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ABSTRACT 

Multifunctional nanomaterials can be engineered to aid in the diagnosis of diseases, enable 

efficient drug delivery, monitor treatment progress over time, and evaluate treatment outcomes. 

This strategy, known as theranostics, focuses on the combination of diagnostic and therapeutic 

techniques to provide new clinically safe and efficient personalized treatments. The evaluation of 

different nanomaterials’ properties and their customization for specific medical applications has 

therefore been a significant area of interest within the scientific community. Iron oxide 

nanoparticles, specifically those based on iron (II, III) oxide (magnetite, Fe3O4), have been 

prominently investigated for biomedical, theranostic applications due to their documented 

superparamagnetism, high biocompatibility, and other unique physicochemical properties.  The 

aim of this thesis is to establish a viable set of methods for preparing magnetite (iron oxide) 

nanoparticles through hydrothermal synthesis and modifying their surfaces with organic functional 

groups in order to both modulate surface chemistry and facilitate the attachment of molecules such 

as peptides via covalent bond formations. Modifying their surfaces with biomolecules such as 

peptides can further increase their uptake into cells, which is a necessary step in the mechanisms 

of their desired biomedical applications. The methods of nanoparticle synthesis, surface 

functionalization, and characterization involving electron microscopy (e.g., SEM, TEM), zeta 

potential measurements, size analysis (i.e., DLS), and FT-IR spectroscopy will be presented. 
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CHAPTER 1 

INTRODUCTION 

1.1 Biomedical Applications of Magnetic Nanoparticles 

Magnetic nanoparticles (NPs) are versatile materials investigated for their potential 

in laboratory and theranostic applications that involve a combination of imaging, 

separation, and treatment methodologies [1-3]. Bulk materials that are ferromagnetic and 

ferrimagnetic possess spontaneous magnetic domains, which are regions within the 

materials where the individual atoms’ magnetic moments are aligned; the presence of these 

domains is responsible for these materials’ susceptibility to magnetization and also allows 

them to retain their magnetization when the external magnetic field is removed [4]. 

Ferrimagnetic materials are distinct from ferromagnetic materials because their magnetic 

domains exhibit parallel but opposite alignment of the atoms’ magnetic moments; however, 

within ferrimagnetic materials these opposing moments are not equal (Figure 1). This 

means that ferrimagnetic materials exhibit a net magnetic moment that is weaker than that 

of a ferromagnetic material. An antiferromagnetic material exhibits parallel but opposing 

magnetic moments within its magnetic domains that are equal; therefore, this type of 

material exhibits a net magnetic moment of zero.  

Nanoparticles made from ferromagnetic and ferrimagnetic materials exhibit a 

unique form of magnetism known as superparamagnetism that makes them suitable for 

biomedical applications [4]. The size at which nanoparticles exhibit superparamagnetism 

is material-dependent, but is usually within the range of 10-20 nm [4-6]. 

Superparamagnetic materials exhibit a fast-responding susceptibility to magnetization that 

is less than that of a ferromagnetic material. They also maintain a constant magnetic 
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moment while exposed to a magnetic field [2]. A notable property of superparamagnetic 

nanoparticles is that they only possess a single magnetic domain due to their size, so they 

cannot retain their magnetization when the magnetic field is removed (Figure 1). This lack 

of magnetic memory allows the particles to be manipulated by a magnetic field while 

maintaining their colloidal stability; this will prevent particle aggregation and any potential 

embolization of blood vessels when the nanoparticles are used for in vivo applications [2, 

4, 5, 7]. 

 

Figure 1: The magnetic domains associated with ferromagnetic, ferrimagnetic, and superparamagnetic 

materials. Adapted from Mohammed et al., 2017 [4]. 

 

Iron oxide nanoparticles are superparamagnetic materials that are suitable for a 

variety of biomedical applications including MRI contrast agents, targeted drug delivery, 

and tissue repair [1, 2, 4, 8, 9]. Iron (II, III) oxide (Fe3O4) is a ferrimagnetic material that 

has been observed to exhibit superparamagnetism in NPs with an average diameter below 

35 nm [10]. The biocompatibility, ease of synthesis, superparamagnetism, and other unique 

physicochemical properties of Fe3O4 NPs make them distinctly more viable for biomedical 
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use than the other main forms of iron oxide; these properties as well as their ease of 

synthesis are the reasons why they are the most extensively studied magnetic nanomaterial 

in general for these particular applications [2, 5, 7, 11, 12]. The ability to engineer magnetic 

nanomaterials like Fe3O4 nanoparticles with specific properties has been a major area of 

investigation within the field of nanotechnology, mainly due to the role that these different 

properties have in influencing their interactions at the cellular and molecular level as well 

as determining their suitability for diagnostic and therapeutic applications [13, 14]. 

 

1.2 Biological Responses to Nanoparticles  

The majority of the initial investigations focused on superparamagnetic iron oxide 

nanoparticles have been dedicated to their synthesis, characterization, and surface 

properties; however, an important challenge being addressed in contemporary research is 

understanding the nanoparticles’ interactions with cells [2, 6]. For medical applications, 

there are potential risks associated with exposure to nanoparticles mainly because the 

intracellular uptake of the nanoparticles is required for efficient diagnosis and treatment [5, 

15]. There is also a significant lack of information regarding the mechanisms of 

nanoparticle toxicity and in vitro studies on their toxicity [2, 16, 17]. At this time, iron 

oxide nanoparticles are regarded as safe and biocompatible, though there have been 

contradictory biological results obtained from different studies attempting to evaluate their 

toxicity and effects on cell function at different levels [2, 5, 12, 17]. This has been 

determined to be the result of the effect that the nanoparticles’ surface properties have on 

the biological responses that they elicit from cells [18, 19]. Surface modification is an 

important step in customizing nanomaterials for particular applications, and the subtle 

differences in biological response that these surfaces elicit must be investigated; therefore, 
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within the scientific community the overall cytotoxicity of iron oxide nanoparticles as well 

as the viability of the methods and existing results of evaluating their cytotoxicity have 

become major areas of debate [2, 17, 20, 21]. 

The surface properties of nanosystems such as iron oxide nanoparticles create 

shortcomings for their biomedical applications due to the role of protein-nanoparticle 

interactions. When exposed to physiological fluids such as blood, proteins adsorb onto the 

nanoparticles’ surfaces to create a NP-protein complex; the layers formed by proteins that 

are bound or adsorbed to the nanoparticle surface is known as a protein corona [18, 19]. 

The protein corona itself is the more direct determinant of the biological responses to the 

presence of nanoparticles due to their modification of the nanoparticles’ surface properties; 

however, the initial parameters of the bare nanoparticles have a direct effect on the protein 

corona profile that is produced on their surfaces [11, 18, 19]. Such parameters include the 

nanoparticles’ size, size distribution, shape, and specific surface characteristics such as 

their charge, hydrophobicity, and texture; environmental factors such as temperature, pH, 

and whether the particles are within static or fluidic conditions can also affect the formation 

of a NP-protein [2, 19].  

Different biological responses to nanomaterials that can be affected by the protein 

corona include their cellular uptake, circulation time, biodistribution, and toxicity [19, 22]. 

The role of the protein corona can therefore make the use of specific nanomaterials within 

the body more advantageous or disadvantageous by facilitating specific desirable or 

undesirable biological responses, respectively (Figure 2). For example, a specific protein 

corona profile might enhance or inhibit the interactions of the nanoparticles with cells, or 

might increase or decrease their toxicity [19]. Stabilizing the nanoparticles through the 
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addition of a coating that facilitates the adsorption or binding of specific proteins onto the 

nanomaterials’ surface while also minimizing degradation after synthesis will therefore 

enhance their suitability for specific biomedical applications [6]. This would be especially 

useful for nanomaterials with desirable properties for biomedical applications such as 

superparamagnetism that may not be stable or produce the desired biological responses 

when in the body without assistance from a coating [4, 20, 23]. Since the surface properties 

generated by coatings will also influence the protein corona profile, the stability of the 

specific coating is just as influential in determining the biological response elicited by the 

nanoparticles [4]. Biomolecules can also be functionalized onto the surfaces of magnetic 

nanoparticles for specific applications [3]. The relationship between surface properties and 

biological response have therefore influenced the important areas of consideration when 

designing nanomaterials. 

 

Figure 2: Cellular uptake facilitated by the protein corona of nanoparticles functionalized with desirable 

coatings. Image obtained from Rahman et al., 2013 [18]. 
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1.3 Fe3O4 Nanoparticle Synthesis and Functionalization  

The investigation of nanoparticle synthesis has been motivated significantly by the 

desire to develop methods of customizing their properties for particular applications [8, 19, 

20, 24]. Crystallinity, size distribution, and shape and size control are among the important 

considerations associated with selecting a process for the chemical synthesis of magnetic 

nanoparticles; therefore, an ideal synthesis method should be able to produce monodisperse 

nanoparticles [8, 24, 25]. These physical properties are significant due to their role in 

dictating the in vivo behavior of NPs [4, 13, 25]. Other areas of consideration for designing 

a viable NP synthesis method include speed, safety, yield, and simplicity [13, 26]. There 

are a variety of synthesis methods that have been reported to prepare magnetic NPs, but 

two simple methods that can be used to produce Fe3O4 NPs are co-precipitation and 

hydrothermal synthesis [6, 24]. 

Co-precipitation consists of adding a base to an aqueous salt solution containing 

Fe2+ and Fe3+ ions under an inert atmosphere at either room or elevated temperature [3, 6]. 

Hydrothermal synthesis produces nanocrystals through the process of subjecting a high 

temperature aqueous solution to high vapor pressure [6, 27]. Hydrothermal synthesis is 

more complex than co-precipitation, produces a lower yield, cannot be scaled like co-

precipitation, and requires a greater reaction period and temperature [6]. Hydrothermal 

synthesis does produce NPs with a narrower size distribution and better shape control than 

co-precipitation, so despite its greater complexity and slight disadvantages this process 

provides more control over NP properties than co-precipitation [3, 6]. The simplicity of 

hydrothermal synthesis also makes it more preferable to more complex processes like 

thermal decomposition and microemulsion, especially since microemulsion is a process 
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with a lower yield and provides inferior size control [3, 6]. There are other methods that 

have been used for the synthesis of iron oxide nanoparticles, but their processes are either 

too complicated compared to hydrothermal synthesis or do not provide the level of control 

over the nanoparticles’ properties [24]. 

Although hydrothermal synthesis has been studied less as a viable method for 

synthesizing magnetic nanoparticles compared to other methods, by comparison it is highly 

suitable for the production of high-quality superparamagnetic iron (II, III) oxide 

nanoparticles [3]. A source of Fe3+ ions such as ferric chloride in water is heated in the 

presence of ethylene glycol, which acts as a reducing agent to convert some of the Fe3+ 

ions into Fe2+ ions [6]. Both Fe2+ and Fe3+ ions must be present because both ions are within 

the structure of iron (II, III) oxide; the magnetization of the material arises due to electron 

transfer between the two ions [7, 28]. An electrostatic stabilizer such as sodium acetate is 

also needed to prevent particle agglomeration during synthesis [6, 27]. An alternative for 

this process would be using hydrated forms of ferric chloride and sodium acetate in 

ethylene glycol, which is the method utilized within this study. The reaction mixture is 

placed within an autoclave vessel and nanocrystals form as the vessel is heated at 200°C 

for 24 hours [6]. The process produces high-quality iron (II, III) oxide nanoparticles 

through the following derived reaction [29, 30]: 

16NaOAc • 3H2O + 6FeCl3 • 6H2O + 2HOCH2-CH2OH 

⟷ 2Fe3O4 + 16AcOH + 16Na+ +18Cl- + CH3CO-COCH3 + 78H2O + 2H+ 

As previously discussed, surface properties also have significant effects on the 

biological responses of cells to the presence of Fe3O4 nanoparticles in the body; therefore, 

surface functionalization is an important component to the design of nanomaterials for 
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specific biomedical applications [3, 20]. Functional groups for nanoparticle surface 

modification can be organic or inorganic; specific coatings that have been studied for Fe3O4 

NPs include different surfactants, natural or synthetic polymers, carbon, biological 

molecules, precious metals, silanes, and silica [3, 6]. Coatings minimize agglomeration and 

are chosen to provide the particles with stability, their intended charge, enhanced 

biocompatibility, and even a means of further functionalization with drugs and other 

components [4]. Coatings on iron (II, III) oxide nanoparticles prevent their degradation to 

iron (III) oxide (Fe2O3), which does not exhibit superparamagnetism and is more toxic as 

shown by the reaction equation below: 

2Fe3O4 + ½ O2 → 3Fe2O3 

The mechanism of magnetofection depends on the sufficient uptake of magnetic 

nanoparticles into the target cells in order to facilitate effective gene delivery; therefore, 

modifying the surface properties of existing nanosystems such as Fe3O4 is essential for 

eliciting the desired biological response from cells [5, 19]. In this case the important criteria 

are increasing uptake while minimizing degradation, toxicity, immune response, and any 

undesirable interference with cell function. Functionalization with silanes such as n-

octyltriethoxysilane (n-OTES) and (3-aminopropyl)triethoxysilane (APTES) has been 

shown in prior research to provide advantages such as preventing nanoparticle aggregation, 

enhancing biocompatibility, and improving dispersibility [3, 31]. A feasible coating 

process for the silane functionalization of Fe3O4 nanoparticles specifically entails a 

modified version of the Stöber method with high scalability [3, 12, 32]. The hydroxyl 

groups on the surface of the synthesized iron oxide nanoparticles will allow for the 

attachment of the silane agent functional groups [3, 33]. Silane agents also allow the 
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nanoparticles to maintain their magnetic properties, provide them with stability, and protect 

them from degradation [3, 31]. The high density of functional groups on the coated surface 

would allow for the additional NP functionalization with biomolecules to customize them 

for specific applications [3, 34].  

Active nanoparticle interaction with cells is better facilitated by the presence of 

charged surface functional groups [35]. Charged nanoparticles also exhibit higher cell 

internalization than nanoparticles with neutral surface charge, which are more often used 

for applications where cell-material interactions must be avoided [35]. Positively charged 

nanoparticles exhibit the most efficient penetration into cells because they can exploit the 

negative charge of the cell membrane’s lipid bilayer; this is why cationic magnetic 

nanoparticles are preferred for use in biomedical applications such as magnetofection that 

rely on sufficient cell uptake [19, 35, 36]. Compared to negatively charged particles, 

particles with a positive charge exhibit faster cellular uptake and are internalized in 

significantly higher numbers [19]. This is why functionalization with cell-penetrating 

peptides (CPPs) is useful for customizing nanoparticles for biomedical applications that 

require sufficient uptake into cells [37, 38]. 

 

1.4 Cell-Penetrating Peptides  

Cell-penetrating peptides (CPPs) are short peptide sequences that have 

demonstrated the ability to translocate the plasma membrane of a cell without relying on 

receptor-ligand interactions [39]. Their lengths are usually less than 40 amino acids and 

they are often used to facilitate the uptake of molecular cargo into the cytoplasm or a 

specific organelle [39]. Specific applications for these peptides include the transport of 
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MRI contrasts as well of the delivery of proteins and nucleic acids (Figure 3). The delivery 

of cargo to target cells can also be improved by functionalizing the surfaces of structures 

such as polymers, lipids, and nanoparticles with CPPs [38]. Depending on the experimental 

conditions, a particular CPP is able to take advantage of multiple pathways for entering a 

cell; for this reason, not all of the pathways associated with CPPs’ cell penetration 

mechanisms have been identified or are fully understood [39]. The length, concentration, 

secondary structure, and chemical properties of the peptide are important factors that 

influence a CPP’s mechanism of entry; the particular cargo being attached for delivery also 

influences how the CPP will enter a cell [38, 39]. The attached cargo and properties of the 

particular peptide being utilized also affects their toxicity to cells. 

 

Figure 3: The role of cell-penetrating peptides in facilitating more efficient delivery of molecular cargoes 

and imaging agents into target cells. Image obtained from Koren and Torchilin, 2012 [38]. 
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The pathways utilized for CPP uptake into cells are either energy-independent or 

energy dependent (Figure 4). The energy-independent pathway, also known as direct 

penetration, involves positively charged CPPs entering cells by exploiting the negative 

charge of the cell membrane’s lipid bilayer [39]. Uptake occurs as a result of CPP-

membrane interactions that create pores or destabilization in the membrane at the site of 

interaction. The membrane disruption that facilitates uptake can occur in the form of 

membrane thinning or uptake via a reverse micelle, which both result from these charge-

based interactions [39]. When CPPs enter the cell through pore formation, the degree of 

contact and interactions of the peptides with the membrane can affect the resulting pore 

shape [39]. The energy-dependent method of CPP uptake into cells is mediated by 

endocytosis, which is the process of cellular ingestion which relies on the inward folding 

of the plasma membrane to facilitate uptake into the cell; the mechanism of endocytosis 

utilized for the cellular uptake of CPPs for specific applications is dependent on the cargo’s 

size as well as its physical and chemical properties [39]. The main limitation of these CPP 

uptake mechanisms is the lack of knowledge surrounding what occurs after uptake. 

Overall, these peptides are a significant example of organic molecules that can be 

conjugated to the surfaces of nanoparticles in order to facilitate a more favorable biological 

response and allow the particles to more efficiently perform their intended function. 
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Figure 4: Diagram showing CPP entry into cells through both energy-independent (A-D) and energy-

dependent (E, F) mechanisms. Image obtained from Ma and Suh, 2017 [39]. 

 

1.5 Fe3O4 Nanoparticle Internalization into Neural Cells 

The toxic effects of superparamagnetic Fe3O4 NPs on neural type cells have been a 

specific area of interest due to applications in imaging diagnostics and drug delivery. These 

NPs have been reported in recent studies to have the ability to cross the blood-brain barrier 

(BBB) and directly reach the brain tissue [17, 40, 41]. In the literature, neurotoxicity of 

superparamagnetic Fe3O4 NPs has been evaluated using a variety of cells including PC12 

cells, SH-SY5Y cells, and neural progenitor cells [40-45]. Ultimately, while a certain 

degree of neurotoxicity has been observed from these nanoparticles, it is difficult to 

compare existing biological results due to the effect that differences in NP synthesis 

conditions and surface modifications have on the measured biological response reported 

within these studies [11, 16, 23, 40, 41]. 
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For this study, the C6 glioma cell line was utilized to study iron (II, III) oxide 

nanoparticle interactions with neural tissue. It is derived from a tumor that is induced in 

Wistar-Furth rats by exposure to N,N'-nitroso-methylurea [46]. These cells are often 

utilized as a model for studying glial cells [46-49]. Although human-derived cells act as a 

more reliable model for screening the neurotoxicity of magnetic nanoparticles compared 

to rodent neural models, this particular cell line has been used for the effective study of 

differences in neural cell uptake of superparamagnetic iron oxide nanoparticle facilitated 

by surface modification [47-49]. 
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CHAPTER 2 

SPECIFIC AIMS 

The aim of this thesis is to establish a viable set of methods for preparing magnetite 

(iron oxide) nanoparticles and modifying their surfaces with organic functional groups in 

order to both modulate surface chemistry and facilitate the attachment of molecules such 

as peptides via covalent bond formations. The NPs will first be prepared via hydrothermal 

synthesis and functionalized with silane agents to allow for the bioconjugation of cell-

penetrating peptides or other biomolecules. The ability to conjugate organic molecules to 

the nanoparticles’ modified surfaces will then be validated by using a conjugation reaction 

to attach the dye molecule 5(6)-carboxyfluorescein. Characterization of the nanoparticles 

before and after functionalization with the silane agent and the dye molecule will then 

allow for changes in their material properties as well as the success of organic molecule 

attachment to be evaluated. This characterization will also include experiments utilizing 

cells in order to observe the differences in toxicity brought about by the surface 

modification of the nanoparticles. The proposed specific aims would consist of the 

following in order to be completed: 

 

Aim 1: Establish a viable method for the synthesis of monodisperse Fe3O4 

nanoparticles 

(1.1) Utilize hydrothermal synthesis to prepare Fe3O4 nanoparticles. 

(1.2) Isolate the nanoparticles through washing. 

(1.3) Characterize the nanoparticles using transmission electron microscopy 

(TEM), X-ray powder diffraction (XRD), dynamic light scattering (DLS), 

zeta potential analysis, Fourier-transform infrared spectroscopy (FTIR).  
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Aim 2: Functionalize the nanoparticles’ surfaces with the silane agent (3-

aminopropyl)triethoxysilane (APTES) and evaluate any changes in the nanoparticles’ 

material properties 

(2.1) Utilize a modified Stöber method to functionalize the purified Fe3O4 

nanoparticles’ surfaces with (3-aminopropyl)triethoxysilane (APTES). 

(2.2) Isolate the nanoparticles through washing. 

(2.3) Characterize the nanoparticles using transmission electron microscopy 

(TEM), X-ray powder diffraction (XRD), dynamic light scattering (DLS), 

zeta potential analysis, Fourier-transform infrared spectroscopy (FTIR), and 

a cell toxicity study. 

 

Aim 3: Validate the success of attaching organic molecules to the modified surfaces 

of the nanoparticles by conjugating the dye molecule 5(6)-carboxyfluorescein. 

(3.1) Quantify the density of amino groups (-NH2) on the surfaces of the APTES-

coated iron (II, III) oxide nanoparticles. 

(3.2) Utilize a conjugation reaction to further functionalize the APTES-coated 

Fe3O4 nanoparticles with the dye molecule 5(6)-carboxyfluorescein. 

(3.3) Isolate the nanoparticles through washing. 

(3.4) Utilize Fourier-transform infrared spectroscopy (FTIR) and fluorescence 

microscopy to evaluate the success of the conjugation reaction. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Specific Aim 1 

Iron oxide nanoparticles have been prepared utilizing hydrothermal synthesis 

methods, which have been reported to provide the advantage of effective nanoparticle size 

and morphology control [6, 13, 27]. Before the nanoparticles’ surfaces can be 

functionalized with any coatings or organic molecules, the properties of the bare 

nanoparticles must still be thoroughly evaluated at this time; this must be done in order to 

verify that monodisperse iron oxide nanoparticles are successfully produced through the 

chosen method. The characterization results for the uncoated particles will also serve as a 

baseline for evaluating any changes in their material properties that may be facilitated by 

functionalization. 

3.1.1 Fe3O4 Nanoparticle Synthesis, Purification, and Isolation 

Iron (III) chloride hexahydrate (405 mg, 1.50 mmol), sodium acetate trihydrate 

(1.08 g, 7.9 mmol), and ethylene glycol (15 mL, 269 mmol) were added to an autoclave 

vessel. The autoclave vessel was then assembled and placed into a furnace at 200℃ (Figure 

5A). After heating for 24 hours, the vessel was removed from the furnace with tongs and 

allowed to cool. The newly synthesized particles were transferred from the autoclave vessel 

to a 50 mL conical tube with 20 mL of 50% (v/v) ethanol in water and dispersed (Figure 

5B). Following centrifugation of the sample at 1000 × g for 5 minutes, the supernatant 

liquid was removed and particles were washed again with 50% ethanol twice (Figure 5C). 

A magnet was also used to aid in separating the nanoparticles from the solution following 

centrifugation. After removing the supernatant liquid of the final wash, the conical tube 



17 

 

containing the sample was uncapped and the top was covered with foil. After poking a few 

holes in the foil, the tube was shaken at 400 RPM overnight and the dried particles were 

collected (Figure 5D). In order to ensure that an adequate amount of the uncoated particles 

would be available for direct characterization and additional functionalization with a silane 

agent and cell-penetrating peptides, they were synthesized continuously. 

 

Figure 5: The main steps of iron (II, III) oxide nanoparticle preparation. First is hydrothermal synthesis 

utilizing an autoclave vessel, which is followed transferring the cooled product for purification, 

purification with 50% ethanol, and particle isolation and air drying. 

 

3.1.2 Fe3O4 Nanoparticle Characterization Methods 

3.1.2.1 Electron Microscopy and Nanoparticle Sizing 

Scanning electron microscopy (SEM) allowed for the visualization of nanoparticle 

aggregates under low magnification and their sizing. Dried iron oxide nanoparticles were 

first attached to a piece of glass slide using double-sided carbon tape and further dried 

under vacuum for an hour. The glass slide with the sample was then mounted on an SEM 

stub using double-sided carbon tape and sputter coated with gold. A FEI Quanta 450 FEG 

scanning electron microscope was used to obtain SEM images. In total, over 50 aggregates 

were sized from 1 image of the nanoparticles. 

Transmission electron microscopy (TEM) allowed for visualization of the dried 

individual nanoparticles’ surface morphology. Dried iron oxide nanoparticles were 

suspended in 50% (v/v) ethanol in water at a concentration of 100 µg/mL and 2 µL of the 

suspension was added to a TEM grid. The particles were thoroughly dispersed by 
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ultrasonication at 185 W before adding the suspension to the TEM grid. After the sample 

was air dried overnight, the nanoparticles were imaged with a JEOL JEM 1400 TEM 

microscope fitted with a GATAN UltraScan 1000 CCD camera. The software ImageJ [50] 

was then utilized to measure the diameters of individual nanoparticles observed in the TEM 

images. In total, 300 individual particles were sized across 8 images for the nanoparticles. 

3.1.2.2 X-ray powder Diffraction (XRD) 

XRD measurements allowed for the characterization of the nanoparticles’ crystal 

structures in order to verify that they were composed of iron (II, III) oxide [28]. The 

nanoparticles were first ground into fine powder using a glass tissue grinder or a mortar 

and pestle. A Bruker D8 Advance instrument fitted with a copper X-ray source and a 

LYNXEYE XE detector was used to obtain the XRD spectra. An anti-scatter screen was 

used to attenuate scattering and a nickel foil filter was used to attenuate Kβ radiation. The 

spectra were obtained with the DIFFRAC.SUITE software and the DIFFRAC.EVA 

software was utilized to perform post-analysis. 

3.1.2.3 Dynamic Light Scattering (DLS) and Zeta Potential 

DLS and zeta potential measurements were conducted using a Malvern Zetasizer 

Nano ZS to respectively assess the nanoparticles’ hydrodynamic radii and colloidal 

stability. A 10 mg/mL stock suspension of the nanoparticles was prepared using deionized 

(DI) water and ultrasonicated at 185 W for 15 minutes. For measurements, this suspension 

was diluted to 0.1 mg/mL. Zeta potential measurements were performed in deionized (DI) 

water with pH ranging between 2 and 12, while DLS measurements were only acquired for 

solutions with neutral pH (7.0). The nanoparticle suspensions were then ultrasonicated at 

185 W for 10 minutes immediately before acquiring measurements. Once ultrasonication 



19 

 

was complete, the suspensions were transferred into 1 mL cuvettes with 1 cm path length 

for DLS measurements and disposable folded capillary cells (DTS1060) for zeta potential 

measurements. In this study, 3 separate runs of data were acquired and averaged for each 

particle sample that was being characterized. 

3.1.2.4 FTIR Analysis 

Attenuated total reflectance (ATR) FTIR analysis was conducted using the methods 

described in Querido et al., 2018 [51]. After being ground with a mortar and pestle and 

sifted through a 120 nm sieve, the samples were analyzed using a Thermo Scientific Nicolet 

iS5 FT-IR Spectrometer that was mounted with the iD7 ATR accessory and equipped with 

a diamond crystal. All spectra were collected with 4 cm-1 resolution and 32 co-added scans. 

ATR corrected spectra were obtained by using the Advanced ATR Correction available in 

OMNIC software. 

 

3.2 Specific Aim 2 

Before attaching organic molecules to their surfaces, purified nanoparticles were 

functionalized with a silane agent (APTES) using a modified Stöber’s method [3, 12, 32]. 

Following the purification, the nanoparticles would be characterized to evaluate any 

changes in their material properties facilitated by the addition of the coating. 

3.2.1 Functionalization of Fe3O4 Nanoparticles via Silane Agents 

The silane agent functionalization process was performed after purifying the 

synthesized hydrophilic iron oxide nanoparticles. After removing the supernatant liquid 

from the final wash, the particles were dispersed in 50% ethanol and (3-

aminopropyl)triethoxysilane (APTES, 44.7 µL, 0.191 mmol) was added to functionalize 
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the nanoparticles’ surfaces (Figure 6). After shaking for 24 hours, the functionalized 

particles were purified and dried with the same processes as the bare nanoparticles (Section 

3.1.1). We had already used this method within a now-published study to successfully 

functionalize the nanoparticles’ surfaces with n-octyltriethoxysilane (n-OTES), another 

silane agent, for a different application; therefore, we had expected that similar success 

would be observed when using the same method to functionalize the nanoparticles with an 

equivalent amount of moles of APTES [30]. 

 

Figure 6: Surface functionalization of iron oxide nanoparticles using n-octyltriethoxysilane. 

 

3.2.2 Functionalized Fe3O4 Nanoparticle Characterization Methods 

Functionalized nanoparticles were characterized using the same methods described 

previously in Aim 1 for the bare nanoparticles. SEM, TEM, XRD, DLS, zeta potential, and 

FTIR analysis were performed utilizing the same methods described in Aim 1. Zeta 

potential and FTIR were a significant component of the characterization process; through 

the comparison of zeta potential measurements and FTIR spectra before and after silane 

functionalization, the success of the coating reaction was assessed [19]. An important 

additional step of FTIR analysis was the acquisition of spectra from 3 individual drops of 

APTES along with the spectra acquired from the APTES-functionalized nanoparticles. 
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Since APTES is a liquid, it was added dropwise to the crystal without any additional sample 

preparation and the pressure lever was not needed when acquiring the spectra. The toxic 

effects of the APTES-coated nanoparticles were also characterized and compared with 

those of the uncoated nanoparticles through a cell viability study utilizing rat C6 glioma 

cells. The methods for this study are described below. 

3.2.2.1 Sterilization of the Fe3O4 Nanoparticles 

Dried iron (II, III) oxide nanoparticles (uncoated and APTES-coated) were weighed 

and suspended in 70% (v/v) ethanol in water. They were then dispersed by ultrasonication 

at 185 W for 5 minutes, which was followed by vortexing for 15 seconds. After the particles 

were centrifuged at 7000 × g, they were decanted in a sterile biosafety cabinet. The particles 

were then washed two more times with 70% ethanol, and using the same protocol were 

washed three additional times with sterile DI water. Following sterilization, the 

nanoparticles were dispersed in sterile DI water to obtain a suspension with a final 

concentration of 1 mg/mL for treating cells. 

3.2.2.2 Cell Culture 

Rat C6 glioma cells were prepared for biological experiments under normal 

incubation conditions (37°C, 5% CO2). For proliferation C6 cells were cultured in high 

glucose Dulbecco`s Modified Eagle Media (DMEM) supplemented with 10% (v/v) fetal 

bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (pen-strep). During proliferation 

the media was refreshed every 48-72 hours. The cells were passaged when the flask reached 

70% confluency by incubating the cells at 37°C with trypsin for 5 minutes. Centrifugation 

at 200 × g was used to pelletize the C6 cells during cell culture. 
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3.2.2.3 Cell Viability Assay 

C6 cells were seeded in 96-well plates at a density of 5 x 103 cells per well in 100 

µL of proliferation media. The plate did not receive a coating before seeding. After the 

cells were left to attach for 16 to 24 hours, they were treated with varying amounts of 

nanoparticles and the total final volume was adjusted with sterile DI water. The particular 

concentrations tested and the method of treatment were the same as those utilized in a 

recent study that we conducted on the toxic potential of the iron oxide nanoparticles 

prepared through our hydrothermal synthesis formulation [30]. Starting at 64 µL (64 µg 

nanoparticles, corresponding to approximately 0.39 mg/mL), serial dilutions of the sterile 

1 mg/mL nanoparticle stock suspension were performed using sterile DI water (1:2 per 

dilution down to 0.5 µg nanoparticles, corresponding to approximately 0.003 mg/mL). To 

each well containing 100 µL proliferation medium, an additional 64 µL of the diluted 

nanoparticle suspension were added directly, bringing the total final volume to 164 µL per 

well. Separate wells were treated with the uncoated and APTES-coated iron oxide 

nanoparticles. Control wells received 64 µL of sterile DI water without nanoparticles. 

After 24 hours, the cells were washed three times with PBS. For quantitative 

viability analysis, the cells were then treated with PrestoBlue™ cell viability reagent 

following the manufacturer’s protocol. A 10% solution of PrestoBlueTM cell viability 

reagent in proliferation media was added to each well and the cells were incubated for 30 

minutes. Each plate prepared for this study was then scanned for fluorescence intensity at 

560/590 nm (excitation/emission) using a TECAN infinite M200 Pro plate reader. The 

relative viability observed at each nanoparticle concentration was calculated by subtracting 

the average fluorescence value obtained from the negative control (PrestoBlueTM and 
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media without cells) and normalizing all of the measurements with the average 

fluorescence value obtained for the positive control (cells that were not treated with 

nanoparticles). The cells were then fixed by adding 10 µL of 4% paraformaldehyde (PFA) 

solution to each well. An Olympus CKX41 microscope was used to acquire representative 

images of cells treated with each tested concentration of the uncoated vs APTES-coated 

iron oxide nanoparticles. 

 

3.3 Specific Aim 3 

After validating the successful surface modification of the iron oxide nanoparticles 

with APTES, the ability to successfully conjugate organic molecules to the modified 

surfaces was evaluated by attaching the dye molecule 5(6)-carboxyfluorescein. First, the 

density of amino (-NH2) groups on the nanoparticles’ surfaces was determined, and 

following conjugation of the dye molecule the nanoparticles were purified and 

characterized. Both FTIR analysis and fluorescence microscopy were utilized in order to 

evaluate the success of the conjugation reaction.  

3.3.1 Amine Quantification of APTES-functionalized Nanoparticles 

A ninhydrin assay was used to quantify the amino groups (-NH2) present on the 

APTES-functionalized nanoparticles; this was a necessary step for determining the 

amounts of the reagents utilized within the conjugation reaction. First, a standard curve 

was prepared using the amino acid Boc-Lys-OH. Solutions of 2% (w/v) Boc-Lys-OH in 

DI water and 2% (w/v) ninhydrin in ethanol were prepared. The Boc-Lys-OH solution was 

then serially diluted 8 times by mixing 0.5 mL of solution with 0.5 mL of DI water in 1.5 

mL centrifuge tubes, halving the concentration with each dilution. All 9 solutions had a 
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total final volume of 0.5 mL. Each Boc-Lys-OH solution was then mixed with the 

ninhydrin solution in a 1:1 ratio and vortexed for 3 minutes. After securing the lids of the 

1.5 mL tubes shut with tape to avoid spilling and placing them together in a beaker, the 

solutions were heated in the oven at 80-100°C for 6 minutes to facilitate the reaction. The 

solutions with higher concentrations of Boc-Lys-OH experienced a more prominent color 

change from yellow to purple. 

After removing the beaker from the oven, the beaker and the tubes were allowed to 

cool to room temperature; this cooling process required about 15-20 minutes. After being 

vortexed for 2 minutes, the solutions were transferred into 1 mL disposable cuvettes with 

1 cm pathlength and the absorbance of each was measured with a TECAN infinite M200 

Pro plate reader at a wavelength of 570 nm. Cuvettes containing 50% ethanol and 1% (w/v) 

ninhydrin in 50% ethanol were used to obtain absorbance values for background correction. 

The background from the ninhydrin control was subtracted from the absorbance 

values measured for each condition, and these corrected values were plotted against each 

condition’s respective Boc-Lys-OH concentration. The trendline was acquired and the 

serial dilution experiment was repeated if the acquired R2 was below 0.98X. This standard 

curve would be utilized for quantifying the density of amino groups (-NH2) on the iron (II, 

III) oxide nanoparticles. 

For measuring the amount of amine groups on the iron oxide nanoparticles, a 10 

mg/mL stock suspension of APTES-functionalized iron oxide nanoparticles was prepared 

and ultrasonicated at 185 W for 10 minutes. This dispersion was then diluted to obtain 8, 

4, and 2 mg/mL dispersions in 1.5 mL centrifuge tubes with a final volume of 0.5 mL; two 

tubes were prepared for each concentration, with one in each pair being used for 
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background measurement and the other being used for testing. The dispersions in the set 

of tubes being used for background measurement were mixed with 0.5 mL of 100% 

ethanol, while 0.5 mL of 2% (w/v) ninhydrin in ethanol was added to each of the other set 

of tubes; note that as a result of this step, the concentration of nanoparticles in each of the 

dispersions has been halved. 

The dispersions were then vortexed for 2 minutes and placed into the oven using 

the methods described for the Boc-Lys-OH serial dilution. Following the cooling step, the 

nanoparticle dispersions were placed into a centrifuge at 7000 × g for 5 minutes at room 

temperature. Without agitating the particles, the supernatant liquid in the tubes was 

transferred into 1 mL disposable cuvettes with 1 cm pathlength and the absorbance of each 

was measured with a TECAN infinite M200 Pro plate reader at a wavelength of 570 nm. 

A cuvette containing 50% ethanol was used as an additional background for comparison. 

Once the measurements were complete, the absorbance values obtained from the 

background tubes were subtracted from the values obtained from the tubes that received 

ninhydrin. The previously acquired Boc-Lys-OH standard curve was then used to 

determine the moles of -NH2 per gram of the APTES-functionalized nanoparticles as well 

as per square nanometer of nanoparticle surface. 

3.3.2 Carboxyfluorescein Attachment to APTES-coated Nanoparticles 

In order to successfully conjugate an organic molecule to the surfaces of APTES-

coated nanoparticles, the nanoparticles must be treated with a conjugation solution that 

consists of specific molar equivalents of the conjugate intended for attachment as well as 

a set of reagents that facilitate the conjugation reaction. The exact amount of the reagents 

and conjugate utilized during the conjugation reactions is therefore dependent on the 
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amount of nanoparticles being functionalized and was determined using the number of 

moles of -NH2 per gram of APTES-coated nanoparticles; this value was calculated during 

the ninhydrin assay (Section 3.3.1). This conjugation reaction is also utilized within the 

process of solid phase peptide synthesis to assemble peptide sequences [52]. 

The conjugation solution utilized for attaching the dye molecule 5(6)-

carboxyfluorescein to the surface modified nanoparticles consisted of 6 molar equivalents 

of N,N-diisopropylethylamine (DIPEA) as well as 3 molar equivalents of 

hydroxybenzotriazole (HOBt), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU), and 5(6)-carboxyfluorescein all dissolved in 50% (v/v) 

ethanol in water. This solution would be mixed into the reaction vessel and left to couple 

overnight. After conjugation, the nanoparticles would then be purified and dried with the 

same processes that were used for the bare nanoparticles (Section 3.1.1). 

3.3.3 Dye-conjugated Fe3O4 Nanoparticle Characterization 

The functionalized nanoparticles were then characterized using FTIR analysis and 

fluorescence microscopy in order to detect the presence of 5(6)-carboxyfluorescein on the 

surfaces of the nanoparticles. This would allow for the success of the conjugation reaction 

to be validated and demonstrate the feasibility of attaching biomolecules such as cell-

penetrating peptides. 

3.3.3.1 FTIR Analysis 

FTIR analysis was conducted using the same methods utilized in Aims 1 and 2. An 

important additional step of FTIR analysis was the acquisition of spectra from 3 individual 

samples of 5(6)-carboxyfluorescein along with the spectra acquired from the purified 

nanoparticles that underwent the conjugation reaction with the dye molecule. 
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3.3.3.2 Fluorescence Microscopy 

Following conjugation of 5(6)-carboxyfluorescein to the surfaces of the APTES-

coated nanoparticles, fluorescence images of the particles were acquired. After preparing 

a 0.1 mg/mL suspension of the nanoparticles, 20 μL of the suspension was added to a slide; 

after adding a drop of glycerol, a coverslip was placed over the sample and its edges were 

sealed with nail polish. Images were acquired after the slide was prepared and the nail 

polish dried. Imaging was performed with an Olympus IX83-DSU microscope equipped 

with a Hamamatsu ORCA-R2 CCD camera. Conjugation success was monitored through 

the fluorescence of the dye molecule attached to the nanoparticles. 
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CHAPTER 4 

RESULTS 

4.1 Hydrothermal synthesis 

The yield of hydrothermal synthesis is not scalable, so the nanoparticles needed to 

be prepared continuously to ensure that an adequate supply of samples have been prepared 

for characterization and future functionalization [6]. The average yield of the iron oxide 

nanoparticles was found to be 106.9 mg per batch (SD = 6.4, N = 15). The average 

theoretical yield of the measured batches was found to be 117.1 mg per batch (SD = 0.8, N 

= 15), making the average percent yield 91.3% (SD = 5.5, N = 15). Based on these 

calculations, hydrothermal synthesis is an effective means of preparing iron oxide 

nanoparticles, with the loss of sample likely occurring during the particle purification and 

isolation processes. While from a yield, complexity, and safety standpoint this reaction 

process appears to be reliable and efficient despite its lack of scalability, its overall quality 

will be determined from the direct characterization of the produced nanoparticles and 

validating that they are composed of iron (II, III) oxide as intended. 

 

4.2 Nanoparticle Characterization 

While the attachment of peptides to the nanoparticles was initially a more 

significant priority within this thesis, an emerging priority that required more attention as 

the research progressed was the characterization of the nanoparticles just after 

functionalization with APTES. A viable set of methods for cell-penetrating peptide 

preparation (via solid phase peptide synthesis) and characterization has already been 

designed and validated within Dr. Suh’s research at this time [52]. Peptide synthesis is also 
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a time-consuming process, so with this emerging priority it was difficult within the limited 

timeframe to attempt preparing the desired peptides without first fully evaluating the 

success of silane functionalization and validating the presence of the functionalities needed 

for successful peptide attachment.  

The more novel component of this research lies in being able to introduce 

functionalities (specifically amino groups) to the nanoparticles’ surfaces that can be used 

to facilitate peptide attachment; as previously discussed, the use of a silane coating also 

provides the advantages of improving dispersibility while also preventing particle 

degradation and agglomeration [3, 4, 31]. Based on the principles of solid phase peptide 

synthesis, the introduction of amino groups onto the particles’ surfaces from the silane is 

essential for being able to conjugate an amino acid to their surfaces; therefore, this is a 

requirement for the successful attachment of peptides using either of the methods detailed 

in Aims 2 and 3 [52]. It is also important to determine if the functionalized nanoparticles’ 

size limits the ability to conjugate amino acids to their surfaces through solid phase 

synthesis methods. By using the previously discussed characterization methods to validate 

successful APTES functionalization and bioconjugation of the dye molecule 5(6)-

carboxyfluorescein to the functionalities introduced by the coating, the feasibility of 

attaching peptides to the APTES-functionalized nanoparticles using either proposed 

method will be demonstrated.  

4.2.1 Electron Microscopy and Nanoparticle Sizing 

Electron micrographs of the iron oxide nanoparticles were obtained to perform size 

analysis. Aggregations of the nanoparticles were observed by low magnification SEM 

analysis (Figure 7). The uncoated nanoparticle aggregates had an average diameter (± 
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standard deviation) of 104.7 ± 30.5 nm; the APTES-coated nanoparticle aggregates 

measured 89.7 ± 23.0 nm. This decrease in aggregate size upon the addition of the APTES 

coating was found to be statistically significant when analyzed via a Student’s t test (p < 

0.01, directional test, N = 74 for uncoated, N = 64 for APTES-coated). Using image 

analysis of the TEM images, the diameters of the individual particles that were dispersed 

by ultrasonication were also measured (Figure 8). The uncoated and APTES-coated 

samples predominantly consist of the larger aggregates (Figure 7, circled in Figure 8), but 

ultrasonication reduces the agglomeration of the individual particles and spreads them out. 

The uncoated nanoparticles that were prepared through hydrothermal synthesis had 

an average diameter (± standard deviation) of 19.9 ± 4.8 nm as shown in Figure 7E. After 

coating with (3-aminopropyl)triethoxysilane (APTES), the average diameter of the 

particles was 20.9 ± 5.9 nm as shown in Figure 7F. The average diameters of both particle 

groups are similar, but statistical analysis revealed that the size of the individual particles 

increased significantly after functionalization with the APTES agent (Student’s t test, p < 

0.05, directional test, N = 300 per sample). Based on the literature, the size distribution 

determined for the uncoated iron (II, III) oxide nanoparticles also indicates that they should 

exhibit superparamagnetic properties [10]. 
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Figure 7: Scanning electron microscopy (SEM) images and size distribution histograms for the aggregates 

of iron oxide nanoparticles that predominate the uncoated and APTES-coated samples. 

 

 

 



32 

 

 

 

Figure 8: Transmission electron microscopy (TEM) images and size distribution histograms for the 

individual iron oxide nanoparticles observed within uncoated and APTES-coated samples after sonication. 
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4.2.2 XRD 

XRD spectra was acquired from uncoated iron oxide nanoparticles as well as 

samples coated with n-octyltriethoxysilane (n-OTES) and (3-aminopropyl)triethoxysilane 

(APTES). The XRD spectra (Figure 9) showed representative peaks for magnetite (Fe3O4) 

in all three samples that were characterized. 

 

Figure 9: X-ray diffraction spectra acquired from the uncoated iron (II, III) oxide nanoparticles (blue 

curve) and samples that have been coated with n-octyltriethoxysilane (orange curve) and (3-

aminopropyl)triethoxysilane (gray curve). 

 

4.2.3 DLS and Zeta Potential 

DLS measurements were acquired from 0.1 mg/mL suspensions of nanoparticles in 

DI water at neutral pH indicated the formation of nanoparticle aggregates. A total of nine 

sets of measurements (three sets of measurements are acquired by the Zetasizer during each 

measurement session) was acquired for each type of particle. The uncoated nanoparticles 

had a Z-average of 617.6 ± 247.9 nm with a polydispersity index (PDI) of 0.52. This Z-

average was significantly higher than the value obtained from uncoated nanoparticles in 

our previous study, so despite meeting the Zetasizer Software’s quality criteria these 
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measurements should be repeated to ascertain their viability [30]. Our group observed the 

differences in aggregation caused by ultrasonication, so the increased size of the aggregates 

may have been observed due to inadequate sonication of the stock suspension that was used 

to prepare the measured suspensions. By comparison, the APTES-coated nanoparticles had 

a Z-average of 288.8 ± 43.5 nm with a polydispersity index (PDI) of 0.31; this data was 

averaged from six sets of measurements rather than nine because the data acquired from 

one of the sessions did not meet the Zetasizer Software’s quality criteria. 

Zeta potential measurements were acquired for both the uncoated and APTES-

functionalized iron oxide nanoparticles (Figure 10). Similar to the DLS measurements, nine 

sets of measurements were acquired from 0.1 mg/mL suspensions of each type of particle. 

The critical difference was that these suspensions were prepared in DI water ranging 

between pH 2 and 12 rather than just neutral pH. The zeta potential data acquired for 

nanoparticles coated with n-OTES using the same functionalization method was also 

included to further demonstrate the differences in measured surface charge observed for 

particles with different surface properties and coatings. The isoelectric point of the 

nanoparticles functionalized with APTES falls between pH 4 to 5, while for the uncoated 

nanoparticles it falls between 5 to 6. Additionally, after coating with APTES there is an 

observed increase in zeta potential within a pH range of 2 to 4; this also occurs at neutral 

pH, where the average zeta potential of uncoated nanoparticles is approximately -16.1 mV 

and that of the APTES-functionalized nanoparticles is approximately -9.44 mV. 
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Figure 10: Zeta potential measurements acquired for uncoated iron oxide nanoparticles (blue curve) as 

well as particles coated with n-OTES (orange curve) and APTES (gray curve). The error bars represent the 

standard error of means from multiple runs. 

 

4.2.4 FTIR Analysis 

ATR-FTIR analysis also indicated that the functionalization of APTES onto the 

surface of the iron (II, III) oxide nanoparticles was successful. Three sets of spectra, each 

acquired from a different batch of particles, were acquired for the uncoated and APTES-

functionalized nanoparticles and plotted; additionally, spectra were acquired from APTES 

separately to provide a means of validating functionalization success (Figure 11). The large 

peak observed at approximately 532 cm-1 for both nanoparticle samples are characteristic 

absorption bands of the Fe–O bond [53]. A prominent difference in the spectra of the two 

particle samples is a shoulder that is centered near 1000 cm-1, which is where the strongest 

peaks observed in the spectra acquired for APTES are located. These peaks, which are 

located at approximately 1071 and 1100 cm-1, are known to correspond to Si-O-Si bonds; 

there is also a peak at about 952 cm-1 that likely corresponds to the stretching of Si-O bonds 
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[32, 53-55]. This behavior of the spectra provides evidence that condensation between the 

hydroxyl groups on the nanoparticle surface and the silane molecule did occur [55].  

Additionally, the intense peaks centered near 3000 cm-1 in the FTIR spectra that 

was acquired for APTES corresponds to the stretch of N-H bonds [53, 54]. Although the 

spectra do provide prominent peaks that confirm successful silane functionalization, the 

amino groups on the surface may be displaying a less prominent, more subtle signal that 

would require more in-depth analysis of the spectra to perceive; one potential method 

would be to take the second derivative of the spectra using Unscrambler X [51]. 

 

Figure 11: FTIR spectra of uncoated (blue curve) and APTES-functionalized (gray curve) iron (II, III) 

oxide nanoparticles as well as APTES (orange curve). 

 

4.2.5 Cell Viability Assay 

The nanoparticles were applied to 5,000 C6 cells for 24 hours, and the resulting 

cell viabilities were measured with PrestoBlueTM (Figure 12). Both the uncoated and 

APTES-coated nanoparticles were toxic to the C6 cells starting at 0.5 µg (per 5,000 cells 

and 164 µL total volume, which corresponds to approximately 0.003 mg/mL) which 
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respectively resulted in 78.2% and 85.2% viability values, so overall both particles 

demonstrate significant toxicity to the C6 cells. It can be observed that at the full range of 

particle concentrations tested, the APTES coating attenuates the cytotoxic effects. 

Treating with 64 µg of the APTES-coated nanoparticles (which corresponds to 

approximately 0.39 mg/mL) resulted in a viability value of 35.4%, while the uncoated 

nanoparticles only showed 7.5% viability. A significant difference in cytotoxicity 

facilitated by the presence of the APTES coating was also observed for the 32 µg 

treatment group (which corresponds to 0.195 mg/mL). 

 

Figure 12: Uncoated and APTES-coated iron oxide nanoparticle cytotoxicity after 24 h incubation with C6 

cells. Error bars depicted as standard error. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Additionally, based on microscopy images acquired of the cells after being treated with 

the particles, there is increased internalization of the particles into the C6 cells with 

increasing concentration (Figures 13 & 14). The 8, 16, 32, and 64 µg treatments 

(corresponding to 0.049, 0.098, 0.195, and 0.39 mg/mL, respectively) of the uncoated 
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nanoparticles formed denser aggregates than those of the APTES-coated nanoparticles. 

Similar to what has been observed in the literature, uptake of the nanoparticles by the C6 

cells can also be observed [46, 47]. The C6 glioma cells’ spindula-shaped morphology 

also appears to be unaffected by incubation with either the uncoated or APTES-coated 

nanoparticles [46]. 

 

Figure 13: Viability assay results of C6 cells treated with uncoated iron oxide nanoparticles after 24 

hours. Scale bar = 100 µm. 
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Figure 14: Viability assay results of C6 cells treated with APTES-coated iron oxide nanoparticles after 24 

hours. Scale bar = 100 µm. 

 

4.2.6 Amine Quantification 

The quantification of the number of amino groups was performed through a 

ninhydrin assay. First, a standard curve was generated (Figure 15) by reacting multiple 

dilutions of a Boc-Lys-OH in water stock solution with a ninhydrin solution in order to 

provide a means of interpreting the absorbance data acquired from the APTES-

functionalized particles when they were reacted with the ninhydrin solution. 

Next, dispersions of APTES-coated nanoparticles at concentrations of 4, 2, and 1 

mg/mL were reacted with ninhydrin and the absorbance of the supernatant liquid was 
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measured. Linear interpolation was performed using the standard curve and measured 

absorbance values for the nanoparticle dispersions to find that the average density of amino 

groups on the surfaces of the functionalized nanoparticles (± standard deviation) is 1.52 ± 

0.07 mmol per gram of nanoparticles and 2.62*10-20 ± 1.27*10-21 mmol per nm2 of particle 

surface. The average percent difference (± standard deviation) in the density of amino 

groups observed for the three particle concentrations from the calculated average was 

found to be 3.6 ± 2.2%. 

 

Figure 15: Boc-Lys-OH standard curve acquired for the ninhydrin assay. 

 

4.2.7 Conjugation Test 

Using the conjugation methods described in Section 3.3.2, the dye molecule 5(6)-

carboxyfluorescein was conjugated to the surface of APTES-coated nanoparticles. This 

was done to evaluate the success of these methods in facilitating the attachment of 

molecules such as peptides via covalent bond formations. The main adjustment to the 

conjugation mixture was that 3 molar equivalents of the dye molecule were used in place 

of an amino acid. 
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FTIR data was acquired for the iron oxide nanoparticles both before (just the 

APTES-coated nanoparticles) and after 5(6)-carboxyfluorescein conjugation; similar to 

what was done when validating functionalization with APTES, separate spectra were also 

acquired for 5(6)-carboxyfluorescein to validate successful conjugation (Figure 16). Only 

one batch of the iron oxide nanoparticles underwent the conjugation reaction before testing, 

so three sets of spectra were only acquired from one sample and averaged. In the region 

between 900-1700 cm-1, there were prominent additional peaks observed in the spectra 

acquired for the nanoparticle samples that had underwent the conjugation reaction; these 

peaks corresponded to the positions of several prominent peaks found within the spectra of 

carboxyfluorescein. Overall the spectra acquired during this conjugation test appeared to 

indicate successful conjugation of the dye molecule to the iron oxide nanoparticles’ 

surfaces, but additional information was also acquired to support this claim further. 

 

Figure 16: FTIR spectra of APTES-coated iron oxide nanoparticles (blue curve), the dye molecule 5(6)-

carboxyfluorescein (orange curve), and the dye-conjugated iron oxide nanoparticles (gray curve). 

 

The nanoparticles were also imaged using fluorescence microscopy (Section 

3.3.3.2) in order to observe whether or not 5(6)-carboxyfluorescein had been successfully 
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conjugated to their surfaces. The acquired images demonstrated that certain nanoparticle 

aggregates will fluoresce under the green light, seemingly validating the successful 

conjugation of 5(6)-carboxyfluorescein to iron oxide particles with APTES-functionalized 

surfaces (Figure 17), or at least its adsorption to the nanoparticles’ surface. 

 

Figure 17: Fluorescence microscopy images for detecting the presence of conjugated 5(6)-

carboxyfluorescein on the surfaces of the APTES-coated iron oxide nanoparticles. The green channel 

corresponds with the conjugated 5(6)-carboxyfluorescein. 
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CHAPTER 5 

DISCUSSION 

5.1 Hydrothermal Synthesis 

The ferric chloride hexahydrate, which acts as an iron precursor, was the limiting 

reagent in the reaction used to prepared the iron oxide nanoparticles. Within the 

formulation utilized to prepare the studied iron oxide samples, the addition of 

approximately 2 molar equivalents of sodium acetate trihydrate was used to prevent 

particle agglomeration during the reaction [30]. Ethylene glycol was also added in 

significant excess to facilitate the reduction of Fe3+ ions into Fe2+ ions. The key individual 

reaction steps that occur within the hydrothermal synthesis process to generate the iron (II, 

III) oxide nanoparticles can be found in our paper focused on the investigation of their 

toxic potential to different neural cell types [30]. 

Precautions should be taken to avoid exposure to the byproducts of the reaction, in 

particular acetaldehyde and diacetyl [56, 57]. The formation of acetaldehyde occurs during 

a critical reaction step, which involves the dehydration of ethylene glycol in a pinacol 

rearrangement [30, 56]. It has been suggested that acetaldehyde is carcinogenic in excess 

[58, 59]. Diacetyl is the major byproduct of this reaction, forming during the step where 

Fe3+ is reduced to Fe2+ by the newly formed acetaldehyde [30, 57]. The development of 

obliterative bronchiolitis has recently been associated with acetyl exposure [60]. Exposure 

to these chemicals should be avoided even though the presence of acetaldehyde and acetyls 

in the reaction mixture had not been tested in our toxicity study [30]. Autoclave vessels 

should be allowed to cool to room temperature before handling the reaction products; it is 
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also suggested that the handling of reaction products be conducted in a chemical fume hood 

while wearing proper personal protective equipment [30]. 

 

5.2 Nanoparticle Characterization 

 The control of nanoparticle material properties through the method of synthesis is 

significant due to these properties’ role in dictating the in vivo behavior of NPs [4, 25, 61]. 

Of the different material properties that were characterized within this thesis, particle size 

and morphology are the most prioritized parameters [61]. For iron (II, III) oxide 

nanoparticles, small size is prioritized in their synthesis in order to maintain their 

superparamagnetic properties, but smaller particles also have a higher tendency to 

aggregate during storage or transport of dispersions [61]. This aggregation can interfere 

with conventional methods of measuring particle size such as dynamic light scattering 

(DLS) [19, 61]. DLS is often used to measure submicron particles in colloidal suspensions, 

can be used to extract nanoparticle size distributions, and is regarded as a fast technique, 

but due to the influence of NP agglomeration on the results it may be less reliable compared 

to other methods of particle sizing [19, 61]. This is why DLS is better utilized here and in 

our toxicity as a method of evaluating the degree of particle aggregation rather than the 

size of individual iron oxide nanoparticles; aggregate size can also influence the biological 

response to nanoparticles [30]. 

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

and atomic force microscopy (AFM) present alternative methods for measuring particle 

size while also allowing for the morphological examination of the nanoparticles through 

direct visualization [19, 61]. Utilizing these methods, the particle size distribution is 
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estimated through image analysis rather than obtained through direct measurement [11, 29, 

32]. A comparison of these images can also provide qualitative evidence of any changes in 

the nanoparticles’ morphologies brought about due to surface modification, as well as any 

changes in particle aggregation. One such study acquired images of similarly prepared iron 

(II, III) oxide nanoparticles utilizing both SEM and TEM [29]. It can be observed from 

these images that TEM provides superior resolution in its images compared to those of 

SEM, making them preferable for image analysis to estimate nanoparticle size 

distributions.  

When comparing particles prepared using different methods or modified with 

different coatings, TEM images are capable of demonstrating differences in the size and 

aggregation of nanoparticles [29, 32, 53]. Although TEM appears to be preferred, AFM 

provides ultra-high resolution in particle sizing and therefore provides similar advantages 

to TEM in analyzing both particle size and observing changes in morphology due to the 

addition of a coating [19, 61]. Using TEM in this study was an effective means of 

performing size analysis for the characterization of the iron oxide nanoparticles. Likewise, 

SEM was an effective method for the size analysis of the much larger nanoparticle 

aggregates that predominate the samples. 

Due to the crystal structure of iron (II, III) oxide (Fe3O4), X-ray diffraction (XRD) 

can also be used to characterize the purity of magnetite nanoparticles. Other phases such 

as maghemite (γ-Fe2O3) may be present in the nanoparticles’ structure as a result of the 

method used to synthesize the nanoparticles or due to oxidation caused by the presence of 

air [53]. Based on previous studies, differences in iron oxide samples before and after 

oxidation can be acquired; there are also accurate methods of analysis that can distinguish 
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Fe3O4 and γ-Fe2O3 phases using XRD, despite complications that arise in doing so because 

of significant similarities in the two iron oxides’ structures [11, 29]. Utilizing XRD 

measurements on coated samples is also useful in evaluating whether or not the coating 

process has structurally changed the sample [53]. Through our analysis of samples that I 

prepared using hydrothermal synthesis, XRD was able to confirm that the nanoparticles 

prepared via hydrothermal synthesis were composed of magnetite (Fe3O4) [30]. The 

analysis of samples coated with silane agents from our study and additional literature 

indicates that the addition of the APTES coating will not affect the particles’ crystal 

structure [30, 53, 54]. 

Surface charge is another significant parameter associated with designing 

nanoparticles for biomedical applications due to its influence on the overall biological 

response to the nanoparticles as well as the NPs’ physical stability, re-dispersibility, and 

ability to interact with bioactive compounds [18, 19, 61]. Zeta potential is an indirect 

measurement of the surface charge that allows for the prediction of the nanoparticles’ 

storage stability when they are in colloidal dispersions [20, 53, 61]. Zeta potential values 

that are high in magnitude (positive or negative) are desired for samples in order to ensure 

that their stability is maintained and any aggregation of the nanoparticles is avoided or 

minimized; zeta potential values are also useful for predicting the hydrophobicity of the 

nanoparticles’ surfaces [61]. Zeta potential values are obtained from nanoparticles 

dispersed in a solution of known pH; the evaluation of any differences in surface charge 

before and after coating can be done with either one key pH of interest or more 

comprehensively across a gradient of pH values [20, 53]. The latter was especially useful 

within the context of this thesis because the success of the intended surface modification 
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could be evaluated through the comparison of the zeta potential curves obtained from the 

nanoparticles before and after the surface modification reaction was performed. 

The relative intensities of surface charge within zeta potential measurement curves 

can hint at the presence of new moieties on the nanoparticles introduced by 

functionalization, but measurements acquired from the ATR-FTIR spectra provided a more 

specific indication of what functional groups are actually present within the structure and 

on the surface of the nanoparticles [51]. The primary advantages offered by ATR-FTIR 

compared to another method called transmission FTIR include quicker and easier 

sampling, significant sample preparation beforehand being unnecessary, the ability to 

obtain high-quality spectra from a fraction of a milligram of sample, and the availability of 

much more portable and affordable spectrometers for performing this method [51]. 

Although the spectra obtained from these two types of FTIR are not identical due to 

differences in their sampling methods, two potential ways of addressing this are using a 

correction algorithm that may improve the ATR-FTIR spectra or the thorough validation of 

the method being used effectively for characterizing the intended sample [51]. The 

prominent peaks acquired when performing ATR-FTIR that distinguished the uncoated, 

APTES-coated, and dye-conjugated nanoparticles did allow for the proper characterization 

of differences in the surface properties. This meant that the functionalization of APTES 

and conjugation of carboxyfluorescein on the surfaces of the nanoparticles could be 

successfully validated. 
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5.3 Conjugation Test and Cytotoxicity 

The ninhydrin assay was found to be an effective means of quantifying the amine 

groups to design a formulation for conjugating organic molecules to the surfaces of the 

nanoparticles. FTIR and fluorescence microscopy were also useful for validating the 

success of conjugation. There is a possibility that some of the particles that were in the 

conjugation reaction that did not fluoresce may still have had dye attached to their surface. 

Due to the low density of amino groups determined to be on the surface of the 

functionalized nanoparticles, it is possible that the fluorescence signal would have been too 

weak to observe directly for certain particles and aggregates using fluorescence microscopy 

since only a small amount of dye was attached. Only aggregates appeared to fluoresce 

intensely, and their strong signal would be due to the combined contribution of several 

individual particles’ weaker signals. Despite the low density of amino groups on the surface 

of the nanoparticles, there was a sufficient amount of coating on the particles to affect their 

toxicity to the C6 cells at higher concentrations. With increasing concentrations, higher 

internalization of both the uncoated and APTES-coated nanoparticles into the C6 cells was 

also observed. 

 

5.4 Future Directions 

The next major step would be to modify the formulation of the APTES 

functionalization process to increase the amount of amine groups introduced to their 

surfaces. The amount of silane agent added in this study was sufficient for making the 

surfaces hydrophobic for a different application, but should be increased to allow for a 

greater amount of conjugation [30]. Characterization using some of the other methods that 
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were previously discussed should be done to observe differences in surface charge, the 

density of amino groups on the surface of the nanoparticles, and the success of conjugation. 

Additionally, once those particles’ material properties are further established, future work 

should focus on the attachment of cell-penetrating peptides to facilitate their increase 

uptake into cells. The two potential methods for doing so have been described in the 

methods of this thesis, but due to time restrictions they were unable to receive full proper 

validation; however, within this thesis the feasibility of conjugating organic molecules to 

the nanoparticles’ modified surface has been demonstrated, which is a critical step in both 

peptide attachment methods. The use of solid phase peptide synthesis (SPPS) to prepare 

cell-penetrating peptides has also been validated in prior research conducted by our group 

[52]. What essentially remains is to validate the success of attaching a completed peptide 

through click chemistry and assembling the completed peptide chain on the surface using 

SPPS methods; the characterization techniques tested within this thesis should be effective 

for performing this validation. The differences in toxicity and cellular uptake exhibited by 

the uncoated, APTES-coated, and peptide-functionalized nanoparticles should also be 

investigated within future work. These particles’ toxicities have been investigated to an 

extent within this study, but human cells should be utilized in future studies to obtain more 

accurate results on what biological response the particles will elicit from the human body 

and how the desired surface modifications will influence their uptake into target cells. 

 

5.5 Conclusions 

Overall, hydrothermal synthesis was established as a means of preparing high-

quality nanoparticles with the intended synthesis formulation. The full characterization of 
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these nanoparticles’ properties before silane functionalization and organic molecule 

attachment has also contributed significantly to the process of customizing their properties 

for particular applications. Both proposed methods of peptide attachment are dependent on 

conjugating at least one amino acid to the surface of the nanoparticles, and through this 

study the feasibility of the proposed methods for conjugating organic molecules to the 

modified surfaces of the nanoparticles has been demonstrated. Although the full set of 

peptide attachment methods has not been fully validated at this time, there is a basis in this 

thesis as well as the literature for the further development and testing of those methods. 



51 

 

REFERENCES CITED 

[1] A. Ito, M. Shinkai, H. Honda, and T. Kobayashi, "Medical application of 

functionalized magnetic nanoparticles," (in eng), J Biosci Bioeng, vol. 100, no. 1, 

pp. 1-11, Jul 2005, doi: 10.1263/jbb.100.1. 

[2] M. Mahmoudi, M. A. Sahraian, M. A. Shokrgozar, and S. Laurent, 

"Superparamagnetic iron oxide nanoparticles: promises for diagnosis and treatment 

of multiple sclerosis," (in eng), ACS Chem Neurosci, vol. 2, no. 3, pp. 118-40, Mar 

2011, doi: 10.1021/cn100100e. 

[3] W. Wu, Q. He, and C. Jiang, "Magnetic Iron Oxide Nanoparticles: Synthesis and 

Surface Functionalization Strategies," (in English), Nanoscale Research Letters, 

Review vol. 3, no. 11, pp. 397-415, NOV 2008 2008, doi: 10.1007/s11671-008-

9174-9. 

[4] L. Mohammed, H. G. Gomaa, D. Ragab, and J. Zhu, "Magnetic nanoparticles for 

environmental and biomedical applications: A review," Particuology, vol. 30, pp. 

1-14, Feb 2017, doi: 10.1016/j.partic.2016.06.001. 

[5] V. Valdiglesias et al., "Effects of Iron Oxide Nanoparticles: Cytotoxicity, 

Genotoxicity, Developmental Toxicity, and Neurotoxicity," Environmental and 

Molecular Mutagenesis, vol. 56, no. 2, pp. 125-148, Mar 2015, doi: 

10.1002/em.21909. 

[6] A. H. Lu, E. L. Salabas, and F. Schüth, "Magnetic nanoparticles: synthesis, 

protection, functionalization, and application," (in eng), Angew Chem Int Ed Engl, 

vol. 46, no. 8, pp. 1222-44, 2007, doi: 10.1002/anie.200602866. 

[7] C. Sun, J. S. Lee, and M. Zhang, "Magnetic nanoparticles in MR imaging and drug 

delivery," (in eng), Adv Drug Deliv Rev, vol. 60, no. 11, pp. 1252-65, Aug 2008, 

doi: 10.1016/j.addr.2008.03.018. 

[8] D. Kim, K. Shin, S. G. Kwon, and T. Hyeon, "Synthesis and Biomedical 

Applications of Multifunctional Nanoparticles," (in eng), Adv Mater, p. e1802309, 

Aug 2018, doi: 10.1002/adma.201802309. 

[9] N. Lee and T. Hyeon, "Designed synthesis of uniformly sized iron oxide 

nanoparticles for efficient magnetic resonance imaging contrast agents," (in eng), 

Chem Soc Rev, vol. 41, no. 7, pp. 2575-89, Apr 2012, doi: 10.1039/c1cs15248c. 

[10] I. Chourpa et al., "Molecular composition of iron oxide nanoparticles, precursors 

for magnetic drug targeting, as characterized by confocal Raman 

microspectroscopy," Analyst, vol. 130, no. 10, pp. 1395-1403, 2005, doi: 

10.1039/b419004a. 

[11] S. Shrestha, P. Jiang, M. Sousa, P. Morais, Z. Mao, and C. Gao, "Citrate-capped 

iron oxide nanoparticles impair the osteogenic differentiation potential of rat 

mesenchymal stem cells," (in English), Journal of Materials Chemistry B, Article 

vol. 4, no. 2, pp. 245-256, 2016 2016, doi: 10.1039/c5tb02007g. 



52 

 

[12] A. Kunzmann et al., "Efficient internalization of silica-coated iron oxide 

nanoparticles of different sizes by primary human macrophages and dendritic 

cells," (in English), Toxicology and Applied Pharmacology, Article vol. 253, no. 2, 

pp. 81-93, JUN 1 2011 2011, doi: 10.1016/j.taap.2011.03.011. 

[13] A. Ali et al., "Synthesis, characterization, applications, and challenges of iron oxide 

nanoparticles," Nanotechnology Science and Applications, vol. 9, pp. 49-67, 2016, 

doi: 10.2147/nsa.s99986. 

[14] E. J. Cho, H. Holback, K. C. Liu, S. A. Abouelmagd, J. Park, and Y. Yeo, 

"Nanoparticle Characterization: State of the Art, Challenges, and Emerging 

Technologies," Molecular Pharmaceutics, vol. 10, no. 6, pp. 2093-2110, Jun 2013, 

doi: 10.1021/mp300697h. 

[15] W. H. De Jong and P. J. A. Borm, "Drug delivery and nanoparticles: Applications 

and hazards," International Journal of Nanomedicine, vol. 3, no. 2, pp. 133-149, 

2008. 

[16] L. Migliore, C. Uboldi, S. Di Bucchianico, and F. Coppede, "Nanomaterials and 

Neurodegeneration," (in English), Environmental and Molecular Mutagenesis, 

Review vol. 56, no. 2, pp. 149-170, MAR 2015 2015, doi: 10.1002/em.21931. 

[17] V. Valdiglesias et al., "Are iron oxide nanoparticles safe? Current knowledge and 

future perspectives," (in eng), J Trace Elem Med Biol, vol. 38, pp. 53-63, Dec 2016, 

doi: 10.1016/j.jtemb.2016.03.017. 

[18] M. Rahman, S. Laurent, N. Tawil, L. H. Yahia, and M. Mahmoudi, "Protein corona: 

applications and challenges," in Protein-Nanoparticle Interactions: Springer, 2013, 

pp. 45-63. 

[19] V. H. Nguyen and B. J. Lee, "Protein corona: a new approach for nanomedicine 

design," (in eng), Int J Nanomedicine, vol. 12, pp. 3137-3151, 2017, doi: 

10.2147/IJN.S129300. 

[20] S. C. Hong et al., "Subtle cytotoxicity and genotoxicity differences in 

superparamagnetic iron oxide nanoparticles coated with various functional groups," 

(in eng), Int J Nanomedicine, vol. 6, pp. 3219-31, 2011, doi: 10.2147/IJN.S26355. 

[21] S. J. Soenen, M. De Cuyper, S. C. De Smedt, and K. Braeckmans, "Investigating 

the toxic effects of iron oxide nanoparticles," (in eng), Methods Enzymol, vol. 509, 

pp. 195-224, 2012, doi: 10.1016/B978-0-12-391858-1.00011-3. 

[22] P. Nallathamby et al., "New surface radiolabeling schemes of super paramagnetic 

iron oxide nanoparticles (SPIONs) for biodistribution studies," (in English), 

Nanoscale, Article vol. 7, no. 15, pp. 6545-6555, 2015 2015, doi: 

10.1039/c4nr06441k. 

[23] S. J. Soenen, U. Himmelreich, N. Nuytten, T. R. Pisanic, A. Ferrari, and M. De 

Cuyper, "Intracellular nanoparticle coating stability determines nanoparticle 

diagnostics efficacy and cell functionality," (in eng), Small, vol. 6, no. 19, pp. 2136-

45, Oct 2010, doi: 10.1002/smll.201000763. 



53 

 

[24] H. S. Lai, F. G. Xu, and L. Wang, "A review of the preparation and application of 

magnetic nanoparticles for surface-enhanced Raman scattering," Journal of 

Materials Science, vol. 53, no. 12, pp. 8677-8698, Jun 2018, doi: 10.1007/s10853-

018-2095-9. 

[25] T. Hyeon, "Chemical synthesis of magnetic nanoparticles," Chemical 

Communications, no. 8, pp. 927-934, 2003, doi: 10.1039/b207789b. 

[26] J. A. Darr, J. Y. Zhang, N. M. Makwana, and X. L. Weng, "Continuous 

Hydrothermal Synthesis of Inorganic Nanoparticles: Applications and Future 

Directions," Chemical Reviews, vol. 117, no. 17, pp. 11125-11238, Sep 2017, doi: 

10.1021/acs.chemrev.6b00417. 

[27] H. Deng, X. Li, Q. Peng, X. Wang, J. Chen, and Y. Li, "Monodisperse magnetic 

single-crystal ferrite microspheres," (in English), Angewandte Chemie-

International Edition, Article vol. 44, no. 18, pp. 2782-2785, 2005 2005, doi: 

10.1002/anie.200462551. 

[28] C. Schmitz-Antoniak, "X-ray absorption spectroscopy on magnetic nanoscale 

systems for modern applications," Reports on Progress in Physics, vol. 78, no. 6, 

Jun 2015, Art no. 062501, doi: 10.1088/0034-4885/78/6/062501. 

[29] Z. Kozakova et al., "The formation mechanism of iron oxide nanoparticles within 

the microwave-assisted solvothermal synthesis and its correlation with the 

structural and magnetic properties," (in English), Dalton Transactions, Article vol. 

44, no. 48, pp. 21099-21108, 2015 2015, doi: 10.1039/c5dt03518j. 

[30] W. Ma, P. M. Gehret, R. E. Hoff, L. P. Kelly, and W. H. Suh, "The Investigation 

into the Toxic Potential of Iron Oxide Nanoparticles Utilizing Rat 

Pheochromocytoma and Human Neural Stem Cells," Nanomaterials, vol. 9, no. 3, 

p. 453, 2019. 

[31] A. K. Gupta and M. Gupta, "Synthesis and surface engineering of iron oxide 

nanoparticles for biomedical applications," Biomaterials, vol. 26, no. 18, pp. 3995-

4021, Jun 2005, doi: 10.1016/j.biomaterials.2004.10.012. 

[32] D. Liu et al., "Morphology and properties of silica-based coatings with different 

functionalities for Fe3O4, ZnO and Al2O3 nanoparticles," (in English), Rsc 

Advances, Article vol. 5, no. 59, pp. 48094-48103, 2015 2015, doi: 

10.1039/c5ra04452a. 

[33] H. X. Wu, T. J. Wang, and Y. Jin, "Effects of -OH groups on Fe3O4 particles on 

the heterogeneous coating in a hydrous alumina coating process," Industrial & 

Engineering Chemistry Research, vol. 46, no. 3, pp. 761-766, Jan 2007, doi: 

10.1021/ie060987z. 

[34] W. Z. Shen, S. Cetinel, K. Sharma, E. R. Borujeny, and C. Montemagno, "Peptide-

functionalized iron oxide magnetic nanoparticle for gold mining," Journal of 

Nanoparticle Research, vol. 19, no. 2, Feb 2017, Art no. 74, doi: 10.1007/s11051-

017-3752-7. 



54 

 

[35] A. Verma and F. Stellacci, "Effect of Surface Properties on Nanoparticle-Cell 

Interactions," Small, vol. 6, no. 1, pp. 12-21, Jan 2010, doi: 

10.1002/smll.200901158. 

[36] D. Kami, S. Takeda, Y. Itakura, S. Gojo, M. Watanabe, and M. Toyoda, 

"Application of Magnetic Nanoparticles to Gene Delivery," International Journal 

of Molecular Sciences, vol. 12, no. 6, pp. 3705-3722, Jun 2011, doi: 

10.3390/ijms12063705. 

[37] S. I. Presolski, V. P. Hong, and M. G. Finn, "Copper-Catalyzed Azide-Alkyne Click 

Chemistry for Bioconjugation," (in eng), Curr Protoc Chem Biol, vol. 3, no. 4, pp. 

153-162, 2011, doi: 10.1002/9780470559277.ch110148. 

[38] E. Koren and V. P. Torchilin, "Cell-penetrating peptides: breaking through to the 

other side," Trends in Molecular Medicine, vol. 18, no. 7, pp. 385-393, Jul 2012, 

doi: 10.1016/j.molmed.2012.04.012. 

[39] W. L. Ma and W. H. Suh, "Engineered Cell Penetrating Peptides," Control of 

Amphiphile Self-Assembling at the Molecular Level: Supra-Molecular Assemblies 

with Tuned Physicochemical Properties for Delivery Applications, vol. 1271, pp. 

297-319, 2017. 

[40] N. Fernandez-Bertolez et al., "Neurotoxicity assessment of oleic acid-coated iron 

oxide nanoparticles in SH-SY5Y cells," Toxicology, vol. 406, pp. 81-91, Aug 2018, 

doi: 10.1016/j.tox.2018.06.003. 

[41] N. Fernandez-Bertolez et al., "Toxicological assessment of silica-coated iron oxide 

nanoparticles in human astrocytes," Food and Chemical Toxicology, vol. 118, pp. 

13-23, Aug 2018, doi: 10.1016/j.fct.2018.04.058. 

[42] C. Costa et al., "In vitro cytotoxicity of superparamagnetic iron oxide nanoparticles 

on neuronal and glial cells. Evaluation of nanoparticle interference with viability 

tests," (in eng), J Appl Toxicol, vol. 36, no. 3, pp. 361-72, Mar 2016, doi: 

10.1002/jat.3213. 

[43] S. J. Soenen, U. Himmelreich, N. Nuytten, and M. De Cuyper, "Cytotoxic effects 

of iron oxide nanoparticles and implications for safety in cell labelling," (in eng), 

Biomaterials, vol. 32, no. 1, pp. 195-205, Jan 2011, doi: 

10.1016/j.biomaterials.2010.08.075. 

[44] M. Song, W. K. Moon, Y. Kim, D. Lim, I. C. Song, and B. W. Yoon, "Labeling 

efficacy of superparamagnetic iron oxide nanoparticles to human neural stem cells: 

comparison of ferumoxides, monocrystalline iron oxide, cross-linked iron oxide 

(CLIO)-NH2 and tat-CLIO," (in eng), Korean J Radiol, vol. 8, no. 5, pp. 365-71, 

2007 Sep-Oct 2007, doi: 10.3348/kjr.2007.8.5.365. 

[45] S. Miyoshi et al., "Transfection of neuroprogenitor cells with iron nanoparticles for 

magnetic resonance imaging tracking: cell viability, differentiation, and 

intracellular localization," (in eng), Mol Imaging Biol, vol. 7, no. 4, pp. 286-95, 

2005 Jul-Aug 2005, doi: 10.1007/s11307-005-0008-1. 



55 

 

[46] W. Rastedt, K. Thiel, and R. Dringen, "Uptake of fluorescent iron oxide 

nanoparticles in C6 glioma cells," Biomedical Physics & Engineering Express, vol. 

3, no. 3, Jun 2017, Art no. Unsp 035007, doi: 10.1088/2057-1976/aa6c4d. 

[47] J. B. Mamani, J. M. Malheiros, E. F. Cardoso, A. Tannús, P. H. Silveira, and L. F. 

Gamarra, "In vivo magnetic resonance imaging tracking of C6 glioma cells labeled 

with superparamagnetic iron oxide nanoparticles," (in eng|por), Einstein (Sao 

Paulo), vol. 10, no. 2, pp. 164-70, 2012 Apr-Jun 2012. 

[48] J. B. Mamani et al., "Intracellular labeling and quantification process by magnetic 

resonance imaging using iron oxide magnetic nanoparticles in rat C6 glioma cell 

line," (in eng|por), Einstein (Sao Paulo), vol. 10, no. 2, pp. 216-21, 2012 Apr-Jun 

2012. 

[49] M. K. Khalid et al., "Evaluation of Toxicity and Neural Uptake In Vitro and In 

Vivo of Superparamagnetic Iron Oxide Nanoparticles," International Journal of 

Molecular Sciences, vol. 19, no. 9, Sep 2018, Art no. 2613, doi: 

10.3390/ijms19092613. 

[50] J. Schindelin et al., "Fiji: an open-source platform for biological-image analysis," 

(in English), Nature Methods, Article vol. 9, no. 7, pp. 676-682, JUL 2012 2012, 

doi: 10.1038/NMETH.2019. 

[51] W. Querido, R. Ailavajhala, M. Padalkar, and N. Pleshko, "Validated approaches 

for quantification of bone mineral crystallinity using transmission Fourier 

transform infrared (FT-IR), attenuated Total reflection (ATR) FT-IR, and Raman 

spectroscopy," Applied spectroscopy, vol. 72, no. 11, pp. 1581-1593, 2018. 

[52] W. Ma, G. W. Jin, P. M. Gehret, N. C. Chada, and W. H. Suh, "A Novel Cell 

Penetrating Peptide for the Differentiation of Human Neural Stem Cells," 

Biomolecules, vol. 8, no. 3, Sep 2018, Art no. 48, doi: 10.3390/biom8030048. 

[53] R. A. Bini, R. F. C. Marques, F. J. Santos, J. A. Chaker, and M. Jafelicci, "Synthesis 

and functionalization of magnetite nanoparticles with different amino-functional 

alkoxysilanes," Journal of Magnetism and Magnetic Materials, vol. 324, no. 4, pp. 

534-539, Feb 2012, doi: 10.1016/j.jmmm.2011.08.035. 

[54] B. K. Sodipo and A. A. Aziz, "A sonochemical approach to the direct surface 

functionalization of superparamagnetic iron oxide nanoparticles with (3-

aminopropyl)triethoxysilane," Beilstein Journal of Nanotechnology, vol. 5, pp. 

1472-1476, Sep 2014, doi: 10.3762/bjnano.5.160. 

[55] S. Villa, P. Riani, F. Locardi, and F. Canepa, "Functionalization of Fe3O4 NPs by 

Silanization: Use of Amine (APTES) and Thiol (MPTMS) Silanes and Their 

Physical Characterization," Materials, vol. 9, no. 10, Oct 2016, Art no. 826, doi: 

10.3390/ma9100826. 

[56] W. B. Smith, "Ethylene glycol to acetaldehyde-dehydration or a concerted 

mechanism," Tetrahedron, vol. 58, no. 11, pp. 2091-2094, Mar 2002, Art no. Pii 

s0040-4020(02)00103-5, doi: 10.1016/s0040-4020(02)00103-5. 



56 

 

[57] F. Fievet, J. Lagier, and M. Figlarz, "Preparing monodisperse metal powders in 

micrometer and submicrometer sizes by the polyol process " Mrs Bulletin, vol. 14, 

no. 12, pp. 29-34, 1989. 

[58] M. Salaspuro, "Acetaldehyde as a common denominator and cumulative 

carcinogen in digestive tract cancers," Scandinavian Journal of Gastroenterology, 

vol. 44, no. 8, pp. 912-925, 2009, doi: 10.1080/00365520902912563. 

[59] D. W. Lachenmeier, F. Kanteres, and J. Rehm, "Carcinogenicity of acetaldehyde in 

alcoholic beverages: risk assessment outside ethanol metabolism," Addiction, vol. 

104, no. 4, pp. 533-550, Apr 2009, doi: 10.1111/j.1360-0443.2009.02516.x. 

[60] K. Kreiss, "Recognizing occupational effects of diacetyl: What can we learn from 

this history?," Toxicology, vol. 388, pp. 48-54, Aug 2017, doi: 

10.1016/j.tox.2016.06.009. 

[61] S. L. Pal, U. Jana, P. K. Manna, G. P. Mohanta, and R. Manavalan, "Nanoparticle: 

An overview of preparation and characterization," Journal of Applied 

Pharmaceutical Science, vol. 1, no. 6, pp. 228-234, 2011. 

 


