–400 cm−

1 was used to verify the surface functionalization of MNPs. Moreover, a magnetic separation

system (SEPMAG, Barcelona, Spain) having a magnetic field gradient of 15 T m− 1 was used to

examine the magnetophoretic behavior (motion of MNP in an inhomogeneous magnetic field) of

samples. In addition, the magnetic properties of the particles were investigated by a vibrating

sample magnetometer (VSM, EG&G Princeton Applied Research Magnetometer) at room

temperature and on powder samples. Furthermore, thermal analyses (TGA) of the samples in

powder form were conducted from room temperature to 600 °C under a N2 atmosphere and with

a heating ramp of 10 °C/min using TGA Equipment (Model SDTQ600-TA Instruments). Lastly,

the biocompatibility of the synthesized MNPs was examined using the bacterial strain of E. coli

Rosetta as a preliminary test. More details about bacterial growth rate on used IONPs are

described in the following section.

2.4. Cell culture and bacterial growth rate

E. coli bacterial strain Rosetta (DE3) was used to perform cytotoxicity assays. A single

colony was inoculated in 10 mL of liquid Luria broth (LB) in the presence of 34 μg/mL of

chloramphenicol, growing overnight at 37 °C and shaking at 200 rpm. The pre-inocula was

diluted with the same LB medium containing the antibiotic to reach an optical density (OD) at

600 nm (OD600) of 0.01–0.02 using the NanoDrop 2000 spectrophotometer (Thermo Fisher

Scientific, US). The bacterial solution was transferred to 250 mL Erlenmeyer flasks and mixed

with the appropriate concentration of magnetic nanoparticles to reach the final concentrations of

0.05, 0.1, 0.25, and 0.5 mg/mL in a final volume of 25 mL, with the control solution containing

only bacteria cells. The effect of MNPs concentrations on the bacterial growth rate was studied
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by measuring the OD600 every 2 h of incubation time [32]. The absorbance measurements were

corrected with the absorbance of the solution only containing the nanoparticles. The OD600

versus incubation time was normalized for each sample to calculate the exponential cell growth.

The growth profile was fitted using the Origin 8.0 with the function OD600 = C1et /t0 + C2,

where C1 is the constant amplitude, C2 the offset, and t0 the time constant. All the fits were with a

95% confidence interval [33].

2.5. Gelatin tissue-mimicking phantom preparation

Two cylindrical gelatin/agar tissue-mimicking phantoms were prepared to perform the

MMUS experiment. Each phantom contained a hemispherical inclusion labeled with 0.35 wt%

concentration of bare or PEG-coated MNPs. An aqueous solution of 6 wt% gelatin (GELITA,

Sao Paulo, Brazil) and 3 wt% Agar (HiMedia, Mumbai, India) was prepared and heated to 90 ◦C

for 2 h using a magnetic stirrer to obtain a homogeneous solution [34,35]. Then, the mixture was

cooled down to 45 °C, and 0.4 mL formaldehyde (Synth, Sao Paulo, Brazil) was added. When the

solution temperature reached 36 °C, the gelatin/agar mixture was poured over the inclusion,

which was positioned in the bottom of the mold (20 × 75 mm). It should be mentioned that the

inclusions were also prepared using the same gelatin/agar solution as used for the phantom.

Finally, the phantom was kept in the refrigerator at 5 °C overnight.

2.6. MMUS setup

A pulsed MMUS device based on a discharge capacitor to generate an intense magnetic

field pulse was used. This device is composed of three main stages [36]: Firstly, the charge

circuit stage, which is consisted of a power supply line, converting the VAC to VDC; then, using

this VDC, a capacitor charge circuit based on a half-bridge topology feeds an RC filter with a

variable duty cycle, controlling the voltage value on a capacitor bank. Consequently, the second

stage is to generate a magnetic field using the same capacitor bank, whose terminals are

clamping to a coil (a solenoid with a ferromagnetic core) and a high-speed switching power

device that activates the current pulse. The last stage is a control circuit based on a

microcontroller, managing a USB bus for synchronizing the US acquisition system with the

magnetic excitation [36]. The induced displacement of the phantom internal structure (in the
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order of micrometer) was tracked by a multichannel ultrasound pulse/echo system (Sonix RP +

Sonix DAQ, Ultrasonix) using a cross-correlation algorithm [37]. The maximum magnetic field

applied 2 mm from the tip of the core was 740 mT with a frame rate of 4 kHz. A schematic of

the MMUS setup is shown in Figure 2.2.

Figure 2.2. A schematic of the MMUS setup comprising an ultrasound imaging system, power device,

and coil. The ultrasound transducer was symmetrically placed on the opposite side of the sample.

2.7. Hyperthermia experiments

For magnetic hyperthermia (MH) experiments, a device previously developed in our lab

[38], was used. The sample was placed on a holder inside a solenoid with a diameter of 14 mm

and a height of 87 mm, a configuration that ensures a homogenous magnetic field over the entire

sample volume. The amplitude of the applied magnetic field was 10 mT at 132 kHz frequency.

The concentration of both bare and coated MNPs dispersions was 0.35 wt%. The temperature of

the samples was recorded by a fiber optic thermometer system (Qualitrol NOMAD-Touch Fiber

Optic Monitor). Then, the heating efficiency of the samples was estimated using the specific loss

power (SLP) equation for calorimetric method [39]. Moreover, the intrinsic loss power (ILP) was

calculated to provide a better comparison with the SLP values reported in other studies [40].

2.8. Results and discussion

In this study, multiple syntheses were carried out to obtain reproducible narrow size

IONPs with relatively high saturation magnetization to be used as theranostic agents. Among the
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examined parameters, 6 mL/min, 80 °C, 750 rpm, and 5 min were chosen as the best conditions

for a flow rate of adding a base, reaction temperature, stirring rate, and reaction time,

respectively. These conditions resulted in well-defined size, high stability, and minimum

aggregation in the final product. For example, stirring rates lower or higher than 750 rpm led to

the production of polydisperse or significantly oxidized IONPs (brown color), respectively. At

higher stirring velocities, a large number of bubbles due to the splashing of the reaction solution

occurred. This, in turn, can increase the amount of oxygen in the reaction, as the reactions were

conducted under an air atmosphere. For other parameters, using values other than the optimal

ones, the reaction resulted in the presence of large aggregates, broad size distribution, or very

low saturation magnetization samples. Since our goal in this study was to reach an optimized and

reproducible route to synthesize narrow size IONPs with high saturation magnetization to be

utilized as theranostic agents, rather than unrevealing the effects of synthesis parameters on the

resultant particles, the data related to different synthesis conditions are not presented here. As a

result, only the results related to the characterization and application of IONPs obtained under

ideal conditions are reported. The hydrodynamic size of the samples was examined using DLS

(Figure 2.3). Interestingly, the hydrodynamic size of PEG-coated MNPs and their polydispersity

index (PDI) were reduced compared to bare MNPs. The size of particles and their PDI for bare

and PEG-coated MNPs were 74 and 53 nm with PDI of 0.3 and 0.23, respectively.

Figure 2.3. Hydrodynamic size for bare MNPs and PEG-coated MNPs.
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The TEM images of bare and PEG-coated MNPs and their size distribution histograms

are shown in Figure 2.4. The TEM results showed a homogeneous sphere-like shape in MNPs

with a relatively narrow size distribution. More importantly, no clear aggregation, even for bare

MNPs, was observed in the TEM images. Although the particles have appeared in TEM images

in chain shapes or very close to each other, it is most probably due to the TEM sample

preparation and physical contact and not aggregation. The TEM samples were prepared by a

simple drop casting method, which results in clumps of NPs after drying [41]. Since the coating

was performed in a post-synthesis step, it should not affect the core size but only the

hydrodynamic size. As expected, both samples, considering the errors, have almost identical

core sizes. The mean particle diameters are 23 ± 4.5 and 22 ± 4.7 nm for bare and coated MNPs,

respectively. According to the obtained results, the diameter of NPs measured by DLS was

larger than that of TEM. After coating the particles by PEG, one would expect to observe a

larger hydrodynamic size in PEG-coated MNPs, however, here the opposite trend was observed.

There could be two possible reasons for this observation. First, TEM images only provide

information about the core size of NPs, whereas DLS measures the hydrodynamic size, which

includes the core size and any molecules attached to the surface of the NPs. Larger

hydrodynamic sizes are usually expected, compared to the core size [39,42,43]. Thus, one

possible explanation is that the bare particles bear an electric double layer larger than the PEG-

coated ones due to the counter ions and co-ions adsorption, resulting in a larger hydrodynamic

size. The presence of PEG as a non-ionic surfactant [42–44] at the surfaces might hinder

counter-ion adsorption and reduce the hydrodynamic size. Second, we speculate that in bare

NPs, there was no or minimum aggregation, but probably to some extent agglomeration. The

agglomerated particles can be easily separated using different approaches; they are held by

weak van der Waals or magnetic forces rather than strong chemical bonds in the case of

aggregated particles [45]. The presence of PEG as a non-ionic surfactant at the surfaces can

hinder counter-ion adsorption and, as a result, preventing agglomeration and reducing the

hydrodynamic size. Therefore, a slight agglomeration can cause DLS to identify the bare NPs

as larger particles and report larger sizes.
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Figure 2.4. TEM images and histograms of the particle size distribution for bare MNPs (a) and PEG-

MNPs (b). The scale bar corresponds to 200 nm.

XRD analyses were conducted to examine the crystal structure and size of the bare and

PEG-coated MNPs (Figure 2.5). As it is expected, both samples revealed the same patterns. The

diffraction peaks at 2θ (30.1, 35.5, 43.2, 53.6, 57.1, and 62.7◦) correspond to the (220) (311)

(400) (422) (511) (440) Bragg angles very well-matched with the spinel structure of pure

magnetite (Fe3O4), the JCPDS card no. 85-1436. Using the Scherrer equation [46], the average

crystallite size of both samples was estimated considering the most intense peak (311) in the

XRD patterns. The estimated crystallite sizes of bare and PEG-coated MNPs were 21.5 and 21

nm, respectively. The crystal sizes obtained here are in good agreement with the average size of

TEM images, confirming that the particles are composed of single crystals [29]. In addition,

coating the particles with PEG did not lead to any degradation of the magnetite cores.

(a)

(b)

200 nm

200 nm
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Figure 2.5. XRD patterns of bare MNPs and PEG-coated MNPs.

Evaluating the stability of MNPs is another important characterization before using them

in any biomedical application. Therefore, Zeta potential analysis was employed to estimate the

surface charge of both MNPs. Figure 2.6 shows the excellent Zeta potential values of 41 and 44

mV for bare and PEG-coated MNPs, respectively. According to the literatures [47,48], a Zeta

potential value above ±30 mV indicates high stability in the MNPs dispersions. For bare MNPs

prepared by coprecipitation and using NH4OH, both negative [7] and positive [19,39] Zeta

potentials have been reported. The positive surface charge can be due to the nitrogen binding of

ammonium to metals on the surface of NPs. Due to this positive surface charge in bare MNPs

and the fact that PEG is a neutral/ non-ionic polymer (~0 mV) [42–44], the absorption of PEG

after coating has not affected the Zeta potential of the sample.
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Figure 2.6. Zeta potential of bare MNPs and PEG-coated MNPs.

The FTIR spectra of bare and PEG-coated MNPs are presented in Figure 2.7. The

dominant absorption band at 583 cm− 1 is related to the stretching vibration mode of the Fe–O

bond, indicating that the primary phase in both MNPs is Fe3O4 [49]. However, in nanosized

magnetite nanoparticles, depending on the preparation method, there may be a degree of surface

oxidation to maghemite. The appearance of small peaks around the 583 cm− 1 band may be an

indication of the presence of maghemite on the surface of the particles. Due to this reason, the

possibility of surface oxidation, recalling the samples as iron oxide, seems to be more

appropriate than magnetite. The spectra of bare and PEG coated MNPs have clear differences

that can confirm the successful coating by PEG in MNPs. The wave numbers at 1390 and 1252

cm -1 in the FTIR spectrum of PEG-coated MNPs can be related to the stretching vibration of the

C–O group and 2989 cm -1 corresponding to the C–H stretching band, confirming the presence of

adsorbed PEG molecules on the surface of MNPs [50,51]. The band at the region of 3336 cm− 1

is assigned to the stretching of the OH.
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Figure 2.7. FTIR spectra of bare MNPs and PEG-coated MNPs.

Figure 2.8 provides information about the motion of MNP in a magnetic field gradient

(magnetophoretic behavior). Since the system contains an optical sensor, it measures the changes

in the opacity of the sample over time during the process. Generally speaking, at the beginning of

the separation process (t = 0), the dispersion is a homogeneous distribution of MNPs (having the

maximum opacity), but the opacity decreases as time passes. The time when the opacity is

decreased by 50% (the half separation time) is referred as t50 and is usually used to study the

magnetophoretical behavior of the sample. The magnetophoretic process of both MNPs at the

concentration of 0.2 wt% in water was studied. According to the obtained results, MNPs coated

by PEG showed a longer separation time of t50 = 95.25 s due to a smaller hydrodynamic size than

the bare MNPs (Figure 2.8). In other words, since the hydrodynamic size of bare MNPs is larger,

these MNPs experienced stronger attractive magnetic forces, and their movement along the

magnetic field gradient is faster, resulting in a separation time of t50 = 66.7 s. Wittmann et al. [52]

and Arsalani et al. [53] also reported similar results. In their studies, NPs with larger

hydrodynamic size experienced stronger magnetic force and, consequently faster separation time

compared to the smaller ones, which is in agreement with our results. In addition, the magnetic

force is directly related to the magnetic moment of the particles. The bare MNPs, due to the

absence of the surface coating molecules tend to agglomerate much faster in an applied field.

The presence of these agglomeration in the system means the appearance of larger magnetic

moments, which in turn increases the magnetic force.
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Figure 2.8. The magnetophoretic curve of bare MNPs and PEG-coated MNPs.

Figure 2.9a shows the room temperature M-H curves of the samples in the applied field

of − 10 to +10 kOe, considering the mass of MNPs. The magnetization measurements showed

superparamagnetic-like behavior in the samples with negligible coercivity. Due to the small

remanence field in our VSM device (50–60 Oe), the observed coercivity field in the sample

(around 100 Oe) cannot directly be assigned to the intrinsic properties of MNPs. The saturation

magnetization of the as-synthesized bare MNPs was 66.7 emu/g, which was obtained by

considering the mass of the powder sample used for VSM measurement. However, to calculate

the saturation magnetization of the PEG-coated MNPs, the mass of inorganic matter (PEG)

should be subtracted. Therefore, to determine the amount of PEG absorbed on the surface of the

particles, TGA analyses were conducted on the powder sample (Figure 2.9b). The first derivative

(DTGA) of the TGA data was plotted, and as can be seen, there are three sharp weight losses in

the sample as the temperature has increased. The first weight loss, at temperatures up to 70 °C is

due to the evaporation of the water observed on the surface of the particles from the environment.

The second and third at around 280 and 450 are related to desorption and decomposition of PEG

absorbed on the surface. of the MNPs [54]. In order to estimate the weight fraction of PEG and

ensure not including any weight from the water, we considered the weight loss between 110 and

600 °C. At this range, the weight loss was 9%. Based on this result, the saturation magnetization

of PEG-coated samples was calculated as 70.6 emu/g, which is slightly higher (~4 emu/g) than

the as-synthesized bare MNPs. Interestingly, four months after synthesizing the samples, VSM
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measurements were repeated, and the saturation magnetization of the bare MNPs was reduced to

60 emu/ g. The slight decrease (~6 emu/g) in the bare MNPs can be due to partial surface

oxidation. These results show that PEGylating the MNPs not only prevents or at least defers the

surface oxidation of the IONPs but also may enhance their saturation magnetization to some

extent. It has been shown in several studies [7,18,55,56–59] that surface modification can

significantly influence the magnetic properties of the materials at the nanoscale. The

coordination of ligands to the surface of particles can reduce the surface spine disorder generated

in nanomaterials because of the broken symmetry on the borders, thereby enhancing the

saturation magnetization.

Figure 2.9. (a) Magnetization curves of as-synthesized MNPs repeated after four months of bare and

PEG-coated MNPs measured considering the mass of MNPs, and (b) The TGA and DTGA of PEG-

coated MNPs. Both VSM and TGA were conducted on powder samples.

The last characterization was performed to examine the biocompatibility of the

synthesized MNPs using bacterial cells. This method can be used as a preliminary cytotoxicity

evaluation, which has been widely used in other studies [32,60–64]. According to the results, the

growth rate of the E. coli cells was not affected by low concentrations of MNPs (Figure 2.10). It

is well-known that cell culture has different phases of growth: the lag phase, when the cells start

to grow; the log phase, when the cell growth has an exponential behavior; the plateau, and the

death phase [65]. Therefore, to avoid the influence of the MNPs’ high absorption at 600 nm, the

measurements started 2 h after the cell growth in the presence of MNPs and were performed until

cells started the plateau phase. At this condition, the growth has a low rate and bacterial

(a) (b)
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populations do not increase. Interestingly, we observed a different growth profile for the cell

culture with 0.5 mg/mL of bare MNPs and MNPs coated by PEG, indicating that the bare MNPs

start to be toxic at this concentration (0.5 mg/ mL). Nevertheless, the PEG coating still has a role

in keeping bacteria alive due to its biological compatibility, which is in agreement with the

literature [66,67]. However, it should be taken into account that some parameters can affect the

cytotoxicity of PEG-coated MNPs; for example, the method of synthesizing the MNPs and

coating by PEG, the nature of the cell line, and using a high dosage of PEG [68,69]. Moreover, it

should be mentioned that the cytotoxicity of a less complex cell, as a prokaryotic organism, may

provide some preliminary information about the influence of the MNPs on the cell membrane

since there is no compartmentalization of the cytosolic content inside these types of cells, and

any interference on the membrane integrity would lead to a higher rate of cell death [70]. As the

results suggest, the PEG-coated MNPs have no effect on cell growth, indicating that for the less

complex organisms, we have promising and preliminary data that allows us to perform the

cytotoxicity test using human cells, which is our next step. Meanwhile, some studies [71,72]

have investigated reactive oxygen species (ROS) generation, which is one of the main causes of

nanoparticle-induced cytotoxicity, to supplement the biocompatibility assay. According to these

studies, as our bare and PEG-coated MNPs showed low cytotoxicity and no evident cytotoxicity

behaviors, respectively, it is expected that the sample coated by PEG may either decrease the

formation levels of the ROS or hinder the production of ROS. It is worth mentioning that the

maximum concentration used for diagnostic (MMUS) or therapeutic (MH) applications in this

work was around 0.35 wt%, and based on cytotoxicity results, the bare MNPs can still be

considered safe at this concentration.
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Figure 2.10. Effect of bare MNPs concentration on the E. coli cell growth rates (a) and PEG-coated MNPs

(b). Optical density was normalized for each sample and fitted with an exponential growth function.

Figure 2.11 shows the displacement map of both samples obtained by MMUS imaging in

phantoms embedded with bare, 11(a) and coated MNPs, 11(b). The red color regions present

higher displacements indicating where the MNPs are located. The induced displacements for

phantoms containing either of MNPs were the same (around 14 µm), using a magnetic pulse

width of 6 ms. The magneto-motive force in MMUS imaging that causes the displacements is

directly proportional to the susceptibility and magnetization of the particles at the applied

magnetic field [19,34]. Therefore, based on the obtained results, the presence of PEG as a ligand

preserved the intrinsic magnetic properties of the particles, such that they had the same response

in the applied magnetic field of MMUS imaging. Therefore, both MNPs can be considered

suitable candidates for MMUS.

Figure 2.11. MMUS image of the phantom containing bare MNPs (a) and PEG-coated MNPs (b).

(a) (b)

(a) (b) (b)
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The temperature variation as a function of time for the bare, PEG coated MNPs (both

with the concentration of 0.35 wt% dispersed in water), and water (as a control sample) are

shown in Figure 2.12. SLP was calculated for both samples using the Box-Lucas method [39].

The SLP values were 17 W/g and 27.5 W/g for the bare and PEG-coated MNPs, respectively.

These are corresponded to the ILP values of 2 and 3.2 nHm2 kg− 1 for bare and PEG-coated

MNPs, respectively. Clearly, the PEG-coated MNPs showed a higher heating efficiency than

bare MNPs. One possible explanation is that the presence of the PEG as a surfactant increases

thermal conductivity in the system [41]. Another reason might be due to the changes that

happened by the addition of PEG in the hydrodynamic diameter of the particles, which is directly

affecting the Brownian relaxation time of MNPs [73]. Lastly, the stronger magnetic dipolar

interaction in the bare MNPs compared to the coated ones can be detrimental for their heating

efficiency [39]. Hence, PEG-coated MNPs can be considered a suitable candidate for MH too.

Figure 2.12. Temperature change as a time function for bare MNPs and PEG-coated MNPs.

2.9. Conclusion

To sum up, we optimized some parameters in the coprecipitation method to obtain a

narrow size, relatively homogeneous shape with no or minimum aggregation (at least based on the

TEM images), and relatively high saturation magnetization IONPs in a surfactant-free reaction. In

addition, reproducibility in coprecipitation has long been a significant issue. Although very

simple, the synthesis procedure in the present study led to a highly acceptable reproducibility in
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the morphological and magnetic properties of the particles. The final remark is the high chemical

stability of the particles achieved after coating by PEG, which resulted in preventing or at least

deferring the surface oxidation of the IONPs during the time. In conclusion, both samples

illustrated a high performance as contrast agents for MMUS, and PEG-coated MNPs showed a

higher heating efficiency for MH. Hence, the synthesized MNPs have the potential to be

considered as theranostic agents or used in other biomedical applications due to their optimized

physiochemical properties.
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Chapter 3. Hybrid Nanoparticles of Citrate Coated Manganese

Ferrite and Gold Nanorods in Magneto-optical Imaging and

Thermal Therapy

Abstract

The development of nanomaterials has drawn considerable attention in nanomedicine to

advance cancer diagnosis and treatment over the last decades. Gold nanorods (GNRs) and

magnetic nanoparticles (MNPs) have been known as the most common nanostructures in

biomedical applications due to their attractive optical properties and superparamagnetic (SP)

behaviors, respectively. In this study, we proposed a simultaneous and simple combination of

plasmonic and SP properties to produce hybrid NPs of citrate coated manganese ferrite (Ci-

MnFe2O4) and cetyltrimethylammonium bromide coated GNRs (CTAB-GNRs). In this regard,

two different samples were prepared: the first one was only made of Ci-MnFe2O4 (0.4 wt%), and

the second one contained hybrid NPs of Ci-MnFe2O4 (0.4 wt%) and CTAB-GNRs (0.04 wt%).

Characterization measurements such as UV-Visible spectroscopy and transmission electron

microscopy (TEM) revealed electrostatic interactions caused by the opposing surface charges of

hybrid NPs, which resulted in the formation of small nanoclusters. The performance of two

samples was investigated using magneto-motive ultrasound imaging (MMUS). The sample

containing Ci-MnFe2O4_CTAB-GNRs demonstrated a displacement nearly two-fold greater than

just using Ci-MnFe2O4. Furthermore, the preliminary potential of these hybrid NPs was also

examined in magnetic hyperthermia (MH) and photoacoustic imaging (PAI) modalities. Lastly,

this hybrid NPs reported high stability and an absence of aggregation in water and PBS medium.

Thus, Ci-MnFe2O4_CTAB-GNRs hybrid NPs can be considered as a potential contrast agent in

MMUS, PAI, and heat generator in MH.
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3. Introduction

Nanomaterials have been widely exploited in biomedical applications over the past few

decades [1-3]. As an example, gold nanorods (GNRs) are known as promising candidates due to

their biocompatibility [4], being well-defined in terms of size, and having tunable localized

surface plasmon resonance [5]. As a result of these striking properties, GNRs have attracted

significant interest in light-based imaging modalities and therapeutic techniques such as

photoacoustic imaging (PAI) and photothermal therapy [4, 6-8]. In addition, magnetic

nanoparticles (MNPs) have been extensively used in a variety of applications such as biology

and biomedicine, owing to their unique features [9-17]. Manganese ferrites (MnFe2O4) are one

interesting spinel ferrite NPs among the various mixed ferrites (AFe2O4) with other transition

metal ions (e.g., A = Mn, Ni, Cu, and Zn) due to their biocompatibility, saturation magnetization,

and chemical stability [18-23]. Considering these advantages of MnFe2O4, they are promising

candidates to develop theranostic platforms, particularly in the field of personalized

nanomedicine like magnetic resonance imaging (MRI) [24, 25] and magnetic hyperthermia (MH)

[26-28].

Some researchers have combined the benefits of iron oxide nanoparticles (IONPs) and

GNRs in magnetic and optical/thermal imaging modalities [29-31]. For example, in

photoacoustic imaging (PAI), endogenous chromophores in tissue such as melanin and

hemoglobin can generate a noticeable signal. This reduces the sensitivity of photoacoustic

imaging to identify the desired contrast agent, in other words the region marked with the

plasmonic nanoparticles. As a result, PAI and MMUS can be integrated to overcome this barrier

by combining magneto-plasmonic NPs [29-33]. Qu et al. created liposomes encapsulating IONPs

(Fe3O4) and GNRs as a dual contrast agent for magneto-photoacoustic imaging to improve

contrast in both ex vivo and in vivo studies [29, 32, 34]. Furthermore, the same group suggested

using nanoclusters containing gold nanospheres and IONPs in MMUS imaging to improve the

accuracy of effective photothermal therapy (PTT). More specifically, MMUS imaging can assess

tissue elasticity, which has been identified as a critical parameter in PTT efficiency evaluation

[33]. Although several studies have been conducted using magneto-plasmonic NPs in biomedical

applications, contrast enhancement using citrate coated manganese ferrite (Ci-MnFe2O4) and
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cetyltrimethylammonium bromide coated GNRs (CTAB-GNRs) hybrid NPs in MMUS has not

previously been reported.

In the current study, we suggested a hybrid NP made of Ci-MnFe2O4 and CTAB-GNRs

through a simple combination in which CTAB-GNRs were synthesized using a gold seed-

mediated method [35]. Zufelato et al. [27] manufactured MnFe2O4 coated with sodium citrate via

the coprecipitation route. The interaction of these NPs was investigated using several

characterizations, including a magnetic separation system (SEPMAG), UV-Visible spectroscopy,

transmission electron microscopy (TEM), and attenuated total reflection (ATR). To highlight

their stability in physiological media, the colloidal stability of hybrid NPs in phosphate buffer

solution (PBS) at pH 7.4 (physiological pH) was also studied. Moreover, the performance of

using only Ci-MnFe2O4 and its combination with CTAB-GNRs was investigated in MMUS, as

well as their preliminary potential in the PAI and MH.

3.1. Materials

The chemical reagents used were: cetyltrimethylammonium bromide (CTAB), sodium

borohydride (NaBH4), tetrachloroauric acid (HAuCl4.4H2O), silver nitrate (AgNO3), and L-

ascorbic acid (AA), which were purchased from Sigma, Aldrich, Vetec, and Panreac,

respectively. Milli-Q water was also used for the preparation and washing solutions.

3.2. Methods
3.2.1. Preparation of Ci-MnFe2O4 NPs

Ci-MnFe2O4 NPs were synthesized via the coprecipitation route by Zufelato et al. [27].

The core, crystal, hydrodynamic sizes, and polydispersity index (PDI) of these MNPs were 16.7,

14, 38, nm, and 0.32, respectively. In addition, Ci-MnFe2O4 had a saturation magnetization of

52.54 emu/g (in powder). For further information about MNPs synthesis and characterization,

the reader is referred to the Supplementary Material (Figures 3S1a–c and 3S2).

3.2.2. Preparation of CTAB-GNRs

GNRs coated by CTAB were manufactured in two steps according to the study of Morasso et al.

[35]: Preparation of gold seed NPs and growth solution.

https://www.mdpi.com/2079-4991/13/3/434
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3.2.2.1. Gold seed NPs

Gold seeds were synthesized according to the study by Morasso et al. [35] with only one

modification by replacing hydroquinone (acting as a reducing agent) with AA. First, a 5 ml

tetrachloroauric acid (HAuCl4) solution of 0.5 mM was added to the CTAB solution (200 mM) at

40 °C. Next, 0.6 ml of 10 mM freshly ice-cold sodium borohydride (NaBH4) was added under

vigorous stirring. The mixture’s color changed rapidly to light brown, confirming the formation

of small gold NPs [5, 35]. The stirring was continued for 20 more minutes. A schematic

illustration of the gold seed preparation is shown in Figure 3S3a.

3.2.2.2. Preparation of growth solution

In the next step (the growth solution), we added 55 μL of AA, 200 μL of silver nitrate

(AgNO3) solution (4 mM), and 5 ml of tetrachloroauric acid (HAuCl4) solution (1 mM),

respectively, to 80 mM of CTAB under vigorous stirring. Thereafter, 12 μL seed suspension was

added to the growth solution [35], Figure 3S3b. The mixture was then stirred for 60 minutes. The

color of the solutions changed to light ruby after 20 minutes, indicating the formation of GNRs.

3.2.2.3. Purification of CTAB-GNRs

As mentioned earlier, the GNRs were stabilized by CTAB; therefore, the suspension

containing CTAB-GNRs was centrifuged to remove any excess of CTAB due to its cytotoxicity.

The GNRs were precipitated at the bottom of the solvent after 8 minutes of centrifugation at

7000 rpm (Eppendorf 5415D Microcentrifuge with Rotor F45-24-11). The GNRs were then

resuspended in Milli-Q water, depending on the amount of residue. Finally, the GNR suspension

was kept at room temperature.

3.2.3. Preparation of Ci-MnFe2O4_CTAB-GNRs hybrid NPs

The concentrations of the stock dispersion of CTAB-GNRs and Ci-MnFe2O4 were 0.35

wt% and 3 wt%, respectively. A hybrid NPs dispersion with lower concentration was papered for

both MMUS and MH experiments, such that it consisted of 0.04 wt% CTAB-GNRs and 0.4%

Ci-MnFe2O4 NPs. The MMUS experiments were conducted using samples of 900 μl volume;
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that is, 103 μl of CTAB-GNRs and 120 μl of Ci-MnFe2O4 taken from their corresponding stock

and dispersed in solution of 6 wt% gelatin to reach the final volume of 900 μl. For MH

experiments the samples were prepared by dispersing 66 μl Ci-MnFe2O4 and 57 μl CTAB-GNRs

of the stocks in water to reach the final volume of 500 μl (the same concentration as in MMUS

samples). Prior to the experiments, these hybrid NPs were mixed using a 3D rotation for 24

hours to allow their interactions occur.

3.3. Characterization of NPs

Various techniques were used to characterize NPs. Spectrophotometric analysis in the

visible-near infrared region was used to determine the optical properties that provide information

about the size of the gold seeds and GNRs via the plasmonic band and to investigate the

interaction of Ci-MnFe2O4 _CTAB-GNRs using a UV spectrometer (Ultrospec 2100 pro) with a

resolution of 0.5 nm operating in the wavelength range of 200-900 nm. Furthermore, TEM

measurements were performed on a JEOL-JEM-100 CXII to verify the structure and size of

GNRs, Ci-MnFe2O4, as well as to confirm the electrostatic interaction of hybrid NPs made of

manganese ferrite and GNRs. A droplet of the desired suspension was dried on the copper grid at

room temperature for TEM samples. The ImageJ software program was used to calculate mean

diameters from TEM images (above 200 particles per sample were counted). The Origin®

software was then used to plot the histograms of TEM images.

XRD (D5005 Diffractometer, Bruker) analysis was used to determine the crystalline

properties and phase identification, with X-ray beam nickel-filtered copper K radiation (=1.5406)

in the range 10° < 2θ° < 70°. Next, the hydrodynamic diameter, PDI and zeta potential of NPs

were determined by dynamic light scattering (DLS) and using a Zetasizer Nano ZS (Malvern-

UK). The data was measured at a fixed angle (173°) and an Nd: YAG laser (532 nm). Following

that, an attenuated total reflectance (ATR) accessory coupled to a Fourier-transform infrared

spectrophotometer (FTIR) was used to investigate CTAB molecule binding on the surface of

GNRs, the functionalization surface of MnFe2O4 coated with sodium citrate, and particle

interaction. Next, the magnetic properties of Ci-MnFe2O4 and its combination with CTAB-GNRs

were investigated by a vibrating sample magnetometer (VSM, EG&G Princeton Applied

Research Magnetometer) at room temperature and on powder samples. Then, a magnetic
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separation system (SEPMAG, Barcelona, Spain) was used to verify the interactions between Ci-

MnFe2O4 and CTAB-GNRs. More details about magnetic separation measurement are described

in the following section.

3.3.1. Magnetic Separation

A magnetic separation system was used to measure the separation time of the

abovementioned NPs, which highly depends on particle size distribution [11, 36]. In this study,

we applied a magnetic separation system (SEPMAG) to examine the interaction between Ci-

MnFe2O4 and CTAB-GNRs by measuring the separation time of Ci-MnFe2O4 and Ci-MnFe2O4

_CTAB-GNRs samples, separately.

This system is based on the movement of MNPs under the influence of magnetic field

gradients. This phenomenon is known as magnetophoresis, which is defined by the

magnetophoretic velocities of the MNPs as a result of the separation time parameter [37, 38].

The equipment contains two small cylindrical cavities with a volume of 2 mL and a third with a

larger volume (15 ml). In this device, a homogeneous magnetic gradient of 15 T/m was applied

by permanent magnets to create uniform magnetophoretic conditions for the three cavities. The

magnetic force acting on magnetic particles can be defined as follows [39, 40]:

0
HF m
r





 (3.1)

in which: 0 is the vacuum magnetic permeability constant, H
r




is the radial component of the

magnetic gradient, and m is the magnetic moment of the particle, which is expressed as follows:

34. . . .
3sm R  (3.2)

MS, , and R are the saturation magnetization per unit mass of the colloid, the particle density,

and the particle hydrodynamic radius, respectively. There is also the drag force opposing the

magnetic field motion, which is given by [39]:
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6dF Rv (3.3)

In which: η is the viscosity of the fluid, and v is the velocity of the particles. Therefore, the

particles move toward the walls with a magnetophoretic velocity determined by the balance of

the forces in equations (3.1) and (3.2) [41, 42]:

2.
9

2 .s R
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 (3.4)

It should be noted that this system includes an optical sensor for measuring the

transmitted light, which is produced by a LED array. The opacity of the sample changes over

time during the process [36]. To be more precise, the maximum opacity is observed at the

beginning of the process (t0) due to the solution’s homogeneity. Half separation time (t50), which

is the time when the opacity decreases by 50%, is employed to examine the magnetophoretic

behavior of the samples. A schematic illustration of the magnetic separation process is shown in

Figure 3.1.

Figure 3.1. A schematic top view of the magnetic separation setup has three cavities with a volume of 2

ml for two tubes and 15 ml for the third tube. The red arrows indicate the movement of MNPs under the

influence of magnetic field gradients.

3.4. Gelatin tissue-mimicking phantom

Gelatin/agar tissue-mimicking phantoms were prepared to perform the MMUS and PAI

experiments. This preparation consists of two steps. First, the inclusion was prepared using a

hemispherical mold (1 cm in diameter). To do so, 6 wt% gelatin (GELITA, São Paulo, Brazil)
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was dissolved in deionized water at 25 °C and heated to 70 °C to obtain a homogeneous solution.

When the temperature reached 70 °C, the solution was kept at room temperature and slowly

mixed to cool down to 40 °C; formaldehyde was then added considering 5 wt% of the gelatin’s

mass [43]. Finally, the phantom was placed in the refrigerator for 24 hours [3]. Three different

inclusions were manufactured as follows: the first inclusion was made of only 0.40 wt% Ci-

MnFe2O4, the second was prepared using a hybrid NPs of 0.40 wt% Ci-MnFe2O4_0.04 wt%

CTAB-GNRs, and the last sample was also made of hybrid NPs with the concentration of GNRs

increased to 0.07 wt%. Since this study mainly focused on magnetic applications, low

concentrations of CTAB-GNRs (0.04 and 0.07 wt%) were utilized to investigate their impact

after mixing with 0.40 wt% Ci-MnFe2O4 on the MMUS contrast.

The next step was to assemble phantom backgrounds with a cylindrical mold (7 cm in

diameter and 2.5 cm in height). This phantom was made using the same procedures as previously

mentioned for inclusion preparation [11], but with a single modification of mixing 6 wt% gelatin

with 3 wt% agar (HIMEDIA supplied Bacteriologic CAT. RM026). In this case, the solution was

heated to 90 °C to achieve a uniform mixture. Three samples of each phantom type were created

for a total of six phantoms.

3.5. MMUS experimental setup

The MMUS experimental setup consisted of a coil with 130 turns, an inner diameter of

22 mm, 114.2 µH of inductance, and 217.9 mΩ of DC resistance. A steel core of 20 mm

diameter with a coercivity of 20 A/m was inserted in the center of the coil to enhance and focus

the magnetic field. The tip of the steel core was positioned 2 mm away from the phantom's

central region. The system also included a half-drive inverter to charge the capacitor bank once it

reached the desired voltage. After charging the capacitor, an electronic switching device and the

coil generated the magnetic field pulse. For further information about the MMUS setup, please

refer to Mazon et al. [44]. A multichannel ultrasound pulse/echo system (Sonix RP + Sonix

DAQ, Ultrasonix) was then used to track the induced displacement of the internal structure (in

order of micrometer) by a cross-correlation method [45]. It should be mentioned that the US

acquisition was synchronized with the magnetic excitation through a computer using a LabVIEW

interface. This system operated with a frame rate of 4 kHz, and the magnetic pulse duration
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varied from 4 to 8 ms [44]. The maximum magnetic field applied 2 mm from the tip of the core

was 740 mT. A schematic of the pulsed MMUS setup is shown in Figure 3S-4.

3.6. PAI setup

The PAI measurements were carried out using an Nd: YAG laser (Brilliant B, Quantel)

coupled to an optical parametric oscillator (MagicPRISM, Opotek). The optical beam was

delivered to the phantom via a trifurcated optical fiber bundle (77536, Newport) attached to a

linear L14-5/38 ultrasound transducer (Ultrasonix Medical Corp, Richmond, Canada). A parallel

acquisition module (SonixDAQ, Ultrasonix) was used to collect PA data [46]. GNRs are

commonly used as photo-absorbers in PA due to their excellent optical absorption property; the

first phantom was made using only a low concentration of CTAB-GNRs (0.04 wt%). The second

and third phantoms contained 0.4 wt% Ci-MnFe2O4, and hybrid NPs of 0.4 wt% Ci-MnFe2O4

_0.04 wt% CTAB-GNRs, respectively, similar to those used for MMUS. Thus, the potential of

hybrid NPs for PAI was examined. For each phantom, 49 frames were acquired and averaged to

obtain the PA images using the optical wavelength of 750 nm, corresponding to the longitudinal

absorption peak of the CTAB-GNRs. The laser energy level was recorded to compensate for

pulse-to-pulse variation, and the beam mean energy at the phantom surface was 10.30 ± 0.37 mJ,

10.23 ± 0.38 mJ, and 9.71 ± 0.39 mJ, for phantoms 1, 2, and 3, respectively.

3.7. MH experiments

This experiment was conducted using a homemade MH system [47]. The applied

magnetic field had a sinusoidal and continuous profile with an amplitude of 10 mT at 132 kHz.

Three samples containing Ci-MnFe2O4 (0.4 wt%) and the hybrid NPs of Ci-MnFe2O4 (0.4 wt%)

_CTAB-GNRs (0.04 wt% and 0.07 wt%) were dispersed in Milli-Q water and positioned on a

holder inside a solenoid. The diameter and height of this solenoid are 14 and 87 mm, respectively,

and it can generate a homogeneous magnetic field across the entire sample volume. A fiber optic

thermometer system (Qualitrol NOMAD-Touch Fiber Optic Monitor) was used to record the

temperature of the samples [47-49]. Moreover, the power dissipated and converted into heat by

both samples was calculated using the specific loss power (SLP) expression as shown below [48,

50]:
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The Box–Lucas equation was used to fit the results of temperature versus time, according to the

reference [50, 51] in which: Cnp is the volume-specific heat capacity of the sample, mnp is the

MNPs mass, mw is the mass of the dispersion (which is water), and Cw is the specific heat

capacity of water. In addition, the intrinsic loss power (ILP) was also calculated to provide a

better comparison with the SLP values reported in other studies [49].

3.8. Results and Discussion

UV-Vis/near-infrared measurements of gold seeds were conducted to confirm the

formation of gold seeds (3S-5a). Their size should be small (around 5 nm) to ensure that gold

seed NPs could be used in the following procedure (growth solution). As a result, no plasmonic

peak was expected to be observed in the range of 500 to 520 nm (3S-5a). In addition, the TEM

image showed the generation of gold seeds with spherical morphology and a size of about 5 ± 1

nm (see 3S-5b), which agrees with the literature [35].

Furthermore, the UV-Visible spectra of CTAB-GNRs revealed transverse and longitudinal

plasmon bands at 515 and 744 nm, respectively, providing information about the size and shape

of GNRs (3S-6a). The TEM image of GNRs depicted that they are rod-shaped and uniform in

size, Figure 2. The average length and width of CTAB-GNRs were 42.3 ± 4.1 nm and 15.31 ±

1.5 nm, respectively, with an aspect ratio of 2.76 (3S-6b, c).

Figure 3.2. TEM images of CTAB-GNRs in the scale bare of 100 nm.

100 nm
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In this study, hybrid NPs containing 0.4 wt% Ci-MnFe2O4 and 0.04 wt% CTAB-GNRs

were thoroughly investigated as follows. However, as another example, partial results of 0.4 wt%

Ci-MnFe2O4 and 0.07 wt% CTAB-GNRs are presented here such as hydrodynamic size, Zeta

potential, MMUS, and MH. The UV-Visible measurement was then carried out to confirm the

interactions between CTAB-GNRs and Ci-MnFe2O4. The normalized spectrum of the suspension

containing CTAB-GNRs, Ci-MnFe2O4, and hybrid NPs is shown in Figure 3.3.

The longitudinal peak of CTAB-GNRs can be seen at 744 nm, while the plasmonic band

of GNRs showed a redshift to 764 nm after mixing with Ci-MnFe2O4. The band at 764 nm is

related to the GNRs, revealing a redshift of the plasmonic band, which has a broader peak upon

interaction with the Ci-MnFe2O4. Other studies have reported similar results [29, 32].

Furthermore, a small absorption peak at around 650 nm was observed for hybrid NPs (blue

curve), that could be due to the formation of clusters, which decreases the extinction coefficient

because of the presence of larger particles. As a result, the plasmonic intensity of the dipole

mode decreases, making the plasmonic band of the GNRs with smaller aspect ratios more

noticeable, which was previously embedded/hidden by the high intensity longer wavelength

dipolar plasmon band [52-54].

.

Figure 3.3. UV-Vis-NIR absorbance spectra of the solutions include GNRs (black), Ci-MnFe2O4 (red),

and Ci-MnFe2O4 _CTAB-GNRs hybrid NPs (blue).
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Figure 3.4a and b show TEM images of the interaction between Ci-MnFe2O4 _CTAB-

GNRs hybrid NPs (red circles). Since the GNRs coated with CTAB had a positive surface charge,

and the manganese ferrite stabilized by a capping agent of citrate had a negative surface charge,

it was expected to generate an electrostatic attraction between these NPs (red circles). These

results agree with the study by Truby [55], which showed excellent decoration of TREG SPIONs

(positive charge) around the surface of the GNRs (negative charge) owing to charge affinity. In

addition, small nanoclusters of Ci-MnFe2O4 were formed (yellow rectangular) after adding

CTAB-GNRs to Ci-MnFe2O4 due to a charge imbalance in the medium. As expected, only a few

CTAB-GNRs are observed compared to Ci-MnFe2O4 in the TEM images of hybrid NPs (Figures

4a and b). The reason could be the low amount of CTAB-GNRs used (0.04 wt%), while the

concentration of Ci-MnFe2O4 used was much higher (nearly ten times greater (0.4 wt%) than

CTAB-GNRs) in this study. Thus, more Ci-MnFe2O4 compared to CTAB-GNRs were expected

to be observed in TEM images. The average particle size of nanoclusters was estimated to be

around 48 ± 12 nm, Figure 3.4c.
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Figure 3.4. TEM images of nanoclusters of 0.4 wt% Ci-MnFe2O4 _0.04 wt% CTAB-GNRs hybrid NPs,

in a scale bar of 200 nm.

Zeta potential was used to analyze the stability of the employed NPs (Table 1). GNRs

coated with CTAB and MnFe2O4 capped with sodium citrate reported a Zeta potential of + 41

mV and – 43.5 mV, respectively, indicating that the nanoparticle surfaces were adequately

coated and produced stable colloids, Table 1. After combining different concentrations of

CTAB-GNRs with Ci-MnFe2O4, they maintained good stability at -30.4 mV and -31.1 mV.

Following the classical colloidal theory, suspension stability can be interpreted as the balance

between repulsive forces (with electrostatic origin) and attractive forces (generally associated

with van der Waals interactions) [56]. The Zeta-potential values found for individual NPs (i.e., +

41 mV and – 43.5, respectively, CTAB-GNRs and Ci-MnFe2O4) correlate with a sufficient

repulsive force to attain better physical colloidal stability. When these two particles interact, the

net charge of the hybrid NPs decreases, and the electrostatic repulsion weakens [57]. This

condition favors attractive forces to dominate the interaction between individual NPs of the

a b

c
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hybrid NPs, reducing the electrostatic stability (Zeta-potential = -30.4 mV and -31.1 mV for

0.4wt% CiMnFe2O4 _0.04 wt% CTAB-GNRs and 0.4 wt% CiMnFe2O4_0.07 wt% CTAB-GNRs,

respectively). Also, the stability of hybrid NPs of 0.4 wt% Ci-MnFe2O4_0.04 wt% CTAB-GNRs

was repeated after 6 months, and it maintained its stability (-31.6 mV) with no sedimentation.

The colloidal stability of both hybrid NPs dispersed in PBS at pH 7.4 (physiological pH) was

also investigated [58]. Surprisingly, in PBS buffer with pH 7.4, these hybrid NPs show high

stability (Table 1), and after immersion in PBS medium, their average hydrodynamic sizes did

not change. It should be noted that the minor difference in hydrodynamic size and PDI of hybrid

NPs dispersed in water or buffer is most likely due to a difference in the concentration used, as

DLS analysis is highly concentration dependent. Also, slightly higher PDI values after

immersion in PBS could be attributed to the lack of ultrasonication for NPs prior to DLS

measurements. As a result, these hybrid NPs could maintain their dispersion stability and

absence of aggregation in physiological conditions.

Table 3.1. Zeta-potential, hydrodynamic size, and PDI of CTAB-GNRs, Ci-MnFe2O4, and hybrid NPs in

water. Hybrid NPs were also examined in a PBS medium.

Samples Solution Zeta potential

(mV)

Hydrodynamic size

(nm)

PDI

CTAB-GNRs Water 41 ___ ___

Ci-MnFe2O4 Water -43.5 38 0.32

0.4 wt% Ci-MnFe2O4_0.04 wt%

CTAB-GNRs

Water -30.4 43 0.34

0.4 wt% Ci-MnFe2O4_0.07 wt%

CTAB-GNRs

Water -31.1 37.5 0.33

0.4 wt% Ci-MnFe2O4_0.04 wt%

CTAB-GNRs

PBS -37.3 38 0.4

0.4 wt% Ci-MnFe2O4_0.07 wt%

CTAB-GNRs

PBS -33.8 44 0.4
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Some studies have suggested that the GNRs be overcoated with polyethylene glycol

(PEG), polystyrene sulfonate (PSS), and polyallylamine hydrochloride (PAH) to improve the

stability and overcome cytotoxicity of CTAB [8, 55, 59]. Meanwhile, other factors such as size

and concentration influence the toxicity of GNRs and should be considered [8]. Our results

reinforce the relevance of physical characterizations using physical phantoms for this kind of

NPs prior to addressing safety and reliability issues before in vivo assays.

The ATR-FTIR spectra of CTAB-GNRs (blue line) confirmed the adsorption of the

surfactant at the surface of NP (Figure 3.5) due to the presence of bands at 2848 and 2916 cm−1

assigned to the C–H symmetric and anti-symmetric stretching. The less intense band at 1480

cm−1 is related to the amine group of the quaternarium ammonium salt. Moreover, the region of

961.02 and 910.026 can be corresponded to the presence of N(CH3)2 group. The FTIR spectrum

of Ci-MnFe2O4 (red line) exhibits the presence of bands at 1388 cm−1 and 1586 cm−1, which are

assigned to the symmetric and antisymmetric stretchings of C-O, respectively. The broad band

related to the vibration of -OH at 3390 cm-1 also confirmed the existence of adsorbed citrate

molecules on the MnFe2O4 surface. The displacement of the OH and C-O related bands in the

FTIR spectrum of Ci-MnFe2O4_CTAB-GNRs (black line) to a lower/higher wavenumber

suggests the interaction between the two NPs by hydrogen bonding [60] assisted by the presence

of CTAB and citrate on the surfaces.

Figure 3.5. FTIR spectra of CTAB-GNRs, Ci-MnFe2O4, and their combination. The arrows indicate the

main features of the spectra.
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Furthermore, the magnetophoretic behavior of both samples was studied. Based on the

obtained results, the separation time of Ci-MnFe2O4 (422.12 s) considering an intermediate stage

(t50) was significantly longer than that of Ci-MnFe2O4_CTAB-GNRs hybrid NPs (50.52 s), as

shown in Figure 3.6, indicating the presence of larger NPs or clustering in the environment.

According to Eq.1, the attractive magnetic force rises as the size of the hybrid NPs increases due

to the presence of nanoclusters compared to Ci-MnFe2O4. Thus, hybrid NPs in the solution

moved faster toward the tube wall (Eq. 4), resulting in a shorter separation time. These results

can confirm the interactions between Ci-MnFe2O4 and CTAB-GNRs and the presence of larger

hydrodynamic particle sizes. Our results agree with the study of Leonie Wittmann et al. [61],

who investigated the effect of MNP movement along a magnetic field gradient on hydrodynamic

particle size and found that larger NPs had a quicker separation time.

Figure 3.6. The magnetophoretic curve of Ci-MnFe2O4 and its combination with CTAB-GNRs.

Figure 3.7 shows the M-H curves of manganese ferrite capped citrate and its combination

with CTAB-GNRs in the applied field of − 10 to + 10 kOe at room temperature, considering the

total mass. The magnetization of both samples exhibits superparamagnetic behavior. The

saturation magnetization for both samples (Ci-MnFe2O4 with and without GNRs) was almost the

same at 52.54 emu/g and 52.8 emu/g, respectively. Since the CTAB-GNRs concentration was

too low (0.04 wt.% for the hybrid NPs), there was no effect on the magnetization results, and

both samples reported similar magnetization saturation in a high field (10 kOe).
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Figure 3.7. Magnetization curves of Ci-MnFe2O4 and its combination with CTAB-GNRs were recorded

by a VSM, considering the total mass of each sample.

The next step was to perform the MMUS measurements using the gelatin-agar phantoms

containing inclusions only labeled with Ci-MnFe2O4 (0.4 wt%) and a hybrid NPs of Ci-MnFe2O4

(0.4 wt%) _CTAB-GNRs (0.04 wt% and 0.07 wt%). For example, a B-mode and an MMUS

image of a phantom containing hybrid NPs of 0.4 wt% Ci-MnFe2O4 _0.07 wt% CTAB-GNRs are

illustrated in Figure 3.8a and b, respectively. Figure 3.8b depicts the induced displacement of

approximately 30 μm, displaying the inclusion region (where the NPs are located). Figure 3.8c

shows the induced displacements for three phantoms using three different magnetic pulse widths

with the same magnetic field amplitude. The induced displacement of a phantom labeled with 0.4

wt% Ci-MnFe2O4_0.07 wt% CTAB-GNRs hybrid NPs was significantly greater at around 30.6 ±

4.16 μm than that of 0.4 wt% Ci-MnFe2O4_0.04 wt% CTAB-GNRs (19.42 ± 2.9 μm) and sample

only labeled with 0.4 wt% Ci-MnFe2O4 (8 ± 1 μm). Mehrmohammadi and Yoon et al. [62, 63]

also found that using small nanoclusters of MNP with a size of 55 nm resulted in higher

displacements for pulsed MMUS than using individual MNPs. Hence, a similar outcome was

observed in our work by generating nanoclusters, which agrees with Mehrmohammadi and Yoon

et al. [62,63].
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Figure 3.8. (a) The B-mode, (b) MMUS image of the phantom containing hybrid NPs of 0.4 wt% Ci-

MnFe2O4 _0.07 wt% CTAB-GNRs, and (c) the induced displacements for phantoms containing Ci-

MnFe2O4 and Ci-MnFe2O4 _CTAB-GNRs hybrid NPs.

Furthermore, since GNRs have remarkable optical properties, this hybrid NPs was also

preliminarily examined as PAI contrast agents. Figure 3.9a represents the PA image for tissue-

mimicking phantom only containing CTAB-GNRs (as an inclusion), and Figures 9b and c

showed the images of the phantoms containing Ci-MnFe2O4 and hybrid NPs (Ci-

MnFe2O4_CTAB-GNRs), respectively. Based on the results, although GNRs have been

considered one of the most common metal NPs in PAI, the concentration used herein was very

low (0.04 wt%), and therefore the obtained PA signal was not strong. The optical absorption for

the next sample (only labeled with a high concentration of Ci-MnFe2O4) was boosted, which

improved the image contrast, Figure 9b. The last sample (Figure 3.9c) containing the hybrid NPs

also demonstrated a strong PA signal (like Figure 3.9b) since the number of particles increased

by mixing Ci-MnFe2O4 and CTAB-GNRs. The signal-to-noise ratio (SNR) of the samples was

(a
)

(b
)

(c)

(b)(a)
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also depicted in Figure 3.9d, and based on the results, the sample containing hybrid NPs reported

a larger SNR (152.7) than that of Ci-MnFe2O4 (142.6) and GNRs (90.03). Therefore, these

hybrid NPs may be applied as a plausible contrast agent for PAI.

Figure 3.9. (a) PA images of the phantoms containing 0.04 wt% CTAB-GNRs, (b) 0.4 wt% Ci-MnFe2O4

and (c) 0.4 wt% Ci-MnFe2O4_ 0.04 wt% CTAB-GNRs. The images cover a 25 mm by 40 mm area. (d)

The SNR of PAI using different phantoms.

Additionally, the potential of both hybrid NPs of Ci-MnFe2O4 _CTAB-GNRs was also

initially verified in MH as another application using the magnetic field with characteristics

described in section 2.7. Figure 3.10 shows the temperature variation as a function of time for all

samples (0.4 wt% Ci-MnFe2O4 (sample 1), 0.4 wt% Ci-MnFe2O4_0.04 wt% CTAB-GNRs

(sample 2), 0.4 wt% Ci-MnFe2O4_0.07 wt% CTAB-GNRs (sample 3)), and water (as a

reference). SLP and ILP values of samples 1, 2, and 3 were 25.5 W/g, 3.02 nHm2kg-1, 24.6 W/g,

2.9 nHm2kg-1, and 23.8 W/g, 2.73 nHm2kg-1, respectively. Due to the low concentration of

IONPs used, the samples’ heating efficiency is less than 30 W/g. Although the SLP values,

which are based on the initial slope of the heating curve, were almost similar for the three

samples, the equilibrium temperature was higher for samples 2 and 3 (red and blue curves). One

possible explanation is a better arrangement of magnetic anisotropy axes in the hybrid
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nanoclusters, possibly during AC field excitation. Brownian rotation helps orienting the

magnetic anisotropy axes of the MNPs, slightly enhancing the hyperthermia. Note that there is

no contribution from the GNRs since the eddy’s current loss in this size is negligible. Further

studies may help to evaluate if the GNRs are influencing the Néel collective relaxation of the

aggregates of Mn-ferrite NPs coupled to the GNRs [27]. Nevertheless, these hybrid NPs may be

used similarly to Ci-MnFe2O4 as a feasible heat generator for MH.

Figure 3.10. Temperature variation as a time function for Ci-MnFe2O4 and its combination with two

different concentrations of CTAB-GNRs.

3.9. Conclusions

To conclude, hybrid NPs were prepared by a simple combination of positively charged

GNRs coated with CTAB and negatively charged citrate-coated manganese ferrite. The

electrostatic interaction of these NPs was studied using various characterizations, including UV

visible, TEM, magnetic separation, and ATR. Interestingly, when the higher the concentration of

GNRs was used, the greater the MMUS signal (induced displacement) from hybrid NPs based

Ci-MnFe2O4_CTAB-GNRs was observed. The cause was the formation of nanoclusters, which

improved contrast in MMUS. In this regard, more research will be conducted as a next step to

determine the optimal concentration of GNRs to improve the contrast of MMUS in a subsequent

study. Moreover, these potential candidates exhibited high stability and an absence of

aggregation in the PBS medium. As a result, using the proposed multifunctional NPs for MMUS
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reduces the required dosage of NPs while potentially minimizing side effects [33]. Nonetheless,

more research is needed to confirm this contrast improvement in MMUS before using these

particles in vivo. It should also be noted that the concentration of CTAB-GNRs in the hybrid NPs

was significantly lower than Ci-MnFe2O4. Furthermore, another advantage of these hybrid NPs is

their potential for use in MH therapy and PAI. Hence, these hybrid NPs could be used

simultaneously in imaging and thermal therapy due to their dual magnetic susceptibility and

optical properties.
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3.A. Supplementary Materials

The MnF2O4 was synthesized via co-precipitation method by mixing MnCl2.4H2O and

FeCl4.6H2O in 1:2 molar ratios, and adding to basic solutions (CH3NH2), then heating to form

MnFe2O4. Following that, sodium citrate was added to the synthesized MNPs at 80 ℃ and stirred

for a while to allow the surfactant to act. A detailed description of the synthesis of these MNPs

can be found in Zufelato et al. [1]. The morphology and size distribution of Ci-MnFe2O4 were

determined by TEM. The TEM images of manganese ferrite capped with sodium citrate showed

spherical morphology (Figure 3S1a, b) with mean particle diameters of 16.7 ± 4.8 nm (Figure

3S1c) and PDI of 0.32.

Figure 3S1. TEM images (the scale bars are 100 nm (a) and 200 nm (b) and histograms of the particle

size distribution of Ci-MnFe2O4 (c).

Figure 3S2. provides information about the composition and size of Ci-MnFe2O4 by an

XRD measurement. The data confirmed the spinal structure of ferrite and reported the average
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crystallite size of 14 nm using the Scherrer equation. The estimated crystallite size is in good

agreement with TEM results, indicating that each particle consists of a crystallite.

Figure 3S2. The XRD patterns of Ci-MnFe2O4.

Figure 3S3. Schematic preparation of gold seed (a) and GNRs (b).

(b)

(a)
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Figure 3S4. A Depiction of a pulsed magneto-motive ultrasound imaging system, which is mainly

composed of an ultrasound acquisition setup integrated with a power pulse amplifier that drives the coil to

generate the magnetic field excitation.

Figure 3S5. The UV-Visible spectrum of the gold seed after 20 minutes (a) and its TEM image (b)

confirming the formation of small gold seeds.

200 nm

(b)(a)
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Figure 3S6. The UV-Visible absorption spectrum of GNRs (a). The histogram of long-axis (length) (b)

and short-axis (width) (c) of GNRs with an aspect ratio of 2.76.

Reference

1. Zufelato, N., et al., Heat Generation in Magnetic Hyperthermia by Manganese Ferrite-Based
Nanoparticles Arises from Néel Collective Magnetic Relaxation. ACS Applied Nano Materials,
2022. 5(5): p. 7521-7539.

(a)

515 nm

744 nm

(b) (c)
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Chapter 4. Preliminary investigation and partial results

This chapter focused on the synthesis and characterization of IONPs using two different methods

as well as GNRs coated by silica.

A. The first section describes the preparation of sodium citrate coated IONPs via an optimized

coprecipitation route, as well as their characterization.

B. The second section outlines the fabrication and characterization of IONPs coated with Oleic

acid using a thermal decomposition method.

C. The third section of this chapter consists of the synthesis of CTAB-capped GNRs that have

been further functionalized with silica to improve biocompatibility and thermal stability for

future research, as well as an investigation of their physiochemical properties.

D. In the fourth section, the cytotoxicity of PEG coated MNPs (which was thoroughly discussed

in Chapter 2) and their MTT assay were assessed in B16-F10 mammalian skin cancer cells.
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A. Section 1

4. Introduction

The coprecipitation route is a popular method for synthesizing MNPs [1]. Although

several research have been conducted to investigate the synthesis of MNPs coated with citrate

via coprecipitation, the absence of aggregation and relatively narrow size distribution was rarely

observed in these studies [2-4]. Here, by optimizing of coprecipitation technique, which is fully

described in chapter 2 (section 2.2.1) [5] highly stable, relatively uniform, and aggregation-free

citrate coated MNPs were produced.

4.1. Materials

The chemical reagents ferric chloride hexahydrate (FeCl3⋅6H2O) and ferrous chloride

tetrahydrate (FeCl2⋅4H2O) were purchased from Sigma Aldrich. Ammonium hydroxide

(NH4OH; 27%), hydrochloric acid (HCl; 37%) were purchased from Synth. Sodium citrate was

purchased from dynamic.

4.2. Methods
4.2.1. Preparation of MNPs

Briefly, to make magnetite NPs, an aqueous solution containing ferric and ferrous salts in

a molar ratio of 2:1 was mixed with a base (ammonium hydroxide) at an elevated temperature of

80 °C, under mechanical stirring rate of 750 rpm [5] . After 5 minutes of reaction, 0.07 g of

sodium citrate (acting as a capping agent to improve stability and avoid oxidation) was added to

the mixture and stirred for another 20 minutes and heated at elevated temperature to allow the

coating process to act. Following that, the reaction medium was then transferred to a beaker and

placed in an ultrasonic bath for 30 minutes to prevent aggregation. Next, these MNPs were

precipitated with a strong permanent magnet and rinsed several times until the colloidal

dispersion reached a neutral pH. Finally, to perform characterizations, a portion of the sample

was dried in an oven at 32 °C under vacuum overnight.



80

4.3. Characterization of IONPs

The prepared IONPs coated by citrate or OA were characterized by different methods.

The morphology and core size of the MNPs were investigated through TEM using a JEOL-JEM-

100 CXII unit with an accelerating voltage of 100 kV, by drying a drop of the washed colloidal

dispersion onto a copper grid covered with a conductive polymer. The TEM size of particles was

measured using ImageJ software The hydrodynamic diameter and PDI of the NPs suspension

was determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern-UK).

The data was collected at a fixed angle of 173° and a wavelength of 633 nm (He–Ne laser). The

crystalline properties and phase identification were acquired by a XRD (D5005 Diffractometer,

Bruker) analysis using X-ray beam nickel-filtered Cu-K radiation (λ=1.5406 Å) in the range of

10°<2θ°<70°. In addition, thermal analyses (TGA/DSC) of the samples in powder form were

measured from 25 to 800 °C under a N2 atmosphere ramp of 10 °C/min using TGA/DTA/DSC

Equipment (Model SDTQ600-TA Instruments). Furthermore, the magnetic properties of the

MNPs were measured by a vibrating sample magnetometer (VSM) and magnetic particle

measurements system (MPMS). In addition, the magnetophoretic behavior of samples,

movement of MNP in an inhomogeneous magnetic field, was examined using a magnetic

separation system (SEPMAG, Barcelona, Spain) with a magnetic field gradient of 15 T/m. The

measurements were taken at room temperature (25 °C) and under different applied magnetic

fields from −10 kOe to +10kOe, on powder samples.

4.4. Results

4.4.1. TEM Analysis

Figure 4.1 presents the TEM images and size distribution of citrate coated MNPs. As

shown, the mean diameter of MNPs was 22.12 ± 3.3 nm, with spherical morphology and a

relatively narrow size distribution.
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Figure 4.1. (a) TEM images in the scale bars of 100 nm, and (b) size distribution of citrate coated MNPs.

4.4.2. XRD Analysis

The crystal structure and size of Ci-MNPs were examined using XRD, Figure 4.2. The

diffraction peaks at 2θ (30.1, 35.5, 43.1, 57.0, and 62.6°) corresponding to the (220), (311), (400),

(511), and (440) of the magnetite crystal structure, respectively [95]. The average crystallite size

of Ci-MNPs was obtained considering the broadening of XRD peak (3 1 1) using the Scherrer

equation (equation 4.1):

D=kλ/βcosθ (4.1)

Where K is a numerical factor known as the crystallite shape factor and can be considered 0.94

for spherical nanoparticles with a cubic crystal structure, λ is the wavelength of the radiation

(0.15406 nm), β is full width at half-maximum of the peak intensity (FWHM), and θ is peak

position (Bragg angle) [96]. The XRD patterns of citrate coated MNPs revealed a highly

crystalline cubic spinel structure. The reflection peak positions and relative intensities of Ci-

MNPs are well matched with XRD patterns of magnetite in the reported literature. This result

indicates the formation of a pure magnetite NPs phase [6,7], Figure 4.2. The estimated crystallite

sizes of IONPs coated by citrate was 19 nm. The crystal size is almost like the particle sizes of

TEM images, indicating that each particle is composed of a single crystal.

(a) (b)
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Figure 4.2. XRD patters of citrate coated MNPs.

4.4.3. DLS and Zeta potential Analysis

DLS measurements were carried out to obtain the hydrodynamic size of the magnetic

NPs, which provide information about the core size of the NPs and their surrounding layer (core

+ shell). The particle size for citrate capped MNPs was 45 nm and PDI of 0.29, Figure 4.3.

Figure 4.3. The hydrodynamic diameter of the citrate coated MNPs by DLS measurement.
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Another important parameter to estimate is the zeta potential of NPs, which measures the

colloidal stability of MNPs. The MNPs coated with sodium citrate demonstrated high stability,

with a Zeta potential of -30 mV, Figure 4.4. This negative value of Zeta is due to the adsorbed

carboxylate groups derived from citrate in distilled water [8,9].

Figure 4.4. Zeta potential of citrate coated MNPs.

4.4.4. Magnetophoresis Anaylsis

The separation time of the MNPs was measured using a magnetic separation system,

which is highly dependent on particle size distribution. The magnetophoretic behavior of the

sample is illustrated in Figure 4.5. To perform the magnetophoretic process, 0.2 wt% of this

sample dispersed in water and the changes in suspension opacity were observed over time. Due

to high stability of the MNPs and the absence of large particle size, a relatively long separation

time of t50= 88.6 s was observed [5].
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Figure 4.5. Magnetophoresis experiments for one citrate coated MNPs with 0.2 wt.%.

4.4.5. Magnetic property Analysis

Magnetization measurements of Ci-MNPs in the applied field of − 10 to +10 kOe at room

temperature, is reported in Figure 4.6. This sample presents superparamagnetic behavior at room

temperature without any remanence or coercivity. The magnetization for this sample was 57

emu/g at 10 kOe. The reported magnetization values for MNPs coated with citrate are relatively

higher than in previous studies [4,9].

Figure 4.6. Magnetization curve for Ci-MNPs in the applied field of −10 to +10 kOe, MNPs in the applied

field of − 10 to +10 kOe at room temperature considering the total mass of MNPs.
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4.4.6. MMUS experiment

MNPs have been used in a variety of biomedical applications due to their excellent

magnetic properties. MMUS, a novel molecular imaging technique, benefits from the use of

MNPs as a contrast agent. This modality is discussed in detail in the first and second chapters

[10,11]. To perform this experiment gelatin tissue mimicking phantoms were labeled with 0.3

wt% Ci-MNPs. The displacement map of the sample obtained by MMUS imaging in phantoms

embedded with Ci-MNPs using three different magnetic pulse widths with the same magnetic

field amplitude is demonstrated in Figure 4.7. The maximum induced displacement was 7 µm ±

0.6, using a magnetic pulse width of 6 ms.

Figure 4.7. The induced vibration of a phantom labeled with Ci-MNPs, with pulse duration ranging from

4 to 8 ms.
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B. Section 2

5. Introduction

Thermal decomposition (TD), as a standard method, was used to synthesize IONPs with

excellent small size, well-defined shape, and high monodispersity. In TD, the separation between

the nucleation and growth steps is an essential factor for producing monodisperse nanoparticles

with narrow size distributions. This separation can be effectively accomplished when these two

stages take place at two different temperatures [12,13,14].

5.1. Materials

The chemical reagents used in this research were ferric chloride hexahydrate (FeCl3.

6(H2O)), and ferrous chloride tetrahydrate (FeCl2.4(H2O)), which were purchased from Sigma

Aldrich. Ammonium hydroxide (NH4OH; 27%), and hydrochloric acid (HCl; 37%) were

purchased from Synth. Oleic acid (C18H34O2; 89%), 1-Octadecene (technical grade; 90%) and

sodium oleate (90%) were prepared from Synth, Aldrich and Dynamic, respectively. All the

materials were used as received without any purification.

5.2. Methods
5.2.1. Preparation of IONP capped by OA

Preparation of the monodispersed IONPs covered by OA is conducted in accordance with

a prior study by Park et al. [14]. This route consists of two steps as follows:

5.2.1.1. Synthesis of Iron oleate complex

The iron oleate complex was prepared by reacting non-toxic metal salts and sodium

oleate. In a typical synthesis of iron–oleate complex, 3.06 g of iron (III) chloride and 10.34 g of

sodium oleate was dissolved in a mixture solvent composed of 22 ml ethanol, 17 ml distilled

water and 40 ml hexane. The resulting solution was heated to 70 °C and kept at that temperature

for four hours [99] . When the reaction was completed, the upper organic layer containing the
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iron–oleate complex was washed five times with 50 ml distilled water in a separatory funnel.

After washing and removing water, again the solution was heated to 70 °C and kept at that

temperature for four hours to evaporate hexane and water. Then we have iron–oleate complex in

a waxy solid form [15,16].

5.2.1.2. Synthesis of Iron oxide nanoparticles

To synthesize small and monodispersed IONPs (around 10 nm), 5 g of the iron oleate

complex synthesized was dissolved in 88.5 µL of oleic acid and 35.64 mL 1-octadecene at room

temperature. The reaction mixture was gradually heated to 320 °C with a constant heating rate of

3.3 °C/min, and then maintained at that temperature for 30 min. When the reaction temperature

reached 320 °C, a severe reaction occurred, and the initial transparent solution became turbid and

brownish black [13,14,16] . The resulting solution containing the nanocrystals was then cooled

under ambient condition, and 30 ml of ethanol was added to the solution to precipitate the

nanocrystals. The nanocrystals were separated by a strong magnet and washed several times with

hexane and ethanol.

5.3. Results
5.3.1. Size and morphology of IONPs coated by OA

TEM images and histograms of the size distributions of monodisperse IONPs coated by

OA are depicted in Figure 4.8 (a-c). This monodispersed MNPs exhibited excellent uniform

spherical particles, and narrow size distribution with a mean size of 9.50 nm ± 1.13 [14,17-18].

(a) (b)
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Figure 4.8. (a, b) TEM images in the scale bars of 200 and 500 nm and (c) histograms of the size

distribution of OA-IONPs.

Figure 4.9 depicts the hydrodynamic size and PDI of the OA-IONPs using DLS analysis.

The sample had a hydrodynamic size and PDI of 16 nm and 0.12, respectively. As it was

expected, because of the presence of OA (acting as a capping agent) a slightly larger

hydrodynamic size was observed compared to size by TEM results. The reason for this is that

DLS measures core size plus shell (organic layer (e.g., OA)), resulting in larger particle size,

whereas TEM only measures core size of NPs [5,19].

Figure 4.9. The hydrodynamic diameter of the OA-IONPs by DLS measurement.

(c)
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5.3.2. Thermogravimetric Analysis

The weight loss observed during TGA provides confirmation of the presence of OA and

its amount absorbed on the surface of the MNPs. TGA analyses were recorded on the powder

sample. TGA of the obtained OA-IONPs revealed a typical IONP-coated OA curve, which was

similar to the previous studies [18, 20] . The first derivative (DTGA) of the TGA data was also

plotted, Figure 4.10. Based on the DTGA there are two weight losses (in 263 ℃ and 428 ℃) in

this sample, which are corresponding to the desorption and decomposition of the OA bonded on

the surface of the MNPs. At these ranges, the weight loss was 20 %.

Figure 4.10. The TGA and DTGA of OA-coated IONPs.

5.3.3. Magnetization of OA-IONPs

Magnetization measurements of OA-IONPs in the applied field of − 50 to +50 kOe at

room temperature, is reported in Figure 4.11. This sample demonstrated no remanence or

coercivity within our experimental setup, confirming their superparamagnetic state. The

saturation magnetization of OA-IONPs was reported to be 80 emu/g after subtracting the mass of

organic compound (OA) analyzed with TGA. The reported value is nearly identical to the bulk

material and represents a large saturation magnetization for a single magnetite NPs [18].
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Figure 4.11. Magnetization curve of OA-coated IONPs at room temperature.
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C. Section 3

6. Introduction

Gold nanorods are widely regarded as the most intriguing plasmonic NPs owing to their

interesting properties. Several studies have been synthesized CTAB coated GNRs in which

CTAB acts as a surfactant to increase stability and shape-inducing agent [21,22] ; however,

CTAB disrupts membrane integrity and causes cytotoxicity [22] , limiting its use in biomedical

applications such as PA, photothermal therapy (PTT), and drug delivery. Another disadvantage

of CTAB-GNRs during PA or PTT is that the NPs lose their stability and reshape into spherical

nanoparticles when exposed to radiation. Thus, silica coating has been widely recommended as a

promising overcoating for GNRs due to its numerous merits, including biocompatibility,

enhanced thermal stability, and silica shell that can be mesopores and employed for drug loading

[23-25].

6.1. Materials

The chemical reagents used were: cetyltrimethylammonium bromide (CTAB), sodium

borohydride (NaBH4), tetrachloroauric acid (HAuCl4.4H2O), silver nitrate (AgNO3), and L-

ascorbic acid (AA), which were purchased from Sigma, Aldrich, Vetec, and Panreac,

respectively. Tetraethylorthosilicate (≥99.0%; TEOS), Sodium oleate (≥97.0%; NaOL) and

methanol (99.8%; CH3OH) were purchased from Aldrich, dynamic and Panreac, respectively.

Milli-Q® system ultrapure water (18.2 MΩ cm) was used throughout the experiments.

6.2. Methods
6.2.1. Preparation of GNRs

GNRs were prepared according to the research of Ye et al. and Pellas et al [26,27] . To

elaborate, a seed-mediated growth method was employed to produce GNRs with a monodisperse

and uniform shape. Briefly, the seed solution was made by mixing 5 mL of 0.2 M CTAB
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aqueous solutions and 5 mL of 0.50 mM HAuCl4·3H2O. Then, freshly prepared ice-cold NaBH4

solution (0.01 M, 0.6 mL) was added into a mixture of CTAB and HAuCl4·3H2O under vigorous

stirring (1000 rpm) for 2 min to form a brown gold seeds solution and it kept for 30 min at 30 °C

before use. The next step which is the growth solution was carried out by dissolving 9 g of

CTAB and 1.234 g of NaOL in 250 mL of water at 50 °C. This solution was allowed to cool

down to 30 °C, and then, AgNO3 solution (4 mM, 18 mL) was added, and the resulting solution

was kept without stirring for 15 minutes. Then, HAuCl4·3H2O (1mM, 250 mL) aqueous solution

was injected into the above solution and allowed to react for 90 min at 700 rpm. Next, 1.5 mL of

HCl (37 wt %) was added to adjust the pH to 1.5. After another 15 minutes of slow stirring, AA

aqueous solution (64 mM, 1.25 mL) was added, and it was slowly stirred for 30 s. Finally, 50 μL

of the seed suspension was injected into the growth solution for 30 s to begin the growth. The

resulting suspension was left undisturbed at 30 °C for 12 hours to allow GNRs to grow [27]. The

following day, the final product was centrifuged (5600 rcf, 20 minutes) to remove the excess

reactants. Lastly, GNRs were diluted in pure water to 20 mL and stored at 30 °C.

6.2.1.1. Silica Shell Growth on GNRs

The prepared GNRs are coated with a silica shell. To do so, several milliliters of

synthesized GNRs were centrifuged (5600 rcf; 15 min) and then diluted to a final volume of 5

mL of water and 1mM CTAB concentration. The pH was then adjusted to 4 by adding small

amounts of 0.1 M NaOH. Thereafter, 124 μL of TEOS in 20% MeOH was added to 5 mL of an

aqueous suspension of GNRs while vigorously stirring. Then, the pH was raised to 8 by adding

0.1 M NaOH, and the solution was stirred for 20 minutes at 600 rpm and then kept for 20 h at

room temperature.

6.2.1.2. Purification

The next day, the solution containing GNRs coated by silica centrifuged (7060 rcf, 15

min). The supernatant was removed, and the pellet was redispersed several times with methanol

and water. After the last washing, the core-shell nanostructures were dispersed in 5 mL of water.
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6.3. Characterization of GNRs after and before silica coating

Different characterizations of GNRs with and without silica shell were carried out. UV

spectrometer (Ultrospec 2100 pro) with a resolution of 0.5 nm operating in the wavelength range

of 200-900 nm was used to determine the optical properties that provide information about the

size of the GNR through the plasmonic bands. In addition, as mentioned in section 4.3, other

characterizations such as TEM, XRD, and Zeta potential were conducted for this NPs.

6.4. Results
6.4.1. UV Visible Analysis

A typical UV-Vis spectrum of GNRs after and before silica coating is shown in Figure

4.12. For GNRs without a silica shell, the UV-Vis spectrum depicts transverse and longitudinal

plasmon bands at 525 and 784 nm, respectively. While the longitudinal resonance shifts by 18

nm after overcoating by silica, as expected, this red shift can be due to the effect of silica shell,

which agrees with other studies [24, 27-28].

Figure 4.12. Absorption spectra of CTAB-GNRs and GNRs coated by silica.
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6.4.2. TEM analysis

Figure 4.13 a-c exhibited the TEM image of GNRs before coating by silica and their size

distribution, respectively. Figure 4.13a illustrates excellent shape and uniform size of GNRs. The

average width and length of GNRs were 29 ± 2.3, 101 ± 7 nm, respectively ( Figure 4.13 a,b)

[27].

Figure 4.13. (a) TEM images of GNRs in a scale bar of 100 nm. (b and c) The histogram of long-axis

(length) and short-axis (width) of GNRs, respectively with an aspect ratio of 3.48.

TEM image of GNRs after coating by silica is shown in Figure 4.14. There is excellent silica

decoration around GNRs, and the thickness of the silica shell is approximately 12 ± 2.3 nm [28].

(a)

(b) (c)
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Figure 4.14. TEM images of GNRs coated by silica in a scale bar of 200 nm.

6.4.3. XRD analysis

Typical XRD pattern of GNRs prepared by the seed-mediated growth method is

illustrated in Figure 4.15. Diffraction peaks at 2θ (37.91, 44.06, 64.39) corresponded to planes

(111), (200), (220) were indexed to the gold metal with face centered cubic structure, according

to the Figure 4.15. The lattice constant calculated from the diffraction peak (111) is a = 4.088 Å

which agrees with another research [29, 30].

Figure 4.15. XRD patterns of CTAB-GNRs.
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6.4.4. Zeta anaylsis

The silica shell was confirmed by Zeta measurements of the GNRs dispersed in water.

GNRs without shell of silica (green curve (a)) had a positive surface charge of +39 mV (due to

the positively charged head groups of the CTAB bilayer on the surface of GNRs) , whereas silica

coated GNRs displays a negative Zeta potential of -19 mV (red curve (b))[31]. The zeta potential

of GNRs with and without silica shell is shown in Figure 4.16.

Figure 4.16. Zeta potential of GNRs before and after silica shell (a) and (b), respectively.

(a)(b)



97

D. Section 4

7. Introduction

To ensure that NPs will not have harmful side effects on living organisms’ toxicity

measurement is required [32]. It should be noted that the cell viability responses of NPs can vary

depending on their physicochemical properties such as size, shape, material composition, used

dose, and cell type [22, 33-34]. Therefore, the toxicity assay for each particle must be performed

prior to in vivo application due to the distinct biological response of each particle to the cells.

7.1. Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) powder, Dulbecco′s

Modified Eagle′s cell culture media (DMEM) were purchased from Sigma and Gibco, respectively.

B16-F10 (Melanoma) mammalian cell were purchased from the USA Cell Line Bank.

7.2. Methods
7.2.1. In vitro cytotoxicity studies (MTT assay)

The cytotoxicity of PEG coated MNPs was tested using a bacterial strain of Escherichia

Coli Rosetta (in chapter 2 [5] ), and no cytotoxicity was observed even at 0.5 mg/ml. However,

because bacteria and eukaryotic cells (human or murine cell lines) have different mechanisms, an

in vitro measurement on B16-F10 mammalian cells was performed to ensure biocompatibility of

PEG coated MNPs. The MTT colorimetric assay was used to investigate the viability of PEG-

MNPs. For the biological studies, the DMEM cell culture media was supplemented with 1 wt%

antibiotic-penicillin/streptomycin (Cultilab), 10 wt% fetal bovine serum (sterile FBS-Gibco) in a

humidified 37 °C incubator. B16-F10 melanoma cells line were seeded (2×104) into 24-well

plates for 24 hours [31] and then PEG-MNPs nanoparticles with concentrations of 1, 5, 10, 20,

100 μg/ml was added. In addition, as a control, a set of wells comprised only cells in DMEM

medium, without the MNPs. Finally, a microplate reader (MULTISKAN GO) was used to
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measure the cell viability assay with MTT at wavelengths of 570 and 690 nm. To determine the

percentage viability of the cells, the ratio of mean absorbance of quadruplicate readings of

sample wells (containing PEG-MNPs) to the absorbance of control wells is multiplied by 100.

7.3. Results

Figure 4.17 depicts the MTT assay results for various concentrations used toward B16-

F10 cell lines (melanoma) at three different days: 24 hours (a), 48 hours (b), and 72 hours (b).

The difference in cell growth and viability of PEG-MNPs samples compared to the control was

negligible, Figure 4.17. Based on the obtained results until concentration of 0.1 mg/ml can be

considered safe to use in vivo application [35-36].

Figure 4.17. Cell viability studies of B16-F10 cells after incubating for 24h (a), 48h (b) and 72 h (b) with

varying concentration.

(a) (b)

(c)
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General conclusion

The synthesis and characterization of MNPs and GNRs for biomedical applications are

described in this thesis. The naked MNPs were synthesized using a convenient, reproducible, and

optimized coprecipitation route, thereafter polyethylene glycol as a ligand was used in a post

synthesize. At room temperature, both naked MNPs and covered with PEG demonstrated

superparamagnetic behavior. Magnetic and structural characterizations of PEG-capped MNPs

revealed improved magnetization whereas retaining the same cubic spinel structure as bare

MNPs. Furthermore, using PEG as a ligand for MNPs increased their biocompatibility toward

bacterial E. coil by up to 0.5 mg/ml. The benefits of PEG coated MNPs mentioned above are

favored in biomedical applications. Furthermore, the naked and coated MNPs were assessed as

contrast agents for magneto-motive ultrasound imaging in phantom studies and evidenced a

relatively large movement with only 0.35 wt%. The potential of both samples of MNPs as heat

generators in magnetic hyperthermia was also investigated, and MNPs covered with PEG

demonstrated higher heating efficiency than bare MNPs. The demonstration of appropriate

physical and chemical properties of the used MNPs promotes their use in diagnostic and

therapeutic applications.

Moreover, a mixture of Ci-MnFe2O4 and CTAB-GNRs was suggested to act as

multifunctional NPs due to their magnetic and optical properties simultaneously. Because of

their opposite surface charges, this integration could result in the formation of nanoclusters while

maintaining superparamagnetic properties. We observed that this combination amplified the

contrast of magneto-motive ultrasound imaging in proportion to increasing GNRs concentration

over using only MNPs. Meanwhile, this combination almost maintained its beneficial impact on

photoacoustic imaging and hyperthermia platforms.

Finally, we did take advantage of the optimized coprecipitation route to produce highly

stable sodium citrate covered MNPs with relatively high saturation magnetization and absence of

aggregation. Furthermore, we used the thermal decomposition method to produce highly

monodispersed MNPs with well-defined shape, size and large saturation magnetization, and the
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desired results were obtained through various characterizations. In addition, due to the nature

toxicity of CTAB, additional functionalization by silica was proposed here, which not only

boosts thermal stability but also greatly improves biocompatibility. Meanwhile, it should be

stated that an appropriate ligand exchange for small uniform MNPs coated with oleic acid will be

conducted as a subsequent step to make them hydrophilic and functional in biomedical fields.

Following that, by selecting appropriate aspect ratios, silica-GNRs will be mixed with

hydrophilic MNPs to achieve a proper deposition of MNPs around silica-GNRs, and their

potential in photoacoustic imaging, magneto-motive ultrasound imaging, and magnetic

hyperthermia also will be investigated.
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