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ABSTRACT 
 

Iron oxide nanoparticles have attracted attention for various promising 
applications in biomedicine. Their low toxicity and rich variety of magnetic 

properties gives them the potential to be used as imaging agents, drug 

delivery vehicles, and magnetically triggered devices in vivo. The work 

presented in this thesis is aimed at developing an understanding of how 

iron oxide nanoparticles, stabilized in two very different ways, could 

potentially be used as magnetic resonance contrast agents and drug 

transport and triggered drug release devices. 

Iron oxide nanoparticles were synthesised for further decoration with 

either silica or organic polymer, two methods of stabilizing the particles in 

aqueous suspension.  The resulting magnetic nanocomposite particles 

were then used to assess their abilities to take up model drug 

compounds, to release those compounds at different temperatures, to act 

as magnetic resonance image contrast agents by altering water proton 

magnetic relaxation rates, and to generate heat in response to an applied 

alternating magnetic field. 

Iron oxide nanoparticles were synthesized by a thermal decomposition 

method in the presence of iron acetylacetonate Fe(acac)3. The resulting 

spheroidal nanoparticles exhibited a narrow particle size distribution 

around 7 nm.  

Four model drug delivery systems based on mesoporous silica and 

putative nanovalves were synthesized to test the loading and release of 

Rhodamine B (Rh-B) as a model drug cargo at 25 oC and 65 oC. The four 

model systems comprised silica particles with (N-6-N-aminohexyl)-

aminomethyl triethoxysilane and cucurbit [6] uril; silica particles with only 

(N-6-N-aminohexyl)-aminomethyl triethoxysilane and no cucurbit [6] uril; 

silica particles with only cucurbit [6] uril and no (N-6-N-aminohexyl)-
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aminomethyl triethoxysilane; and bare silica particles without any (N-6-N-

aminohexyl)-aminomethyl triethoxysilane or cucurbit [6] uril. 

Physicochemical characterization techniques, in vitro Rh-B release 

kinetics and investigation of Rh-B release kinetics by mathematical 

modeling indicated that simple diffusion of Rh-B from silica particles 

appeared to be the dominant mechanism rather than the putative action 

of the nanovalves. 

Iron oxide nanoparticles were then coated with silica by utilizing the 

hydrolysis and the polycondensation of different amounts of 

tetraethoxysilane under alkaline conditions in order to obtain different 

silica shell thickness around the iron oxide nanoparticles. Magnetometric 

studies suggested a silica shell thickness-dependent magnetism in these 

samples. The efficiency of these potential contrast agents, evaluated by 

the proton relaxivities ratio (r2/r1), was much higher than that of the 

commercial agents. The silica shell thickness dependent relaxation 

behavior is explained as being due to the effects of the silica shell on 

water exclusion from the iron oxide nanoparticles.  

In a second area of work, poly(N-isopropylacrylamide)-poly(glycidyl 

methacrylate) (PNIPAM-g-PGMA) copolymers were used to stabilize the 

iron oxide nanoparticles in aqueous pluronic solution through a non-

spontaneous emulsification route. PNIPAM is known to undergo a 

transition from a coil to collapsed state upon raising the temperature 

above about 32 °C. Measurements of proton transverse relaxation rate 

and hydrodynamic radius against temperature indicated that water proton 

access to the magnetic core is not restricted until the temperature is 

raised above 40 °C with restriction increasing up to about 45 °C. These 

data show that the collapse of the PNIPAM is a continuous process over 

the range from about 32 oC to 45 oC under the conditions used in these 

model experiments.   
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PNIPAM-g-PGMA coated iron oxide nanoparticles were then loaded with 

lomerizine as a model drug cargo using an oil-in-water emulsion method. 

Observation of the concentration of lomerizine in suspensions of the 

particles as a function of temperature showed that reducing the 

temperature from 45 to 25 °C significantly increased the lomerizine 

release rate showing that in principle thermal control of a nanocomposite 

particle comprised of thermosensitive polymer can be used to trigger drug 

release. 

The relationships between the temperature and concentration of 

nanoparticles, formation of linear structures and changes observed in the 

proton transverse relaxation rate were examined for the PNIPAM-PGMA 

nanoparticles. The results indicate that temperature has a direct effect on 

the spatial distribution of the PNIPAM-PGMA nanoparticles in a magnetic 

field, producing differences in the rate and length of chain formation and 

hence, systematic changes in proton transverse relaxation rates.  

The capability of the two stabilized iron oxide nanoparticle systems (silica 

coated and PNIPAM-g-PGMA coated systems) to raise solution 

temperature in 19 kA/m alternating magnetic field at frequency of 295 kHz 

was tested. Both materials were found to be ineffective in raising the 

solution temperature, possibly owing to the small size of the iron oxide 

nanoparticles.  

Taken together, the results of the studies presented here add to the 

current evidence that magnetic nanocomposite particles have the 

potential to act as trackable combined drug transport and triggered 

release devices.  
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Chapter 1 

Introduction 

 

1.1 Thesis Organization 
 

Over the past decade, magnetic iron oxide nanoparticles have attracted 

significant attention due to their interesting physical properties and 

potential applications in biomedical areas. They are a promising material 

in biomedical applications owing to the material’s low cytotoxicity, high 

biocompatibility, and outstanding magnetic properties such as 

superparamagnetism, high field irreversibility, and high saturation field. 

Due to their remarkable properties, they could be used as drug delivery 

carriers [1], magnetic resonance imaging (MRI) contrast enhancement 

agents [2, 3], treatment media in magnetic hyperthermia [4, 5], and cell 

labeling and detection [6, 7]. As a result, researchers are continually 

seeking ways of improving methods of synthesis and surface 

modification, and continuing further in vitro and in vivo biomedical tests 

[8, 9]. Thus, this thesis includes an investigation and discussion of the 

properties and behavior of two different systems based on (a) 

mesoporous silica and (b) poly(N-isopropylacrylamide)-poly(glycidyl 

methacrylate) coated magnetite core/shell nanoparticles to be used as 

drug delivery carrier and magnetic resonance imaging (MRI) contrast 

enhancement agents. 
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The thesis starts with the introductory chapter (Chapter 1), where the 

objective of research is presented. A comprehensive review relevant to 

the current project is discussed in Chapter 2. This chapter discusses in 

detail some of the important biomedical applications of magnetic 

nanoparticles. A general introduction about the development of a novel 

stimuli-responsive, controlled-release delivery system based on 

mesoporous silica and poly(N-isopropylacrylamide)-poly(glycidyl 

methacrylate) are also discussed briefly. Chapter 3 outlines the methods 

used to synthesise superparamagnetic iron oxide nanoparticles, 

mesoporous silica nanoparticles and polymeric nanoparticles, the 

methods used to cap the particles with a temperature sensitive “valve”, 

and the methods used to characterize both nanoparticle systems. 

The thermal release of Rhodamine B (Rh-B) from four different samples 

of mesoporous silica nanocomposites without magnetite is reported in 

Chapter 4. The release of Rh-B kinetics is investigated using empirical 

mathematical modelling. Three different silica shell thicknesses coated on 

magnetite core/shell nanoparticles were investigated in Chapter 5. We 

will look at how silica thickness affects (i) the proton relaxivities of 

aqueous suspensions of the particles and (ii) the magnetic properties of 

superparamagnetic iron oxide nanoparticles. 

A second area of focus in this work is the synthesis of colloidally stable 

thermoresponsive PNIPAM-graft-PGMA coated magnetite core/shell 

nanoparticles. The lower critical solution temperatures (LCSTs) of 

polymeric nanoparticles were determined using dynamic light scattering 

(DLS) and proton magnetic resonance relaxometry, the details of which 

will be discussed in Chapter 6. Temperature dependent structural 

changes of these polymeric nanoparticles were found at around 35-40 oC 

and the associated drug release capabilities tested using lomerizine are 

reported in Chapter 7. Chapter 8 discusses a concentration-series 

experiment with the polymeric nanoparticles using proton magnetic 
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resonance relaxometry where the influence of concentration and 

temperature on time varying proton transverse relaxation rate were 

investigated. The length distribution of magnetic field induced chains of 

polymeric nanoparticles at 25 oC and 45 oC were also explored using 

TEM and SEM. 

In Chapter 9, we present an initial demonstration of (a) different 

thicknesses of silica coated magnetite core/shell nanoparticles and (b) 

PNIPAM-graft-PGMA coated magnetite core/shell nanoparticles used in 

an alternating current (AC) magnetic field to achieve on-off drug release 

using an RF magnetic field. Finally, in Chapter 10, the significance and 

future prospect of the research presented in this thesis is discussed with 

a general conclusion. 

Due to the nature of this research, the thesis is split into three sections, 

the first and second being the investigation of mesoporous silica, and 

poly(N-isopropylacrylamide)-poly(glycidyl methacrylate) for use as 

potential drug carriers and MRI contrast agents enhancements, and the 

third being the use of magnetic nanocomposites for remotely activated 

controlled drug delivery. The specific objective of each section is outlined 

below.  

 

1.1.1 Mesoporous Silica 
 

Mesoporous silica shows very interesting properties for biomedical 

applications as it exhibits large and uniform pore size distribution and 

remarkable hydrothermal stability [10-12]. The particular mesoporous 

systems studied here were based on those presented by Thomas et al 

[13].  
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However, from initial results (Appendix A.2) it appears that the 

nanovalves developed by Thomas [13] are unlikely to be the mechanism 

responsible for the activated drug release as the release from the 

particles with cucurbit [6] uril, which is the final part of the nanovalve 

system, was similar to those without. The evidence also suggests that the 

presence of (N-6-N-aminohexyl)-aminomethyl triethoxysilane might 

increase the steric diffusion resistance, which leads to the lower release 

rates.  

Thus, we set out some specific goals to better understand these systems. 

The specific objectives were:  

(a) Synthesize four (4) different samples of mesoporous silica 

nanoparticles (MSN) without magnetite using a surfactant-

templated, base catalysed condensation procedure as described 

by Thomas et al [13], with modification.  

(b) Show evidence for the effective coating of the silica with the 

temperature sensitive “valves” (Cap) using FTIR, 1H NMR and 13C 

CP/MAS NMR spectroscopy. 

(c) Demonstrate the thermal release from the mesoporous silica 

systems coated with temperature sensitive “valves” (Cap) at 25 oC 

and 65 oC.   

(d) Compare the temperature dependent release of Rh-B from the 

coated mesoporous silica to silica particles with only (N-6-N-

aminohexyl)-aminomethyl triethoxysilane and no cucurbit [6] uril; 

silica particles with only cucurbit [6] uril and no (N-6-N-

aminohexyl)-aminomethyl triethoxysilane; and bare silica particles 

without any (N-6-N-aminohexyl)-aminomethyl triethoxysilane or 

cucurbit [6] uril. These results will determine whether there is a 
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temperature dependent release of the dye similar to or different 

from the temperature dependence for the controls.   

(e) Determine whether the temperature sensitive “valves” (Cap) 

function as proposed in the literature.  

(f) Assess the release of Rh-B mechanism using different empirical 

mathematical models.  

 

1.1.2 Polymeric Nanoparticles 
 

Over the past few years, polymeric nanoparticles have been developed 

for drug delivery applications in order to maximize therapeutic effect and 

minimize unwanted effects of drugs. Due to their stability and structural 

rigidity, polymeric drug delivery research has become a revolutionary 

strategy to localize the therapy at a diseased site by employing entities 

that are sensitive to physiological needs of the body such as temperature 

of the human body and pH of biological fluids.  

In this work, we report the use of iron oxide nanoparticles encapsulated 

within poly(glycidyl methacrylate) (PGMA) shells as a reactive core for the 

grafting of high density PNIPAM chains. Importantly, the major 

advantages of PGMA as an anchoring platform to graft PNIPAM chains 

on the surface of an iron oxide nanoparticle lie in the mobility of the 

epoxide functional groups [14-17] located in the loops and tails of the 

core macromolecule. The mobility of the reactive loops of PGMA ensures 

greater access to anchoring, resulting in a 2-3 fold greater grafting 

density when compared to a monolayer of epoxy groups on an iron oxide 

nanoparticle surface of similar dimensions [18]. Meanwhile, poly(N-

isopropylacrylamide) (PNIPAM), is a prominent lower critical solution 
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temperature (LCST) polymer [19, 20], which undergoes a coil-to-globule 

transition when temperature is raised from below LCST to above LCST in 

aqueous solution and is nearly insensitive to environmental conditions 

such as pH value [21]. In the field of drug delivery, it is the LCST of 

polymers and/or systems that are generally more relevant.  

With these advantages in mind, our specific objectives were: 

(a) Synthesize and characterize thermoresponsive PNIPAM-graft-

PGMA coated magnetite core/shell nanoparticles with the potential 

for use as a drug delivery vehicle and use as MRI contrast agent.  

(b) Assess the efficacy of synthesized polymeric nanoparticles for the 

delivery of lomerizine at 25 oC (below the LCST) and 45 oC (above 

the LCST) at pH 5.0 and 7.4 representing pH extremes expected 

to be experienced in cellular environments of interest.  

(c) Assess the ability of the synthesized polymeric nanoparticles to 

form magnetic field induced linear aggregates known as chains by 

studying the effect of concentration and temperature on time 

varying proton transverse relaxation rate in a 1.4 T magnetic field. 
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1.1.3 Magnetic Nanocomposites for Remote Controlled 
Drug Delivery 

 

The motivation for this work comes from the numerous potential 

advantages of a magnetic-targeting drug delivery system. The potential of 

drug delivery systems based on magnetic nanoparticles stems from their 

significant advantages in that they can be (i) visualized (they can be 

imaged in MRI), (ii) guided to a place by means of a magnetic field and 

(iii) heated in a magnetic field to trigger drug release or to produce 

hyperthermia. For magnetic-targeting drug delivery, an external magnetic 

field is used to guide magnetically labelled drug carriers. A drug molecule 

is bound to a magnetic material, introduced into the body and 

concentrated in the target area by means of an external magnetic field 

hence reducing adverse side effects due to systemic distribution of the 

drug. Magnetic forces act at relatively long ranges, such that translational 

forces and rotational torques can be applied to particles within the body 

by fields applied externally to the body, and do not have adverse effects 

on most biological tissues and hence provide an excellent mechanism for 

externally guided targeting [22, 23]. Drug targeting allows a lower whole 

body dosage of medicines and treatments that otherwise would not be a 

viable solution due to the toxicity of higher doses and simultaneously 

minimize the damage to normal cells and tissues outside the targeted 

area [24]. Such a system would minimise harm to the patient and improve 

patient outcomes by allowing the reduction of the systemic dosage of the 

drug, compared with conventional drug administration. Controlling the 

drug release at a desired rate provides advantages over conventional 

drug therapies since it can prolong efficacy time, maintaining the optimum 

drug load in the patient’s blood, heightening bioavailability or minimizing 

adverse collateral effects [25].  
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With these advantages in mind, Chapter 9 is devoted to our work in 

creating composite systems with controlled properties by the addition of 

magnetic nanoparticles. Our specific objectives were: 

(a) Develop (i) different silica thickness and (ii) poly(N-

isopropylacrylamide)-poly(glycidyl methacrylate) coated magnetite 

core/shell nanoparticles that can be actuated by the remote 

heating of the entrapped magnetic nanoparticles by an AC 

magnetic field. 

(b) Measure the temperature reached by these nanocomposite 

systems to determine if these systems are able to initiate a 

thermosensitive response. 

(c) Measure drug/dye release percentage from the systems exposed 

to the AC magnetic field to determine if in vivo remote controlled 

drug release is feasible. 
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Chapter 2 

Literature Review 

 

2.1 Classes of Magnetic Materials 
 

Magnetism is a phenomenon associated with the effects of magnetic 

fields and the motion of electrical charges that can produce attractive or 

repulsive forces between objects. The orbital and spin motions of 

electrons and how electrons in an object interact with each other 

determine its magnetic nature [26]. Materials can be classified based on 

their magnetic susceptibility (1)  which defines the degree to which a 

material is magnetized (&)  in response to an applied magnetic field 

(3)	[26] and is defined as  

                                                  c	= 	5
6

                                                (2.1)  

There are five main classes of magnetic materials, each of which is 

classified by its response to an external magnetic field. There are 

diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and 

antiferromagnetic (Figure 2.1) [27, 28]. 
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Figure 2.1: The different types of magnetic behavior. Figure reproduced 

from reference [29].�

 

2.1.1 Diamagnetism 
 

Diamagnetic materials are composed of atoms or ions, which have all the 

orbital shells filled and no unpaired electrons. Due to this, they exhibit no 

net magnetic moment because the individual electrons will be cancelled 

by its pair [26]. Diamagnetism occurs in all materials such as water, 

wood, and gold with the magnetic susceptibility being negative (c < 0) as 

the magnetization is negative when exposed to a field. This type of 

magnetism is temperature and magnetic field independent.  

 

 

 

   

10 

In the cgs system magnetization (M) is reported in electromagnetic units per volume (emu/cm
3
) 

or mass (emu/g), magnetic field strength (H) is measured in Oersted (Oe) and permeability of 

vacuum is given the value of unity 
[25]

.  More recently, three different versions of the SI (Systems 

International) units were introduced (units of tesla and amperemeters 
[22, 23]

.  Unfortunately, the 

vast range of reporting options has resulted in inconsistencies in the literature and subsequent 

confusion.  Therefore, a unit conversion table is indispensable (Table 2.1) 
[23]

.  

Magnetism in materials 

Materials are classified by their response to an externally applied magnetic field.   

Descriptions of orientations of the magnetic moments in a material help to identify different 

forms of magnetism observed in nature (Figure 2.2).  Five basic types of magnetism can be 

described:  diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism and 

ferrimagnetism.     

 

 
Figure 2. 2  The different types of magnetic behavior 

[3]
. 
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2.1.2 Paramagnetism 
 

Paramagnetic ions such as chromium (Cr3+) or iron (Fe2+ and Fe3+) have 

a net magnetic moment due to unpaired electrons in partially filled 

orbitals. Atomic magnetic moments align partially in the direction of the 

field resulting in a positive magnetization and temperature dependent 

susceptibility (c > 0) when exposed to a field. An applied magnetic field 

has a greater effect of aligning magnetic dipole moments at lower 

temperatures. The net result is that paramagnetic materials have a 

susceptibility that is inversely proportional to temperature such that  

c ∝ 	 $
8
																			     (2.2) 

However, in the absence of a magnetic field, the magnetic moments are 

randomly aligned leading to a net magnetic moment of zero.  

 

2.1.3 Ferromagnetism 
 

Ferromagnetic and antiferromagnetic materials have a critical 

temperature θ above which the temperature dependent susceptibility is  

       c ∝ 	 $

89:
																			     (2.3) 

Ferromagnetic materials exhibit parallel alignment of moments resulting 

in large net magnetization even after the magnetic field is removed. The 

parallel or antiparallel alignment of magnetic moment is a result of the 

electronic exchange forces between the moments [30].  

This type of magnetism has positive values of θ known as the Curie 

temperature. It has similar response to paramagnetic materials until 
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temperatures close to T = θ where the susceptibility tends to infinity. The 

implication of this is that in the absence of a magnetic field below the 

Curie temperature, the spins in a ferromagnetic material spontaneously 

align resulting in a net magnetic moment. Common ferromagnetic 

materials are iron (Fe), cobalt (Co) and nickel (Ni). 

 

2.1.3.1 Superparamagnetism  
 

A bulk ferromagnetic crystal is made up of multiple domains. Each 

domain contains magnetic spins that are aligned in one direction. The 

magnetic moments of the different domains can be aligned in random 

directions. Under these circumstances, the total magnetic moment of a 

ferromagnetic crystal cancels out and the net magnetization of the crystal 

is zero. When a magnetic field is applied, the magnetic moments of the 

dipoles of the domains aligned in the direction of the magnetic field. The 

magnetization increases slowly at first, then more rapidly as the magnetic 

field is increased until it reaches the saturation point at high magnetic 

fields where all magnetic domains are aligned and above which no further 

increase in magnetization is possible. When the magnetic field 

decreases, the new curve does not retrace the original curve thus 

creating a loop as seen in Figure 2.2. Ferromagnetic and ferrimagnetic 

materials will exhibit properties known as remanence magnetisation and 

coercivity. However, for the ferromagnetic single domain nanoparticles 

when the magnetic field is removed the crystal retains the magnetization 

because of the single domain nature of the particle. The magnetic 

properties of nanoparticles change when the size of the particle is 

reduced. 



 13 

When the size of the particle is reduced, the multiple domains of the 

crystals are reduced into a single domain. For particles below a critical 

size (usually <15-20 nm) which are superparamagnetic nanoparticles [31, 

32] the net magnetization of the single domain is zero since the particle’s 

magnetic moment is constantly flipping from 0o to 180o of the easy axis of 

magnetization. When the magnetic field is applied to an ensemble of 

particles, the magnetic moments of the dipoles are aligned in the direction 

of the magnetic field and the magnetization of the nanoparticles 

increases. When the field is removed, the net magnetization returns to 

zero without remanence.  

A single domain nanoparticle has anisotropy energy barrier that hinders 

the magnetic moment flipping from one direction to the opposite. 

Anisotropy energy (;<)  is an important parameter to characterize 

ferrimagnetic or ferromagnetic materials:  

        ;=	 = 	>=?       (2.4) 

where >=  is the anisotropy constant and ?  the volume of the particle. 

Anisotropy energy is the variation amplitude of magnetic energy of a 

nanomagnet dependent on the direction of its magnetization vector 

relative to the crystal axes [33]. The return of the magnetization for the 

ferromagnetic crystals to equilibrium is determined by two different 

processes, Néel relaxation and Brownian relaxation. Néel relaxation 

involves the rotation of the magnetization of the particle with respect to 

the crystal axes of the particle while Brownian relaxation involves rotation 

of the crystal structure of the particle bringing the magnetization with it. 

When the magnetization curve is perfectly reversible, because of 

thermodynamic equilibrium of system by fast magnetic relaxation, 

magnetic materials comprised of magnetic particles are defined to be 

superparamagnetic [34]. 
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The process of the magnetization of an ensemble of superparamagnetic 

particles is shown in Figure 2.2. The magnetization of the 

superparamagnetic sample increases rapidly as the magnetic field 

increases until it reaches the saturation point. In addition to this, the 

magnetization for superparamagnetic materials (materials that 

incorpororate superparamagnetic particles) reduces to zero when the 

externally applied magnetic field goes back to zero. Superparamagnetic 

materials will exhibit no remanence magnetisation and no coercivity as 

they do not retain a significant amount of remnant magnetization through 

the hysteresis loop.  

When the anisotropy energy of magnetic particles is larger than the 

thermal energy, @A# , where @A  is the Boltzmann constant and #  the 

absolute temperature, the direction of magnetic moment maintains very 

close to that of the anisotropy axes. In small crystals, the anisotropy 

energy is comparable to the thermal energy (;=	  ≤ @A# ), so that the 

magnetic moment is no longer fixed along the easy directions, which 

allows superparamagnetic relaxation. This will transform ferromagnetic to 

superparamagnetic behaviour. Figure 2.2 illustrates the difference 

between ferromagnetism and superparamagnetism. 
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Figure 2.2: Hysteresis loops characteristic of ferromagnetic and 

superparamagnetic nanoparticles. 

 

2.1.4 Ferrimagnetism  
 

Ferrimagnetic materials are composed of two magnetic sub-lattices often 

separated by oxygen ions. An anti-parallel alignment of spins between 

the two lattices occurs as a result of super-exchange or indirect 

interaction that are mediated by the oxygen ions. This type of magnetism 

occurs in ionic compounds as a result of the crystal structure. It is very 

similar to ferromagnetism but has a very different magnetic ordering, in 

which the net spin in these materials do align with the direction of the field 

(see Figure 2.1). 
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Table  2
Summary of the recent advances in hybrid polymeric decorated magnetic nanopar-
ticles and their potential biomedical applications.

Hybrid polymeric-magnetic
nanoparticles

Biomedical applications

Chitosan functionalized magnetite
doped luminescent rare earth
nanoparticles (Fe3O4@LaF3: Ce3+,
Tb3+/chitosan nanoparticles)
(Mangaiyarkarasi, Chinnathambi,
Karthikeyan, Aruna, & Ganesan,
2016 )

Targeted delivery of paclitaxel for
lung cancer

Glyco-polymer modified magnetic
mesoporous silica nanoparticles (An
et  al., 2015)

Magnetic resonance imaging and
controlled drug delivery

3-methacryloxypropyl trimethoxy
silane coated magnetic nanoparticles
polymerized with
glycidylmethacrylate-grafted-
maleated cyclodextrin (Anirudhan,
Divya, & Nima, 2015)

Controlled delivery of anticancer
drug 5-fluorouracil

Magnetic-Gold hybrid nanoparticles
(Elbialy, Fathy, & Khalil, 2015)

Targeted delivery of the
anti-cancer drug doxorubicin

RGD-functionalized PEG-coated
magnetic hydrogel (Nazli, Demirer,
Yar, Acar, & Kizilel, 2014)

Targeted delivery of the
anti-cancer drug doxorubicin

Hybrid Fe3O4-carboxymethyl chitosan
nanoparticles (Li et al., 2015)

Tumor targeted delivery of
rapamycin

N-glycyrrhetinic acid-polyethylene
glycol (PEG)-chitosan-magnetic
nanoparticles NGPC-Fe3O4 (Chen
et al., 2015)

Hepatocyte-mitochondrial
targeted delivery of brucine
(natural anticancer drug)

magnetic properties and ability to work at cellular and molecular
level, MNPs have been applied both in vitro and in vivo in targeted
drug delivery and imaging. Table 2 summarizes the recent advances
in hybrid polymeric decorated MNPs and their potential biomedical
applications.

Table 2 as mentioned before, bulk ferromagnets contain sev-
eral domains in which uniformly magnetized regions exist. As the
particle size decreases, the number of domains decreases until
there is one domain left below the critical size diameter (usually
<15–20 nm), which are superparamagnetic iron oxide nanopar-
ticles (SPIONs) (Frolov, Bachina, Zav’yalova, & Ravochkin, 2008;
Mohammad & Yusof, 2014; Teja & Koh, 2009). SPIONs are a unique
type of MNPs that have received most of the research focus
because of their many desirable features, such as biocompatibility,
biodegradability and ease of synthesis. In addition, their superpa-
ramagnetic nature makes them the most suitable type of MNPs
for biomedical application. Furthermore, no hysteresis is produced
such that they leave behind zero residual magnetization after an
external magnetic field is removed (Fig. 8). This property assists in
avoiding coagulation, which consequently lowers the possibility of
agglomeration in vivo compared with other MNPs (Singh & Sahoo,
2014). There are many applications of SPIONs in biomedicine; the
most known are considered in magnetic resonance imaging (MRI)
as contrast agents (Periyathambi, Vedakumari, Bojja, Kumar, &
Sastry, 2014; Sanjai, Kothan, Gonil, Saesoo, & Sajomsang, 2014;
Wang, Zhang, Wang, Wang, & Gao, 2015; Xie et al., 2015) and
magnetic drug targeting or drug delivery as carriers of promising
therapeutics (del Burgo, Hernández, Orive, & Pedraz, 2014; Kumar &
Mohammad, 2011; Park, 2014; Ramimoghadam, Bagheri, & Hamid,
2014; Wagstaff et al., 2012).

Effect of physical properties

Physicochemical properties are extremely significant in deter-
mining the efficiency of targeted delivery. Typically, MNPs have to
overcome two biological barriers to reach the aimed target: phys-
iological and cellular barriers (Durán, Arias, Gallardo, & Delgado,

Fig. 8. Magnetization characteristics of ferromagnetic materials.

2008; Jin, Lin, Li, & Ai, 2014). The main properties that dictate
their behavior in vivo are size, shape, surface characteristics and
magnetic properties.

Particle size
Particle size is very crucial for superparamagnetic properties

to appear. Fig. 9 shows the effect of particle size on the magnetic
properties. TC is the Curie temperature, which is the transition tem-
perature for a material to lose its permanent magnetic properties,
whereas TB is the blocking temperature, which represents the tem-
perature at which superparamagnetic ordering usually exists (Teja
& Koh, 2009). The effect of particle size on the magnetic property
may  be expressed as (Kolhatkar, Jamison, Litvinov, Willson, & Lee,
2013),

r = 3

!
6 kBT

Ku
, (2)

where r is the particle radius, kB is the Boltzmann constant, T is the
temperature, and Ku is the anisotropy constant.

In medical applications, particle size is the key determinant of
the half-life of drug clearance in tissues (Jin et al., 2014). Controlling
the size must be done with utmost care to ensure that it is small
enough (<200 nm)  to avoid short blood circulation time as a result
of prompt splenic and liver filtration, yet large enough (>10 nm)  to
evade kidney filtration and rapid penetration (Chen & Weiss, 1973;
Nam et al., 2013; Singh & Sahoo, 2014; Sun et al., 2008; Weissleder,
Nahrendorf, & Pittet, 2014). Particle size and distribution can be
controlled by the synthesis method, for example by adjusting the
pH and ionic strength in coprecipitation, which is the most com-
monly used method (Jolivet, Henry, & Livage, 2000; Tartaj et al.,
2003).

Surface properties and morphology
The surface of the MNPs interacts with many elements in vivo,

including the immune system, extracellular matrices, plasma pro-
teins and non-targeted cells. Positively charged MNPs can bind
with non-targeted cells, resulting in nonspecific internalization.
Veiseh et al. (2010) and Osaka, Nakanishi, Shanmugam, Takahama,
and Zhang (2009) studied the effect of surface charge on inter-
nalization on different cell lines. SPIONs with a positively charged
surface showed higher cellular uptake efficiency into breast can-
cer cells compared with SPIONs with a negatively charged surface,
yet there was  no difference in uptake in human umbilical vein
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2.1.5 Antiferromagnetism  
 

The moments of the two sub-lattices in this type of magnetism are exactly 

equal but opposite so net magnetic moment is zero in zero applied field 

(see Figure 2.1). Due to the opposing nature of their magnetic moments, 

antiferromagnetic materials do not retain magnetism outside of an 

external magnetic field. They have values of θ < 0, and the absolute 

value of θ is known as the Néel temperature [35]. Antiferromagnetic 

materials occur among oxides such as nickel oxide, NiO. 

 

2.2 Magnetic Nanoparticles (MNPs) 
 

MNPs, are an important class of nanomaterials that consist typically of a 

magnetic element such as iron, nickel and gadolinium. They have 

attracted significant interest over the past several decades because of 

their potential biomedical applications [36, 37] such as gene [1] and drug 

delivery, cell labeling and detection [6, 7], magnetically assisted drug 

delivery [38] and MRI contrast agents [2, 3]. This is due to suitable 

magnetic properties and ability to function at cellular and molecular levels 

of biological interactions [39, 40].  

Magnetic nanoparticles can be synthesized with controlled size from a 

few to tens of nanometres. Magnetic nanoparticles or magnetic 

nanocomposites can be designed to be smaller than or in a similar range 

to a tumor cell (1–10 μm), a virus (20–450 nm), a protein (1–10 nm) or a 

gene (2 nm wide and 10–100 nm long). This means that, owing to their 

large surface area to volume ratio, they can efficiently interact with and 

attach to biological molecules that may direct the NPs to the site of 
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interest in the body [41]. These also allow them to pass through the 

narrowest blood vessels and cell membranes [42]. Secondly, the particle 

magnetism provides the chance for manipulation by an external magnetic 

field gradient. This will allow either transportation or immobilization of 

nanoparticles and nanoparticle/biological entity composites to the target 

organs for the release of drugs, genes or proteins [43]. Finally, MNPs can 

respond to the action of alternating magnetic fields, so there is a transfer 

of energy from the alternating magnetic field into heat via internal dipole 

rotation or Néel relaxation, and by physical particle rotation called 

Brownian relaxation [44].

 

In both cases, there are internal and external 

factors that hinder the magnetic dipole of the iron oxide (Fe3O4) from 

realigning with the magnetic field, thus resulting in the production and 

release of heat. The dominant form of relaxation is largely thought to 

follow the mechanism with the shortest relaxation time. For example, 

treatment of prostate cancer by magnetic nanoparticle-assisted 

thermotherapy could be use at the frequency of 100 kHz with a field 

strength of 4–5 kA m-1 [45]. The required magnetic field can be produced 

in almost any location of the body especially tumors located in deep 

tissues of the body, using generators placed outside of the body [4, 5].  

The most widely used magnetic nanoparticles in biomedical application 

are iron-based core materials in which the core can comprise of 

magnetite (Fe3O4) and/or maghemite (g-Fe2O3). Due to its proven 

biocompability, magnetite and maghemite are seen as the most 

promising for biomedical applications [46]. The general formula for 

magnetite is AB2O4, where A stands for Fe(II) and B stands for Fe(III) [47] 

which belongs to the spinel group. Magnetite will be slowly oxidized to 

maghemite in an ambient environment [36]. On the other hand, the 

ferromagnetic cubic shape of Fe(III) oxide is defined as maghemite. The 

difference between magnetite and maghemite originates from differences 

in vacancies on the cation sub-lattice. In magnetite, half of Fe3+ takes up 
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the interstitial tetrahedral (Td) sites, while the other half comprises of the 

octahedral (Oh) sites along with Fe2+. However, in maghemite, half of 

Fe3+ occupies the octahedral sites along with cationic vacancies instead 

of Fe2+. The structure of both magnetite and maghemite is illustrated 

below [36]: 

Fe3O4 : [Fe3+]Td [Fe3+Fe2+]Oh O4                            (2.5) 

 

   g-Fe2O3: [Fe3+]Td [Fe3+5/3V1/3]Oh O4     (2.6) 

 

In biomedical applications, magnetite is a popular choice for the core of 

magnetic nanoparticles due to their superparamagnetism, and relatively 

high saturation magnetization [37]. The superparamagnetism of the 

Fe3O4 enables applications as magnetic resonance imaging (MRI) 

contrast agents. However, uncoated magnetic NPs are colloidally 

unstable over long periods due to their tendency to aggregate in order to 

reduce their free energy. As a result, these aggregation processes 

significantly decrease their interfacial area, thus resulting in the loss of 

dispersibility [23]. It is very crucial to chemically stabilize magnetic NPs 

against degradation during or after the synthetic processes [48]. One of 

the ways of stabilizing the magnetic NPs is based on a surface 

functionalization. It is noteworthy that the surface functionalization of 

MNPs with polymers such as dextran [49], polysaccharides [50], PEG 

[51], as well as mesoporous silica [13] would provide better physical and 

chemical properties. This not only stabilizes the nanoparticles but can 

also be used for further functionalization with interesting bio 

functionalities. In this capacity, Fe3O4-NPs with various sizes and coating 

materials have been extensively studied because of their capacity to 

enhance the proton relaxation under the influence of magnetic fields [52, 
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53] and they are non-toxic, in contrast to Gd3+ [54]. Moreover, polymer 

coatings provide MNPs a good dispersion, increase the protection and 

shields the particles from environment conditions such as oxidation and 

sufficient amount of drug can be loaded to the polymer shell [55].  

These materials are relatively non-toxic. The body also uses iron ions in a 

series of metabolic processes and so it has mechanisms to reduce the 

toxicity of free iron ions that may be produced. The amount of iron in the 

body is regulated predominantly by the control of dietary iron absorption  

[56]. The iron absorbed by the proximal small intestine is distributed to 

various body tissues and organs bound to the plasma protein transferrin 

(Tf) [57]. Most iron is incorporated into erythrocytes for heme synthesis, 

but all body cells require some iron to meet their metabolic requirements. 

Iron in excess of immediate metabolic needs is stored, predominantly in 

hepatocytes and the macrophages of the reticuloendothelial system  [57]. 

There is a dynamic cycle of iron utilization and recycling within the body, 

and the amount of iron trafficked internally each day far exceeds dietary 

iron absorption and loss  [57, 58]. Much of the iron recycling is mediated 

by macrophages, which engulf senescent erythrocytes and return heme-

derived iron to the circulation [59]. Small amounts (1–2 mg) of iron are 

also lost daily from the body by processes such as sloughing of intestinal 

mucosal and skin cells, and in the urine and bile. Women have additional 

losses associated with menstruation, and consequently their daily iron 

requirements are somewhat higher than those of men [56-58]. In addition, 

iron oxide nanoparticles are chemically stable insofar as maghemite 

particles are resistant to oxidation and magnetite particles oxidize to 

maghemite particles thus retaining ferrimagnetic moments under 

oxidizing conditions whereas metallic particles oxidize to 

antiferromagnetic compounds with minimal magnetic moments.   

At sufficiently small sizes (< 20 nm for Fe3O4) magnetic particles are 

superparamagnetic. This is a special magnetic state where random 
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thermal oscillations are sufficient to change the direction of magnetization 

of a particle. This results in particles with zero magnetization in the 

absence of a magnetic field (just like a paramagnet) but with very high 

magnetic susceptibilities similar to ferromagnets. These systems are 

excellent for biomedical applications because they are without a magnetic 

moment in the absence of an applied field the degree of interparticle 

forces is greatly reduced and hence it is much easier to create stable 

colloidal solutions. Furthermore, under an alternating magnetic field with 

controlled field amplitude and field reversal frequency, magnetization of 

the magnetic nanoparticles attached to the bio-identity can be switched 

back and forth to generate heat. In a few words, magnetic nanoparticles 

have been demonstrated to be biocompatible, superparamagnetic, easy 

to functionalize, feasible to synthesize and have a high ratio of surface 

area to volume [60] (Figure 2.3). 
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Figure 2.3: Significant properties of iron oxide magnetic nanoparticles 

for biomedical applications (A) superparamagnetism, (B) heat effects as 

an influence of external alternating magnetic field, (C) versatility in the 

synthesis and coating process, and (D) the high surface to volume ratio. 

Figure reproduced from reference [60]. 

 

2.3 Synthesis of Magnetic Nanoparticles 
 

In order to synthesize ideal magnetic nanoparticles (monodisperse, 

uniform and high superparamagnetic moment, magnetic inductive heating 

characteristics, resistant to the autoimmune response from the body, 

biocompatible and nontoxic), major factors such as iron oxide core 

synthesis, stabilizer and reaction parameters, surface coating and surface 

engineering methods should be carefully considered. This is because 

these factors significantly affect the size and magnetic properties of 

magnetic nanoparticles, their biocompatibilty, cell internalization and 

ultimately their biodistribution in a living system [61]. To date, various 

methods have been developed to synthesize magnetic nanoparticles 
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including co-precipitation, thermal decomposition and/or reduction, 

micelle synthesis, hydrothermal synthesis and laser pyrolysis [62]. 

However, the most commonly used methods in preparation magnetic 

particles are the co-precipitation and thermal decomposition techniques. 

Sun’s group [63] has synthesized monodispersed MFe2O4 (M=Fe, Co, 

Mn) NPs by thermal decomposition. The particle diameter can be tuned 

from 3 to 20 nm by varying reaction conditions or through the use of 

seed-mediated growth. Meanwhile, Hyeon’s group [64] also synthesized 

highly crytalline monodisperse g-Fe2O3 nanocrystallites with sizes varying 

from 4 nm to 16 nm by controlling the experimental parameters. Herein lie 

several commonly used methods to synthesize magnetic nanoparticles. 

 

2.3.1 Co-precipitation 
 

The co-precipitation of Fe2+/Fe3+ salts under alkaline conditions in an 

aqueous medium at ambient temperature or at elevated temperatures 

with the protection of an inert gas is the most common and facile method 

to obtain iron oxides. The chemical reaction of Fe3O4 formation may be 

written as below [36]. 

Fe2+ + 2Fe3+ + 8OH− → Fe3O4+ 4H2O    (2.7) 

 

The main advantages of this method are that it is simple, the reaction 

time is relatively low, water can be used as a solvent and it can be scaled 

up economically [65, 66].  However, the particle size distribution, shape, 

crystallinity and magnetization are governed by kinetic factors such as 

ionic strength, pH of the coprecipitation solution, adjustment of the Fe(III)-

Fe(II) ratios or heating regimes [47]. In order to produce monodisperse 
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magnetic nanoparticles, this process should start with a very short burst 

of nucleation followed by a slow and controlled growth [36]. This is due to 

the fact that the end of the nucleation determines the final particle number 

which does not change during particle growth. 

The particle size, shape, and composition of the prepared magnetic NPs 

can be controlled by changing the experimental conditions such as the 

nature of salts used (perchlorates, chlorides, sulfates, nitrates), presence 

of oxygen, injection fluxes, the Fe2+/Fe3+ molar ratio, the synthesis 

temperature, the pH of the medium and the ionic strength of the media 

[67, 68]. Because of thermodynamic consideration, the complete 

precipitation of Fe3O4 should be expected at a pH between 8 and 14, with 

a stoichiometric ratio of 2:1 (Fe3+/ Fe2+) in oxygen free environment [67]. 

However, magnetite (Fe3O4) is very sensitive to oxygen and can be easily 

converted into maghemite (g-Fe2O3) in its presence: 

4Fe3O4 + O2 à 6(g-Fe2O3)   (2.8) 

 

2.3.2 Thermal Decomposition 
 

Monodisperse magnetic NPs can be prepared through the thermal 

decomposition of organometallic precursors in high-boiling-point organic 

solvents containing fatty acids (oleic acid) or oleyl amine as stabilizing 

surfactants. A high reaction temperature is required to induce nucleation 

and subsequent nanoparticle growth [63, 69]. This method has a 

significant advantage in terms of generating particles with narrow size 

distributions with regular and excellent crystallite morphology [63, 70]. 

High boiling point organic solvents are chosen to dissolve iron precursors 

so that they can be decomposed at high temperature to form iron oxide 
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NPs. The technique based on a La Mer process involves the nucleation 

of nanoparticles and their growth in an organic solvent as temperature is 

increased up to the boiling point of the solvent [71]. The synthesis is 

based on the decomposition of nontoxic and inexpensive organometallic 

precursors, Fe(acac)3 by using a long chain 1,2-hexadecanediol at high 

temperatures. In principle, the ratios of the starting reagents including 

organometallic compounds, surfactants and solvents are the decisive 

parameters for the control of the particle size. Furthermore, the reaction 

temperature, reaction time and aging period are also important factors for 

the precise control of size [62]. Iron oxide nanoparticles prepared by 

thermal decomposition are generally hydrophobic because of the 

coverage by hydrophobic surfactants. The superparamagnetic NPs 

obtained can be dispersible in various organic solvents including hexane 

and toluene.  

 

2.3.3 Microemulsion or Reverse Micelle Methods  
 

Magnetic particles can be prepared by dispersing magnetic elements in 

an organic phase containing an organo soluble initiator, mixing the 

dispersion with an aqueous solution made of water and emulsifier, 

homogenizing the mixture to give micrometer droplets in the organic 

phase, and finally polymerizing the homogenized mixture after the 

addition of monomer, if necessary [72, 73]. The size distribution of the 

droplets (and hence of the polymer particles) is a function of the 

proportion of emulsifier present in the aqueous solution, and the ratio of 

the organic to the aqueous phase. The size distribution of the polymer 

particles obtained by this process is wide. Carpenter et al [74] have used 

this method to prepare nanoparticles with a very narrow size distribution 

and highly uniform morphology. A research group [75] prepared 



 25 

nanosized magnetic particles coated by a thin layer of gold with an 

average diameter of between 7-25 nm and a uniform size distribution. 

However, this method has several disadvantages such as poorly 

crystalline NPs and extensively agglomerated NPs that are often 

generated [76, 77]. 

 

2.3.4 Hydrothermal Method 
 

Hydrothermal synthesis of Fe3O4 NPs can be performed in aqueous 

media under high pressure (> 2000 psi) and high temperature (> 200 oC) 

in reactors or autoclaves. There are two main routes for the formation of 

ferrites via hydrothermal conditions: (i) hydrolysis and oxidation and (ii) 

neutralization of mixed metal hydroxides. High temperatures result in 

rapid nucleation and faster growth of the newly formed particles leading 

to the formation of small-sized NPs. In the hydrothermal process, the 

particle size in crystallization is controlled mainly through the rate 

processes of nucleation and grain growth, which compete for the species. 

Their rates depend upon the reaction temperature, with other conditions 

held constant [68]. 
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2.4 Biomedical Applications of Magnetic Nanoparticles 

2.4.1 Magnetic Resonance Imaging (MRI) 
 

Magnetic resonance imaging (MRI) is a diagnostic tool that allows non-

invasive imaging of tissue [78, 79] that produce images based on nuclear 

magnetic resonance. This method involves the interaction between the 

instruments static magnetic field and protons contained within the patient. 

When protons are placed in a large external magnetic field C", they will 

either align parallel or antiparallel with the magnetic field and precess at 

the Larmor frequency [80, 81] (Figure 2.4 (a))  

                                             				!" = DC"                                      (2.9) 

where D is the gyromagnetic ratio (D = 42.57 MHz T-1 for 1H) [82] and C"  is 

the magnetic field strength. Protons therefore exhibit a characteristic 

Larmor frequency, !"  for a given magnetic field strength. However, 

parallel alignment with the magnetic field is energetically favourable and 

so a slightly larger fraction of spins align with the field [81]. The 

application of a sinusoidal radio frequency (RF) pulse with frequency ω1 

along an axis perpendicular to C"  will result in a second precessional 

motion (Figure 2.4 (b)). At this stage, the protons will precess about the 

axis of the RF pulse. When the frequency of the RF pulse matches the 

Larmor frequency (i.e., !" = !$), then resonance will occur [82]. 
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Figure 2.4: Principle of magnetic resonance imaging. (a) Spins align 

parallel or antiparallel to the magnetic field and precess at the Larmor 

frequency (!"). (b) After induction of RF pulse, magnetization of spins 

changes. Excited spins follow the relaxation processes of (c) #$ relaxation 

and (d) #% relaxation. Figure and caption reproduced from Na et al. 2009 

[83]. 

 

Upon removal of the RF, the protons spins gradually return to equilibrium 

state by realigning to C" through relaxation processes [84, 85].�The most 

important part in MRI imaging is how this additional energy is released as 

the protons spins relax and return to align with the magnetic field [80, 81]. 

Such relaxation processes involve two independent pathways:  

(a) spin–lattice (longitudinal) or #$	relaxation occurs as protons loss their 

energy from their excited state to its surrounding nuclei (the lattice) [81] 
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and recovery of decreased net magnetization (&E) to its equilibrium value 

&" according to  

          						&E  (t) = M"  (1 - e9G
8H

) (longitudinal)                  (2.10) 

where &E  (t) is the longitudinal magnetization vector at time t after a 90o 

RF pulse. #$ characterizes as the time it takes for &E  (t) to recover to &"  

(1 - $I ) or 63% (Figure 2.4 (c)) of the equilibrium value. The rate at which 

the spins return energy to the surrounding lattice is known as J$, with its 

inversely proportional time constant being #$. 

(b) spin-spin (transverse) or #%  or #%∗	 relaxation occurs from the 

disappearance of induced magnetization in the perpendicular plane (&'() 

by the dephasing of the spins [81, 82] according to 

   &'(  (t) = &"   e9G8K  (transverse)            (2.11) 

where &'(  (t) is the &'( component of the magnetization vector at time t 

and &"  is the maximum value of &'(  achieved immediately after the 

application of 90o RF pulse. #% is defined as the time it takes to reach &" 
$

I
 or 37% of &" (Figure 2.4 (d)). These relaxation times are not constant 

and depend strongly on the immediate chemical and physical 

environment of the protons [78]. Such relaxation processes are recorded 

and then reconstructed by MRI to obtain gray scale images.  

No magnetic field is perfectly homogenous. The magnetic field 

inhomogeneities will cause the protons to precess with different 

frequencies. Due to this, the protons dephase quickly [82]. This magnetic 

field inhomogeneity decreases the transverse relaxation times. As a 

result the instrument measures the #%∗	instead of #%.  
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2.4.2 Spin Echo 
 

The transverse magnetization can be categorized into reversible (by 

application of RF pulses) and irreversible. #% is known as the transverse 

relaxation time of irreversible processes. At equilibrium, the bulk 

magnetization vector is oriented only along the direction of the external 

magnetic field CL (z axis). However, upon the application of RF excitation 

pulse, the bulk magnetization vector of the proton spins reorients from the 

z direction that generates a transverse component of magnetization 

vector in the xy plane. During the application of the RF pulse, the proton 

spins tend to start precessing in phase with each other around the 

direction of CL. Immediately after the removal of the RF pulse, the spin 

moments then tend to dephase with each other owing to the two 

mechanisms: spin-spin interactions and inhomogeneities in applied static 

magnetic field.  

The difference between #%	and #%∗ is that #%∗ includes the effect of applied 

magnetic field inhomogeneities, which cause faster dephasing, thus 

resulting in a faster total relaxation rate. Meanwhile, #%  is a direct 

measure of spin-spin interactions within the material and is characteristic 

of the diffusion of protons. To measure this, a spin echo technique is 

used. Repeated RF pulses are applied to the system at a predetermined 

time interval (2*NO). The precessing spins will then be rotated 180o. This 

process allowing the precessing spins to rephase with one another. The 

moment when all spins are once again in phase with each other is known 

as the spin echo. After this point, spins will once again start to dephase 

and subsequent spin echo pulse can be applied to the system. While 

each subsequent 180o pulse causes the spins to rephase, the full 

amplitude of the transverse relaxation is not recovered and decays with 

time.  
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In addition to the decay due to spin-spin interactions, magnetic 

inhomogeneities in the applied field and susceptibilities of the material 

also cause variations in precession frequencies of individual nuclear 

magnetic moments. The decay time for the amplitude of the oscillating 

signal is therefore further shortened, characterized by a decay constant 

#%∗ . The enhanced decay constant #%∗  is always shorter than #%  due to 

faster dephasing, and can be expressed as the free induction decay rate 

constant J%∗ = 1 #%∗Q .   

Therefore, J%∗ 
 is the initial decay in the transverse direction and J%	is the 

decay in the amplitude of the transverse magnetization related to spin-

spin interactions over the course of several spin echoes as shown in 

Figure 2.5. This particular sequence of 90o and 180o pulses is known as 

the Carr-Purcell-Meiboom-Gill (CPMG) sequence [86, 87]. 
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Figure 2.5: The measurements of #%  through the recovery of &'( 

following consecutive refocussing RF pulses leading to spin echoes. 

Figure reproduced from reference [88]. 

 

2.4.3 Gradient Echoes 
 

The gradient echo sequence differences from the spin echo sequence in 

regard to the flip angle usually below 90o and the absence of a 180o RF 

rephasing pulse. Instead, a magnetic field gradient pulse to the applied 

field is used to rephase the spins. Gradient echo techniques use a single 

RF pulse and no 180° rephasing pulse, the relaxation due to fixed causes 

is not reversed and the loss of signal results from #%∗ effects (pure #% + 

static field inhomogeneities). The signal obtained is thus #%∗  -weighted 
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the spins will begin the diphase and relax back to equilibrium.  However, in a spin echo 

measurement, repeated RF pulses are then applied to the system at a predetermined time 

interval (2τcp).  The precessing spins will then be rotated 1800, allowing the precessing 

spins to rephase with one another.  At the moment when all spins are once again in phase 

with each other is known as the spin echo.  After this point, spins will once again start to 

dephase and subsequent spin echo pulse can be applied to the system.  While each 

subsequent 1800 pulse causes the spins to rephase, the amplitude of the transverse 

relaxation is not recovered and decays with time.  Thus the definition of R2
* is the initial 

decay in the transverse direction and R2 is the decay in the amplitude of the transverse 

magnetization related to spin-spin coupling over the course of several spin echoes. This is 

demonstrated in Figure 1.12.148   
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rather than #% -weighted. These sequences are thus more sensitive to 

magnetic susceptibility artifacts than are spin echo sequences. 

 

                                         $
		8K

∗ = 	
$

8K
+	γ∆BVWX"Y"ZIWIVG(              (2.12) 

 

A flip angle lower than 90o (partial flip angle) decreases the amount of 

magnetization tipped into the transverse plane. The consequence of a 

low-flip angle excitation is a faster recovery of longitudinal magnetization 

that allows shorter Repetition Time/Echo Time (TR/TE) and decreases 

scan time.  

If the flip angle decreases, the residual longitudinal magnetization will be 

higher and the recovery of magnetization for a given #$ and TR will be 

more complete. On the other hand, the result of a lower flip angle 

excitation is a lower tipped magnetization. 

 

2.4.4 Contrast Agents 
 

Contrast agents are used to alter the relaxation times in diseased and 

normal tissue in order to produce an extra set of images with contrast 

variations [89], as a result of the interaction between the induced local 

magnetic field and the neighboring water protons. The signal intensity in 

MRI depends on the values of longitudinal [1 #$Q \ or transverse [1 #%Q \ 

relaxation rates of water protons. The relaxivities of )$ and )%, which are 

commonly expressed in mM-1s-1, indicate respectively the increase in 1 #$Q  
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and 1 #%Q  per concentration of contrast agent. r1 and r2 are measures of 

the ability of MRI contrast agents to increase the longitudinal and 

transverse relaxation rates of the surrounding nuclear spins (hydrogen 

protons) respectively. High values of r1 indicate efficient T1 (or gradient 

echo) contrast agents while high values of r2 indicate efficient T2 (or spin 

echo) contrast agents. The relaxivities, )$ and )% reflect the efficiency of a 

given contrast agent to shorten a particular relaxation time [81]. The 

higher the relaxivity, the greater the effect of the contrast agent on nearby 

protons, and the faster the relaxation [81, 90].  

There are two types of MRI contrast agents:  

(a) Contain paramagnetic metal ion with at least one unpaired electron, 

such as Gd3+ or Mn2+ [91] and induce a shortening of the #$ relaxation 

times. They are known as positive contrast agents because they 

generally enhance the signal in #$   weighted images. Gd3+, with seven 

unpaired electrons is one of the most powerful paramagnetic elements, 

and by far the most common choice [81]. However, Gd3+ ions are 

normally chelated or contained within a macromolecule since free Gd3+ is 

toxic [81].  

#$  contrast agents assist with the transition of energy from the RF 

excitation pulse from the water molecule to the surrounding lattice [92, 

93]. This energy transfers immediately surrounding the coordination 

sphere of metal ion. There is limited free volume inside the coordination 

sphere due to the metal ions are chelated with many bonds. However, 

this limited space is advantageous for #$ contrast agents as small water 

molecules are easily able to diffuse rapidly into the coordination sphere 

and give up its energy. Meanwhile, larger molecules such as proteins and 

fat are not allowed close enough to the metal ions for energy transfer. 

Once the water molecule has diffused closely enough to the metal ion 

and transferred its energy, exchange with the bulk water in surrounding 
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tissue occurs, thus allowing further water molecules into the coordination 

sphere. 

(b) Typically consist of macromolecules containing several iron atoms 

that form a superparamagnetic centre and is used to alter #% [85]. They 

are known as a #%  contrast agents, and are classified as negative 

contrast agents because they decrease the signal in T2 weighted images. 

The large magnetic susceptibility of the contrast agent distorts the local 

magnetic fields, causing nearby protons to dephase more rapidly than the 

surrounding tissue [82].  This results in decreased signal in #%-weighted 

images [46].  

Upon the application of an external applied magnetic field, each particle 

will generate its own dipolar fields in parallel alignment with the applied 

field. This will change the Larmor frequency of water protons directly 

surrounding each nanoparticle. This is due to the fact that water protons 

surrounding each nanoparticle experience the additive magnetic field 

from the applied field and the nanoparticle itself. Water protons located 

near the equator of a magnetic nanoparticle, experience a total magnetic 

field less than the magnitude of the external magnetic field due to the 

nanoparticle generated dipolar field being in an opposite direction than 

the applied field. Water protons located near the poles of a magnetic 

nanoparticle experience a total magnetic field greater than the magnitude 

of the external magnetic field due to the nanoparticle field being in the 

same direction as the applied field. In summary, water protons at the 

poles of magnetic particles will precess at a faster rate while water 

protons near the equator of a magnetic nanoparticle will precess slower. 

These differences in the precession rate will lead to the dephasing at a 

quicker rate, increasing the total transverse relaxation rate. The larger the 

magnitude of the field generated by each nanoparticle the greater the 

change in the Larmor frequency and the faster the dephasing of magnetic 

moments.  
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2.5  Factors Affecting Proton Transverse Relaxation 
Rates Enhanced by Magnetic Nanoparticles 
 

The transverse relaxation rate (J%) caused by superparamagnetic iron 

oxide nanoparticles (SPIONs) are influenced by the magnitude of applied 

magnetic field, particle size, magnetic property of the core, and echo time 

[53, 94-97]. 

 

2.5.1 Effect of Size and Specific Magnetization  
 

The proton transverse relaxation rate is usually calculated as a function of 

the hydrodynamic diameters of the magnetic nanoparticles and depends 

upon three regimes, which is motional averaging regime, static dephasing 

regime and echo limited regime. Each regime can be defined by the time, 

*]  it takes for the protons to diffuse the length of the diameter of the 

nanoparticles. *] is therefore defined as below [98]:  

     *] =
^K

_]
    (2.13) 

where, `  is the diameter of magnetic nanoparticle and a  is the self 

diffusion coefficient of water. 

 

2.5.1.1 Motional Averaging Regime (MAR) 
 

In the motional averaging regime (MAR) [99], the protons of water 

molecules surrounding the nanoparticle diffuse rapidly. In this regime, 
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water protons reached a maximum and minimum of magnetic field 

strengths when protons are located near nanoparticle poles and 

equators, respectively. The inter-particle distance is much smaller than 

the distance protons are able to diffuse in the transverse relaxation time. 

The MAR dominates when the inverse of the time *] is significantly larger 

than the spread of Larmor frequencies at the surface of the particle 

b*] 	≪ 	1 ∆!Q d where the spread of Larmor frequencies, ∆! on the surface 

of the particle is given by, 

     ∆! = 	 efg5
h
			      (2.14) 

where, i"	is the permeability of free space, D	is the proton gyromagnetic 

ratio, and & is the magnetic moment per unit volume of the particle. 

 

In this regime, the transverse relaxation rate J%	increases with the size of 

the nanoparticle and is given by [3, 98, 99]:  

   J%Y<∗ 	= 	 _jk
K(∆l)K

_m
= 	 _

_m]
n`%&%D%i"%            (2.15) 

 

where, n	is the volume fraction of the nanoparticles, ` is the diameter of 

magnetic nanoparticle, a is the self diffusion coefficient of water, and ∆! 

is the spread of Larmor frequencies at the surface of the particle.  

 

2.5.1.2 Static Dephasing Regime (SDR) 
 

The SDR [100] dominates when the time *] is sufficiently large such that 

it ignores the effects of diffusion and all water molecules can be 
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considered to be at fixed distances around the nanoparticle [*] 	> 	
p√h

%∆l
\ 

[98]. It assumes that particles are large enough that the diffusion of 

protons is relatively small when compared to the inter-particle distance, 

which allowing each proton to experience only one magnetic 

environment, indicating that particles in the static dephasing regime 

experience the maximum dephasing. The free induction decay transverse 

relaxation rate in this regime is given by  

    J%(r^s)
∗ = 	 %pj∆l

√%t
                 (2.16) 

where, n	is the volume fraction of the nanoparticles [98, 99]. 

In SDR, the size of the nanoparticle is so large that the proton is said to 

be stationary at the poles or equator. This leads to the “plateau effect”, 

where increasing particle size does not lead to increasing J% , rather 

remaining constant over the entire regime.  

 

2.5.1.3 Echo Limited Regime (ELR) 
 

A spin echo pulse sequence is used to measure the dephasing of proton 

magnetic spins which is due to spin-spin coupling. One of the more 

important factors in this pulse sequence is the echo spacing, or 2*NO. It 

plays an important role in the observed J%  of nanoparticle systems, 

especially for large particle sizes.  

The echo limited regime [99] dominates when *] 	> 2*NO. At this stage, 

the refocusing 180o RF pulses become effective at recovering some of 

the magnetization lost due to the contrast agent. This partial refocusing of 

the transverse magnetization leads to a decrease in J% compared to J%∗.  
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The transverse relaxation effectively lost during the measurement may be 

recovered if a proton does not experience a significantly different 

magnetic field in the time between refocusing pulses, 2*NO . A minimal 

diffusion of water molecules occurs in between subsequent pulses when 

2*NO is relatively short. In other words, the 180o refocusing pulse results 

in some of the transverse relaxation lost being recovered. In contrast 

when the 2*NO  is long, the diffusion of water molecules may result in 

some variation in magnetic field experienced by a water proton. As a 

results, the transverse magnetization is lost and can not be recovered by 

the 180o refocusing pulse, and is ineffective. When 2*NO is short enough 

to be effective at recovering some of the transverse relaxation, then	J% is 

lower than that described in the static dephasing regime.  

The transverse relaxation rate is given [101]:  

    J%(Iu) = 	
t.%]'

H
w($.m%xj')y/w

^K
    (2.17) 

where, { = 	∆!*+,. 

It can be seen from equation 2.17 that when particles are in the echo 

limited regime, a strong dependence of relaxation rate on particle size 

exists.  

The plot below represents the predicted transverse relaxivity, )%  for 

magnetic nanoparticles as a function of diameter and magnetization 

(Figure 2.6) [3]. For a given volume fraction of superparamagnetic 

nanoparticles, the proton relaxivity of magnetic nanoparticles increases 

with size for small nanoparticles within the motional averaging regime. In 

the static dephasing regime the relaxivity is independent of particle size 

resulting in an approximately constant relaxivity. Finally, in the echo 

limited regime, the relaxivity decreases for increasing particle sizes as the 

characteristic diffusion time approaches values larger than the echo time.  
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Figure 2.6:  Plot of predicted proton transverse relaxivity ()% ) verses 

particle diameter and specific magnetization. The corresponding regimes, 

from smaller diameters to larger diameters are, motional averaging, static 

dephasing and echo limited. The boundary between the static dephasing 

regime and the echo limited regime corresponds to *+, = 1 ms. For )%∗ 

measurements the relaxivity will remain at its maximum value 

(corresponding to the static dephasing regime) at diameters where the )% 
is reduced in the echo limited regime. Figure and caption reproduced 

from Carroll et al. 2010 [3]. 

 

2.5.2 Effect of Iron Concentration  
 

Since water has a very low relaxation time (~2s), the addition of magnetic 

nanoparticles in water increases the proton relaxation rate of the protons. 

There is a linear relationship between the proton relaxation rates with the 

concentration of iron. The increase in the relaxation rates with the 

concentration of iron is given: 

    $

8K
= 	 $

8K
| +	)%. [~�]             (2.18) 

 

Nanotechnology 21 (2010) 035103 M R J Carroll et al

Figure 1. Plot of predicted proton transverse relaxivity (r2) verses
particle diameter and specific magnetization. The corresponding
regimes, from smaller diameters to larger diameters are, motional
averaging, static dephasing and echo limited. The boundary between
the static dephasing regime and the echo limited regime corresponds
to τcp = 1 ms. For r ∗

2 measurements the relaxivity will remain at its
maximum value (corresponding to the static dephasing regime) at
diameters where the r2 is reduced in the echo limited regime.
(This figure is in colour only in the electronic version)

(3) Echo limited regime [20]. When τD < 2τcp the
refocussing of the proton magnetic moments is inefficient
and R2 and R∗

2 are equivalent. However, when τD >
2τcp, partial refocusing of the transverse magnetization
leads to a decrease in R2 compared to R∗

2 . This regime
is known as the echo limited regime. The analytical
model proposed by Gillis et al [20] gives a value for the
transverse relaxation rate in the echo limited regime, R2el,
given by:

R2el = 7.2 f Dx1/3(1.52 + f x)5/3

d2
(5)

where x = "ωτcp.

These three regimes show that for a given volume fraction
of superparamagnetic nanoparticles, the R2 relaxation rate is
expected to initially increase as the particle size increases
(motional averaging regime with τD < 2τcp), reaching
a maximum at a particular diameter (dsd) related to the
magnetization of the nanoparticles given by [16]5

dsd =
!

5π D
√

3
2"ω

"1/2

(6)

corresponding to the start of static dephasing regime with
τD < 2τcp. The relaxation rate will remain at this value until a
larger critical diameter (del) given by [16]:

del = 2
!

1.49Dx1/3(1.52 + f x)5/3

"ω

"1/2

(7)

is reached, where τD > 2τcp and the R2 relaxation
rate decreases (echo limited regime). This behaviour is
shown graphically in figure 1, where the predicted transverse
relaxivity, r2, as a function of particle size and particle
magnetization is shown.
5 There is a small error in equation (5) in Roch et al, where the equation given
in the paper is off by a factor of 5/4.

Table 1. Volume weighted mean particle diameters (d̄) of the five
nanoparticle samples as measured by SAXS and TEM. Polydispersity
index (PDI) is defined as the ratio of the square of the standard
deviation to the square of the mean diameter. Note that the nominal
mean diameters measured by XRD were number weighted [18].

TEM
SAXS
(primary) SAXS (aggregates)

Nominal mean
(XRD) (nm) d̄ PDI d̄ PDI d̄ PDI

6 7.1 0.07 5.9 0.32 33.3 0.41
8 9.5 0.12 9.1 0.23 30.0 0.35

10 12.7 0.11 11.8 0.21 36.6 0.26
11 18.7 0.13 15.5 0.30 31.5 0.27
13 23.7 0.12 17.1 0.28 33.3 0.22

In the current study, the size distributions were sufficiently
broad that in all sample suspensions at least two regimes were
required to describe the behaviour of each system.

3. Results

Magnetic measurements revealed that at 27 ◦C each of
the suspensions contained predominantly superparamagnetic
particles with a small fraction of particles magnetically blocked
in each. This magnetically blocked component increased
with the average particle size. The mass magnetizations for
each sample in the relaxometry field of 1.4 T and at 37.5 ◦C
were 13.1, 23.4, 33.4, 42.0 and 63.4 emu g−1 for the 6 nm,
8 nm, 10 nm, 11 nm and 13 nm samples respectively. The
magnetization of the γ -Fe2O3 nanoparticles is predominantly
determined by the degree of cation vacancy ordering of the
particles, which is a function of the flame spray pyrolysis
preparation conditions [18].

The distributions of particle diameters from TEM were
fitted with lognormal distributions [18] and are shown in
figure 2 and listed in table 1. The suspensions with the
smallest mean particle diameters contained particles that were
approximately spherical in shape. However, as the particle size
increased, the particles became more like hexagonal platelets.
Further details are given in Li et al [18].

One of the SAXS scattering patterns is shown in figure 3.
For clarity, the scattering patterns for the other suspensions are
not shown, but were similar in character. Based upon the TEM
measurements, a lognormal distribution of particle sizes was
assumed for SAXS data modelling. SAXS data were fitted
using the NIST SANS analysis macros in Igor Pro [26]. Fitting
the SAXS curve with a single lognormal distribution of particle
sizes did not result in a good fit to the data. A significantly
better fit to the data was achieved by using a sum of two
lognormal distributions, which resulted in an improvement in
the reduced χ2 by an order of magnitude. This improvement
in the fit using two lognormal distributions suggested that
there were aggregates in the suspensions, extending the tail
of the particle size distribution. At high q , the scattered
intensity varied as q −x where 3.5 < x < 4.0 for all
samples suggesting that the aggregates were spheroidal clusters
with rough surfaces. The aggregate distribution represented
a percentage of the particle volume fraction that ranged from

3
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where, $
8K

 is the relaxation rate measured with changing concentration, $
8K
| 

is the relaxation rate of pure water, [~�] is the concentration of iron and r2 

is the slope of relaxation rates versus iron concentration [102]. The slope 

of relaxation rates versus iron concentration is also known as relaxivity.  

 

2.5.3 Effect of Magnetic Field Strength  
 

The transverse relaxation rate after substituting the equation & = 	13 in 

the equation 2.1, we get [3, 98, 99]: 

   J% = 	
_

_m]
n`%&%D%i% = 	 _

_m]
n`%3%1%D%i%           (2.19) 

According to the equation, the relaxation rate is proportional to the square 

of the magnetic field when other parameters are constant. It is reported 

by Gossuin et al [103] and Bertini et al [104] that, the relaxation rates 

increases with the increase in magnetic field. In another report [105], the 

transverse relaxation rates increase with field strength for both water and 

liquid protons in dairy cream.  

 

2.5.4 Effect of Surface Coating  
 

When the nanoparticles are coated with a surfactant, the protons at the 

poles are exposed to lower magnetic field gradient than the protons at the 

poles of uncoated nanoparticles. The protons at the poles of coated 

nanoparticles will precess at lower frequency than the protons at the 

poles of uncoated nanoparticles. Thus, the difference between the 

frequency of protons at the poles and equator decreases after coating the 
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nanoparticles. Hence, after coating the nanoaparticles, the protons take 

more time to dephase. Thus, the protons transverse relaxation rate 

decreases after coating. It is reported that the relaxation rates decreased 

when polymer of different chain length [106] or molecular weight [107] 

was used and when polymer loading was increased by weight [108]. 

 

2.6 Magnetic Field-Directed Self-Assembly 
 

Self-assembly is the organization of components into structures or 

patterns which exploits the interactions that a particle has with other 

similar particles in its vicinity either through chemical bonding, coulombic 

or magnetostatic interactions [109, 110]. It can be also directed using 

external forces to enforce long range order in interparticle interactions 

such as an electric or magnetic field [111, 112], thermophoresis [113], or 

capillary forces [114]. Directed self-assembly of MNPs through external 

fields is an attractive method as it is enables manipulation nanoscale 

structures in vivo in a non-invasive way.. Uniform fields create complex 

chains of MNPs, while inhomogeneous fields such as those created by 

permanent magnets apply attractive forces to MNPs that pull them toward 

the region of strongest field strength. Thus, MNPs can be self-organized 

as well as directed into user-designed patterns by controlling the external 

field arrangement (Figure 2.7). Even though it is simple in 

implementation, control over the orientation of individual particles and 

understanding the inter-particle interactions at the nanoscale are still 

lacking. This is very important as the properties of materials depend on 

the organization of the constituent particles.  
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Figure 2.7: Schematic comparing magnetic field-directed self-assembly 

in uniform magnetic fields, such as would be obtained from a solenoid, 

and field gradients (i.e., inhomogeneous fields), which can be generated 

by permanent magnets. The uniform field drives assembly into uniform 

chains, but the inhomogeneous field generates attractive forces that pull 

the nanoparticles toward the region of the strongest field. Arrows indicate 

the magnetization directions of single-domain magnetic nanoparticles, 

and Δt indicates the passage of time in the applied field. Figure and 

caption reproduced from Tracy et al. 2013 [115]. 

 

Magnetic fluids (ferrofluids) are suspensions of single domain magnetic 

nanosized particles typically of 10 nm diameter (Fe3O4, g-Fe2O3, Co, Ni, 

Mg) covered by a surfactant (or ligand) and suspended in a polar or non-

polar solvent [29, 116]. Ferrofluids do not exhibit permanent 

magnetization since the particles are superparamagnetic. When an 

external magnetic field is applied, they demonstrate magnetic behavior. 

This induces alignment of the thermally disoriented magnetic moments of 

the nanoparticles. The particles form chain-like structures in the presence 

and absence of a magnetic field. In 1970, De and Pincus [117] reported 
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dipole moment at the origin is not parallel to the external fi eld, 
which could occur if the large spatially nonuniform local fi eld of 
a nearby MNP causes the MNP at the origin to change its magne-
tization direction. Such forces could facilitate non-linear assem-
blies, branching of MNP chains, or MNP chains that are multiple 
MNPs wide. Moreover, MNPs are fi nite spheres that may have 
unique surface spin structures.  8   At room temperature, superpara-
magnetic MNPs have thermally fl uctuating magnetic moments 
that may further complicate the assembly. Even if the average 
 x -component of magnetization is zero, temporal fl uctuations in 
the magnitude of the  x -component could cause more complex 
2D assembly dynamics that modify the 1D chaining process.     

 A key issue in MFDSA is the relative scale of the magnetic 
fi eld gradients that induce MNP motion.   Table I   compares the 

fi eld gradient and work done by the magnetic 
force to move a 10 nm diameter Fe 3 O 4  MNP 
through a distance of 10 nm using different 
sources of fi eld gradients.  9 , 10   Fe 3 O 4  was chosen 
for this calculation because Fe 3 O 4  MNPs are 
biocompatible and are chemically stable under 
ambient conditions. Laboratory magnets that 
are used in most magnetophoresis (i.e., using 
magnetic fi elds to move magnetic particles 
in fl uids) experiments can achieve gradients 
of up to 10 9  A/m/m,  11   but these gradients do 
small amounts of work relative to  k  B  T  ( k  B , 
Boltzmann constant;  T , temperature) at room 
temperature, and thus Brownian motion (see 
the Introductory article in this issue) and 
thermal fl uctuations dominate magnetophore-
sis when using MNPs. However, the local fi eld 
gradient of a MNP is much larger, approaching 
MT/m gradients and delivering nearly  k  B  T  of 
work. An even larger local source of magnetic 
force for MFDSA is a magnetized disk drive 
transition, the extremely small region ( ∼  5–10 nm 
wide) that separates magnetized “bits” in a disk 

drive medium, which creates more than a 10 13  A/m/m gradient 
and performs greater than  k  B  T  of work. For the comparison 
in  Table I , the gradients and work done for the MNP and the 
disk drive transition were calculated for moving a MNP from 
50 nm to 40 nm from the source along the  y -axis. At 10 nm above 
a disk drive medium, the gradients approach 6 × 10 13  A/m/m, 
and when moving a 10 nm diameter MNP from 20 to 10 nm 
above the surface (i.e., a 5 nm surface-to-surface separation), 
the work done by the fi eld approaches 50  k  B  T.      

 Trapping of MNPs in fl uid, described as high-gradient 
magnetic separation for the purposes of using magnetic fi elds 
to separate particles in a fl uid, was fi rst studied about 30 years 
ago.  12 – 14   In these experiments, a magnetized Ni wire with a 
0.1 mm diameter tip collected sub-µm Fe 3 O 4  particles. Even 

though these fi eld gradients were comparable 
to the low gradient case with work done much 
less than  k  B  T , these studies led to a fi gure of 
merit comparing the relative importance of 
Newtonian mechanics, thermal diffusion, and 
Brownian motion. Brownian motion becomes 
signifi cant when the product of the force times 
the diameter is less than thermal energy. 

 Missing from this fi gure of merit is the 
ratio of the relative length scale over which the 
magnetic fi eld gradient changes with respect to 
the size of the MNP. If the fi eld gradient does 
not change appreciably over multiple MNP 
diameters, then the force on the nanoparticle 
is constant, and the impact of Brownian motion 
involves overcoming the Stokes drag/magnetic 
force that would keep the MNP on a specifi c 
trajectory. However, if the fi eld gradient is 

  

 Figure 1.      Schematic comparing magnetic fi eld-directed self-assembly in uniform magnetic 
fi elds, such as would be obtained from a solenoid, and fi eld gradients (i.e., inhomogeneous 
fi elds), which can be generated by permanent magnets. The uniform fi eld drives assembly 
into uniform chains, but the inhomogeneous fi eld generates attractive forces that pull the 
nanoparticles toward the region of the strongest fi eld. Arrows indicate the magnetization 
directions of single-domain magnetic nanoparticles, and  ∆  t  indicates the passage of time 
in the applied fi eld.    

  

 Figure 2.      (a) Two-dimensional stream plot of the point dipole fi eld for a magnetic 
nanoparticle (MNP) oriented along the  y -axis.  7   Gradients of the fi eld in (a) that create 
a force on a second MNP oriented along (b) the  y -axis ( ∇␣ H   y  ), and (c) at 45° to the  x - and 
 y -axes ( ∇␣ H   y   +  ∇  H   x  ), respectively. In a homogeneous external fi eld, alignment of the MNP 
moments results in attractive forces. (b) Shows how end-to-end assembly (i.e., MNP 
chaining) can occur for MNPs with moments parallel to the external fi eld. (c) Shows that 
the force on a dipole can be more complicated if the dipole moment at the origin is not 
parallel to the external fi eld, which occurs, for instance, due to the large spatially 
nonuniform local fi eld of a nearby MNP.    
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the chain formation in magnetic fluids in the presence (Figure 2.8 (a)) and 

absence (Figure 2.8 (b)) of a magnetic field. Meanwhile, first proof for the 

presence of magnetic chains was given by Butter and co-workers using 

cryogenic transmission electron microscopy [111]. 

 

 
 

Figure 2.8: (a) Magnetic nanoparticles align along the direction of a 

magnetic field and (b) In zero field, there is chain formation but oriented 

at random. Figure reproduced from reference [117].  

 

The aggregation of the magnetic fluids can be explained in terms of the 

presence of two main forces, which is the isotropic van der Waals force 

and the anisotropic magnetic dipolar interaction force [118, 119]. Isotropic 

van der Waals force is responsible for the formation of spherical 

aggregates and the anisotropic magnetic dipolar attractive force induces 

formation of linear chain like structures in the magnetic fluids [119]. The 

transition from the individual well dispersed nanoparticles to chain-like 

linear structures with increase in particles size has been observed in the 

absence of a magnetic field [111, 120]. The important feature in dipolar 

interactions is that it can be manipulated with an externally applied 
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magnetic field. This provides external control over the self-assembly 

process.  

The applications of magnetic fluids with chainlike structure have gained 

much attention of researchers in different fields such as magnetic 

switching [121], micromechanical sensors [122], magneto-transport 

behavior [123], electrical transport, DNA separation, and other biomedical 

applications [124-126], that rely on the state of aggregation and alignment 

of the nanoparticles. Various ways have been developed to self-assemble 

nanostructured magnetic materials, including evaporation [127], 

templating [128, 129] and molecular linkers [130, 131], dipole-directed 

assembly [132-134] and magnetic-field-induced (MFI) assembly [119, 

135-137]. Previous researchers [135-137] have reported the fabrication of 

one-dimensional magnetic nanostructures using the MFI assembly 

method due to the simplicity and inexpensive technique. It also has been 

shown recently that ferrimagnetic colloids of Co and Fe have been 

assembled into chains when cast onto surfaces [119, 138-140] in the 

presence of strong magnetic fields. The assembly of these magnetic 

nanoparticles is of interest as these nanocomposite materials can be 

created, such as organic polymers hybridized with inorganic colloids used 

to obtain synergistic properties [141]. 

 

2.7 Drug Delivery System 
 

The development of new drug delivery systems is of great interest for the 

pharmaceutical industry. An ideal controlled drug delivery system is 

capable of releasing a required amount of bioactive agent in specific 

location at a specific rate [142-144] over a period of time in order to 

facilitate the treatment of disease at optimal dosage in a controlled 



 45 

manner.  Such a system would minimise harm to the patient and improve 

patient outcomes by allowing the reduction of the systemic dosage of the 

drug, compared with conventional drug administration. Controlling the 

drug release at a desired rate provides advantages over conventional 

drug therapies since it can prolong efficacy time, maintaining the optimum 

drug load in the patient’s blood, heightening bioavailability or minimizing 

adverse collateral effects [25].  

Iron oxide particles are the only type of magnetic nanoparticles that are 

approved by Food and Drug Administration (FDA). They have been 

actively investigated as the next generation of targeted drug delivery for 

more than 30 years. Magnetic nanoparticles, which are typically under 20 

nm in diameter, consist of a single magnetic domain. Thus, these 

particles exhibit significantly higher magnetization in a field but do not 

preserve any magnetism once the magnetic field is removed [145].  

For magnetic-targeting drug delivery, an external magnetic field is used to 

guide magnetically labelled drug carriers. A drug molecule is bound to a 

magnetic material, introduced in the body and concentrated in the target 

area by means of external magnetic field hence reducing adverse side 

effects. Magnetic forces act at relatively long range such that translational 

forces and rotational torques can be applied to particles within the body 

by fields applied externally to the body, and do not have adverse effect on 

most biological tissues and hence provide an excellent mechanism for 

externally guiding targeting [22, 23]. Drug targeting allows a lower whole 

body dosage of medicines and treatments that otherwise would not be a 

viable solution due to the toxicity of higher doses and simultaneously 

minimize the damage to normal cells and tissues outside the targeted 

area [24].  

The potential of drug delivery systems based on magnetic nanoparticles 

stems form significant advantages in that they can be (i) visualized (they 
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can be use in MRI), (ii) guided to a location by means of a magnetic field 

and (iii) heated in an alternating magnetic field to trigger drug release or 

to produce hyperthermia. All these benefits justify the exponential growth 

in the number of publications dealing with NPs for drug delivery 

applications (Figure 2.9). 

 

 

 

Figure 2.9: The evolution in the number of scientific papers published 

involving drug delivery using magnetic nanoparticles. (Source: ISI WEB of 

Knowledge Group. Search terms: ‘drug delivery’ and ‘magnetic 

nanoparticles’. Date of search: July 2020. 

 

2.8 Magnetic Hyperthermia 
 

The normal body naturally maintains a temperature of 37 oC, and healthy 

cells can survive up to 42 oC. When the body is infected by viruses or 

bacteria, it defends itself by increasing its temperature to slow or halt the 
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rapid growth of the pathogens. This is what we call fever, another form of 

hyperthermia, which is elevating in body temperature to a therapeutic 

temperature range of 42-45 oC. For this reason, thermal therapy is useful 

in clinical applications, such as the treatment of cancer.  

Magnetic hyperthermia is another method to kill cancerous cells and to 

activate the immune system [146] by exposing body tissue to high 

temperature up to 45 °C as it could localize the heat to the tumor region 

and keep the heating efficiency without damaging normal cells [147-149]. 

In 1957, Gilchrist and co-workers [150] heated various tissue samples 

with 20 - 100 nm size particles of g-Fe2O3 exposed to a 1.2 MHz magnetic 

field for hyperthermia treatment. It also has been shown through clinical 

trials that tumor size is significantly reduced when radiation therapy 

and/or chemotherapy are combined with hyperthermia [147, 151]. Hergt 

et al. [152] confirmed the feasibility of commercially available magnetic 

iron oxide particles in hyperthermia treatment by conducting in vitro 

experiments. Moroz et al. [153] proved the targeting feature of 

ferromagnetic particles in liver tumors. After the pioneering work of 

Gilchrist’s in the 1950’s, studies on magnetic induction as a hyperthermia 

technique continued [154-156] and included the use of 1 – 2 mm 

ferromagnetic implants by Stauffer et al. [157, 158]. Since then, much 

progress has been made in this field using various types and sizes of 

magnetic materials, magnetic field strengths and frequencies, methods of 

preparation, coatings, and nanoparticle delivery [159, 160]. In 2007, 

Jordan and coworkers have reported the first clinical study of magnetic 

hyperthermia, showing that aminosilane-coated superparamagnetic iron 

oxide nanoparticles could be safely applied for the treatment of brain 

tumors, achieving hyperthermic temperatures while being well tolerated 

by patients [161].  

There are different types of hyperthermia [162] such as whole-body, 

regional and local hyperthermia. Whole-body hyperthermia, is used to 
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treat metastatic cancer by increasing the body temperature to 42 °C. 

Regional hyperthermia is used in larger area in organ scale. Local 

hyperthermia (with radio waves, laser ablation, ultrasound waves, 

microwaves) can be applied externally in small area, usually in tissue 

scale, such as tumors near the skin and to reach the deep cancerous 

cells [147, 163].  

If the temperature has been controlled, healthy tissues are not likely to be 

damaged in hyperthermia treatment. Care should be taken to not harm 

the healthy tissues that lie between the external source and the cancer. 

Temperatures above 42 oC in healthy tissues bring discomfort, burns, and 

blisters, but these side effects are usually temporary. In order to minimize 

the side effects, magnetic fluid hyperthermia (MFH) can help overcome 

these problems and this can be done by the magnetic nanoparticles 

suspended in a fluid. Magnetic fluid hyperthermia involves dispersing 

magnetic particles throughout the target tissue and then applying an AC 

magnetic field of sufficient strength and optimum frequency to cause the 

particles to heat by magnetic hysteresis losses or Néel relaxation [164, 

165]. 

The concept of magnetic hyperthermia is very simple: biocompatible 

magnetic nanoparticles are concentrated in tumor tissues either by direct 

injection or by targeted delivery. Under applied changing magnetic field of 

resonant frequency generated by sending alternating current through a 

coil, magnetic nanoparticles interact with this field by absorbing magnetic 

energy and converting it to thermal energy through various mechanisms 

such as hysteresis loss as well as Brownian and Néel relaxation [160, 

166]. This will cause a necrosis of tumor cells which are more sensitive to 

high temperature than normal cells [167] due to the overheating of 

nanoparticles concentrated in the area. 
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2.8.1 Mechanisms of Heat Generation 
 

By exploitation of the magnetic properties of the nanosized iron oxide, it 

has been shown that a phenomenon named magnetic hyperthermia can 

be used in the destruction of undesirable cells or bacteria [168, 169]. This 

is an exciting potential therapy as it could replace or reduce the need for 

more destructive therapies such as chemotherapy [170, 171].  

As the particle size of an iron oxide nanoparticle decreases, it becomes 

superparamagnetic and reaches the critical size where hysteresis losses 

become unimportant and instead relaxation losses dominate. These 

losses from relaxation are greater and provide much greater power than 

hysteretic losses from larger ferro- or ferri- magnetic particles [172]. 

The magnetic nanoparticles can generate heat under alternating 

magnetic field (AMF) through hysteresis loss [173], Néel relaxation and 

Brown relaxation [174]. The magnetization of each iron oxide particle or 

domain is altered when the particles are exposed to an alternating 

magnetic field (AMF). For multidomain ferromagnetic and ferromagnetic 

particles, this effect is restricted to single domains and atoms. Therefore, 

these materials typically heat through eddy currents and hysteresis [175-

177], due to irreversible domain wall displacements during the application 

of alternating magnetic field [178]. In contrast, when single domain 

superparamagnetic nanoparticles are exposed to an alternating field, 

thermal energy dissipation occurs as a result of its Nèel relaxation time, 

tN. This Nèel relaxation is defined as the lag between the orientation of 

the magnetic moment of the nanoparticle as it crosses over the 

anisotropy energy barrier between magnetic easy axes, and the direction 

of the applied magnetic field [175, 179]. Néel time constant, tN, which can 

be defined as:  



 50 
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where *Å  is the Néel relaxation time, *L  is the time during which the 

magnetic moment has sufficient energy to cross the anisotropy barrier 

between magnetisation states, and has a value of 10-9 – 10-10 seconds, > 

is the effective anisotropy of the material of volume ?, at temperature # 

(K) and @A is Boltzmann’s constant.  

In Brownian relaxation, the entire particle is allowed to rotate in a viscous 

medium, and dissipate energy via viscoelastic interactions between the 

nanoparticle surface and the surrounding media through the movement 

and friction. In this case, the Brown relaxation time, *A is dependent on 

the rotational mobility of the dispersed magnetic nanoparticles. The 

Brown relaxation time can be defined as the lag between the orientation 

of the nanoparticle and the direction of the magnetic field [175, 179].  

 *A =
hÖÉÜ
Ñá8

                (2.21) 

where à is the viscosity of the solution, ? is the hydrodynamic volume of 

the particle, @A  is Boltzman’s constant and T is the temperature.  

In the superparamagnetic state, energy dissipation occurs via relaxation 

phenomena with both Néel and Brown relaxation being observed, with an 

effective relaxation constant given by the equation [165]: 

 $
k
= $

ká
+	 $

kâ
              (2.22) 

Many factors can influence the amount of heat which is released through 

magnetic relaxation. These factors include types of material and its 

magnetization, size and shape of material, frequency and strength of the 

applied magnetic field, and the medium in which the particles are 

suspended [166, 173]. 
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A common way of expressing the amount of energy dissipated as heat is 

known as the specific absorption rate, or SAR of a material [179, 180]. It 

is also known as specific loss power (SLP) or or specific heating power 

(SHP). Specific absorption rate (SAR) [179, 181] which has the units of 

W/g, which could be expressed:  

SAR = ä ∆8
∆G
	 $

Yãå
                             (2.23)  

where ä  is the specific heat capacity of the magnetic nanoparticle 

suspension, DT/Dt is the initial slope of the time dependent temperature 

curve from a magnetic hyperthermia experiment, and mFe is the mass 

fraction of iron in the suspension.  

The drawback of using SAR as evaluation standard is that SAR is 

extrinsic and depends on both 3  (field strength) and n  (frequency). 

Measurements are only comparable if made on the same machine that 

has the same 3 and n [182]. Therefore, Kallumadil and co-workers [182] 

formulating a new parameter known as intrinsic loss power (ILP).  

However, this parameter is only valid if the following assumptions are 

made [182]: 

(a) The crystallite size has a polydispersity index greater than 0.1 

(b) Frequencies of up to several MHz (ca. 105 -106 Hz) 

(c) 3 is much greater than the saturation field of the nanoparticles 

(d) Similar environmental thermodynamic losses are experienced 

Therefore, following these assumptions, ILP is defined as: çéè = êëí

6Kj
 

However, the fundamental assumption of this theory that imaginary 

magnetic susceptibility is identical in different frequency has been proven 

to have very limited applicable conditions [160, 166].  
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2.9 Silica-based Magnetic Composites 
 

International Union of Pure and Applied Chemistry (IUPAC) defines 

mesoporous materials as porous materials with diameter in the size 

range of 2-50 nm [183, 184] and exhibit amorphous silica walls [185]. 

Mesostructured material such as MCM-41 (Mobil Composition of Material 

41) have attracted considerable attention since the discovery of M41S 

family by the Mobil Research and Development Corporation (now known 

as ExxonMobil) workers in 1992 [186-188]. Over the past two decades, 

such materials have found great utility in catalysis [189], photocatalysis 

[190], adsorption [191], gas separation [192] and ion exchange [193] and 

promising as host materials for nanocluster synthesis [194, 195]. In more 

recent years, many novel applications of mesoporous silica have been 

proposed and investigated particularly in the field of biomedical 

applications functionalize [10, 196, 197]. 

 

 
 
 

Figure 2.10: The structure of mesoporous M41S materials (a) MCM-41, 

(b) MCM-48 and (c) MCM-50. Figure reproduced from reference [185]. 

 

There are three well-known members in this family of materials, the first 

of which is MCM-41, that has a hexagonal arrangement of unidirectional 

pores with the space group p6mm. The second, MCM-48 has a cubic 
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structure indexed in the space group Ia3d recently modeled as gyroid 

minimal surface. Meanwhile, MCM-50 has a more stable lamellar 

structure indexed in the space group p2 [185]. Figure 2.10 shows the 

three members of M41S family with their different mesoporous channel 

systems.  

These mesoporous materials are basically prepared by hydrolysis and 

condensation of silica precursors (tetraethyl orthosilicate (TEOS) or 

tetramethyl orthosilicate) around template (surfactant) micelle assemblies 

in alkaline or acidic environment to form a new phase (sol). In the 

presence of water, TEOS is partially hydrolyzed (Equation 2.24), followed 

by condensation (Equation 2.25 and 2.26) with nearby TEOS molecules 

to form a silica network (R = C2H5 for TEOS). 

Si(OR)4 + H2O à HO–Si((OR)3 + ROH (hydrolysis)   (2.24) 

2HO-Si(OR)3 à (RO)3SiO-Si(OR)3 + H2O (condensation)  (2.25) 

HO-Si-(OR)3+Si(OR)4à (RO)3Si-O-Si(OR)3 + ROH (condensation)  (2.26) 

This is followed by template removal by appropriate methods such as 

calcinations (≥773K) for several hours under a flow of N2, O2 or air or 

through dissolution using different solvent extractions at elevated 

temperature (333K) for several hours. This will allow only the mesoporous 

silica to remain. The method and condition for removal of the template 

can affect pore size and surface area of the product.  

The syntheses are mostly prepared hydrothermally by using 

cetyltrimethylammonium halide as surfactant. The lyophobic tails of 

amphiphilic of the surfactant aggregate into the centre hydrophobic 

regions while the lyophilic head groups arrange on the phase separation 

interface, in contact with water molecules. The surfactant functions as 

structure directing agent during polymerization of the silica [185]. The way 

to create their architecture is closely related to that of the micellar 
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aggregates. Meanwhile, their morphology is greatly influenced by the 

interactions at the inorganic-organic interface. It possess little short-range 

order on the atomic length scale but obvious order on the mesoscopic 

scale [185, 198]. 

It has been found that there are two different mechanisms involved 

(Figure 2.11). Pathway (A) represents the scenario where surfactant first 

self-assembles into hexagonal array of micellar rods, after which the 

silicate precursors serve to solidify the structure. In true liquid-crystal 

templating (TLCT), the concentration of surfactant is so high that under 

the predominant condition (temperature, pH) a lyotropic liquid-crystalline 

phase is formed without requiring the presence of the silicate precursors. 

However, in the pathway (B), silicate precursors play an active role in 

every step of assembly formation and help in achieving the final structure 

[198] even at lower concentration of surfactant molecules.  
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Figure 2.11: Formation of mesoporous materials by structure-directing 

agents: A) true liquid-crystal template mechanism, B) co-operative liquid 

crystal template mechanism. Figure reproduced from reference [22]. 

 

Mesoporous silica shows very attractive properties for biomedical 

applications as it exhibits a high tolerability in vivo, is non toxic [10], 

simple to functionalize [196] and is bio-compatible [199]. It presents a 

high chemical and mechanical stability. On the one hand, when they are 

on the on the order of 100-200 nm in diameter, they can undergo cellular 

uptake into acidic lysosomes by means of endocytosis [196]. On the other 

hand, the nanopores are large enough to contain cargo molecules yet 

small enough to be blocked by macrocyclic organic molecules.  

The interest in using stimuli-responsive capped MSN system in the field 

of biomedical research comes from (1) their high surface areas (~ 1000 

m2g-1), which means a high potential for drug adsorption; (2) the very 

periodic ordering of the cells (MCM-41), which favours the homogeneity 

and reproducibility on the drug adsorption and release stages; (3) the 
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tunable pore size (2-50 nm) [10-12, 200] and (4) the large pore volume 

(0.5 – 1.5 cm3/g) [201] which allows the confinement of a large amount of 

drug or biologically active species such as proteins. The drugs or dye can 

be adsorbed on the silica surface through electrostatic interactions, van 

der Waals forces or through hydrogen bonding with surface silanols [202]. 

 

 
 
 
 
 
 

 

 

 

 

Figure 2.12: The significant properties of mesoporous silicas as drug 

delivery systems: large pore volume, large surface area, well-ordered 

mesostructure and easy surface functionalization. Figure reproduced 

from reference [203]. 

 

Mesoporous silica nanoparticles can be covered and mechanized with a 

monolayer of nanovalves [204], other artificial molecular [205] and 

supramolecular [206] machines in order to convert them into mechanized 

silica nanoparticles. This smart drug delivery system capable of storing 

and releasing drug molecules on command in response to external stimuli 

such as pH and/or redox changes, irradiation with light, or the action of 

enzymes. The incorporation of stimuli-responsive properties into 

mesoporous silica nanoparticles (MSN) are receiving growing interest by 
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the scientific community owing to their advantageous ‘zero premature 

release’ property.  

Moreover, the pore interiors and surface exteriors can easily be modified 

[187, 200] to incorporate organic groups (linkers), thus providing any 

desired environment (i.e. hydrophilic, hydrophobic, acidic etc.) to allow a 

better control over drug loading and release. Pore entrances can be 

capped with suitable gatekeepers by forming covalent bonds or through 

electrostatic interaction with the linkers on the surface of MSN [207]. 

Capping prevents the loaded cargo from leaching out and allows drug 

release only in the presence of specific stimuli that trigger the removal of 

the caps [13, 206-210].  

The concept of a nanovalve includes using an immobilized stalk molecule 

covalently attached to the silica matrix and a mobile bulky cyclic molecule 

as the capping agent. This cyclic molecule slides along a thread-like 

molecule between one or more binding stations. The movable ring acts 

as a gate at the pore entrance to block guest molecules from entering or 

escaping from the interior of the pores, but when it moves off the thread 

or to a position far away from the pores, the guest molecules can move 

into or out of the pores [211]. The bulky cyclic molecule such as 

cyclodextrins, cucurbit [6] uril, cyclobis(paraquat-p-phenylene) and crown 

ethers that encircle the stalk binds to the recognition site on the stalk via 

non-covalent interactions. This whole assembly serves as the gatekeeper 

for the pore openings. In particular, the binding between the cyclic cap 

and the stalk is reversible. The binding constant between the two can be 

weakened under certain conditions causing large amplitude sliding 

motions of the cap, which in turn leads to the unblocking of the pore 

openings. Therefore, this supramolecular assembly can be made into to a 

nanovalve machine operated by a variety of stimuli such as chemical, 

electrical, light and heat.  
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Figure 2.13: Structure of cucurbit[6]uril (CB[6]). Figure reproduced from 

reference [212]. 

 

The family of cucurbit [n]urils (n = 5–10), abbreviated as CB[n]s, are very 

rigid cages, consisting of n glycoluril monomers joined by pairs of 

methylene bridges to form a rigid, annular, and hollow cavity with two 

highly polar carbonyl openings [213, 214]. The polar carbonyl groups at 

the portals and the hydrophobic cavities allow CB[n]s to form stable host–

guest complexes with small cationic molecules through the strong ion-

dipole interactions. The cavity of CB[6] in the solid state contains three H-

bonded H2O molecules that can be released upon guest binding. It is a 

cavity with a hollow core of approximately 5.8 Å diameter [213, 214]. The 

cavity is accessible from the exterior through two carbonyl-fringed portals 

of 3.9 Å diameter that may produce significant steric barriers to guest 

inclusion and release. CB[6] is insoluble in pure water and in common 

organic solvents, but it is soluble in the range of 10-2 M in strongly acidic 

aqueous solutions and also in neutral saline aqueous solutions [212]. 

CB[6] also confer other attributes on MSNs on account of (i) their low 
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toxicities, (ii) their targeted recognition of organic substrates, (iii) their 

ability to solubilize organic compounds in water and (iv) their protection of 

the drug/dye molecules from physical, chemical and enzymatic 

degradation [215]. CB[6] has been a target of intensive research owing to 

these properties. 

 

2.9.1 Mesoporous Silica as Delivery Agent 
 

 

 

Figure 2.14: Different morphologies of magnetic mesoporous 

nanocomposites A) magnetic nanoparticles encapsulated in 

mesostructured silica nanospheres B) superparamagnetic microspheres 

with magnetic core and a perpendicularly aligned mesoporous silica shell, 

C) magnetic nanoparticles encapsulated in the pores of ordered 

mesoporous silica and D) rattle type magnetic silica nanocomposites. 

Figure reproduced from reference [23]. 

 

Magnetic mesoporous nanocomposite materials exhibit attractive physical 

and chemical properties such as large surface areas, magnetic properties 

and low toxicity and chemically modifiable surfaces that make them 
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attractive magnetic probes for biological imaging and therapeutic 

applications. This includes their ability to achieve a sustained, controlled 

or pulsed release, improve the solubility of poorly soluble drugs, protect 

the biological payload from physiological degradation and act as a 

volumetric reservoir. The magnetic properties of the nanocomposite also 

provide a mechanism to improve/simplify the production process as the 

particles can be easily recovered and separated using an external 

magnetic field [23]. Magnetic mesoporous nanocomposites with different 

morphologies and structures can be categorized into four types (Figure 

2.14). 

A different approach has been used to introduce magnetic nanoparticles 

into the mesoporous channels of MCM materials and hollow silica 

spheres. Among them are impregnation, oxidation and reduction 

procedures [188]. These processes can be repeated in order to increase 

the iron content in the particles. It is also possible to use aerosol-assisted 

route to obtain stable and homogeneous particles formed of a magnetic 

nanoparticle core and encapsulated by ordered mesoporous silica 

microspheres [216, 217]. Then, all these materials could be directed with 

an external magnetic field to release the drug to the specific target. Also, 

the silica encapsulating the magnetic particles can be produced with 

different mesostructures, which would promote different drug release 

patterns depending on the required dosage of the patient [218].  

Over the past 10 years, there have been several examples of these 

MCM-type materials used for drug delivery and controlled release. Vallet-

Regí and co-workers in 2001 [219] showed that it was possible to fill the 

mesopores of two MCM-41 material with different pore sizes with 

ibuprofen and studied the release in a simulated body fluid. However, to 

further control the release profiles, many have been investigating the 

controlled release of guest molecules from organic modifier functionalized 

MCM-41 capped with hard caps such as iron oxide, cadmium sulfide and 
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gold nanoparticles or soft caps including organic molecules and 

supramolecular assemblies.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.15: MSN loaded with drugs and capped with hard caps and soft 

caps. Figure reproduced from reference [220]. 

 

From Figure 2.15, the internal mesopores can serve as a safe 

microenvironment which molecules can be loaded and protected from 

degradation before entering target cells. The use of capping agents 

controls the pore opening and closing so that the encapsulated cargoes 

can be released with precise temporal control and reduce undesired side 

effects resulting from leaching of cargoes. The external surface can be 

functionalized further with ligands capable of cell targeting and 

diagnosing disease [221].   

These capping agents can be opened upon an appropriated stimulus in 

the so-called stimuli responsive release systems (Figure 2.16). Stimuli 

used as release triggers can be found in the interior of biological systems 

(pH [211, 215, 222], temperature [13, 207], redox potential [223] and 

biomolecules [208]) and can be applied externally from biological systems 

(light [224], magnetic field [13, 225], ultrasounds [226]). Stimuli-
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responsive controlled delivery systems are valuable when the triggering 

stimuli are unique to the targeted pathology. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.16: A schematic representation of the different steps involved in 

the performance of MSN as stimuli-responsive drug delivery devices. 

Figure reproduced from reference [227]. 

 

Tanaka and coworkers [224, 228] demonstrated the ability of coumarin-

modified mesoporous silica being used as a photocontrolled reversible 

guest molecule release vehicle. They showed that the uptake, storage, 

and release of organic molecules using coumarin-modified MCM-41 could 

be regulated through the reversible photo responsive dimerization 

techniques. Later, Lin’s group prepared Cadmium sulfide (CdS) NP 

capped MSN for vancomycin and adenosine triphosphate (ATP) release, 

the uncapping of which was triggered by disulfide reducing agents [229] 

Lin’s group also using the biocompatible MSNs as drug carriers and 

Fe3O4 [221] and Au NPs [230, 231] as capping agents for stimuli-

responsive controlled release. 
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Tseng, Nguyen and co-workers, designed a variety of stimuli-responsive 

nanovalves for the controlled release of dyes [205, 206, 209]. Over the 

past five years, cyclodextrin (CD) [208] and cucurbit[n]uril (CB)n [210] 

were used to increase the biocompability of the nanovalve system. These 

systems greatly improved the diversity of capped mesoporous silica 

materials for stimuli-responsive controlled release with their ‘on-off’ 

reversible control.  

 

2.9.1.1 Magnetic-Responsive Systems based 
Mesoporous Silica Nanoparticles 
 

Thomas [13] and co-workers have fabricated magnetic core silica 

nanoparticles with thermally responsive machines attached to their 

surfaces. When exposed to an oscillating magnetic field, local heat 

generation induced the function of the molecular machinery such that 

doxorubicin stored in the nanopores was released into cancer cells, 

causing cell death. This design produces a noninvasive method for 

activating the nanomachines remotely, keeping the drugs contained 

within the nanopores until the external activation of the oscillating field is 

applied.  

Kong et al [225] have previously reported a hollow silica nanocapsule 

capable of on–off switchable release  of the drug Camptothecin (Cpt) via 

application of a remote radio frequency (RF) magnetic field. The authors 

used polystyrene (PS) as a templating material to create magnetically 

vectored nanocapsules that were able to penetrate tumors and release 

drug on demand. 10 nm Fe3O4 nanoparticles were incorporated into PS 

spheres, which were then encapsulated in a silica shell. The PS was 

either dissolved or burnt away, and the anticancer drug camptothecin was 
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co-encapsulated within the particle. The drug release was attributed to 

local heating in the polymeric matrix by the magnetic particles upon RF 

magnetic field actuation. The extent of such remotely triggered heating of 

magnetic nanoparticles was correlated directly with the number of Fe3O4 

nanoparticles as well as the duration of the applied RF magnetic field. 

Chen et al [232] have recently reported the capping of mesoporous silica 

nanoparticles (MSNPs) with Fe3O4. The camptothecin (CPT)-loaded 

amine-MSNPs had the mesopore entrances capped through amidation of 

the 3-aminopropyltrimethoxysilane (APTES) bound at the pore surface 

with meso-2,3-dimercaptosuccinic acid functionalized superparamagnetic 

Fe3O4 with an average diameter of 5.6 nm. Under the application of a 

magnetic trigger, the Fe3O4 nanocaps were removed due to the cleavage 

of chemical bonds and this subsequently led to a fast-responsive drug 

release.  

Giri et al [221] used magnetite nanoparticles as caps for the MSN 

mesopores and trapped the encapsulated molecules. The whole system 

was shown to be magnetically active, which showed the possibility of 

controlling the location of drug release with external magnetic field. The 

core-shell structured porous particles [196, 233] were used for the 

controlled release of ibuprofen and manipulated using an external 

magnetic field for particle separation in solution.  

Vallet-Regí et al [234] have reported the use of magnetic fields as an 

external release trigger to develop on–off stimuli-responsive drug delivery 

systems. In such a system, oligonucleotide-modified MSNPs, 

encapsulating superparamagnetic Fe3O4, are loaded with fluorescein and 

subsequently capped with Fe3O4 functionalized with the complementary 

strand, which act as gatekeepers. DNA duplex was selected to display a 

melting temperature of 47 °C, which corresponds to the upper limit of 

therapeutic magnetic hyperthermia. Herein, fluorescein release is 
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triggered when the temperature is raised, whereas cargo release is 

hindered when the temperature is stabilized. This ability to release drugs 

via a remote signal brings us one step closer to the ideal drug delivery 

system.  

One of the key findings of Kong and Thomas is that drug release can be 

achieved without general heating of the sample.  That is the effect of the 

RF field is to cause a local (few nm distance from the particle) heating 

that releases the drug. However simple thermal transfer modeling 

suggests that this should not be the case as the heat should diffuse very 

quickly from nanoparticle due to its large surface are to volume ratio.  

Attempting to understand the discrepancy between the observed 

behavior and this simple model will be one of the key aims of this 

research.   

 

2.9.1.2 Temperature-Responsive Systems based on 
Mesoporous Silica Nanoparticles 
 

The use of temperature as release trigger of loaded cargo from MSN is 

based on the fact that the local temperature in many tumours is slightly 

higher than normal body temperature. To achieve successful 

temperature-responsive delivery systems, the carrier must be stable at 

room temperature but release its loaded cargo at temperature higher than 

37 oC.  

Considering these concepts, Baeza et al. [235] reported the temperature-

controlled release of cargo entrapped into the pores of iron oxide-MSN 

that were blocked by surface-grafted temperature-responsive 

poly(poly(ethylenimine)-β-poly(N-isopropylacrylamide) (PEI/PNIPAM). 

The mesopores of PEI/PNIPAM were filled with drugs/or protein and then 
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blocked with PEI/PNIPAM at 20 °C. At the temperature exceeds 35–40 

°C, the guest molecules were released from the pores. The polymer 

structure was designed as a temperature-responsive gatekeeper for the 

drugs loaded inside the mesopores and to retain proteins into the polymer 

shell by electrostatic or hydrogen bond interactions.  

The groups of Schlossbauer and co-workers [236] and Vallet-Regi [234] 

have prepared a molecular valve that releases model drug loaded in 

pores upon heating to the specific melting temperature of double-

stranded DNA sequences that were attached to the pore openings of 

MSNPs.  

Martínez-Mañez and co-workers [237] described the use of 

octadecyltrimethoxysilane attached to the MSN. After loading the 

fluorescent molecules into MSN, the openings were blocked by the 

hydrophobic layer as a resulting of interaction of alkyl chains with paraffin, 

the melting of paraffin leading to guest molecules release from the inside 

of MSN. Following this strategy, the release temperature can be 

modulated by selecting appropriate paraffin.  

By integrating poly(N-isopropylacrylamide) (PNIPAM) with L-3 phase 

silicates at the nanoscale level, Chang et al [238] were able to 

demonstrate that a highly controlled drug delivery can be achieved.  The 

attachment of thermosensitive polymer, (PNIPAM), was used into a 

mesocellular silica foam (MCF) via atom transfer radical polymerization 

(ATRP). The control of drug adsorption and release through the porous 

network was performed using rhodamine 6G [239] and IBU as model 

drugs [240]. However, it should be noted that depending on the pore size 

of the particle, the drug loading and release behavior could be different 

[241, 242]. 
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2.10 Polymeric Nanoparticles 
 

Polymer coatings have been formed on magnetic NPs to simply change 

the surface properties of superparamagnetic NPs. The polymer then acts 

as a stabilizer or improves the biocompatibility of the NPs. Magnetic NPs 

are also able to couple their physical properties with those of the polymer 

matrix. Synthetic polymers, designed to mimic biopolymers such as 

proteins and nucleic acids, have garnered attention in drug delivery as 

therapeutic agent. It has been used as drug delivery systems as a 

polymeric drug itself or in combination with small molecule drugs or with 

bio macromolecules such as proteins. Several types of polymer-based 

drug delivery systems have been exploited including, micelles and 

vesicles based on amphiphilc and double block copolymers [243], 

polymer pro-drugs [244], dendrimers [245], nanogels [246, 247] and 

hydrophobic polyester-based nanoparticles [248]. 

The last three decades have witnessed significant growth in these 

polymers and their application as novel intelligent materials. Smart 

polymers [249] may be termed as stimuli-responsive soluble–insoluble 

polymers [250] or environmentally sensitive polymers [251] or intelligent 

polymers [252] and have been used in the area of biotechnology, 

medicine and engineering. The uniqueness of these polymers is their 

ability to alter their physical or chemical properties in the surrounding 

environment. The response to a change in the surrounding environment 

is not only fast but also, in many cases, reversible. The responses to 

changes in environment are manifested as particle size, shape, surface 

characteristics, solubility, secondary structure and others. The typical 

environmental trigger behind these changes are temperature [253] or pH 

[254], presence of certain metabolic chemicals [255], addition of an 
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oppositely charged polymer [256] and polycation–polyanion complex 

formation [257], electric field [258] and magnetic field [259], light or 

radiation forces [260].  

 

2.10.1 Smart Polymers 
 

Smart polymers or stimuli-responsive polymers can be categorized based 

on their physical properties, as represented in Figure 2.17. 

  

 

 

Figure 2.17: Classification of the polymers by their physical form: (i) 

linear free chains in solution where polymer undergoes a reversible 

collapse after an external stimulus is applied; (ii) covalently cross-linked 

reversible gels where swelling or shrinking of the gels can be triggered by 

environmental change; and (iii) chain adsorbed or surface-grafted form, 

where the polymer reversibly swells or collapses on surface, once an 

external parameter is changed (Figure and caption reproduced from 

Kumar et al. 2007 [261]). 

F127 and poly lactic acid-co–poly ethylene glycol–
poly lactic acid (PLLA)/PEG/PLLA triblock co-
polymers [20]. Another interesting class of tempera-
ture-responsive polymers have recently emerged
which involves elastin like polymers (ELPs) [21].
The specific LCST of all these different polymeric
systems show potential applications in bioengineer-
ing and biotechnology.

On the other hand in a typical pH-sensitive
polymer, protonation/deprotonation events occur
and impart the charge over the molecule (generally
on carboxyl or amino groups), therefore it depends
strongly on the pH. The pH-induced phase transi-
tion of pH-sensitive polymer tends to be very sharp
and usually switches within 0.2–0.3 unit of pH. Co-
polymers of methylmethacrylate and methacrylic
acid undergo sharp conformational transition and
collapse at low pH around 5, while co-polymers of
methylmethacrylate with dimethylaminoethyl
methacrylate are soluble at low pH but collapse
and aggregate under slightly alkaline conditions.
Other types of responsive polymers involve electric
field [11] and magnetic field [12], the gels of which
can shrink/swell in response to external electric or
magnetic field stimuli. Polythiophene or sulpho-
nated-polystyrene-based conducting polymers have
shown bending in response to external field. The
magnetic field-responsive gel which can be obtained
by dispersing magnetic colloidal particle in poly
(N-isopropylacrylamide-co-poly vinylalcohol) hy-
drogel matrix and get aggregated in external non-
uniform magnetic field [12].

These responses of polymer systems show use-
fulness in bio-related applications such as drug
delivery [5,22], bioseparation [3], chromatography
[4,23,24] and cell culture [25]. Some systems have
been developed to combine two or more stimuli-
responsive mechanisms into one polymer system.
For instance, temperature-sensitive polymers may
also respond to pH changes [26–28]. Two or more
signals could be simultaneously applied in order to
induce response in so called dual-responsive poly-
mer systems [29]. Recently, biochemical stimuli
have been considered as another strategy, which
involves the responses to antigen [30], enzyme [31]
and biochemical agents [32]. There is a great
deal of literature available about different forms
of SP, but it is beyond the scope and aim of
the present review to describe it in detail here.
For more details, readers are advised to go
through some of the recent reviews and book
chapters [33,34].

SP can be categorized into three classes according
to their physical forms (Fig. 1). They are (i) linear
free chains in solution, where polymer undergoes a
reversible collapse after an external stimulus is
applied, (ii) covalently cross-linked gels and rever-
sible or physical gels, which can be either micro-
scopic or macroscopic networks and for which
swelling behavior is environmentally triggered and
(iii) chain adsorbed or surface-grafted form, where
the polymer reversibly swells or collapses on a
surface, converting the interface from hydrophilic to
hydrophobic and vice versa, once a specific external
parameter is modified. SPs in all the three forms—in
solution, as hydrogels and on surfaces can be
conjugated with biomolecules, thereby widening
their potential scope of use in many interesting
ways. Biological molecules that may be conjugated
with SPs include proteins and oligopeptides, sugars
and polysaccharides, single- and double-stranded
oligonucleotides and DNA plasmids, simple lipids
and phospholipids, and other recognition ligands
and synthetic drug molecules. The polymer–biomo-
lecule hybrid system is capable of responding to
biological, physical and chemical stimuli. Hoffman
and colleagues have pioneered the work in combin-
ing SPs with a wide variety of biomolecules [35–38].
The SPs can be conjugated randomly or site-
specifically to protein biomolecules. An earlier
review published in the same journal has described
various forms of stimuli-responsive polymers and
their bioconjugates that have been utilized for
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Fig. 1. Classification of the polymers by their physical form: (i)
linear free chains in solution where polymer undergoes a
reversible collapse after an external stimulus is applied; (ii)
covalently cross-linked reversible gels where swelling or shrinking
of the gels can be triggered by environmental change; and (iii)
chain adsorbed or surface-grafted form, where the polymer
reversibly swells or collapses on surface, once an external
parameter is changed.

A. Kumar et al. / Prog. Polym. Sci. 32 (2007) 1205–1237 1207
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2.10.1.1 Linear Free Chains in Solution  
 

This type of polymer undergoes a reversible collapse after the application 

of an external stimulus [261]. An appropriate hydrophilic and hydrophobic 

proportion is required in the molecular structure of the polymer in order 

for a phase transition to occur. With increasing hydrophobicity, the 

soluble polymer is precipitated out of solution and forms a totally different 

insoluble phase. This can be achieved either due to a reduction in the 

number of hydrogen bonds between the polymer and water or because of 

the neutralization of the electric charges that are present on the polymeric 

network [261]. These polymers in solution have various applications such 

as for the bio-separation of proteins, cells and other bioparticles [261].  

 

2.10.1.2 Covalently Cross-Linked Reversible and 
Physical Gels  
 

A lot of attention has been focused on hydrogels that swell in aqueous 

media. These hydrogels may respond rapidly to small changes in pH and 

temperature and recently have been shown to respond to a change in 

light intensity, ionic strength, magnetic fields, inflammation, ultrasound, 

electric fields and even certain biochemicals [251, 262-264]. These 

changes may be gradual and smooth, or they may be abrupt and 

discontinuous and it depends on the nature of the system [265]. These 

‘smart’ hydrogels may be synthesized in the conventional manner to 

result in hydrogels with small pore sizes or they may be synthesized by 

various other approaches to result in macroporous hydrogels for different 

applications [266, 267]. Some of these approaches are by co-

polymerization, genetic engineering and irradiation.  
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2.10.1.3 Chain Adsorbed or Surface Grafted Form  
 

When a polymer reversibly swells or collapses on a surface it converts 

the surface from hydrophilic to hydrophobic and vice versa. The surface 

is hydrophilic when the polymer is in its expanded soluble state and 

hydrophobic when in its collapsed insoluble state. This occurs only once 

a specific external parameter is modified [261]. The changes in 

hydrophobicity may be in response to changing temperature and can 

easily be exploited to allow separation of substances that interact 

differently with the hydrophobic matrix [261]. 

 

2.10.2 The Concept of Thermoresponsive Polymers 
 

The majority of polymers exhibit a thermoresponsive phase transition 

property, which can be divided into two major classes based on their 

origin: naturally occurring polymers and synthetic materials. Some 

examples of natural polymers include chitosan, xyloglucan, and gelatin, 

along with their derivatives [268, 269]. Synthetic materials include poly(N-

isopropylacrylamide) (PNIPAM), poly(ethylene oxide)-b-poly(propylene 

oxide)-b-poly(ethylene oxide) (PEO/PPO/PEO) block copolymers [270] 

and poly(ethylene oxide)-b-poly(D,L-lactic acid-co-glycolic acid)-b-

poly(ethylene oxide) (PEO/PLGA/PEO) triblock copolymers [271].  

Thermoresponsive polymers are a class of smart polymers that utilize the 

changes in temperature as a trigger to switch their properties. Under 

normal conditions, the temperature of the human body is 37 °C. However, 

the body temperature can deviate from normal in the presence of 

pyrogens or under certain pathological conditions. Thus, we can utilize 
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the changes of this temperature as a trigger for the delivery of drugs from 

thermo-responsive delivery systems. On another note, the temperature 

changes may offer the ability for self regulated control over the delivery of 

a drug and avoiding the need for external stimuli. 

In thermo-responsive systems, polymers have been utilized because they 

are cheaper and more easily tailored than metals or ceramics. The major 

characteristic feature of thermo-responsive polymers is the presence of 

hydrophobic groups, such as methyl, ethyl and propyl groups [251]. The 

structure of thermoresponsive polymers itself reflects a fine balance 

between the hydrophobic and hydrophilic groups. Due to this balance, a 

small change in the temperature in the aqueous polymer solution can 

create a new adjustment of the hydrophobic and hydrophilic interactions 

among the polymer blocks and water molecules [272].  

Such thermo-sensitive polymers are able to undergo a reversible, 

temperature induced gel-sol transition upon heating or cooling of the 

solution which is known as Lower Critical Solution Temperature (LCST) 

[273]. This type of swelling behavior is known as as inverse /or negative 

temperature dependence. Below LCST, the polymer chains are swollen 

and the polymer exists in water soluble form. At this stage, water and 

hydrophilic moieties of the polymer are bound to each other and 

hydrogen bonding dominates between them, leading to a brush-like 

conformation of the polymer strands [251]. However, above this 

temperature, a phase transition takes place where the hydrogen bonds 

between the water molecules and the hydrophilic moieties are broken, 

water is expelled from the polymer chains which lead to their contraction 

and subsequently they shrink. This leads to the aggregation of the 

polymer due to the decrease of intramolecular hydrogen bonding 

efficiency and hydrophobic interactions take place among the polymer 

chains. 
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Due to this nature, an on-off drug delivery system could be achieved 

[274-276]. Such thermo-sensitive polymers are also termed smart 

polymers or intelligent polymers [277-279]. The polymers should be 

biocompatible, biodegradable and nontoxic, and their LCST should be 

around 37 °C, which is close to normal body temperature in order for the 

utilization in drug delivery systems. Such thermoresponsive polymers 

would include poly(N-isopropylacrylamide).  

 

2.10.2.1 Mechanism of Phase Transition in 
Thermoresponsive Polymers.  
 

Various mechanisms are responsible for phase transitions of aqueous 

polymer solutions. The main mechanism is a change in the hydration 

state that favors intra and intermolecular hydrogen bonding, which 

ultimately decreases or increases the solubility of polymers upon 

temperature change [251]. Basically, there are three kinds of interactions 

that occur upon dissolution of the polymer in water: polymer-water, 

polymer-polymer, and water-water [265]. Meanwhile, thermodynamic 

relationships are responsible for the negative free energy, high entropy, 

and an increase in the enthalpy. The main reason for an increase in the 

entropy is the association of water molecules to each other, which is also 

called hydrophobic interaction [280]. Negative free energy plays an 

important role in the interaction of polymers that exhibit the LCST by 

weakening the association between water and the polymer and facilitating 

the interactions between the polymer molecules [281]. 

Volume phase transition is very important for drug delivery, and it 

depends on the intramolecular forces such as van der Waals interactions, 

hydrophobic interactions, hydrogen bonding, and attractive ionic 
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interactions [282] and the nature of the polymers in the solution. Van der 

Waals interactions are responsible for the phase transition of hydrophilic 

hydrogels, especially in a mixed solvent. The example of such 

interactions and phase transition is in the formation of an acrylamide gel 

in a mixture of acetone-water. On the other hand, important examples of 

phase transitions via hydrophobic interactions are hydrophobic hydrogels 

such as PNIPAM [280, 283]. PNIPAM undergoes a swollen phase 

transition at a low temperature, while it collapses at a high temperature in 

pure water. Hydrogen bonding is also involved in the phase transition of 

an interpenetrating polymer network (IPN) such as poly(acrylic acid) and 

poly(acrylamide), along with the help of a change in ionic interactions. 

These hydrogels undergo phase transition of a swollen state at high 

temperatures in pure water [284]. The pH-based phase transition is due 

to attractive ionic interactions and the most important example of this type 

of hydrogel is acrylamide (sodium acrylate/methacrylamidopropyltrimethyl 

ammonium chloride) [285]. 

When the polymer equilibrates with water, very strong, long, flexible 

polymer chains aggregate and covalently crosslink with water. These 

polymers equilibrate with the surrounding aqueous solution depending on 

the functional groups attached. Some biological molecules like peptides 

and proteins [286] can induce the phase transition of the polymers. They 

can be prepared via crosslinking with biological molecules such as 

oligopeptides, oligo-deoxyribonucleotides, and carbohydrate oligomers 

like lactic acid [287-289].  

 

 



 74 

2.10.2.2 Properties of Poly (N-isopropylacrylamide) 
(PNIPAM) 
 

In the context of thermoresponsive materials, poly(N-

isopropylacrylamide), often named by its acronym PNIPAM, is a 

prominent LCST polymer [19, 20], which undergoes a coil-to-globule 

when temperature is raised from below its lower critical solution 

temperature (LCST) to above the LCST in aqueous solution which is 

close to normal physiological body temperature. It is insensitive to 

environmental conditions such as pH value and has fast on-off switching 

[21]. The phase-transition temperature can be adjusted to an appropriate 

temperature (around 40 oC) by the introduction of a hydrophilic co-

monomer such as N, N- dimethylacrylamide (PDMAAm) [290, 291]. 

PNIPAM is suitable for drug targeting and other numerous applications. 

Extensive research has been carried out on utilizing this property of 

PNIPAM for the delivery of drugs in stimuli responsive drug delivery 

systems [277-279].  

PNIPAM contains an isopropylic moiety (hydrophobic) as well as the 

amide moiety (hydrophilic). At temperatures below LCST, the polymeric 

chains are expanded, hydrated and in a hydrophilic water-swollen state 

due to the formation of hydrogen bonds between water and polymer 

chains. While above LCST, they are dehydrated, collapsed and in a 

hydrophobic globular state due to the polymer-polymer interactions 

becoming dominant and expelling water [292, 293]. The phase transition 

in the PNIPAM rapidly reduces the volume of the polymer, resulting in a 

fast release of entrapped growth factors or drug followed by a more 

sustained, linear, controlled release [294, 295]. 
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Figure 2.18: Illustration of the effect of the temperature on the phase 

transition of PNIPAM. Figure and caption adapted from Dimitrov et al. 

2007 [273].  

 

Up to now, several studies have reported the phase behavior of PNIPAM 

in water [296-301]. Figure 2.18 illustrates the phase’s transition of 

PNIPAM in water where we can see the ‘smart’ behavior of PNIPAM 

arises from the entropic gain as water molecules associated with the 

amide groups are released when the temperature is increased [273]. In 

the field of drug delivery, it is the LCST of polymers and/or systems that 

are generally more relevant. The LCST of PNIPAM is independent of the 

molecular weight and the concentration [302]. However, it can be 

adjusted upon shifting the hydrophilic/hydrophobic balance. This can be 

done with the help of addition of “additives” such as salts, surfactants or 

co-polymerization with various hydrophilic or hydrophobic comonomers 

142 S.F. Medeiros et al. / International Journal of Pharmaceutics 403 (2011) 139–161

Fig. 1. Illustration of the effect of the temperature on the phase transition of PNIPAam (adapted from Dimitrov et al., 2007).

The materials based on reversible supramacromolecular orga-
nization have become increasingly important in recent decades.
These systems may offer a number of advantages, including lower
processing costs due to their reversible properties (Dimitrov et al.,
2007).

In the context of thermoresponsive materials, poly(N-
isopropylacrylamide) PNIPAam is the most studied polymer
exhibiting LCST at around 31 ◦C, as shown in Table 2. PNIPAam has
commonly been referred as a smart material (Fernández-Barbero
et al., 2009).

The phase’s transition of PNIPAam in water is schematically
illustrated in Fig. 1. We can observe that the origin of the “smart”
behaviour, arises from the entropic gain as water molecules asso-
ciated with the amide groups are released when the temperature
is increased above the critical point.

As shown in Fig. 1, at temperatures below the LCST, water acts
as a good solvent for the polymer chains forming hydrogen bonds
with the amide oxygen. When the temperature is raised above the
LCST, polymer-polymer interactions become dominant expelling
water.

In opposition to the LCST behaviour, some thermoresponsive
polymers possess an upper critical solution temperature (UCST).
These materials collapsed at temperatures below the UCST and
swells when heated this temperature (Ohnishi et al., 2006).

Although PNIPAam is a thermoresponsive polymer largely used
in the literature, the most of the works describes the synthesis of
this polymer for in vitro applications. The presence of the amide
groups leads to the non biocompatibility of the material and, con-
sequently, limits its use for biomedical applications.

In this sense, another example of thermally-sensitive and bio-
compatible polymer that has been studied for therapeutic purposes
is poly(N-vinylcaprolactam) (PNVCL) (Vihola et al., 2002; Vihola
et al., 2008; Imaz and Forcada, 2008, 2009; Imaz et al., 2008; Iskakov
et al., 2007).

Biocompatible thermoresponsive copolymers are also being
developed for application in drug delivery and regenerative
medicine. Thermoresponsive copolymers combine two or more
comonomers where at least one of these would give a ther-
moresponsive homopolymer (Liu et al., 2009a,b). They have

attracted considerable interest in both the polymer and bio-
material literature due to their thermally triggered contraction
and aggregation as well as other potentially useful properties
such as reversible gelation. The LCST can be tuned by the incor-
poration of additional functionality. Several studies have been
performed considering the copolymerisation of NIPAam with
more hydrophilic comonomers. The LCST of copolymers such as
poly(N-isopropylacrylamide-co-2-hydroxyisopropylacrylamide)
(poly(NIPAm-co-HIPAam)) or poly(N-isopropylacrylamide-co-
N-vinylpirrolidone) (poly(NIPAam-co-NVP)), for example, is
higher than that of PNIPAam. Thermoresponsive copolymers
that do not contain N-alkyl substituted polyacrylamides, such
as poly(ethylene oxide) PEO-based copolymers and poly(N-
vinylcaprolactam) PNVCL-based copolymers are also of interest.
PNVCL and PEO-based copolymers are important classes of
biocompatible non-acrylamide-containing thermoresponsive
homopolymers (Verbrugghe et al., 2003).

2.1.1. Thermoresponsive property of poly(N-vinylcaprolactam)
(PNVCL)

Poly(N-vinylcaprolactam) (PNVCL) is known as biocompatible
and suitable for in vivo applications (Maeda et al., 2001a,b). PNVCL
shows LCST in water close to physiological temperature (35–38 ◦C),
depending on the polymer concentration, molecular weight and the
composition in the case of copolymers, which opens perspectives
for applications in biochemistry and medicine (Yanul et al., 2001;
Shtanko et al., 2003). PNVCL is composed of amide group that ren-
der the polymer as a whole hydrophilic (Wallace et al., 2002). It has
a repeat unit consisting of a cyclic amide where the amide group
nitrogen is directly attached to the hydrophobic polymer back-
bone. Thus, unlike the thermo-sensitive poly(N-alkylacrylamides),
it does not produce small amide derivatives upon hydrolysis. This
feature, together with its overall low toxicity, high complexing
ability and good film forming properties enables to use in many
medical applications. Up to now, several studies have reported the
phase behaviour of PNVCL in water (Lau and Wu, 1999; Peng and
Wu, 2000; Makhaeva et al., 2003; Lozinskii et al., 2006). Applica-
tions of PNVCL as a biomedical material either in stabilization of
proteases or as a carrier and drug delivery agent, have been previ-
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[303-305]. This can alter the solvent quality and therefore can alter the 

polymer-solvent (+additive) interactions.  

 

2.10.3 PNIPAM in Drug Delivery 
 

Thermo-responsive monolithic hydrogels are being used to obtain an ‘on–

off’ drug release profile in response to a stepwise temperature change 

[274-276]. Poly(N-isopropylacrylamide) cross-linked butyl methacrylate 

(BMA) hydrogels were loaded with indomethacin and analyzed for their 

on-off release profile. ‘On’ was achieved at low temperatures and ‘off’ at 

high temperatures. This occurred due to the formation of a skin-type 

barrier that formed a dense, less permeable gel surface layer when the 

temperature was suddenly changed. The barrier was formed due to the 

faster collapse of the gel surface than the interior and was regulated via 

the length of the methacrylate alkyl side-chain [294]. 

The first production of thermally responsive block copolymer micelles 

composed of PNIPAAm and polystyrene (PSt) was reported by Okano 

and co-workers [306] in 1997. They prepared DOX-loaded PNIPAAm-b-

PBMA micelles [307] below the LCST by dialysis method and the drug 

release was very slow. However, the micelle structure deformed at 

temperatures above the LCST, inducing fast DOX release. In addition, 

the dramatic DOX on/off switching release behavior was regulated using 

temperature cycles through the LCST to induce the temperature 

responsive structural changes of the micelles.  

In contrast to PNIPAAm-b-PBMA micelles, PNIPAAm-b-PSt micelles 

[308] did not show significant DOX release when increasing the 

temperature above the LCST since the rigid PSt core (Tg~100 oC) was 
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insensitive to the conformational transition of PNIPAAm coronas from 

extending to collapsing state. Therefore, they concluded that the 

hydrophobic segments constructing the micelle inner core were critical to 

the stability of polymeric micelles and the thermo-sensitive drug release 

property. 

In addition, they also developed degradable P(NIPAAm-co-DMAAm)-b-

PLA [309, 310], P(NIPAAm-co-DMAAm)-b-poly( e-caprolactone) 

(P(NIPAAm-co-DMAAm)-b-PCL) [310], P(NIPAAm-co- DMAAm)-b-P(LA-

co-CL) [310] copolymers bearing elevated LCST around 40 oC, which is 

slightly higher than the body temperature, by copolymerizing NIPAAm 

with more hydrophilic monomer DMAAm.  

Serres et al. [311] and Ramkisson-Ganorkar et al. [312] synthesized 

P(NIPAM-co-BMA-co-AAc) for the intestinal delivery of human calcitonin. 

The combination of the hydrophobic BMA moiety (butylmethacrylate) and 

the acrylic acid (AAc), which is non-ionised at low pH, prevents 

disintegration of the polymeric beads in the acidic environment of the 

stomach. At elevated pH the beads disintegrated due to the solubilisation 

by the now ionised AAc. Kim et al. studied the similar system for the 

delivery of insulin [313]. In all case the thermal stimulus from the PNIPAM 

is not needed for the delivery but it is utilized for the preparation of the 

loaded bead.  

Paclitaxel release from poly(N-isopropylacrylamide-co-N,N-

dimethylacrylamide)-b-poly(D,L-lactide-co-glycolide) micelles was 

accelerated when the physiological temperature was raised above the 

LCST. The paclitaxel-loaded micelles were more effective in killing 

human breast carcinoma cells at 39.5 °C than 37 °C [314]. De and co-

workers shows that that the delivery of paclitaxel at the tumor site from 

folate-conjugated PNIPAm-DMA micelles can alter the overall drug 

biodistribution [315]. The drug release studies from folate-conjugated, 
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thermoresponsive block copolymer micelles demonstrated a temperature-

responsive drug release.  

A block co-polymer was developed from pNIPAM and poly(methyl 

methacrylate) (PMMA) [316]. At 20 oC, micelles would spontaneously 

form due to the hydrophilic (pNIPAM) and hydrophobic (PMMA) nature of 

the co-polymer. In response to a temperature change from 45 oC to 20 
oC, the preservation of the micelle structure via the presence of cross-

linked shells restricted delivery of prednisone acetate contained within the 

micelle.  

Another drug delivery system was designed by Cao and co-workers who 

fabricated poly(N-isopropylacrylamide)-chitosan (pNIPAM-CS) that able 

to form a gel solution when in contact with the surface of an eye, 

increasing delivery of drug molecules mixed into the solution [317]. A two-

fold enhancement in delivery was achieved compared to the conventional 

method employing eye drops. These results suggest that pNIPAM-CS is 

a potential thermosensitive in situ solution for ocular drug delivery, 

improving the delivery and bio-availability of drug molecules.  

The pNIPAM/polyethyle oxide (PEO) fibres containing higher ratios of 

pNIPAM prolonged the release of vitamin B12, at 37 °C whereas below 

the LCST temperature the drug released much faster over the first 5 h 

[318]. PNIPAM has also been used to synthesize nanoparticles that can 

shrink in volume in response to temperature [319]. 
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2.10.4 Dual Responsive Materials 
 

In addition to the single response polymer it is also possible to design 

materials that respond simultaneously to a combination of temperature, 

pH and/or magnetic fields. By combining two properties this creates a 

polymer that is more specific and controllable. Developing a material that 

is responsive to more than one stimulus may combine the delivery of a 

drug with other capabilities such as detection or imaging. Construction of 

dual responsive polymers can be achieved by the co-polymerisation of 

hydrophobic and ionisable functional groups, or by including a magnetic 

group.  

 

2.10.4.1 pH and Thermo-Responsive Polymers 
 

Temperature and pH-responsive nanoparticles have been prepared by 

combinations of PNIPAM and methacrylic acid (MAA) at different molar 

ratios [320]. The nanoparticles encapsulating vitamin B12 exhibited a 

partition coefficient that decreased from 0.8 to 0.3 with increasing 

temperature and decreased from 0.8 to 0.6 with decreasing pH. The 

studies also show that the relative permeability of the nanoparticles 

increased significantly when the temperature was increased from 37 °C to 

43 °C and when the pH decreased from 6 to 4.  

Isoniazid (INH), an antitubercular drug, was located inside the cavity of 

the poly(N-isopropylacrylamide)-co-acrylic acid (PNIPAM-co-AA) 

hydrogel "cages" and also within the shell [321]. The "cages" had a silica 

core that was subsequently etched away by hydrofluoric acid leaving a 

hollow interior. The hydrodynamic diameter of the hydrogel "cages" 
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decreased from 367 nm to 200 nm with increasing temperature and 

decreasing pH.  

In another study, an injectable hydrogel system composed of PNIPAM, 

acrylamide (AAm), and vinyl pyrrolidone (VP) have been prepared to 

encapsulate naltrexone [322]. The swelling ratios of the gel increased 

when the pH decreased from 8.5 to 7.4 and decreased when the 

temperature increased from 25 °C to 37 °C.  In vitro drug release studies 

showed that there was a short term “burst” effect where about 6% of the 

drug was released in the first few minutes followed by a long term slow 

release of the drug over 28 days. 

Kojima et al. [323] developed a polymer containing hyperbranched 

poly(glycidol) (HPG) and NIPAM as the thermosensitive moiety. HPG was 

chosen as previous reports demonstrate its biocompatibility [324] and it 

allows encapsulation of biologically active molecules. By controlling the 

degree of polymerization between the two parts, the co-polymer showed 

a sharp phase transition due to pH. The result shows a polymer with a 

ratio of 60% NIPAM and 40% carboxyl groups was able to respond to a 

narrow range of physiological pH values, from pH 5 to 7 and had an 

LCST at 32 °C.  

Garbern et al. [325] reported the fabrication of a scaffold, developed from 

p(NIPAM-co-PAA-co-BA) (butyl acrylate). In this study, the scaffold was 

able to deliver bioactive molecules to a site of cardiac infarct in rat 

models. At 37 °C, it was liquid at pH 7.4 but formed a physical gel at pH 

6.8 at the same temperature. When polymer doped with basic fibroblast 

growth factor (bFGF) was administered to a site of ischemic myocardia, 

spatio-temporal control over delivery was observed compared to 

administration in saline, and treatment over 28 days led to increased 

angiogenesis and regional blood flow.  
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By creating nanoparticles consisting of pH and temperature responsive 

materials, Li et al. [326] demonstrated DOX release with both an increase 

in temperature (which causes the micelle to flip inside-out and expose 

DOX to the environment) and a drop in pH (which causes PAA to 

protonate and release the less positive DOX). PNIPAM becomes 

hydrophobic around 32 oC, while PAA becomes hydrophobic at a pH 

below 4.8. The copolymer will thus form a micelle with a PNIPAM core at 

high temperature and pH but flip to a PAA core at low temperature and 

pH. PAA also binds to DOX in aqueous solution and becomes 

hydrophobic and forms micelles at low temperature and high pH.  

 

2.10.4.2 Magneto and Thermo-responsive Systems 
 

Hoare et al. [327] attempted to apply an external oscillating magnetic field 

to create a local heat source and cause shrinking of the pNIPAM gel thus 

in turn allowing encapsulated drugs to be released from an internal 

reservoir. This involved ferrite nanoparticles surrounded pNIPAM. The 

results demonstrated that the heat source could be utilized as a method 

of controlled drug delivery.  

Other researchers, Luo et al. [328], developed microspheres by 

encapsulating silica-coated superparamagnetic magnetite nanoparticle 

clusters within a crosslinked PNIPAm shell. The microspheres 

hydrodynamic diameter decreased from 750 nm to 500 nm when the 

temperature increased from 20 °C to 60 °C. One of the most attractive 

features of this microspheres is that the microspheres had greater 

magnetic response at temperatures higher than the volume phase 

transition temperature due to the decrease in size at higher temperatures. 
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A faster separation-redispersion behavior of the microspheres was 

observed at 60 °C, compared to that at 25 °C. 

 

2.10.4.3 Magneto and pH-responsive Systems 
 

Chang et al. [329] described MNPs with a thermo-responsive outer shell 

consisting of pNIPAM-co-MAA (methacrylic acid) for doxorubicin (DOX) 

delivery. At pH 7.4 and 37 °C, the nanoparticles showed a very low 

premature DOX release. However, as the pH decreased it demonstrated 

a rapid release. Additional in vitro tests demonstrated high cytotoxicity 

with HeLa cells.  

Given the number of examples in the published literature, it is clear that 

PNIPAM shows great promise for development as a drug delivery and 

release platform.  
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Chapter 3 

Materials Characterization 
Methods 

 

In order to study the structural information and physicochemical 

properties of the mesoporous silica nanoparticles (MSN) and the polymer 

nanoparticles, several characterization techniques have been employed. 

The bulk structure characterization utilizes transmission electron 

microscopy (TEM), attenuated total reflection - Fourier transform infrared 

spectroscopy (ATR-FTIR), dynamic light scattering (DLS), magnetometry 

and proton relaxometry while the local order characterization includes 1H 

NMR and 13C/CP MAS NMR spectroscopy. 

 

3.1 Transmission Electron Microscopy (TEM) 
 

Transmission electron microscopy (TEM) involves the use of high voltage 

electrons to generate images of thin samples (< 100 - 200 nm).  The 

electron beam is emitted by the cathode and formed and focused onto 

the sample with the help of a series of magnetic lenses. The electrons 

that are transmitted through the sample carry information about the 

structure and composition of the specimen. The spatial variations in the 

image are generated by a series of magnetic lenses that generate the 

image from the transmitted electron at the detector. It should be noted 
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that the images produced by this type of electron microscope are two-

dimensional projections of a three dimensional structure.   

Transmission electron microscopy (TEM) was performed on samples 

using a JEOL 2100 electron microscope operated at 120kV, which is 

equipped with a thermal-emission lanthanum hexaboride (LaB6) electron 

gun.  The instrument is equipped with a Gatan Imaging Filter (GIF) that is 

capable of providing elemental information. When operating the 

microscope, the second largest condenser aperture was used throughout 

and an objective aperture was inserted when acquiring images. 

Samples for the TEM measurements were suspended in ethanol (silica 

systems) or pluronic F-108 (polymer systems). Samples were prepared 

by dropping a diluted suspension onto a continuous 200 mesh carbon 

coated copper grid. The samples were then left to dry under a heat lamp 

for a few hours before commencing the measurements. 

 

3.2 Attenuated Total Reflection - Fourier Transform 
Infrared Spectroscopy (ATR-FTIR) 

 

Infrared spectroscopy is based upon the absorption of radiation of a 

particular wavelength, which corresponds to the frequency of a specific 

vibration of a part of the sample molecule. An advantage of FT-IR 

spectroscopy is not only fast but capable of identifying the presence or 

absence of important functional groups. FTIR enables measuring all 

types of samples: solids, liquids and gases. FTIR also acts as a 

screening for more complicated and expensive methods such as nuclear 

magnetic resonance to identify the structure of the molecules. 
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Attenuated total reflection (ATR) was used for FTIR analysis, using a 

Perkin Elmer Spectrum One FT-IR spectrometer. It is a sampling 

technique used in conjunction with infrared spectroscopy that enables 

samples to be examined directly in the solid or liquid state and undiluted 

without further preparation. This includes excellent sample-to-sample 

reproducibility and minimal operator-induced variations and the sample 

thickness does not affect the intensity of the absorbance bands. The 

measurement is typically performed within a few seconds. The IR beam 

undergoes multiple internal reflections in a crystal of high refractive index. 

ATR uses a property of total internal reflection resulting in an evanescent 

wave. A beam of infrared light is passed through the ATR crystal in such 

a way that it reflects at least once off the internal surface in contact with 

the sample. This reflection forms the evanescent wave, which extends 

into the sample. The penetration depth into the sample is typically 

between 0.5 and 2 micrometers, with the exact value being determined 

by the wavelength of light, the angle of incidence and the indices of 

refraction for the ATR crystal and the medium being probed [330]. The 

beam is then collected by a detector as it exits the crystal. 

In order to achieve a high quality spectrum, there must be a good contact 

between sample and the ATR crystal so that the evanescent wave 

penetrates only up to a specific number of microns into the sample. The 

ATR crystals were cleaned prior to use by wiping with an ethanol soaked 

piece of tissue. The ATR crystal must be checked for contamination 

before mounting samples onto the crystal area. After the crystal area has 

been cleaned and the background collected, the sample was placed onto 

the small diamond crystal area. The sample height should not be more 

than a few millimetres. 

Once the solid has been placed on the crystal area, the pressure arm 

should be positioned over the crystal area. Then, the pressure arm locks 

into a precise position above the diamond crystal. Force is applied to the 
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sample, pushing it onto the diamond surface. In this spectroscopy, we 

can look at the preview mode that displays a live spectrum during sample 

preparation on the ATR crystal. This allowed real time monitoring of the 

spectral quality after applying pressure on a solid sample. Once a 

satisfactory quality is reached, the spectrum can be directly measured. 

The FTIR spectra were recorded in a spectral region of 400 - 4000 cm-1 

at the resolution of 2 cm-1 and 10 scans were averaged to improve signal 

to noise ratio. 

 

3.3 Proton Nuclear Magnetic Resonance (1H-NMR) 
Spectroscopy  

 

Nuclear magnetic resonance (NMR) spectroscopy is a technique used to 

determine a compound’s unique structure by identifying the carbon-

hydrogen framework of an organic compound. The atomic nucleus is a 

spinning charged particle, and it creates a magnetic field. Without an 

external applied magnetic field, the nuclear spins orient randomly. 

However, with the presence of an external magnetic field, the nuclei align 

themselves either with or against the field of the external magnet [331]. 

 

Figure 3.1: Typical energy splitting diagram for spin ℓ	= 1/2 nuclei.  
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Figure 3.2: Typical energy splitting diagram for spin ℓ = 1 nuclei. There 

are (2 	ℓ  +1) possible orientations for each nucleus when external 

electromagnetic field is applied.  

 

The ì-spin state is parallel to the applied field and has lower energy than 

the î-spin state that is antiparallel to the applied field. The ∆E is the 

energy difference between the ì and î spin states and it depends on the 

applied magnetic field. The greater the strength of the applied magnetic 

field, the larger the energy difference between the two spin states. When 

radiation, that has the same energy as the ∆E, is placed upon the 

sample, the spin flips between ì  and î  spin states. Then, the nuclei 

undergo relaxation. Relaxation is when the nuclei return to their original 

state. In this process, they emit electromagnetic signals whose 

frequencies depend on ∆E as well. The 1H-NMR spectrometer reads 

these signals and plots them on a graph of signal frequency versus 

intensity. Resonance is when the nuclei flip back and forth between ì and 

î spin states due to the radiation that is placed on them. In summary, an 

NMR signal is observed when the radiation supplied matches the ∆E. 

Furthermore, the energy required to cause spin flip is dependent on the 

magnetic environment experienced by the nucleus.  
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Nuclear Magnetic Resonance spectra were recorded using a Bruker 

Avance 500 MHz spectrometer at 45 oC. Approximately 20-mg samples 

were dissolved in 380 μL of formic acid and 380 μL of deuterium oxide 

(D2O). The samples were injected via syringe into the headspace of the 

NMR tube and shaken. The sample was then transferred to the NMR 

spectrometer probe. 1H chemical shifts are reported in ppm versus 

tetramethylsilane (Si(CH3)4). 

 

3.4 13C CP/MAS Solid-State NMR 
 

Solid-State Nuclear Magnetic Resonance is a widely used technique for 

studying the structural properties of a vast variety of materials, including 

amorphous and crystalline solids. This technique is based on the 

behavior of the magnetic moments of carbon-13 nuclei under an external 

magnetic field, which is modulated by both the surrounding nuclei and the 

distribution of the electronic charge around them [332]. Typical spectra 

display absorption intensity values versus resonance frequencies. The 

position, line shape, and intensity of the signals provide information about 

the chemical environment of the studied nuclei. This information is 

complementary to that obtained from other more conventional techniques 

employed in the characterization of condensed phases. 

Magic angle spinning NMR spectroscopy (MAS NMR) is one of the 

techniques used to elucidate porous structure. This technique eliminates 

the broadening of the NMR signals normally observed in solids. The line 

broadening is due to various anisotropic interactions which all contain a 

(3 cos2 θ – 1) term. When cos θ = (1/3)1/2, i.e. θ = 54o44’, this term 

becomes zero. Spinning the sample about an axis inclined at this so-

called magic angle to the direction of the magnetic field eliminates these 
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sources of broadening, and thus improves the resolution in chemical shift 

spectra [333-335]. In 13C/CP MAS NMR, cross-polarization techniques 

have been used to increase the signal to noise (S/N) and to bypass the 

T1 relaxation processes of the dilute nuclei being observed. 

The samples were measured using a Varian 400 MHz solid-state 13C 

Nuclear Magnetic Resonance (NMR) spectrometer with the cross-

polarisation technique with high-power proton decoupling and a magic 

angle spinning technique (13C CP-MAS NMR). The finely ground sample 

(approximately 50 mg) was fitted into a zirconia rotor and spun at a 

rotation frequency of 5 kHz with a recycle delay of 4.0 s. 13C CP/MAS 

solid-state NMR was recorded at a resonance frequency of 100.55 MHz 

at room temperature. Total suppression of spinning sidebands (TOSS) 

was implemented. 13C chemical shifts were determined relative to an 

external adamantane standard. 

 

3.5 Proton Relaxometry 
 

Proton relaxometry is a technique of measuring proton relaxation rates of 

samples. It provides a very useful method to characterize the 

effectiveness of MRI contrast agents. The effectiveness of a contrast 

agent is usually expressed as relaxivities, r1 and r2, which are the 

longitudinal and transverse proton relaxation rates per unit concentration 

of contrast agent. The magnitude of r1 is dependent on the magnetization 

of the contrast agent, the electron spin relaxation, the size of the 

magnetic crystal (for magnetic nanoparticle contrast agents), and the 

accessibility to the contrast of solvent molecules bearing the nuclear 

spins. The magnitude of r2 reflects the ability of the contrast agent to 

produce local magnetic inhomogeneities. Meanwhile, the ratio r2/r1 is an 
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indicator of the relaxometric properties of a contrast agent, and it is used 

to classify a given type of MRI contrast agent as a T1 or T2 contrast agent 

[336].  

The proton relaxation rates of the magnetic nanoparticle suspensions 

were measured using a Bruker Mq60 Minispec NMR analyzer. The 

instrument has a magnetic field strength of 1.4T with a measuring 

frequency of 60 MHz. This field strength corresponds to a proton Larmor 

frequency of 60 MHz.  

Proton transverse relaxation times (T2) were obtained from fitting a 

monoexponential decay curve to signal data generated by a Carr-Purcell-

Meiboom-Gill (CPMG) [86, 87] spin-echo pulse sequence with an echo 

spacing of 1 ms and a repetition time of 5 s. The echo spacing was 0.5 

ms for the short echo time measurements (2000 echoes) and 2.5 ms for 

the long echo time measurements (400 echoes) with a repetition time of 5 

s for both.  

The T2 pulse sequence measures T2 by applying a 90o pulse to force the 

bulk magnetization vector into the x-y plane. After a given time t, a 180o 

pulse is applied, which rotates all the magnetic moment vectors in the x-y 

plane causing them to rephase producing a spin echo time  t later. 

Typically 1000 spin echoes were measured within the sequence and the 

time between the 90o and 180o pulses was set to 1 ms, thus giving an 

inter echo spacing (time between echoes) of 2 ms. This measurement 

sequence was conducted 4 times for each system and the final relaxation 

time was determined by averaging these 4 measurements. A 5 second 

repetition interval was set between each measurement and phase cycling 

of the 180o pulse was enabled. Phase cycling is a technique used to 

compensate for systematic errors in the pulse flip angle due to 

inhomogeneity in the field of the instrument.  
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Meanwhile, #%∗	was measured by using a free induction decay (FID) 

sequence. This sequence uses a 90o pulse to force the bulk 

magnetization vector into the x-y plane but does not employ any spin 

echo pulses. This FID sequence used 400 data points and was fitted to 

an acquisition window between 0.2 and 1 ms. All results are presented as 

mean ± standard error. 

Longitudinal relaxation times (T1) were obtained from fitting a 

monoexponential recovery curve to signal data generated with an 

inversion recovery (IR) pulse sequence using 10 logarithmically spaced 

inversion times between 50 ms and 10000 ms.  

In a typical experiment, each sample (500  µL) was transferred into a 7.5-

mm NMR tube and sealed with an airtight cap and vortexed. Samples 

were prepared by diluting to specific concentration between 0.1 and 0.01 

wt%.  Samples were briefly equilibrated in an external water bath for at 

least 5 minutes to eliminate temperature differences between sample and 

the relaxometer.  

A series of suspensions of magnetite nanoparticles coated with different 

thicknesses of silica with iron concentrations between 0.03 and 1.7 mM 

were prepared for the relaxometry measurements. Particles were 

suspended in water and the suspensions were sonicated for 30 s with an 

ultrasonic probe to disperse the particles. Following this, a low-

temperature gelling agar, 2-hydroxyethyl agarose with a gel point of <30 

°C (2% w/v) was added to the samples. The purpose of the gelling 

method is to provide a matrix for the silica particles so as to keep them 

suspended as they are not stable in water. Then the particle suspension 

was probed for another 30 s. An aliquot of 500 µL of the suspension was 

transferred quickly to NMR tubes where it was allowed to gel. Samples 

were then placed in an aluminum block within a water bath at 25 °C for at 
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least 15 min before proton transverse relaxation rates were measured 

with a Bruker Mq60 Minispec NMR relaxometer operating at 1.4 T [337].  

 

3.5.1 Concentration Analysis 
 

Concentrations of iron in studied samples were measured using 

inductively coupled plasma mass spectrometry (ICP-MS).  

All empty 50-mL digestion vessels with lid were labelled and weighed. A 

small portion of samples or reference were transferred to digestion 

vessels. All digestion vessels now containing samples and/or reference 

materials were weighed again. All organic solvents were allowed to 

evaporate from digestion vessels, by allowing them to stand open in the 

organics fumehood. Then, 10.00 mL of concentrated nitric acid were 

added to each digestion vessel, which was then placed in the Heater 

Block at 95 oC in the digestion fumehood and left until a volume of 

approximately 2 mL was attained. This reaction will take about 4 to 8 

hours leaving clear solution. The digested samples were allowed to cool 

at room temperature before being diluted to the 10.00-mL mark with 1% 

nitric acid. The digestion vessels were weighed again and the final weight 

was recorded. The digested samples were then transferred to a sealed 

plastic container for ICP analysis.  

The ICP analysis was performed by the Marine and Freshwater Research 

Laboratory at Murdoch University, which is a National Association of 

Testing Authorities (NATA) accredited facility. 
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3.6 Measurement of Magnetic Properties  
 

The magnetic measurements were conducted using a Quantum Design 

MPMS3 SQuID magnetometer. The magnetometer was used to 

determine the magnetization (M) of a magnetic sample as a function of 

temperature (Figure 3.3) and applied field (H) (Figure 3.4). The samples 

used for the magnetic measurements comprised freeze-dried magnetite, 

mesoporous silica nanoparticles and polymer nanoparticles. The samples 

were prepared by compressing ~ 10 mg of powder into VSM Powder 

Sample Holders (P125E). Samples are mounted within a brass holder 

and connected to one end of a sample rod that is inserted into the dewar / 

probe. The other end is attached to a stepper motor that is used to 

position the sample within the center of the SQUID pickup coils.  

 

3.6.1 Zero Field Cooled/Field Cooled Curves 
 

The zero-field-cool/field cool (ZFC/FC) experiment measures how the 

magnetization of a system changes with increasing temperature. This 

experiment has two parts. The first part is the measurement of the ZFC 

curve, while the second part is the measurement of the FC curve.  

For the ZFC measurements, the sample is cooled from room temperature 

to 5K in the absence of a magnetic field. Causing the magnetization of 

the particles to be randomly aligned.  A magnetic field of 100 Oe was 

then applied to create a small magnetic moment in the direction parallel 

to the applied field. The temperature was then increased and the 

magnetic moment of the sample measured as a function of temperature.  

As the temperature increases the magnetization increases as thermal 
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energy allows magnetization of the particles to align with the applied field.  

The ZFC curve peaks at a temperature TB avg, which is related to the 

moment weighted average particle size (peaks at higher temperature 

correspond to larger size particles).  Beyond this temperature the 

magnetization decreases as the thermal energy buffets the magnetization 

of the particles away from the applied field direction. 

Following this a FC measurement was conducted.  A large field is applied 

to saturate the sample at room temperature. The field is then reduced to 

100 Oe and then cooled down to 5K in the 100 Oe field. In this way, the 

magnetic moments are partially aligned in the field direction. The 

magnetization is then measured as a function of increasing temperature. 

In this case the magnetization starts at maximum and decreases due to 

thermal energy buffeting of the magnetization. 

The point where the ZFC curve meets the FC curve is known as the 

maximum blocking temperature, TB max. This is the temperature when all 

the magnetic moments have been unblocked and is related to the 

maximum particle size. A sample is fully superparamagnetic at room 

temperature if it has a TB max < room temperature [338]. If, however the 

ZFC and FC curves do not meet by the time the maximum temperature is 

reached, it suggests the presence of magnetically blocked material within 

the sample at that temperature. 

 



 95 

 

Figure 3.3: Zero Field Cooled (ZFC) and Field Cooled (FC) curves for 

[Co80Fe20(tn = 0.5 nm)/Al2O3 (3 nm)]10 measured in a field of μ0H ≈ 10mT. 

Figure reproduced from reference [338].  

 

3.6.2 Magnetic Hysteresis Loops (M - H loops) 
 

A hysteresis loop is a signature of a ferro/ferri - magnetic material and 

can be used to characterize the magnetic properties of a sample of 

nanoparticles in the presence of an applied magnetic field at a particular 

temperature. This experiment involves measuring the magnetization, M of 

the sample as the function of the applied magnetic field, H. It is often 

referred to as the M-H loop.  

The dry powders were cooled from room temperature to 5K in zero-field. 

Hysteresis loops were subsequently measured at 5K by sweeping the 

field from +70 kOe to -70 kOe and back to +70 kOe. Hysteresis loops 
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were measured at higher temperatures by warming the sample at the 

completion of the lower temperature loop. Saturation magnetization 

values reported here are based on the magnetization of the sample in a 

field of 70 kOe at 5K. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: M vs. H loop for a magnetic material with a saturation 

magnetization, Ms, a coercive field Hci and a remnant magnetization Mr. 

Figure reproduced from reference [339]. 

 

Important parameters determined from a hysteresis loop include 

Ms - the saturation magnetization, which is maximum value of 

magnetization achieved in a large (saturating) field.  It corresponds to the 

point where all of the magnetic domains are aligned with the applied field.  

Mr – the remanence magnetization, which is the value of the 

magnetization when the applied field is zero following the application of a 

saturating field.   
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Hc – the coercive field or coercivity, is the field applied opposite to the 

saturating field, required to reduce the magnetization to zero 

Ferromagnetic and ferrimagnetic materials exhibit hysteresis and have 

finite remnant magnetizations (Mr) and coercive fields (Hc). Meanwhile, 

superparamagnetic materials do not exhibit hysteresis and have zero (Mr) 

and (Hc). 

 

3.7 Dynamic Light Scattering (DLS) 
 

Dynamic light scattering (DLS) is a technique that measure the particle 

size distributions for dispersions of particles in a fluid suspension. This 

technique employs the use of a laser that is directed through the sample. 

The laser light will then scatter as a result of interactions with particles 

owing to differences in refractive index of the particles and their 

surrounding medium. When particles are in suspension they diffuse 

according to Brownian motion. This motion results in fluctuations in the 

intensity of the scattered light. By analyzing the autocorrelation function of 

this scattered light, it is possible to determine the particle size distribution 

[340]. 

Polymer nanoparticles were prepared for dynamic light scattering (DLS) 

and surface charge measurements by holding the samples on a magnetic 

separation column and washing repeatedly with Pluronic F-108 in order to 

to remove excess Pluronic F-108 and unattached polymer before being 

collected, aliquoted and stored. Measurements were taken using a 

Malvern Instruments Zetasizer Nano Series with a 4mW, solid-state He-

Ne laser operating at 633 nm with scattering angle of 173o. The refractive 

index (1.330) and viscosity (0.8872 cPa) of water at 25 oC were used. 

Samples in Pluronic F-108 were prepared by using a probe sonicater at 
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medium power for 30 seconds and then diluting with Pluronic F-108 to 

approximately 0.01 mg/mL to ensure minimal interparticle interactions. 

Sonication was repeated and the sample was then added directly into a 

cuvette. To prevent contamination, the cuvettes were rinsed with 

deionized water and followed by ethanol and then air-dried.  

Nanoparticle size and surface charge measurements consisted of six 

measurements averaged over 100 runs. Each sample remained at rest 

within the instrument for 5 minutes prior to the first measurement to allow 

for any circulating currents to dissipate and the temperature to equilibrate. 

For each sample a count rate of 200-400 kcps was recorded. The number 

average hydrodynamic radius is reported for all size measurements and 

results are presented as mean ± standard deviation.  

 

3.8 Fluorescence Spectrophotometer 
 

In fluorescence spectroscopy, the analytes are excited, where upon the 

emission spectrum is utilized [341]. The electrons are excited to higher 

energy states when molecules absorb radiation of suitable wavelengths. 

Since the excited states are unstable, molecules dissipate the energy 

very rapidly and return to the ground state. Certain molecules release this 

energy in the form of photons. When a molecule is excited, the excited 

electrons fill molecular orbitals in pairs and their spins are in opposite 

directions. The two electrons are said to be paired and the electronic 

state is known as a singlet state. If an electron becomes excited by 

absorption and its spin remains paired with the ground state, the excited 

state is referred to as a singlet excited state. The re-emission of light from 

this singlet-excited state is called fluorescence. Molecules that are 

capable of absorbing light and re-emitting it as fluorescence are called 
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fluorophores. When the spins of the electrons occupying an excited 

electronic state are unpaired, the resulting excited state is called a triplet 

state and the reemission of light is called phosphorescence.  

The main advantages of luminescence are the high sensitivity, with 

detection limits often three orders of magnitude lower than in absorption 

spectroscopy, the large linear concentration range, and the high degree 

of selectivity.  

Instruments for measuring fluorescence contain basic components 

namely a source of electromagnetic radiation, a wavelength selector, a 

sample cell, another wavelength selector and a detector. However, two 

wavelength selectors or dispersion devices are needed; one for the 

excitation and one for the emission. The dispersion can be achieved with 

filters or with monochromators. Instruments using filters are generally 

called fluorometers, while instruments equipped with monochromators 

are called spectrofluorometers or fluorescence spectrophotometers since 

they provide both excitation and emission spectra [342].  

A scanning fluorescence spectrophotometer can measure in three 

different scan modes: excitation, emission and synchronous scan. In 

excitation scan, the emission wavelength is fixed while the excitation 

wavelength is changed, thereby recording an excitation spectrum. 

Emission scan measures the emission at different wavelengths with the 

excitation wavelength fixed, which results in an emission spectrum. By 

changing both the excitation and the emission wavelength in a stepwise 

manner, a synchronous scan can be performed. The principles of 

fluorescence spectroscopy have been further described elsewhere [343-

345].  
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3.8.1 Determination of Rhodamine B Loading 
 

Rhodamine B (Rh-B) loading of silica nanoparticles was determined by 

suspending a known amount of silica nanoparticles in 5 mL methanol and 

stirring overnight. Parafilm was placed around the neck of the round 

bottom flask and the flask was covered with aluminium foil to prevent 

bleaching and evaporation of volatile methanol. The solid was separated 

via centrifugation and the supernatant was diluted with methanol. The 

absorbance of supernatant was measured at 587 nm (excitation 

wavelength was 464 nm) using a Varian Cary Eclipse Fluorescence 

Spectrophotometer. The absorbance of the supernatant was measured in 

triplicate for each of three separate aliquots and each were compared 

with the previously prepared standard calibration curve (R2=0.999, 

Appendix B.1 (b)). The calibration curve of Rh-B was generated by taking 

absorbance versus Rh-B concentration between 0.04 and 4.00 µg/mL as 

parameters. For this interval, the calibration curve fits Lambert and Beer's 

law with the parameters:  

ï = 1.1739{ + 0.0403 

where ï  is the absorbance and {  is the concentration of Rh-B.  The 

loading (mass fraction) of the silica nanoparticles was calculated using 

the following equation: 

Rh-B Loading =ñ<rr	"j	íX"^<YVWI	A	I'Gs<+GI^	[VW	rVuV+<	W<W",<sGV+uIr]
G"G<u	Y<rr	"j	rVuV+<	W<W",<sGV+uIr

																	(3.1) 
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3.8.2 Determination of Rhodamine B Release 
 

Rh-B release was determined by accurately weighing 5 mg of silica 

nanoparticles and placing them into one corner of a digestion vessel. 25 

mL of water was then added carefully to prevent excessive mixing of the 

particles into the solution. The samples were kept in the dark at either 25 
oC (control condition) or elevated temperatures in a hot water bath. 

Aliquots of 2.5 mL were withdrawn at predetermined times during the 

release experiments. The aliquots were centrifuged at 4000ó  at room 

temperature to remove any MSN particles. The absorbance in the 

supernatant was measured in triplicate for each of three separate 

aliquots. The concentration of Rh-B in the supernatant was determined 

from the intensity of the emission bands at 587 nm (excitation wavelength 

was 464 nm) and were compared with the previously prepared calibration 

curve (R2=0.999, Appendix B.1 (a)). The calibration curve of Rh-B was 

generated by taking absorbance versus Rh-B concentration between 0.04 

and 5.00 µg/mL as parameters. For this interval, the calibration curve fits 

Lambert and Beer's law with the parameters:  

ï = 0.6346{ + 0.4177 

where ï  is the absorbance and {  is the concentration of Rh-B. The 

amount of Rh-B released was then plotted against time with error bars 

(where present), indicating the standard deviation from the three 

measurements (n=3). The percentage release was calculated using the 

following equation: 

Percentage release (%) =  
ñ<rr	"j	íX9A	sIuI<rI

js"Y	rVuV+<	W<W",<sGV+uIr	

G"G<u	Y<rr	"j	íX9A
VW	rVuV+<	W<W",<sGV+uIr	

x	100																															(3.2) 
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3.9 High Performance Liquid Chromatography (HPLC) 
 

Chromatography can be defined as a technique whereby the components 

of a mixture are separated based upon the rates at which they are 

distributed through two phases. The two phases are: stationary phase 

and the other one is mobile phase. In all chromatographic techniques, the 

sample is transported by a mobile phase. This mobile phase can be a 

gas, liquid, or supercritical fluid depending upon the chosen technique. 

With HPLC, the mobile phase is a liquid. The mobile phase and sample 

are forced through a column containing the stationary phase. Both mobile 

phase and stationary phase must be carefully chosen to achieve 

separation of the components of the mixture of interest. The phases are 

chosen so that some components that have a strong affinity for the 

stationary phase are retained longer while those with a stronger affinity 

for the mobile phase are eluted more quickly.  

 

3.9.1 Reversed-Phase-HPLC (RP-HPLC) 
 

If the stationary phase is less polar (usually hydrocarbon) than the mobile 

phase, it is called reversed-phase liquid chromatography (RP-HPLC). The 

stationary phase normally consists C18, C8, Phenyl, and cyano-propyl 

functional groups that are chemically bonded onto microporous silica 

particles. The mobile phase could be polar solvents such as methanol, 

water, or a combination thereof. Retention in reversed phase 

chromatography occurs by nonspecific hydrophobic interactions of the 

solute with stationary phase. The application of reversed-phase 

chromatography arises from the fact that practically all organic molecules 

have hydrophobic regions in their structures and effectively interact with 



 103 

the stationary phase. Advantages include the simplicity, versatility, and 

scope of the reversed-phase method [346-348].  

The typical HPLC instrument consists of one or more solvent reservoirs, 

pump, an injector or auto-sampler, a column, and a detector. The mobile 

phase is contained in one or more solvent reservoirs connected to a high-

pressure pump. The solvent must be thoroughly degassed with an inert 

gas such as helium. This may be done either using an automatic 

degasser attached to the instrument or performed separately. The mobile 

phase typically consists of an organic and aqueous phase where the 

proportion of each varies depending upon the stationary phase and 

analyte to be tested. The mobile phase is mixed using the attached HPLC 

pump with a proportioning valve which usually leads to a more 

homogeneous mixture and therefore a more accurate and reproducible 

chromatogram.  

Both the pump and the injector are attached to the column. The pump 

consistently delivers mobile phase through the column to carry the 

analyte which is introduced via the injector. The injector may be a single 

manual injector or an auto-sampler capable of injecting a sequence of 

several samples automatically.  

The column contains the crucial stationary phase upon which the 

chemical interactions occur that separate the components of the mixture. 

As the components exit the column, they enter the detector.  

The choice of detector for the HPLC instrument is dependent on the type 

of analyte. The most commonly employed is the UV-Vis absorption 

detector [349]. UV-Vis have good sensitivity, low cost, applicability to a 

wide range of analytes, and is relatively insensitive to changing 

conditions. Besides that, it is inexpensive and is readily available in most 

analytical laboratories. Mobile phases for these detectors should however 

be of high purity and have very low or no absorbance in the chosen 



 104 

detection wavelength in order to avoid background absorption and 

interference.  

HPLC consists of automatic instrumentation and calculation which is 

carried out by an integrator itself saving manual labor. In addition to 

receiving and reporting detector output, computers are used to control 

chromatographic settings and operations, thus providing for long periods 

of unattended operation. All these advantages make HPLC more efficient 

over other chromatographic techniques in case of separation, speed, 

sensitivity, easy sample recovery, automation, integration, handling and 

maintenance [346-348]. 

 

3.9.2 Determination of Release Rate of Lomerizine  
 

Experiments to measure the rate of release of lomerizine from 

nanoparticles were performed at 25.0 ± 0.1 °C and 45.0 ± 0.1 °C in 

phosphate buffered saline (PBS) at pH 5.0 and 7.4. Nanoparticles (10 

mg) were dispersed in PBS (10 mL) and this suspension was divided into 

micro tubes (1.50 mL) with 500 μL each. At given time intervals, 3 sample 

micro tubes were taken out and centrifuged (17,000g, 10 min) to pellet 

down nanoparticles. Supernatant from each of sample micro tube 

containing the released lomerizine was collected separately and 

lyophilized. The lyophilized products were reconstituted in acetonitrile 

(150 µL) and centrifuged (17,000g, 10 min) to remove any undissolved 

products. Three aliquots of the supernatant per sample were analysed by 

reverse phase-high performance liquid chromatography (RP-HPLC) using 

a similar procedure to Waki and Ando [350]. The measurements were run 

on a Waters 2695 separation module using isocratic elution with 69:31 

acetonitrile/0.1% potassium phosphate buffer (pH 6) at 10.0 mL min-1 
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through a C18 column (150 Å x 4.60 mm, 5 µm, 25 ± 5°C). The eluent was 

monitored with a Waters 2489 UV/Vis at 210 nm. Each sample was run 

for 15 min and the integrated area of the largest peak between the 

retention times 10-12 min was used to calculate the lomerizine 

concentration. The loading of lomerizine in nanoparticles was determined 

by adding acetonitrile (2 mL) and sonicating in an ultrasonic cleaning bath 

(10 min). Samples were left for 1 hr, centrifuged to remove nanoparticles 

(17,000g, 10 min) and analysed by RP-HPLC as above. The 

concentration of lomerizine in acetonitrile was determined from the peak 

area and was compared with the previously prepared calibration curve 

(R2=0.999, Appendix C.1). The calibration curve of lomerizine was 

generated by taking peak area versus lomerizine concentration between 

5 and 85 µg/mL as parameters. For this interval, the calibration curve fits 

Lambert and Beer's law with the parameters: 

ï = 45665{ - 44796 

where ï is the absorbance and { is the concentration of lomerizine. The 

amount of lomerizine released was then plotted against time with error 

bars (where present), indicating the standard deviation from the three 

measurements (n=3). The percentage release was calculated using the 

following equation: 

Percentage release (%) =	Yö

Yõ
{	100										                                               (3.3) 

where mL is mass of lomerizine release from polymer nanospheres, and 

mT is total mass of lomerizine in polymer nanospheres. 

The loading (µg/g) of lomerizine was calculated using the following 

equation: 

Lomerizine loading (µg/g) = Yåúùûü†ù

Yõ
																																																																				(3.4) 
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where mextract is mass of lomerizine extracted [in polymer nanospheres], 

and mT is total mass of polymer nanospheres. 

 

3.10 Ultraviolet-visible (UV-Vis) Spectroscopy 
 

Ultraviolet-visible (UV-Vis) radiation comprises only a small part of the 

electromagnetic spectrum, as shown in Figure 3.5.  

 

Figure 3.5: Schematic description of the electromagnetic spectrum. 

 

This method involves the absorption of radiation in the ultraviolet-visible 

region leading to transitions among the electronic energy levels of the 

molecule from their ground states to excited states, as shown in Figure 

3.6.  

This method is commonly used for quantitative determination of 

compound concentrations, based on the Beer Lambert law [341]:  
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                                             ï = log10 Io/ç = eCL               (3.5) 

where ï is the absorption, Io is the intensity of the incident radiation, ç is 

the intensity of the transmitted radiation, C is the concentration, L is the 

path length, and e is the extinction coefficient, which is constant for each 

substance.  

 

 

Figure 3.6: An energy level diagram for a molecule, showing electronic, 

vibrational and rotational energy levels.  

 

In UV-Vis spectroscopy, a source of electromagnetic radiation is needed, 

the light source. Two types of light source are generally used; the 

deuterium lamp and the tungsten lamp. Most instruments are equipped 

with both a deuterium lamp covering the UV range (160–375 nm) and a 

tungsten lamp covering the visible range (350–2500 nm). The tungsten 

lamp has very long life and low noise, while the deuterium lamp has a 

limited life and the intensity of the light decreases over time.  
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The wavelength selector is the next main component in a 

spectrophotometer used for absorbance measurement. In scanning 

spectrophotometers, the wavelength selection is most often achieved with 

a grating. This consists of a hard, optically flat, polished, reflective surface 

onto which very narrow grooves have been ruled. Light falling on the 

grating is reflected at different angles, depending on the wavelength. 

Meanwhile, a monochromator is a device constructed for spectral 

scanning and it consists of an entrance slit, a collimating mirror producing 

a parallel beam of radiation, a dispersion device, a focusing element and 

an exit slit.  

Then, the light reaches the sample in the sample compartment. In UV-Vis 

absorption spectroscopy, liquid samples are as a rule analyzed in a 

cuvette. The cuvette is a rectangular-shaped sample cell with a given 

path length and volume. The sample cell used must be made of a 

material that passes radiation in the UV-visible spectral range, this is 

often quartz or fused silica. Two sides are highly polished and should not 

be touched by hands. The light beam should pass through these two 

windows. Samples must always be clear solutions as particles will scatter 

the incident light and therefore give erroneous results. Before run the 

measurements on samples, a background scan using reference solutions 

need to be recorded. For UV-Vis/NIR, it requires reference cells during 

the scanning time. The solvent must be able to dissolve a sufficient 

amount of the compound to be studied.  

The light beam passes through the lower 2.5 cm of the cuvette and it 

must be ensured that there are no air bubbles inside the cuvette, or that 

no solution has run down the outside of the cuvette. After the radiation 

passes through the sample, it reaches the detector, which converts the 

light signal into an electrical signal. Ideally the detector should give a 

linear response over a wide range, with low noise and high sensitivity.  
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3.10.1 Determination of Lomerizine Loading 
 

The loading of lomerizine in nanospheres (4.50 mg and 7.90 mg for 

PNIPAM-PGMA-NPs and PGMA-NPs, respectively) was determined by 

adding acetonitrile (2.5 mL) and sonicating in an ultrasonic cleaning bath 

(10 min). Samples were left for 1 hour, centrifuged to remove 

nanoparticles (17000g, 10 min) and analyzed by UV-Vis spectroscopy. 

The absorbance of supernatant was measured at 265 nm using a Perkin 

Elmer Lambda 950 UV/Vis/NIR Spectrophotometer. The concentration of 

lomerizine in acetonitrile was determined from the peak area and was 

compared with the previously prepared calibration curve (R2= 0.99843, 

Appendix D.1). The calibration curve of lomerizine was generated by 

taking peak area versus lomerizine concentration between 5 and 85 

µg/mL as parameters. For this interval, the calibration curve fits Lambert 

and Beer's law with the parameters: 

ï = 2.7273{ + 0.0403 

where ï is the absorbance and { is the concentration of lomerizine. The 

amount of lomerizine released was then plotted against time with error 

bars (where present), indicating the standard deviation from the three 

measurements (n=3). The percentage release was calculated using 

Equation 3.3. The loading (µg/g) of lomerizine was calculated using 

Equation 3.4. 
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3.11 Alternating Current (AC) Magnetic Hysteretic Heating 
Calorimeter 
 

An alternating magnetic field applied to a magnetic material generates 

heat within the material in proportion to the area of the magnetic 

hysteresis loop in M vs H plots. The area of a hysteresis loop is 

dependent both on the amplitude of the oscillating magnetic field and its 

frequency. 

Magnetic particles in an AC field transform the energy of the AC field into 

heat by several physical mechanisms. The efficiency of transformation 

strongly depends on the frequency of the external field as well as the 

nature of the particles such as particle size, shape, agglomeration, 

dispersion media, and surface modification [169, 351, 352]. 

Measurement of specific absorption rate (SAR), which describes the 

absorbed energy per unit of mass of magnetite is crucial to evaluate their 

potential for magnetic hyperthermia. In this work, SAR values of 

magnetite nanoparticle suspensions are measured by AC calorimetry.  

Magnetic heating data were collected using an EasyHeat Induction 

Heating System produced by AMERITHERM Inc. The AC magnetic field 

is generated by the three-turn induction coil contained within a 

polycarbonate recirculating water bath designed to regulate sample 

temperature and reduce eddy currents produced by the coil [353, 354]. 

The temperature changes in each sample were measured using a fiber 

optic temperature sensor from Neoptix™ immune to radio frequency 

environments. Data was recorded using Opti-Link™, measuring 

temperature every 5 second. Measurements were conducted at 295 kHz 

frequency and a 19 kA/m magnetic field strength that was verified using 

an AC field probe (AMF Life Science). Approximately 0.5 mL of each 

sample was used to measure the heating rate.  
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Chapter 4 

Synthesis of RhB-loaded 
Mesoporous SiO2 Nanoparticles 
(MSN) 

 

4.1 Introduction 
 

Over the past 10 years, mechanized silica nanoparticles have received 

significant attention due to their potential applications in the field of 

stimuli-responsive controlled drug delivery systems [13, 204, 224]. 

Essentially, mechanized silica nanoparticles have three primary 

components: 

(i) Solid support - mesoporous silica nanoparticles (MSN) act 

as a solid support and provide a convenient reservoir for the 

cargo payload.   

(ii) Payload of cargo - cargo payloads would normally be drugs 

but during the development phase it is common to use 

highly fluorescent molecules, since release from the pores 

can be easily tracked by fluorescence spectroscopy. 

(iii) Nanovalves or gatekeepers - The nanovalves or 

gatekeepers consist of a monolayer of mechanically 

interlocked molecules usually in the form of rotaxanes which 

consist of the following components:  
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 (a) linear stalks anchoring the rotaxanes to the surfaces of 

the MSN,  

(b) macrocycles which encircle the stalks and trap the 

cargo, usually administered into the nanopores of the MSN 

under a concentration gradient, within the pores of the 

MSN,  

(c) an alternative ring binding site or weak, cleavable point 

along all the stalks that are susceptible to some specific 

stimulus to force the rings to distance themselves from the 

pores, thus releasing the cargo, and  

(d) stoppers at the ends of the stalks [215]. 
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Figure 4.1: ZnNCs (1) are synthetically positioned at the core of the 
mesoporous silica nanoparticles (2). The base of the molecular machine 

is then attached to the nanoparticle surface (3). Drug is loaded into the 

particle and capped (4) to complete the system. Release can be realized 

using remote heating via the introduction of an oscillating magnetic field 

(5). The particles and machines are not drawn to scale. Figure and 

caption are taken from reference [13]. 

 

Thomas et al [13] introduce core–shell nanoparticles made of a 

mesoporous silica framework that encapsulated zinc-doped iron oxide 

nanoparticles. The pores of the silica were closed with a nanovalve 

system composed of an alkylammonium thread and a cucurbit [6]uril ring 

(Figure 4.1) in order to keep a drug payload inside. The designed 

nanovalve was responsive to a temperature increase either using 
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conventional heating of the bulk solution or under an oscillating magnetic 

field, releasing an encapsulated drug in both cases. Zinc-doped iron 

oxide nanocrystals (ZnNCs) offer a 4-fold increase in hyperthermic effects 

compared to un-doped iron oxide nanocrystals. The nanoparticles 

demonstrated an efficient release of the encapsulated Rhodamine B 

under both single and multiple pulse magnetic field actuations. The 

oscillating magnetic field induced local heating inside the particles, which 

led to the dissociation of the nanovalve and the subsequent drug release.  

However, from our results (Appendix A.2) it appears that the nanovalves 

developed by Thomas [13] are unlikely to be the mechanism responsible 

for the activated drug release as the release from the particles with 

cucurbit [6] uril, which is the final part of the nanovalve system, was 

similar to those without. The evidence also suggests that the presence of 

(N-6-N-aminohexyl)-aminomethyl triethoxysilane might increase the steric 

diffusion resistance, which leads to the lower release rates.  

The aim of the work in this chapter was to investigate the trapped and 

releasable amounts of Rh-B for 4 different model drug delivery systems 

based on mesoporous silica and determine the suitable mathematical 

modelling for Rh-B release kinetics from these systems at 25 oC and  65 
oC. The temperatures were chosen to enable comparison of results with 

those of Thomas and coworkers [13].  
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4.2 Materials and Methods 

4.2.1 Synthesis of Mesoporous Silica Nanoparticles (MSN) 
 

Mesoporous silica nanoparticles (MSN) were synthesized using a 

surfactant-templated, base catalysed condensation procedure as 

described by Thomas et al [13], with modification.  From our preliminary 

studies (Appendix A.2), there was evidence for continuous leakage of 

Rhodamine B (pink supernatant) from the magnetite coated with 

mesoporous silica, which was originally thought to be due to poor capping 

of the silica. In order to allow careful analysis of the samples throughout 

the preparation technique, mesoporous silica was synthesised without 

magnetite.  This allows 13C CP/MAS Solid State NMR to be analysed on 

the silica-particles in order to check whether  

(a) (N-6-N-aminohexyl)-aminomethyl triethoxysilane (stalks) are 

attached on the surface of particles,  

(b) cucurbit [6] uril are attached to the particles and if so whether 

they are bound to the (N-6-N-aminohexyl)-aminomethyl 

triethoxysilane  

 

In brief, the surfactant solution was prepared by dissolving n-

cetyltrimethylammonium bromide (CTAB, 100.00 mg, 2.74 x 10-1 mol) in    

5.00 mL of water. The resulting mixtures were added to an 80 oC solution 

of 43.00 mL distilled water with sodium hydroxide (2.00 M, 350 μL). Then, 

tetraethylorthosilicate (TEOS, 500 μL, 2.57 x 10-3 mol) was added 

dropwise under rapid stirring at 80 oC and the solution was stirred for 2 

hours to give rise to a white precipitate. After cooling, a white solid 

product was isolated by centrifugation and washed three (3) times with 

ethanol to remove the unreacted species and dried in air. The surfactant 
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template (CTAB) was removed from the mesoporous channels by 

refluxing the as-synthesized materials in alcoholic solutions of ammonium 

nitrate (20 mg/mL) at 60 oC for 30 minutes. The particles were recovered 

by centrifugation and washed with ethanol. The above treatment was 

performed for a total of three (3) times before further application. The 

obtained samples have been denoted as MSN. 

 

4.2.2 Attachment of N-(6-N-aminohexyl)-
aminomethyltriethoxysilane (stalks) 
 

A solution of dried toluene (20.00 mL) and mesoporous silica 

nanoparticles (100.00 mg) was prepared and stirred at room temperature 

under argon. Then, N-(6-N-aminohexyl)-aminomethyltriethoxysilane (158 

μL, 4 x 10-4 mol) was added by dropwise consecutive additions. The 

reaction was refluxed overnight at 110 oC using an oil bath to induce the 

formation of covalent bonds between the silanol groups on the surface of 

MSN and silyl groups of N-(6-N-aminohexyl)-aminomethyltriethoxysilane. 

The obtained white solid was allowed to cool down, centrifuged to remove 

anhydrous toluene, washed three times (3) with methanol and finally 

dried in air to get stalk coated MSN. The obtained samples have been 

denoted as MSN-stalks. 

 

4.2.3 Loading of Rhodamine-B (Rh-B) 
 

The loading of Rhodamine-B (Rh-B) was carried out by the immersion of 

stalk coated MSN in a saturated aqueous solution of Rh-B prepared by 

adding 50 mg of Rh-B to 1 mL of water [355-357]. Rh-B loading was 
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performed under light-sealed conditions using aluminium foil to eliminate 

light at room temperature for 24 hours in order to allow diffusion of the 

Rh-B into the mesopores. 

 

4.2.4 Attachment of Cucurbit-6-uril (Cap) 
 

A sonicated aqueous solution of hydrochloric acid (5.00 mL 1 mM, HCl) 

and cucurbit-6-uril (80 mg of Cap) was stirred and then was added to the 

Rh-B loading solution. The capping reaction solution was stirred under 

light-sealed conditions for 3 days yielding MSN-RhB-complete in the form 

of a pink powder that was isolated after centrifugation and extensively 

washed with water until the supernatant was free from Rhodamine B as 

determined by the change in colour of the supernatant from pink to 

colourless. This was achieved by repeatedly washing the particles to 

remove excess dye that was sticking to the surface of the silica particles 

(40 times for each 200 mg of particles) using a high-speed centrifuge 

(Thermo Fisher Scientific) (speed: 24446g). The use of the high-speed 

centrifuge was required to improve the recovery of the particles after 

washing. The obtained samples have been denoted as sample A. 

 

4.2.5 Synthesis of MSN-RhB-without Cap 
 

The preparation of sample MSN-RhB-without Cap was carried out using 

the same procedure described above for MSN-RhB-complete, but without 

addition of cucurbit-6-uril. Rh-B loading was performed under light-sealed 

conditions at room temperature for four (4) days. The resulting powders 
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were washed in the same manner as the MSN-RhB-complete samples. 

The obtained samples have been denoted as sample B. 

 

4.2.6 Synthesis of MSN-RhB-without stalks 

 

The preparation of sample MSN-RhB-without stalks was carried using the 

same procedure described above for MSN-RhB-complete, but without 

addition of N-(6-N-aminohexyl)-aminomethyltriethoxysilane. The resulting 

powders were washed in the same manner as the MSN-RhB-complete 

sample. The obtained samples have been denoted as sample C. 

 

4.2.7 Synthesis of MSN-RhB 
 

The preparation of sample MSN-RhB was carried out using the same 

procedures described above for MSN-RhB-complete, but without addition 

of N-(6-N-aminohexyl)-aminomethyltriethoxysilane and cucurbit-6-uril. 

Rh-B loading was performed under light-sealed conditions at room 

temperature for four (4) days. The resulting powders were washed in the 

same manner as the MSN-RhB-complete samples. The obtained 

samples have been denoted as sample D. Meanwhile, for sample E, the 

preparation was similar as sample D except the Rh-B loading was 

performed at 65 oC for four (4) days. 
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4.3 Characterisation Techniques 
 

TEM, FTIR, 1H NMR, and 13C/CP MAS NMR, spectroscopy were 

conducted as described in section 3.1, 3.2, 3.3 and 3.4, respectively.  

The Rhodamine B loading/release of the silica nanoparticles was 

quantified as shown in section 3.8.1 and 3.8.2, respectively. Statistical 

analysis was carried out using GraphPad Prism Version 6.0. The data 

obtained were subject to statistical analysis using one-way ANOVA 

followed by the Tukey’s test (posthoc). The level of significance in all 

statistical analyses was set at a probability of p < 0.05. Data are 

presented as the mean for each group + standard error of the mean 

(mean + SEM).  

 

4.4 Results 

4.4.1 Transmission Electron Microscopy (TEM) 
 

Figure 4.2 (a), (b) and (c) depicts the typical TEM images of the MSN, 

free templated MSN, and MSN-stalks, respectively. The MSN particles 

vary between roughly spherical to slightly elongated. The average 

dimensions of the MSN are approximately 155 nm in the long axis and 

115 nm in the short axis. Removal of CTAB by solvent extraction and 

functionalization of MSN surface with stalks resulted in MSN showing no 

significant change is size or shape indicating that the removal of CTAB 

and surface functionalization of MSN does not influence their sizes or 

morphology. 
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Some of the mesoporous silica particles in Figure 4.2 (c) exhibit 

alternating black and white stripes indicating that they posses a highly 

ordered hexagonal pore systems [221]. This pattern is then a view of the 

samples from the direction perpendicular to the mesochannels direction 

[358].  
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Figure 4.2: TEM images of (a) MSN with CTAB template, (b) template 

free MSN and, (c) MSN-stalks. Scale bars: a) 100 nm, b) 100 nm and c) 

20 nm. 
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4.4.2 Attenuated Total Reflection - Fourier Transform 
Infrared Spectroscopy (ATR-FTIR) 
 

The FTIR spectra of MSN, template free MSN and the product modified 

by silylation with N-(6-N-aminohexyl)-aminomethyltriethoxysilane are 

illustrated in Figure 4.3. The main characteristic bands for mesoporous 

silica nanoparticles (Figure 4.3 (a)) are at 1218.79 cm-1 and 1050.69 cm-1 

which are assigned to the asymmetric Si-O-Si stretching. Another 

characteristic peak is the symmetric Si-O-Si stretching observed at 

796.17 cm-1. The appearance of two bands at 2924.16 cm-1 and 2853.69 

cm-1 can be attributed to the CH2 units asymmetric and symmetric 

vibrations [359]. The shoulder at 959.01 cm-1 is due to the Si-OH 

stretching vibration of surface silanol groups [360]. These key infrared 

FTIR frequencies for silica nanoparticles are summarized in Table 4.1. 

Mesoporous silica also tends to adsorb water vapour in air since the 

surface of silica framework is water-liking, the stretching mode of H2O is 

observed at 1648.10 cm-1. 

 

Table 4.1: Infrared frequencies (cm-1) for mesoporous silica 

nanoparticles (MSN) 

Type of vibration Wavenumber, cm-1 

Asymmetric Si-O-Si stretching. 1218.79 and 1050.69 

Symmetric Si-O-Si stretching 796.17 

Si-OH stretching 959.01 
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Figure 4.3: FTIR spectra of (a) MSN, (b) template free MSN, (c) MSN-

stalks, and (d) enlarged spectra of MSN-stalks 
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For template free MSN (Figure 4.3 (b)), from the disappearance of peaks 

at 2924.16 cm-1 and 2853.69 cm-1 it can be concluded that the removal of 

CTAB is complete. This indicates that the organic template has been 

successfully removed using the ethanol extraction.  

From the MSN-stalks spectra in Figure 4.3 (c), we can see the existence 

of new peaks at 2860.39 cm-1 and 2925.13 cm-1 characteristic of C-H of 

methyl groups. The highlighted region in the spectra (c) enlarged in (d) 

presents two broad bands at 3227 and 1635 cm−1 assigned to the N-H 

stretching vibration and NH2 bending mode of free NH2 group 

respectively, which is associated with the presence of an amino group.  

Figure 4.4 shows FTIR spectra of Cap, silica particles with N-(6-N-

aminohexyl)-aminomethyl triethoxysilane and cucurbit [6] uril (MSN-

stalks-Cap), and silica particles without N-(6-N-aminohexyl)-aminomethyl 

triethoxysilane but with cucurbit [6] uril (MSN-Cap). All the above samples 

were measured without any loading of Rhodamine-B dye.  

From the FTIR of pure Cap, Figure 4.4 (a), we can observe the following: 

[361, 362]  

• A strong carboxyl group absorption peak of Cap was observed at      

1725 cm−1. 

• Antisymmetric and symmetric stretching vibrations of C-H bonds 

gave peaks at 2854 and 2924 cm-1, respectively.  

• A broad peak observed at about 3500 cm-1 belongs to NH 

stretching.  

• A stretching band at 1464 cm−1 corresponding to the stretching 

frequency of C–N. 

• A rocking vibration of CH2 in Cap was observed at 802 cm−1.   
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Figure 4.4: FTIR spectra of (a) Cap, (b), MSN-Cap and (c) MSN-stalks-

Cap 

 

These bands are present in traces for MSN-Cap (b) and MSN-stalk-Cap 

(c) in Figure 4.4. However, the peaks of C=O group at 1725 cm−1 and C-

N stretching vibration at 1464 cm−1 in Figure 4.3 (c), are shifted to slightly 

higher wavenumbers indicating that there is interaction between –C=O 

group of Cap and two ammonium groups of N-(6-N-aminohexyl)-

aminomethyltriethoxysilane  through hydrogen bonds [207, 210]. 

Meanwhile, the –CH2 from alkyl chain of N-(6-N-aminohexyl)-

aminomethyltriethoxysilane interacts with the hydrophobic Cap core 

which consist the C-N bonds via London forces [207]. 
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In pure Rh-B spectra (Figure 4.5), peaks at 1469, 1508, 1528, 1548 and     

1584 cm−1 (aromatic ring vibrations) and 1337 cm−1 (C-aryl bond 

vibration) belong to Rhodamine B. These bands are present in all the 

loaded particle traces shown in Figure 4.6. The peak at 1644 cm−1 is 

attributed to the vibrations of the C-N bond. The C=O is associated with 

the band at 1691 cm−1 and the C-OH bond with the group of bands in the 

range 1088-1300 cm−1. Meanwhile, the heterocycle  vibrations cause the 

peak ranging at 1530-1558 cm−1 [363-366].  

 

 

Figure 4.5: Enlarged FTIR spectra of pure powder Rhodamine-B (Rh-

B). Inset: Full FTIR spectra of pure powder Rhodamine B (Rh-B). 

 

The other characteristic signals of Rh-B (some of the aromatic ring 

vibrations, C-N, C=O, C-OH and heterocycle vibrations) encapsulated in 

the channels of mesoporous silica are not clear in Figure 4.6. It may be 
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due to the confinement effects of the SiO2 shell, which hindered most of 

the stretching and vibrational modes of the dye molecules [367].  

 

 

 

Figure 4.6: FTIR spectra of (a) MSN-RhB-complete, (b) MSN-RhB-

without Cap, (c) MSN-RhB, and (d) MSN-RhB-without stalks 

 

Figure 4.6 shows the FTIR spectra for MSN-RhB-complete, MSN-RhB-

without Cap, MSN-RhB, and MSN-RhB-without stalks. Addition of Cap to 

the mesoporus silica (MSN-RhB-complete and MSN-RhB-without stalks) 

(Figure 4.6 (a) and 4.6 (d)) resulted in the incorporation of carbonyl 
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functionalities on the surface of the mesoporous silica. This was 

evidenced by the appearance of a clear band at 1740 cm−1 corresponding 

to C=O of Cap, and the appearance of C–N stretching at 1474.31 cm−1 in 

the FTIR spectra.   

The presence of a peak at 1634.93 cm−1 corresponds to bending vibration 

of the N-H group of N-(6-N-aminohexyl)-aminomethyltriethoxysilane 

(MSN-RhB-complete and MSN-RhB-without CB6) (Figure 4.6 (b) and 4.6 

(c)).  

 

4.4.3 1H NMR  
 

In order to make sure all excess/free Cap was completely removed from 

silica particles during washing, we prepared another set of samples 

without Rhodamine B. The preparations of silica particles with N-(6-N-

aminohexyl)-aminomethyltriethoxysilane and cucurbit[6]uril (MSN-stalk-

Cap) were carried out under the same conditions and procedure. The 

resulting samples were washed in the same manner as the samples with 

Rhodamine B. Finally the sample was washed with 1 mM HCl and 

washes were collected by centrifugation at 24446g for 15 minutes. The 

washes were freeze dried and characterized using 1H NMR. Figure 4.7 

shows the 1H NMR spectra of Cap and various washes (pH 7 and Mili-Q 

water) of the MSN-stalks-Cap sample. The 1H NMR spectrum Cap in 

Figure 4.7 (a) revealed that signals (1, 2 and 3) appeared at δ 5.83, δ 

5.63 and δ 4.34 ppm [368-370], which corresponded to Cap. It can be 

seen that there are no other peaks in Figure 4.7 (b) and (c). The results 

indicate that all excess Cap has been completely removed from the silica 

particles. The washed MSN particles were kept for 13C CP/MAS NMR 

measurement in order to determine whether Cap molecules were still 
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attached to the surface of MSN after they were extensively washed with 

water. 

 

 

 

Figure 4.7: 1H NMR spectrum of (a) Cap, (b) pH 7 washes from MSN-

stalk-Cap, and (c) MiliQ washes from MSN-stalk-Cap in D2O-HCOOH 

mixture at room temperature 
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4.4.4 13C CP/MAS Solid–state NMR 
 

13C CP/MAS Solid-state NMR was first used to study the attachment of N-

(6-N-aminohexyl)-aminomethyltriethoxysilane onto the mesoporous silica. 

From the spectrum in Figure 4.8, six main peaks were observed and 

correspond to different types of carbon. The signals at δ 59.30 (C5) and δ 

16.02 ppm (C6) correspond to the two carbons from dangling ethoxy 

groups. The peak at δ 40.43 ppm (C3) is assigned to the methyl group 

between the silicon atom and the amine. The peaks at δ 26.40, δ 32.57 

and δ 51.30 ppm, correspond to the peaks of carbons 1, 2 and 4 on the 

1,6-hexanediamine.  

 

 

Figure 4.8: 13C CP/MAS Solid-state NMR spectrum of MSN-stalks 
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Figure 4.9: 13C CP/MAS Solid-state NMR spectrum of (a) pure Cap, (b) 

MSN-stalks-Cap and, (c) MSN-Cap. Asterisks denote the spinning 

sidebands.  

 

Next we investigated if Cap was still present on the surface of 

mesoporous silica after extensive washing (similar to that required to 

remove free Rh-B) using 13C NMR. The 13C CP/MAS Solid-state NMR 

spectrum for pure Cap is shown in Figure 4.9 (a). The presence of a peak 

at δ 52.69 ppm is assigned to methylene (C2 in Figure 4.9 (a)) and 

methine carbon atoms are observed at δ 70.47 ppm (C3 in Figure 4.9 (a)) 

[368]. The C=O of carbonyl group is detected at δ 155.64 ppm (C4) due 

to the presence of electronegative atom [371]. From the spectrum in 

Figure 4.9 (b-c), similar peaks were observed for sample MSN-stalks-Cap 

and MSN-Cap with a peak at δ 52.69 ppm showing a low-field-shift. 

Meanwhile, peaks at δ 70.47 and δ 155.64 ppm were up-field-shifted. 
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There is one additional peak at δ 26.584 ppm due to the carbon atom 

(C1) of the methylene group of N-(6-N-aminohexyl)-

aminomethyltriethoxysilane. The NMR spectrum confirms that Cap was 

attached even after extensive washing in both the MSN-stalks-Cap and 

MSN-Cap samples. 

 

4.4.5 Rhodamine B loading 
 

Five (5) different samples were prepared:  

(A) silica particles with (N-6-N-aminohexyl)-aminomethyl 

triethoxysilane and cucurbit [6] uril;  

(B) silica particles with only (N-6-N-aminohexyl)-aminomethyl 

triethoxysilane and no cucurbit [6] uril;  

(C) silica particles with only cucurbit [6] uril and no (N-6-N-

aminohexyl)-aminomethyl triethoxysilane;   

(D) bare silica particles without any (N-6-N-aminohexyl)-aminomethyl 

triethoxysilane or cucurbit [6] uril, and  

(E) bare silica particles without any (N-6-N-aminohexyl)-aminomethyl 

triethoxysilane or cucurbit [6] uril but loaded with Rhodamine B at a 

higher temperature (65 oC).  

The loading of unwashed and washed particles using organic solvent 

extraction was measured (Table 4.2; Figure 4.10). The loading for 

washed particles is always less than for the unwashed particles, as would 

be expected.  
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Table 4.2: The Rhodamine B loading for unwashed and washed 

particles using organic solvent extraction at room temperature for sample 

A, B, C, D and E  

Sample Unwashed Particles 
(mg/g of MSN) 

Washed Particles 
(mg/g of MSN) 

A 129 � 4 24.1 � 0.5 

B 185 � 3 7.2 � 0.2 

C 228 � 9 37.1 � 1.6 

D 254 � 9 104 � 4 

E 260 � 7 102 � 5 
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Figure 4.10: The loading amount of unwashed and washed particles of 

sample A, B, C, D and E. The values are the means of six experiments 

with error bars indicating SEM. **p < 0.01 (Based on Mann-Whitney test 

with post hoc Dunn’s test). 
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Figure 4.11: The loading amount of (a) unwashed and (b) washed 

particles of sample A, B, C, D and E. The values are the means of six 

experiments with error bar indicating SEM. *p < 0.05; ** p < 0.01 and **** 

p < 0.0001 (Based on one-way analysis of variance with post hoc Tukey’s 

test) 
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For washed particles, it can be clearly observed that the loading amounts 

of the bare particles (sample D and E) are significantly higher than the 

other samples, B, A and C. Figure 4.11 (b) shows that the loading of Rh-

B in the sample A is significantly less than for bare MSN particles (sample 

D and E) at the level of p < 0.05. The results suggest that the chemical 

base nanovalves (stalk + Cap) inhibit the Rh-B loading into mesoporous 

silica. It also suggests that bare silica have more amount Rh-B loading 

compare to the one that have nanovalve (Figure 4.11 (b)). Meanwhile for 

unwashed particles, there was extremely significant reduction in loading 

for sample A compared with all other groups (Figure 4.11 (a)).  

 

4.4.6 Rhodamine B release 
 

The release of Rh-B was performed for samples A, B, C and D in water at    

25 °C and 65 °C for times between 10 minutes and 32 hours. It is shown 

that, the amount of Rh-B released increases as a function of both time 

and temperature (Figure 4.12 and 4.13, respectively).  

Figure 4.14 and 4.15 display the release of Rh-B in terms of the 

percentage of absorbed dye released at 25 °C and 65 °C, respectively. 

Note the different vertical scales in each plot. There was a statistically 

significant trend of increasing Rh-B release percentage at 65 °C with time 

compared with the release rate at 25 °C for all samples. 

Figure 4.15 shows the percent of Rh-B released for all samples, with 

sample D showing both faster release and a greater total release at 65 °C 

than the other samples. In fact, after 24 hours almost 72.7% of Rh-B is 

released from sample D, while only 10.3%, 28.5% and 67.7% is released 

from sample A, B and C, respectively.  
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Figure 4.12: The concentration (mg/mL) versus time (min) of samples A, 

B, C and D between 10 minutes to 32 hours at 25 oC. The values are the 

means of triplicate for each of three separate aliquots with error bar 

indicating SEM. 
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Figure 4.13: The concentration (mg/mL) versus time (min) of samples A, 

B, C and D between 10 minutes to 32 hours at 65 oC. The values are the 

means of triplicate for each of three separate aliquots with error bar 

indicating SEM. 
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Figure 4.14: The Rhodamine B percentage release from samples A, B, C 
and D between 10 minutes to 32 hours at 25 oC 

 

 
 
 

Figure 4.15: The Rhodamine B percentage release from samples A, B, C 

and D between 10 minutes to 32 hours at 65 oC 
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Figure 4.16: Possible modes of interaction between the silanol groups of 

MSN and Rh-B. Dash lines represents the hydrogen bonding. 
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Figure 4.17: Possible modes of interaction between the N-(6-N-

aminohexyl)-aminomethyl triethoxysilane (stalks) and Rh-B. Dash lines 

represents the hydrogen bonding. 
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4.4.7 Kinetic Studies 
 

The amount of Rh-B released from mesoporous silica nanoparticles 

(MSN) was studied as a function time by using various kinetic models. 

Among them are: 

Zero order equation [372]: 

Qt = kot            (4.1) 

where Qt is the percentage of Rh-B released at time t and ko is zero-order 

rate constant expressed in units of concentration/time. To study the 

release kinetics, data obtained from Rh-B release studies were plotted as 

percentage of Rh-B released versus time. The zero order rate describes 

the systems where the drug release rate is independent of its 

concentration.  

First order equation [373]: 

In (100 - Qt) = In100 – k1t           (4.2) 

where k1 is first-order rate constant. The data obtained are plotted as log 

percentage of Rh-B remaining versus time, which would yield a straight 

line. The first order rate describes the release from a system where 

release rate is concentration dependent. 

Higuchi’s equation [374]: 

Qt = kHt1/2           (4.3) 

where kH is the Higuhi release rate constant. The data obtained are 

plotted as cumulative percentage of Rh-B remaining versus square root 

of time. Higuchi model describes the release of Rh-B from insoluble 

matrix as a square root of time dependent process based on Fickian 

diffusion.  
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Hixson-Crowell cube root model [375]: 

(100 - Qt)1/2 =  1001/3 - kHCt         (4.4) 

where kHC is the Hixson-Crowell rate constant. To study the release 

kinetics, data obtained from Rh-B release studies were plotted as cube 

root of Rh-B percentage remaining in silica matrix versus time. Hixson-

Crowell cube root model describes the release from systems where there 

is a change in surface area and diameter of particles or tablets. 

In order to better understand the Rh-B release mechanism, the initial part 

of release rate curves (up to 60 % of the Rh-B release) was fitted using 

the Korsmeyer–Peppas model [376, 377]: 

Log Mt / M∞  = log kKP + n log t          (4.5) 

where Mt / M∞ is fraction of Rh-B released at time t, kKP is the rate 

constant and n value is the release exponent that depends on the 

transport mechanism and the geometry of the device. 

According to this model [378], there are four distinguishable modes of 

diffusion: (i) the value of n = 0.43 suggests Fickian or Case I transport 

behaviour in which the relaxation coefficient is negligible during transient 

sorption; (ii) the value of n = 1 refers to zero order release; (iii) if 

0.43 < n < 1.00, the transport process is anomalous, and the structural 

relaxation is comparable to diffusion; (iv) a value of n < 0.43 indicates a 

pseudo-Fickian behaviour of diffusion where sorption curves resemble 

Fickian curves, but the approach to final equilibrium is very slow. 

In Figure 4.18 and 4.19, the results are plotted in accordance with the 

zero order and first order rate equation. A non-linear relationship was 

obtained in all cases for both equation suggesting that the release 

process cannot be described by the zero order and first order rate 

equation.  
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Figure 4.18: Zero order release kinetics of Rh-B in water from sample A, 

B, C and D at 65 oC  

 

 

 

Figure 4.19: First order release kinetics of Rh-B in water from sample A, 
B, C and D at 65 oC 
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Figure 4.20: Higuchi kinetics of Rh-B in water from sample A and B at  

65 oC  
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Figure 4.21: Higuchi kinetics of Rh-B in water  from sample C and D at 

65 oC  
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from a single linear relationship. In order to characterize the mechanism 

of Rh-B release, the first 60% of the release data was analyzed using 

Korsmeyer-Peppas model [378, 382]. The release profiles for sample C 

and D (Figure 4.22) exhibited good linearity with the regression coefficient 

(R2): 0.9595 and 0.9345, respectively.  
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Figure 4.22: Korsmeyer-Peppas kinetics of Rh-B in water from sample C 

and D at 65 oC  
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Table 4.3: Kinetic parameters of Rh-B release from samples 

 
 

Sample 
Zero order First order Higuchi Hixson-Crowell 

 
ko (min-1) 

 
R2 

 

 
k1 (min-1) 

 
R2 

 
KH (h-1/2) 

 
R2 

 
KHC (h-1) 

 
R2 

 
A 
 

 
3.6 x 10-3 

 
0.61 

 
4.0 x 10-5 

 
0.63 

 
5.5 
0.74 

 

 
0.93 
0.90 

 

 
2.0 x 10-4 

 
0.62 

 
B 

 
8.2 x 10-3 

 
0.51 

 
1.0 x 10-4 

 
0.54 

 
18 
1.7 

 

 
0.95 
0.94 

 

 
5.0 x 10-4 

 
0.53 

 
C 
 

 
3.2 x 10-2 

 
0.75 

 
5.7 x 10-4 

 
0.85 

 
23 
5.5 

 

 
0.99 
0.98 

 

 
2.1 x 10-3 

 
0.81 

 
D 

 
3.2 x 10-2 

 
0.77 

 
6.2 x 10-4 

 
0.89 

 
17 
8.7 

 

 
0.99 
0.99 

 

 
2.2 x 10-3 

 
0.84 
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Table 4.4: The Korsmeyer-Peppas Model fits of Rh-B release from 

different samples 

 
 

Sample 
 

 
KKP (h-1) 

 
n 

 
R2 

 
A 3.20 0.43 0.77 

 
B 13.48 0.29 0.77 

 
C 9.79 0.95 0.96 

 
D 16.41 

 
0.50 0.93 
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4.5 Discussion 

 

From TEM images in Figure 4.2 (a), MSN were successfully synthesized 

using a surfactant-templated sol-gel process. In fact, the removal of 

CTAB from MSN by solvent extraction and functionalization of MSN 

surface with stalks resulted in MSN showed no significant change in 

average size or shape of the particles under TEM indicating that the 

removal of CTAB and surface functionalization of MSN does not influence 

their sizes or morphology. Complete removal of the organic surfactant 

template was confirmed with FTIR spectroscopy with the disappearance 

of the C-H stretching peaks. The complete removal of CTAB was verified 

with 13C NMR in Figure 4.7 as there are no peaks other than the N-(6-N-

aminohexyl)-aminomethyltriethoxysilane. 

From FTIR of MSN-stalks, the absorption of Si-O-Si asymmetric 

stretching, Si-O-Si symmetric stretching and Si-OH stretching are well 

maintained even after the modification process. The presence of the new 

peaks indicate that there is interaction between N-(6-N-aminohexyl)-

aminomethyltriethoxysilane and silanol group on wall surface of 

mesoporous silica. This suggests that the –Si(CH)NH(CH2)6NH2 groups 

have successfully grafted onto the surface of mesoporous silica. The 

finding agrees well with 13C NMR, which also indicated that N-(6-N-

aminohexyl)-aminomethyltriethoxysilane has been successfully attached 

onto the surface of mesoporous silica. 

Most importantly, the main characteristic peaks of MSN are well retained 

in all prepared samples indicating the framework of the MSN was kept 

intact after Rh-B loading. 

There was a significant difference in loading amount between unwashed 

and washed particles at the p < 0.05 levels for all five samples (Figure 
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4.10). A significant decrease is observed in the loading amount in the 

washed particles when compared with its unwashed particles. A higher 

proportion of Rh-B was lost during washing for sample B (96.1%) 

followed by sample C, A, E and D with 83.8%, 81.4%, 60.8% and 58.9%, 

respectively.  

In both the washed and unwashed particles sample D and E had the 

highest loading as listed in Table 4.2. The loading for Sample D and E did 

not show any statistical difference between each other at the level of p < 

0.05 (U = 15, p = 0.6573) and p < 0.05 (U = 17, p = 0.8983) for unwashed 

and washed particles, respectively. These results suggest that loading of 

Rh-B at high temperature i.e 65 oC (sample E) did not affect the amount 

of Rh-B loaded onto the silica matrix. This suggests that the MSN is 

saturated following the loading procedure.   

The results suggest that both stalks and Cap (sample A) inhibit Rh-B 

adsorption, which may be due to competition for binding sites of MSN 

(Figure 4.11 (a)). From Figure 4.11 (b), the stalks alone seem (sample B) 

to encourage Rh-B desorption during washing. Caps also (sample A and 

C) encourage Rh-B desorption during washing compared to bare silica 

particles but to a lesser extent than stalks alone. 

It could be due to the presence of hydrophilic –OH groups on the surface 

of MSN and inside the mesoporous channel. That is, Rh-B is released 

from the easily accessible surface of MSN while the Rh-B is prevented 

from being initially retained effectively in the pores due to the presence of 

caps or stalks blocking the mesoporous channels. 

In sample D, there was stronger interaction of hydrogen bonding between 

surface silanol groups of silica particles and carboxylic acid group of Rh-

B, which suggest they are able to hold more dye than the modified silica 

[379, 383] or maybe related to more available spaces in the pores due to 

absence of other functionalizing agents. It also may be due to different 
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silanol amount between them [381, 384], sample D having more silanol 

groups than sample B and A, therefore a significant amount of Rh-B can 

be loaded onto MSN. Meanwhile the presence of (N-6-N-aminohexyl)-

aminomethyl triethoxysilane might block part of the mesopore channel the 

silica surface or reduce access to pores, possibly explaining the uptake of 

Rh-B from sample A and B being less than sample D and C.  

As might be expected those systems with larger amounts of Rh-B, 

generally released Rh-B more than from systems with lower Rh-B 

content. The difference in release rate could be due to the functional 

group of the pore wall. In the absence of functionalized agents (sample 

D), carboxyl group of [383] Rh-B is anchored only by interactions with 

silanol groups [385] (Figure 4.15). These provide relatively weak 

interactions that result in faster release kinetics (Table 4.3). Without the 

presence of stalks (sample C), we can observe a moderate decrease in 

the percentage released and the release rates.  

The stalks alone cause a considerable decrease in the percentage 

release and the release rates. The presence of N-(6-N-aminohexyl)-

aminomethyl triethoxysilane might increase the steric diffusion resistance, 

so the Rhodamine B release from sample A and B was less than from the 

sample D. Other than that, interaction between Rh-B and MSN is stronger 

for sample B than sample D, leading to a slower release of the Rh-B. This 

can be explained in terms of chemical affinity of the carboxylic group of 

Rh-B towards Si–OH from MSN or –NH2 of N-(6-N-aminohexyl)-

aminomethyl triethoxysilane. The chemical interaction of carboxylic 

groups with amino group is stronger due to its higher basicity [386]. The 

protonated aminomethyl groups anchored to the silica walls of MSN act 

as attraction centres for carboxyl groups of Rh-B molecules and the 

resulting electrostatic interaction appears to be significantly stronger 

[383]. The presence of amino groups also increases the number of 

interactions of hydrogen bonds between amino groups and Rh-B (Figure 
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4.17). Based on the results, it can be concluded that the modification of 

the pore structure with amino groups leads to the decreased storage 

amounts but also lower release rates. 

On the other hand, together the Caps and stalks cause a further 

significant decrease in the percentage released and release rate 

compared to the stalks alone (sample B). It is evident that the N-(6-N-

aminohexyl)-aminomethyl triethoxysilane effectively block pore outlets as 

in sample B and A. We observed that the thermally induced release for 

sample A was similar to sample B in terms of concentration of 

Rhodamine B which suggests that the capping agent, cucurbit[6] uril may 

not be responsible for the ‘activated’ release described by Thomas et al 

[13].  

The regression coefficient (R2) values for zero order, first order, Higuchi 

model, Hixson Crowell, Korsmeyer-Peppas and the n values for 

Korsmeyer-Peppas were tabulated in Table 4.3 and 4.4. It is observed 

that the release kinetics of Rh-B from the sample C and D fits best with 

Higuchi model and Korsmeyer-Peppas model. While, in the case of 

sample A and B, the release profile fits best with the Higuchi model but 

not with the zero order equation, first order equation, Korsmeyer-Peppas 

as well as Hixson-Crowell model. 

The two different release rates in Higuchi model could be due to the 

existence of two different sites, interior and exterior of the MSN. Rh-B 

may be loaded on the external surface, the pore channels in the wall, or 

the inner core of the MSN. The initial bursts of Rh-B release could be 

attributed to the presence of Rh-B at the exterior of the MSN. This would 

allow a certain amount of Rh-B to be released quickly to the surrounding 

medium. The slow release was due to the Rh-B, which was adsorbed 

deep inside mesopore channel, being less accessible to the surrounding 

medium compared with the Rh-B adsorbed near the exterior of the MSN. 
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Similar deviation from linearity has been found by several researchers 

[379-381], with various carrier types. It is possible that the deviation from 

overall linearity is a feature of drug release from mesoporous materials.  

From Table 4.4 (Korsmeyer-Peppas model), the n value was found to be 

0.95 and 0.50 for sample C and D, respectively. Therefore, the release 

behavior of the Rh-B from these samples could be controlled by more 

than one process as Korsmeyer-Peppas plots indicated an anomalous 

non-Fickian transport. This could be a coupling of the simple diffusion and 

relaxation mechanism from the silica carrier. Based on obtaining results, 

the release mechanism might be proceeding as follows: (1) the initial 

release can be related to leaching of free Rh-B molecules from the silica 

pore entrances or from silica surface, (2) after that, Rh-B continues to 

dissolve slowly into the release media as the solvent diffuses from the 

system out of mesochannels. The n value was close to a linear zero order 

type of release, typical for slow dissolving drugs [208, 387]. 

The clearly faster release of Rh-B from sample D (kKP = 16.41) compared 

to sample C (kKP = 9.79) suggested the unrestricted diffusion of the dye to 

the water due to the high accessibility of MSN network without 

functionalization agents [208]. Meanwhile, the presence of Caps in 

sample C sterically hindered the free diffusion of Rh-B from the 

mesopores. 
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4.6 Conclusions 

 

The trapped and releasable amounts of Rhodamine B for the 4 model 

drug delivery systems based on mesoporous silica were measured. The 

systems with larger amounts of Rh-B, released Rh-B more than from 

systems with lower Rh-B content. From the release profile, there was 

evidence of only partial release of Rhodamine B from the silica particles. 

The release curves for all samples were successfully fitted to the Higuchi 

model with two different release rates due to two different binding sites; 

possibly interior and exterior of the MSN. We have demonstrated that the 

presence of N-(6-N-aminohexyl)-aminomethyl triethoxysilane might 

increase the steric diffusion resistance, which leads to the lower release 

rates. We have shown that the nano-valves developed by Thomas et al 

[13] are not the mechanism responsible for the activated drug release as 

the release from the particles with cucurbit [6] uril, which is the final part 

of the nanovalve system, was similar to those without. Subsequent work 

may then focus on studies of Rh-B release from mesoporous silica 

without N-(6-N-aminohexyl)-aminomethyl triethoxysilane and cucurbit [6] 

uril and the effect of incorporation of magnetic particles and their 

exposure to alternating magnetic fields.  
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Chapter 5 

Fe3O4@mSiO2 Nanoparticles: The 
Effect of Silica Shell Thickness on 
Magnetic and Proton 
Relaxometric Properties 

 

5.1 Introduction 

 

Over the past decade, superparamagnetic iron oxide (Fe3O4) 

nanoparticles have drawn significant attention for different applications 

such as drug delivery, disease therapy by magnetic hyperthermia or 

contrast agents for magnetic resonance imaging (MRI) [37, 388, 389]. 

Due to their negative contrast enhancement effect on T2 and T2* weighted 

images, they have played a role as contrast agents in MRI [390]. They 

provide the most change in signal per unit of metal particularly on T2* 

weighted images as each particle is composed of thousands of iron 

atoms and defeats the inherent low contrast agent sensitivity of MRI 

[391]. They offer convenient contrast enhancement in MRI due to their 

high availability, convenience of the preparation route, biocompatibility 

and biodegradable nature [37, 388, 389].  

However, the contrast enhancing effectiveness of a superparamagnetic 

nanoparticle depends on size of the iron oxide crystal, the composition, 
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the charge, the nature of the coating, the hydrodynamic size of the coated 

nanoparticle, magnetization and aggregation state in the biological 

environment as these parameters influence the longitudinal and 

transverse proton relaxivities [392, 393]. The surface properties of the 

magnetic NPs play an important role in their efficiency as MRI contrast 

agents. However, they require a surface coating in order to improve their 

dispersion and stability in aqueous media.  

Silica has been employed for coating oxide nanoparticles as they able 

form stable, biocompatible shell to help minimise agglomeration [37, 389, 

394] by reducing the magnetic dipolar attraction among the nanoparticles. 

MCM-41 has been used as a mesoporous structure for the SiO2 coating, 

as a result of its regular mesopores, with diameters that can be tailored 

between 1.5 and 10 nm using different surfactants in the synthesis 

process. It exhibits a very high surface area, high accessible pore 

volume, very low toxicity, and good thermal stability [394-396]. The 

combination of mesoporous silica and iron oxide nanoparticles to prepare 

magnetic mesoporous silica nanoparticles has been widely exploited due 

to their potential for simultaneous MRI detection and drug delivery 

endocytosis [196, 197, 397] 

In this work, superparamagnetic iron oxide (Fe3O4) nanoparticles were 

synthesised using the method of Sun et al [63].

 

The nanoparticles were 

then used as a core material for the fabrication of mesoporous magnetic 

nanocomposites. The method involves growing mesoporous silica 

(mSiO2) directly onto the magnetic nuclei by a surfactant templated sol-

gel method. Three different silica shell thicknesses were coated around 

the Fe3O4 particles in order to study the relationships between silica shell 

thickness and the proton relaxivities and magnetic properties. To date, 

there is a limited number of studies reporting the surface coating effect of 

silica on proton relaxivities of magnetic nanoparticles [10, 398, 399]. The 
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influence of the coating on proton relaxivity remains unclear as various 

studies report different effects weight [107, 398, 399] 

 

5.2 Materials and Methods 

5.2.1 Synthesis of Iron Oxide (Fe3O4) Nanoparticles 
 

Magnetite (Fe3O4) was synthesized by the organic decomposition of 

iron(III) acetylacetonate  (Fe(acac)3) in benzyl ether at 300 °C, in the 

presence of oleic acid, oleyl amine, and 1,2-tetradecanediol, as 

previously described [63]. In brief, Fe(acac)3 (508 mg), 1,2-tetradecandiol 

(2304 mg), oleic acid (1.69 g) and oleylamine (1.61 g) were added to 

benzyl ether (10.00 mL). Moisture was removed by heating the solution to 

100 oC under constant stirring. The mixture was heated to 200 oC for 2 

hrs and then heated to reflux (~300 oC) under an atmosphere of nitrogen 

for 1 hr. After cooling, the reaction mixture was precipitated in ethanol (40 

mL) and centrifuged at 3000g for 15 minutes to collect a black precipitate. 

The precipitate was resuspended in hexane (7.50 mL) and centrifuged 

again under identical conditions. The supernatant containing magnetite 

nanoparticles was stored under an atmosphere of argon in darkness 

before further use. 

 

5.2.2 Synthesis of Fe3O4@mSiO2 Nanoparticles 

 

In a typical procedure, 12.5 mg of iron oxide (Fe3O4) were dispersed in 

0.50 mL chloroform. The magnetite (0.50 mL) was transferred to 5.00 mL 

of water by mixing the particles with 100 mg of cetyltrimetyl ammonium 
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bromide (CTAB) solution and the resulting suspension was stirred 

vigorously for 30 minutes. The formation of an oil-in-water microemulsion 

resulted in a turbid brown suspension. Then, the mixture was heated up 

to 60 oC and aged at that temperature for 20 minutes under stirring to 

evaporate the chloroform, resulting in a transparent black Fe3O4-CTAB 

solution. In order to create a mSiO2 coating layer around the Fe3O4-

CTAB, the resulting solution was added to a mixture of 43 mL of water 

and 350 μL of 2.00 M NaOH solution and the mixture was further heated 

up to 70 oC under stirring. Then, 500 μL of tetraethylorthosilicate (TEOS), 

and 3.00 mL of ethylacetate was added to the reaction solution in 

sequence under rapid stirring. The solution was further heated for 2 hrs to 

give rise to a light brown precipitate. After cooling, a light brown solid 

product was isolated by centrifugation and washed three (3) times with 

ethanol to remove the unreacted species and dried in air. For the control 

of silica shell thickness, TEOS concentration was varied. The surfactant 

template (CTAB) was removed from the mesopore channels by refluxing 

the as-synthesized materials in alcoholic solutions of ammonium nitrate 

(20 mg/mL) at 60 oC for 30 minutes. The obtained light brown solid was 

allowed to cool down, centrifuged, and washed three times (3) with 

ethanol and finally dried in air. The above treatment was performed a 

total of three (3) times before further application. The obtained samples 

have been denoted as Fe3O4@mSiO2.  

 

 

 

 



 161 

5.3 Characterisation Techniques 

 

TEM, FTIR, proton relaxometry and magnetometry measurements, were 

conducted as described in section 3.1, 3.2, 3.5 and 3.6, respectively.  

The magnetic measurements used throughout this work were performed 

on a Quantum Design MPMS SQuID VSM. Samples were prepared by 

compressing 10 mg of magnetite nanoparticles coated with different 

thicknesses of silica into gel capsules. Samples were mounted within a 

brass holder and connected to one end of a sample rod that is inserted 

into the dewar. The other end is attached to a stepper motor that is used 

to position the sample within the center of the SQUID pickup coils.  

This experiment involves measuring the magnetization, M, of the dry 

powder sample as a function of the applied magnetic field, H. It is often 

referred to as the M-H loop. The samples were cooled from room 

temperature to 5 K in zero-field. Hysteresis loops were subsequently 

measured at 5 K by sweeping the field up to +70 kOe, then to -70 kOe 

and finally back to +70 kOe. The field spacing was 1 kOe on these 

sweeps. Hysteresis loops were measured at higher temperatures by 

warming at the completion of the lower temperature loop. Saturation 

magnetization values reported here are based on the magnetization of 

the sample in a field of 70 kOe at 5 K. 
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5.4 Results 

5.4.1 Characterization of the Nanoparticles 

 

For all core-shell structures investigated here, Fe3O4 NPs from the same 

batch have been used as the magnetic core. The surface morphology 

and silica shell thickness of Fe3O4@mSiO2 were analyzed with TEM. 

Figure 5.1 (a) and (b) show typical TEM images from representative 

Fe3O4 NPs in hexane, and Fe3O4-CTAB in water. TEM analysis shows 

that the Fe3O4 NPs and Fe3O4-CTAB prepared are monodisperse, 

spheroidal in shape with a mean particle size of 7 nm with a standard 

deviation of 0.7 nm. A minimum 150 particles of samples were measured 

and the data reported as the average of diameter of each particle. 

 

 

Figure 5.1: TEM micrograph of the nanoparticles: (a) Fe3O4 NPs and (b) 

Fe3O4-CTAB. Scale bars: (a) and (b) 50 nm. 

 

Figure 5.2 (a-c) represents Fe3O4@mSiO2 with 45, 63 and 73 nm silica 

shell thickness, respectively. The thickness value were measured from 

the edge of dark core to the edge of surface of silica. A minimum 55 

particles of each samples were measured and the data reported as the 
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average of thickness. The TEM images showed that the coated 

nanoparticles were spherical in shape with an average diameter of 136, 

155, and 175 nm for Fe3O4@mSiO2 with 45, 63 and 73 nm silica shell 

thickness, respectively. It shows the distribution of iron oxide 

nanoparticles (multiple darker spots) within the silica matrix (grey area). It 

showed that the particle size of Fe3O4@mSiO2 increased with increasing 

of silica shell thickness. The diameter value were measured from edge to 

edge of surface of silica. A minimum 55 particles of each samples were 

measured and the data reported as the average of diameter.  

Figure 5.3 (a) depicts FTIR spectra of CTAB free of Fe3O4@mSiO2 with 

45 nm silica shell thickness. The absence of -CH2- stretching bands at 

2975 cm-1 and 2926 cm-1 and -CH2- bending at 1456 cm-1, Figure 5.3 (b), 

in the samples suggests successful CTAB removal via solvent extraction 

[400]. The appearance of absorption bands at 1090 and 800 cm-1 are 

attributed to the presence of asymmetric and symmetric stretching bands 

of -Si-O-Si-. The peaks at 960 and 1635 cm-1 are associated with the Si-

O-Si stretching vibration of surface Si-OH groups and physisorbed water, 

respectively [400, 401]. In addition, the IR peak (Figure 5.3 (a)) at 570 

cm-1 and   375 cm-1 corresponding to the stretching vibration of Fe-O bond 

[402] contributes to the weak band in the all samples, indicating the 

presence of iron oxide. Similar observations were observed for 

Fe3O4@mSiO2 (63 nm) and (73 nm) (Appendix E). 
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Figure 5.2: TEM micrograph of Fe3O4@mSiO2 nanoparticles with silica 

shell thickness of (a) 45 nm, (b) 63 nm, and (c) 73 nm. Scale bars: (a) - 

(c) 200 nm.  
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Figure 5.3: FTIR spectra for (a) CTAB free of Fe3O4@mSiO2 with 45 nm 

silica shell thickness, and (b) Fe3O4-CTAB nanoparticles. 

 

5.4.2 Magnetic Properties 

 

The saturation magnetization (Ms) per gram of Fe3O4, the blocking 

temperature (TB), and the coercivities (Hc) are summarized in Table 5.1. 

Figure 5.4 (a) shows the magnetization curve of Fe3O4 NPs, showing 

superparamagnetic behaviour at room temperature and hysteretic 

behaviour at 5K. The saturation magnetization for the Fe3O4 NPs was 

relatively high (140.4 emu/g of Fe3O4 at 5K). This was reduced to 89.4 
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emu/g of Fe3O4 at 300K. The coercivity at 5K was  » 0.15 kOe with no 

measureable coercivity at 300K. 

As could be seen from Figure 5.5 (b) (see also Table 5.1), Fe3O4-CTAB, 

and Fe3O4@mSiO2 show superparamagnetic behaviour at room 

temperature with no hysteresis. The Fe3O4-CTAB and Fe3O4@mSiO2 

with silica shell thickness 45, 63, and 73 nm had saturation magnetization 

at 5K of 96.7, 52.1, 69.1, and 100.0 emu/g of Fe3O4, respectively. This 

was reduced to 82.4, 43.4, 56.9, and 83.6 emu/g of Fe3O4 at 300K. The 

coercivity of Fe3O4-CTAB at 5K was » 0.26 and absent at 300K. 

Meanwhile, the coercivity was reduced to » 0.15, 0.15, and 0.08 kOe for 

Fe3O4@mSiO2 with silica shell thickness 45, 63, and 73 nm, respectively 

and was again absent at 300K. Zero-field cooled–field-cooled (ZFC/FC) 

curves (Figure 5.5 (d)), show a displacement of TB from 46 to 37 K from 

Fe3O4@mSiO2 (43 nm) to Fe3O4@mSiO2 (73 nm). Meanwhile, ZFC/FC 

curves reveal that the TB for Fe3O4 NPs and Fe3O4-CTAB, are 

approximately at 60 K for both. 
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Table 5.1: Summary of magnetic properties of the nanoparticles; number in 

the brackets indicate the thickness of the silica shell. 

Samples Magnetization, Ms 

(emu/g Fe3O4) 

Coercivity, kOe Blocking 

temperature, 

TB (K) 

5K 300K 5K 300K  

Fe3O4 NPs 140.4  89.4 0.15 0 60 

Fe3O4-CTAB 96.7 82.4 0.26 0 60 

Fe3O4-mSiO2 

(45 nm) 

52.1 43.4 0.15 0 46 

Fe3O4-mSiO2 

(63 nm) 

69.1 56.9 0.15 0 44 

Fe3O4-mSiO2 

(73 nm) 

100.0 83.6 0.079 0 37 
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Figure 5.4: (a) The magnetization curves for Fe3O4 nanoparticles shows 

at 5K (red circles) and 300K (blue dots) and (b) Zero-field cooled (blue 

dots)-field-cooled (red circles) curves are coincident above ca. 60K for 

Fe3O4. 
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Figure 5.5: (a) The magnetization curves at (a) 5K and (b) 300K for 

Fe3O4-CTAB and Fe3O4@mSiO2 with different silica shell thickness. (c) 

Zero-field cooled (blue dots)-field-cooled (red circles) curves are 

coincident above ca. 60K for Fe3O4-CTAB. (d) Zero-field cooled/field-

cooled (red circles) curves for Fe3O4@mSiO2 with different silica shell 

thickness; number in the brackets indicate the thickness of the silica shell. 
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5.4.3 Proton Relaxometric Properties 

 

To evaluate the influence of the silica coating on the effectiveness of the 

nanocomposites to act as MRI contrast agents, the r2 and r1 relaxivity 

coefficients of the Fe3O4@mSiO2 were measured at 25 oC and 60 MHz 

(1.4 T). These results were compared with the relaxivity of the Fe3O4-

CTAB. The plots of R2 and R1 relaxation rates of Fe3O4-CTAB and 

Fe3O4@mSiO2 at various iron concentrations are given in Figure 5.6 and 

5.7, respectively. The slope for each line represents the r2 and r1 relaxivity 

coefficient for that sample [403]. Relaxivities (r1 and r2) of Fe3O4-CTAB 

and Fe3O4@mSiO2 NPs with various silica shell thicknesses are shown in 

Table 5.2. The r2 value of Fe3O4-CTAB is almost similar to those of 

Fe3O4@mSiO2. Meanwhile, the r1 value of Fe3O4-CTAB is three orders of 

magnitude higher than those of Fe3O4@mSiO2. 

To further investigate the contrast effectiveness of the nanoparticles, the 

r2/r1 ratios have been tabulated in Table 5.2. All the samples presented a 

very small effect on the longitudinal proton relaxation time but a 

pronounced one on the transverse relaxation time. As a result, the r2/r1 
ratio of the nanoparticles is much larger than the commercially available 

iron oxide based contrast agent, Resovist which is around 11.4 [404]. 
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Table 5.2: Relaxometric properties of the nanoparticles; number in the 

brackets indicate the thickness of the silica shell. 

Samples r1 (mMs)-1 r2 (mMs)-1 r2/r1 

Fe3O4-CTAB 8.58 121 14 

Fe3O4@mSiO2 (45 nm) 0.95 168 176 

Fe3O4@mSiO2 (63 nm) 0.91 157 172 

Fe3O4@mSiO2 (73 nm) 0.30 138 459 
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Figure 5.6: Plot of transverse relaxation rates (1/T2), at different iron 

oxide concentrations for Fe3O4@mSiO2 with different silica shell 

thickness, measured at 25 °C and 60 MHz; number in the brackets 

indicate the thickness of the silica shell.  
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Figure 5.7: Plot of longitudinal relaxation rates (1/T1) at different iron 

oxide concentrations for Fe3O4@mSiO2 with different silica shell 

thickness, measured at 25 °C and 60 MHz; number in the brackets 

indicate the thickness of the silica shell.  

 

The proton relaxometric behaviour also shows a decrease of the r2 and r1 

with the increasing of the silica shell thickness, in agreement with a 

previous study [10]. It is observed that r1 values decrease dramatically 

(ca. 88.9 %) from 8.58 s-1mM-1 for Fe3O4-CTAB (without silica coating) to 

a very small (< 1 s-1mM-1) for Fe3O4@mSiO2 (45, 63 and 73 nm). In 

contrast, the r2 values increased slightly (ca. 39 %) from non-coating (121 
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s-1mM-1) to 168 s-1mM-1 for Fe3O4@mSiO2 (45 nm). However, this value 

decreased gradually with the increasing of silica shell thickness. When 

two large particles approach one another, further aggregation may occur 

as a result of mutual magnetization of each particle in the magnetic field 

[405]. Because of this, the r2 relaxivity of the Fe3O4@mSiO2 NPs (73 nm) 

was much lower than that of the Fe3O4@mSiO2 NPs (45 nm), despite 

having a higher Ms value. 

 

5.5 Discussion 

5.5.1 Characterization of the Nanoparticles 

 

The synthesis of the nanocomposite particles was based on a two-step 

method: (i) synthesis of oleic acid capped Fe3O4 nanoparticles by high-

thermal decomposition of Fe(acac)3; (ii) silica coating on the Fe3O4 

nanoparticle surfaces by the surfactant templated sol gel method followed 

by removal of organic template CTAB. The monodisperse 7-nm 

superparamagnetic iron oxides nanoparticles (Fe3O4 NPs) (Figure 5.1 (a)) 

have been successfully synthesized. Fe3O4 NPs are easily dispersible in 

hexane due to the capping of oleic acid.  

The reduced saturation magnetization of Fe3O4 NPs compared with bulk 

magnetite (92 emu/g of of Fe3O4) [77, 406] is most likely due to the 

increase in surface area/volume ratio and therefore spin canting effects at 

the surface [407]. Thermal fluctuations will significantly reduce the total 

magnetic moments at a given field when the energy of a magnetic particle 

becomes comparable to the thermal energy [408]. It is also interesting to 

note that there is not much difference in Ms values of Fe3O4 NPs and 

Fe3O4-CTAB (see Table 5.1). This suggests that there is not much 
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change in the magnetic properties of the Fe3O4 NPs after coating with 

CTAB.  

Subsequently, the Fe3O4 NPs were coated with mesoporous silica 

(mSiO2) by hydrolysis of TEOS with the sol-gel method under basic 

conditions. The hydrophobic Fe3O4 NPs dispersed in chloroform were 

transferred to an aqueous phase by using cetyltrimethylammonium 

bromide (CTAB) as stabilizing agents and porous structure-directing 

agent to yield Fe3O4–CTAB. The resulting homogeneous solutions were 

heated in an oil bath at 70 oC for 20 minutes in order to remove the 

chloroform and induce the interaction between the hydrophobic chain of 

the oleic acid and alkyl chain of CTAB. This leads to the formation of 

bilayer structures with quartenary ammonium groups pointing outwards 

[409]. In this process, the solution became black from turbid brown when 

iron oxide particles were mixed with CTAB, showing the successful 

production of water-dispersable Fe3O4–CTAB.  

Later, the solution gradually changed from black to light brown, implying 

that silica precursors attached to the core surface. In this work, the 

mesoporous silica is formed around the aqueous Fe3O4 NPs by carefully 

controlling the amount of TEOS during the condensation reaction. The 

obtained Fe3O4@mSiO2 were refluxed in an ethanol solution of NH4NO3 

in order to remove the CTAB template. In order to determine whether the 

CTAB was removed completely, FTIR analysis was conducted. The 

appearing peak at 2975 and 2926 cm-1 (before CTAB removal) were 

found to disappear after the ethanol extraction showing that the CTAB 

were completely removed.  

The presence of mesoporous silica results in a lower saturation 

magnetization (Ms) of the Fe3O4@mSiO2 than that of the Fe3O4 NPs. This 

might result from the coating of silica on the core surface, which might 
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quench the magnetic moment [406, 410]. This behavior is expected once 

a nonmagnetic content such as SiO2 was added to the system [411].  

There are significant decreases in Ms at room temperature, as the silica 

shell thickness decreases, suggesting a thickness-dependent and size-

dependent magnetism in these samples. This is clearly contradictory 

result to that of [412-414] since the reduction in saturation magnetization 

(Ms) were observed with increasing of silica shell thickness. A possible 

explanation for our observation of increased magnetization with increased 

silica shell thickness is related to the multiple magnetic core nature of our 

particles where the increased silica matrix may reduce demagnetizing 

interparticle interactions within a single silica particle as follows. 

Coercivity values at low temperature (5K) decrease as the silica shell 

thickness increases from 78.6 to 154.3 Oe, suggesting the coercivity was 

due to surface anisotropy [415]. The decreasing of blocking temperature 

with the increasing thickness of the silica shell thickness suggests that 

the alignment of magnetic vectors in samples is highly thickness-

dependent or size-dependent, which is of relevance in the T2

 

proton 

relaxivity study [416].  

This result is typical for coated nanoparticles where the coating reduces 

the magnetic interaction. A previous study by Kim and co-workers [417] 

showed similar effects for iron oxide particles covered with an oleate layer 

and Tartaj et al [418] showed similar effects for g-Fe2O3 particles 

dispersed in silica. The low TB value indicates the nanometer sized 

superparamagnetic nanoparticles are formed. 
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5.5.2 Proton Relaxometric Properties 

 

The large difference in r1 (see Table 5.2) between Fe3O4-CTAB and 

Fe3O4@mSiO2 appears to be mainly driven by the effects of surface 

chemistry regulated by CTAB and mSiO2 coating layers and their effects 

on the mobility of water molecules. In agreement with a previous study 

[106], the proton relaxivity shows a strong dependence on the 

hydrophilicity of the coating layers.  

The negligible effect of Fe3O4@mSiO2 (45, 63 and 73 nm) on the 

longitudinal relaxation rate (R1), may be due to the coating effect 

hindering water access to the Fe3O4 magnetic moment. The same 

negligible effect on T1 although on a smaller scale was reported for a 

silica coated SPIONs [10]. 

Meanwhile, the decrease of r2 with the increasing of the silica shell 

thickness suggests the decrease of the outer-sphere contribution of the 

core to r2 due to the increase of the distance of closest approach of the 

diffusing bulk water molecules to the superparamagnetic core of the 

particle [36]. Water molecules around the mSiO2 cannot approach the 

surface of the magnetic core closely and this results in water molecules 

experiencing lower magnetic field gradients resulting in reduced 

relaxivities and loss in MRI contrast enhancement. The Fe3O4@mSiO2 

presented significantly higher r2 values compared to that measured for 

Fe3O4 nanoparticles [10]. This phenomenon is likely due to decreased 

motional averaging of the water molecules around the Fe3O4@mSiO2 

particles (owing to their larger size) having a larger impact on increasing 

r2 than the impact of the silica thickness in decreasing r2 by shielding the 

water molecules from the larger field gradients. 
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Hu and co-worker [419] suggested the larger r2 for PEG-coated Fe3O4 

MNS compared to DEG-coated Fe3O4 MNS was due to the decreased 

diffusion coefficient of water in increased volume of hydrophilic PEG-

coated Fe3O4 MNS. However, our observation shows an opposite trend, 

in spite of hydrophilic nature of the silica shell. This could be due to the 

reaction in basic solutions which lead to the formation of dense coating 

[420]. Therefore, it creates low internal surface area and less porosity. As 

the silica shell thickness increases around the magnetic core, the 

distance between the magnetic core and water molecules on the surface 

of the silica shell increases. Thus, a very negligible amount of water 

molecules may remain in close proximity to the magnetic core. This 

results in a decrease in the local magnetic dipolar field of nanoparticles 

experienced by water molecules, which could possibly change the 

difference in the Larmor frequencies of water molecules and hence r2 

relaxivity.  

The r2/r1 ratio is an indicator of the efficiency of T2 contrast agents. The 

r2/r1 ratio increases as a function of the silica shell thickness, which is 

176, 172, and 459 for 45, 63 and 73 nm of Fe3O4@mSiO2, respectively 

(Table 5.2). Previously reported values of commercially available T2 
contrast agents Resovist® was used for comparison [421]. It shows that 

the r2/r1 values larger than the commercial iron oxide sample, Resovist® 

(17.4). Fe3O4@mSiO2 (45, 63 nm and 73 nm) samples show an 

enhancement of r2/r1, the largest value being observed for Fe3O4@mSiO2 

(73 nm). For all materials the r2/r1 value was greater than 2, indicating that 

all the Fe3O4@mSiO2 may serve as a T2 contrast agents [422, 423]. 

Therefore, we can expect that if we increase the thickness of silica shell, 

we will obtain much larger r2/r1, leading to better T2 contrast efficiency.  
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5.6 Conclusions  

 

We synthesized iron oxide (Fe3O4) nanoparticles by a thermal 

decomposition method, and coated them with mesoporous silica. Three 

different silica shell thickness i.e 45, 63 nm and 73 nm have been coated 

onto the surfaces of iron oxide cores by a surfactant template sol-gel 

method. The coated nanoparticles were found to be spherical in TEM 

images with a core shell structure with an average diameter of 136, 155, 

and 175 nm for 45, 63 nm and 73 nm of Fe3O4@mSiO2, respectively. A 

decrease in Ms and increase in TB value was found with decreasing of 

silica shell thickness. Both r1 and r2 values inversely correlate with the 

increasing of silica shell thickness and sizes of the particles. The r2 

relaxivity is much larger than the r1 relaxivity, which reflects the fact that 

the T2 relaxation is mainly influenced by outer sphere processes. All 

Fe3O4@mSiO2 are relatively weak T1 contrast agents. While, as T2 

contrast agents, they showed higher relaxivity with decreasing silica 

coating thickness. It is interesting to note that the changes in r1 and r2 due 

to silica shell thickness indicate that it is an important factor to take into 

consideration when designing magnetic nanoparticle probes for molecular 

imaging applications using MRI. The large differences in both r1 and r2, 

could be due to the hydrodynamic size, hydrophilicity and permeability of 

silica coating to water molecules.  
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Chapter 6 

Direct Correlation of PNIPAM 
Thermal Transition and Magnetic 
Resonance Relaxation of Iron 
Oxide Nanoparticles 

 

6.1 Introduction 

 

Magnetically responsive iron oxide nanomaterials have been a topic of 

intense research for applications ranging from sensing, to diagnostics, 

drug delivery and therapy [424-426]. The ability to manipulate the system 

remotely using an external magnetic field offers a non-invasive trigger for 

on-demand drug release applications [427, 428]. Of the various 

nanomaterial composites that have been explored, polymer/iron oxide 

nanocomposites have been most widely exploited to engineer magnetic 

responsive materials that exhibit a high amplitude magneto-response 

[429]. In particular, poly(N-isopropylacrylamide) (PNIPAM) based 

systems have been widely explored owing to their lower critical solution 

temperature (LCST) (~32 °C), above which the polymer chains in 

aqueous solution undergo a phase transition from an expanded coil to a 

collapsed state, as a result of loss of hydration [19, 430]. Indeed, this 

property of the polymer in combination with the interesting property of 

magnetic materials to produce heat when exposed to an alternating 
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magnetic field (AMF) has resulted in several core-shell (magnetic 

core/polymer shell) on-demand drug release nanomaterials [431-433].  

However, one of the major problems that is often encountered in PNIPAM 

coated colloidal systems is that the nanoparticles undergo aggregation 

above the LCST because of the loss of steric stabilization [434]. This 

colloidal aggregation is accompanied by substantial shortening of the 

proton transverse relaxation times of aqueous suspensions of the iron 

oxide nanoparticles [434]. As a consequence of the poor colloidal stability 

of the PNIPAM coated iron-oxide nanoparticles, a direct correlative 

analysis between the thermally induced transition of the polymer from 

extended chain to collapsed chains and its corresponding effect on the 

proton relaxivity has been poorly understood. In this chapter, we report 

the use of iron oxide nanoparticles encapsulated within poly(glycidyl 

methacrylate) (PGMA) shells as a reactive core for the grafting of high 

density PNIPAM chains to form a colloidally stable system to decipher the 

direct consequence of thermally induced phase transition of PNIPAM on 

the magnetic resonance properties of iron oxide nanoparticles in solution. 

Importantly, the use of a functional polymer like PGMA as an anchoring 

platform to graft PNIPAM chains and the traditional method of attaching 

to the surface of an iron oxide nanoparticle lies in the mobility of the 

epoxide functional groups [14-17, 435] located in the loops and tails of 

the core macromolecule. The mobility of the reactive loops of PGMA 

ensures greater access to anchoring, resulting in a 2-3 fold greater 

grafting density when compared to a monolayer of epoxy groups on an 

iron oxide nanoparticle surface of similar dimension [18]. We demonstrate 

that the PNIPAM-PGMA-NPs composite core offers a highly stable 

colloidal platform to directly correlate the PNIPAM thermo-transition using 

magnetic resonance relaxometry measurements. Herein, we fabricated 

two types of nanoparticles, namely thermoresponsive PNIPAM-PGMA-

NPs and as a control, PGMA-NPs (PGMA/iron oxide nanoparticles). The 
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PNIPAM-PGMA copolymer was synthesized by end grafting PNIPAM-

COOH with PGMA via a ring-opening reaction with the epoxy group. 

  

6.2 Materials and Methods 

6.2.1 Synthesis of Iron Oxide (Fe3O4) Nanoparticles 
 

Details of the synthesis are given in section 5.2.1. In brief, Fe3O4 was 

synthesized by the high-temperature organic decomposition of Fe(acac)3 

in benzyl ether at 300 °C, in the presence of oleic acid, oleyl amine, and 

1,2-tetradecanediol, as previously described [63].  

 

6.2.2 Synthesis of PNIPAM-g-PGMA 

 

The polymer was prepared by reversible addition–fragmentation chain 

transfer polymerization of carboxy terminated poly (N-

isopropylacrylamide) (PNIPAM) and poly (glycidly methacrylate) (PGMA). 

PGMA was kindly provided by Dr Marck Norret of The University of 

Western Australia. Poly (glycidyl methacrylate) (PGMA; Mw 360,920 g 

mol-1) (50.00 mg) dissolved in 1.20 mL methyl ethyl ketone (MEK) was 

added dropwise to carboxy terminated poly (N-isopropyl acrylamide) (100 

mg) (PNIPAM-COOH; Sigma Aldrich; Mn 3500, Mw 12,300). 

Polymerization was carried out in thermostatic oil bath at 80 oC for 24 

hours. The mixture was precipitated into diethyl ether from MEK [436]. 

Then, the product was filtered and washed three (3) times with diethyl 

ether to remove the unreacted polymer. The final white powder product 

was obtained after vacuum drying for 24 h (32.00 mg, yield: 21%). The 
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obtained samples have been denoted as PNIPAM-g-PGMA. 1H NMR 

(600 MHz, CDCl3, δ in ppm): 0.80-1.24 (CH3-), 1.63-1.89 (-CH2CH-), 

2.65, 2.83 (-CHCH2O-), 3.22 (-CH3CH(CH2)O-), 4.00 (-NHCH-), 3.80, 

4.29 (-OCH2CH-) [436].  

 

6.2.3 Synthesis of Polymer Nanoparticles 

 

Nanoparticles were prepared using a nonspontaneous emulsification 

route. The organic phase was prepared by dispersing iron oxide 

nanoparticles (20 mg) and dissolving PNIPAM-g-PGMA (75 mg) or 

PGMA (75 mg) in a 1:3 ratios of CHCl3 and MEK (6.00 mL). The organic 

phase was added dropwise, with rapid stirring, to an aqueous solution of 

PluronicÒ F-108 (1.25% w/v, 30.00 mL). The resulting emulsion was 

homogenized with a probe-type ultrasonicator (BioLogics Model 3000 

Ultrasonic Homogeniser) at low power for 1 minute to form the 

nanoparticles. The organic solvents were allowed to evaporate overnight 

under the flow of N2. Excess polymer and large aggregated magnetite 

were removed by centrifugation at 3000g for 45 minutes. The magnetic 

polymeric nanoparticles were collected on a magnetic separation column 

(LS, Miltenyl Biotec), washed and eluted using Pluronic F-108Ò before 

further use.  

 

6.3 Characterisation Techniques 

 

TEM, ATR-FTIR, 1H NMR, proton transverse relaxation rates, magnetic 

measurement, dynamic light scattering and zeta potentials were 
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conducted as described in section 3.1, 3.2, 3.3, 3.5, 3.6 and 3.7, 

respectively.  

6.4 Results  

6.4.1 Characterisation of the Nanoparticles 

 

The synthesized copolymer PNIPAM-g-PGMA was characterized using 
1H NMR (Figure 6.1) and FTIR (Figure 6.2 (E)). 1H NMR confirmed the 

PNIPAM contribution with peaks evident at 1.13 ppm (-CH3), 3.99 ppm (-

CH2) while the PGMA contribution was observed with peaks at 2.5-2.9 

ppm (-CH2), 3.22 ppm (-CH) [436]. Subsequent FTIR analysis validated 

PNIPAM grafting over PGMA as observed in the NMR analysis. The 

characteristic peaks from a PGMA segment (1726 cm-1 for C=O carbonyl 

vibration and 1147 cm-1 for C-O stretching from the ester group of glycidyl 

methacrylate (GMA)) and a PNIPAM segment (1642 cm-1 for amide I 

(C=O/C-N), 1536 cm-1 for amide II (N-H/C-H), and 1387 and 1367 cm-1 

two methyl groups on isopropyl groups (-CH(CH3)2)) can be clearly 

observed and are consistent with previously published reports [437, 438]. 
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Figure 6.1: 1H NMR spectra of polymer PNIPAM-g-PGMA in CDCl3. 
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Figure 6.2: TEM micrograph of the nanoparticles: (A) magnetite, (B) 

PNIPAM-PGMA-NPs and (C) PGMA-NPs; (the insets in (B) and (C) show 

higher resolution image of a single nanoparticle), (D) DLS analysis 

showing the particle size distribution of PGMA-NPs and PNIPAM-PGMA-

NPs at 25 oC in Pluronic F-108, (E) FTIR spectrum of PNIPAM-PGMA-

NPs showing the relevant contribution from both PNIPAM and PGMA. 

Scale bars: (A) 50 nm, (B) 50 and (C) 200 nm (insets: 20 nm). 

 

Subsequently, polymer nanoparticles were fabricated using an oil-in-

water emulsion method using the synthesised PGMA grafted PNIPAM 

copolymer encapsulating magnetite (Fe3O4) nanoparticles (PNIPAM-

PGMA-NPs) while PGMA encapsulating magnetite nanoparticles (PGMA-

NPs) were synthesised as a control. The synthesised magnetite 

nanoparticles were approximately 7  ±  0.7 nm (mean ± standard 

deviation) as quantified using TEM (Figure 6.2 (A)). A minimum 100 
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particles of samples were measured and the data reported as the 

average of diameter. TEM analysis confirmed the formation of the 

spherical morphology of the nanoparticles with particle size distributions 

of 100 ± 10.8 nm and 110 ± 15.3 nm for the PNIPAM-PGMA-NPs and 

PGMA-NPs, respectively (Figure 6.2 (B) and (C)). Although TEM analysis 

is sufficient to confidently gauge the size of the nanoparticles, it is not the 

best technique to study the properties of nanoparticle formulation in 

suspension. For example, it is not clear if the PGMA-PNIPAM-NPs are 

aggregated in Figure 6.2 (B) or if it is the result of the drying effect during 

the sample preparation for TEM analysis.  

To ascertain the effect of temperature on particle size, DLS 

measurements were carried out using the temperature sweep from 25 oC 

to 45 oC at 1 oC step intervals. Interestingly, PNIPAM-PGMA-NPs yielded 

the mean hydrodynamic radius of 150.2 ± 1.3 nm (mean ± standard error) 

in pluronic F-108 at 25 oC (T<LCST of PNIPAM) whereas PGMA-NPs 

were observed to be 172.6 ± 2.4 nm under the same conditions (Figure 

6.3). Notably, we observed a significant reduction in the PNIPAM-PGMA-

NPs mean hydrodynamic radius from 150.2 nm to 82.8 nm with 

increasing temperature from 32 to 45 oC.  
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Figure 6.3: DLS data showing the mean hydrodynamic radius for 

PGMA-NPs (blue squares) and PNIPAM-PGMA-NPs (orange dots) as a 

function of temperature. Mean hydrodynamic radius values were taken as 

Z-average of 6 measurements. Data presented as average ± SD. 

 

In order to decipher the mechanism behind the anomalous DLS data 

observed between the two nanoparticle systems, zeta potential 

measurements were carried out to study the surface potential of the 

nanoparticles. The zeta potential measurements were carried out in 1 oC 

step intervals from 25 oC to 45 oC. The PNIPAM-PGMA-NPs and the 

control PGMA-NPs had nearly neutral zeta potentials of (+3.9 to +5.6 mV) 

and (-1.4 to - 1.9 mV), respectively (Figure 6.4). These near neutral 

surface charges indicate that electrostatic repulsion is not a major 

mechanism behind the colloidal stability of these materials. Given that the 

particles without pluronic surfactant are colloidally unstable it seems that 
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the presence of the surfactant, sterically stabilizes the particles against 

aggregation.  

 

 

Figure 6.4: Zeta potential of PNIPAM-PGMA-NPs and PGMA-NPs at 

different temperatures. 

 

Magnetization properties of the two nanoparticle systems were elucidated 

using SQUID magnetometry (Superconducting Quantum Interference 

Device). Both PNIPAM-PGMA-NPs and PGMA-NPs were 

superparamagnetic at room temperature with the zero-field-cooled curves 

showing a maximum blocking temperature of approximately 150 K and 50 

K, respectively (Figure 6.5). The specific saturation Ms was determined to 

be 66.5 and 63.6 emu g-1 of Fe3O4 for the PNIPAM-PGMA-NPs and 

PGMA-NPs respectively. The magnetite content was quantified using ICP 

analysis and found to be 72.5 mg/g of PNIPAM-PGMA-NPs and 37.6 

mg/g of PGMA-NPs. 
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Figure 6.5: SQUID magnetometry of PNIPAM-PGMA-NPs (red circles) 

and PGMA-NPs (blue dots) reveals superparamagnetic behaviour. (A) 

Hysteresis loop at 5K (inset), (B) The magnetization curve at 300K 

displays no hysteresis and shows a specific saturation magnetization of 

66.5 emu g-1 and 63.6 emu g-1 for PNIPAM-PGMA-NPs and PGMA-NPs, 

respectively. Zero-field-cooled (red circles) and field-cooled (blue dots) 

curves are coincident above ca. 150 K and 50 K for (C) PNIPAM-PGMA–

NPs and (D) PGMA-NPs, respectively. 
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Meanwhile, measurements of the proton transverse relaxivity (r2) of a 

suspension of PNIPAM-PGMA-NPs in aqueous pluronic solution as the 

temperature is increased from 25 oC to 40 oC show a steady decrease 

(Figure 6.6). No change in the rate of change of relaxivity is observed 

below 40 oC. However, between 40 oC and 45 oC, a significant drop in 

proton transverse relaxivity occurs at a rate significantly higher than the 

steady rate observed between 25 oC and 40 oC. 

 

 

Figure 6.6: Relaxivities coefficient (r2) of PNIPAM-PGMA-NPs (orange 

dots) and PGMA-NPs (blue squares) at different temperature. 
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6.5 Discussion 

 

The monodisperse 7-nm superparamagnetic iron oxides nanoparticles 

(Fe3O4 NPs) (Figure 6.2 (A)) have been successfully synthesized by an 

established procedure reported by Sun et al [63]. The obtained particles 

formed a stable dispersion in hexane that retained its stability without 

agglomerating.  

From TEM images in Figure 6.2 (A) and (B), polymer nanoparticles 

consist magnetite embedded in a PNIPAM-g-PGMA shell were 

successfully synthesized using nonspontaneous emulsfication process. 

The combination of PNIPAM with PGMA was verified with 1H NMR and 

FTIR in Figure 6.1 and Figure 6.2 (E). 

DLS observation indicated that PNIPAM-PGMA-NPs have a typical 

negative thermoresponsive volume phase transition characteristics 

[437, 439]. DLS data validated the lower critical solution temperature to 

be 32 oC. The plausible explanation for this is due to the complex 

dissociation of the interactions between PNIPAM and water molecules 

mediated by the breakage of hydrogen bonds [240]. Therefore, when the 

temperature was increased above the LCST (T > 32 oC of PNIPAM), the 

hydrodynamic size of the nanoparticles decreased significantly because 

the PNIPAM segment gradually becomes hydrophobic and shrinks in 

water (Figure 6.3). Decrease in temperature below LCST (T > 32 oC) 

favours the formation of hydrogen bonding between PNIPAM and water 

resulting in the expansion of PNIPAM-PGMA chains. The control 

experiments, using the PGMA-NPs showed no shift in the particle size as 

a function of temperature (Figure 6.3). This observation indicated that the 

size changes observed in the composite polymer nanoparticles were 

contributed by the PNIPAM component. DLS analysis confirmed the non-

aggregation behaviour of PNIPAM-PGMA-NPs and PGMA-NPs in 



 193 

pluronic F-108 solution. However, both PNIPAM-PGMA-NPs and PGMA-

NPs were observed to be unstable in water.  

The aggregation behaviour of the magnetic nanoparticles is governed by 

their surface properties and their interaction with the solvent molecules. 

Furthermore, it is critical for any nanoparticle formulation to be colloidally 

stable for their end use applications especially in tissue engineering, drug 

delivery and as an MRI contrast agent. Magnetic resonance relaxation 

has found significant importance in the field of medical diagnostics 

especially in MRI and related techniques [440]. Despite the higher spatial 

resolution, detection of small tissue continues to be a significant limitation 

with the use of MRI. Magnetic nanoparticles have been employed as 

contrast agents to circumvent this limitation. Magnetic nanoparticles 

accelerate the relaxation rates (longitudinal or traverse) thereby 

improving the contrast between the pathological legion and normal tissue. 

The magnetic nanoparticles induced relaxation rates are strongly 

correlated with the physicochemical parameters such as size, 

composition and surface coating of the magnetic nanoparticles [440]. The 

size of the magnetic nanoparticles has significant effect on MRI contrast. 

In order to elucidate the effect of nanoparticle size on traverse relaxation 

time (T2) contrast enhancement, magnetite nanoparticles of different 

sizes (4, 6, 9 and 12 nm) were synthesised. The nanoparticle size was 

found to have a positive influence on the magnetic saturation which 

significantly increased the T2 values mediated MRI contrast [440, 441]. In 

an another approach, the controlled encapsulation of 7.4 nm magnetic 

nanoparticle clusters within the amphiphilic poly(ethylene oxide-co-

lactide) micelles has been shown to produce significant contrast (r2) 

compared to the commercially used Feridex®. Encapsulation of magnetic 

nanoparticles within the pH responsive poly(NIPAM-AA) hydrogel have 

been shown to significantly enhance the transverse relaxation rates 

corresponding to the increase in the pH of the solution reaching the 
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maximum value of 505 mM-1s-1 at pH 7 which was theorised to be caused 

by the lowering of the diffusion coefficient of water near the particle 

surface with the increasing pH [442]. Interestingly, linear alignment of 

polyelectrolyte stabilised magnetic nanoparticles has been shown to 

facilitate their entry into the brain tissue through the circulatory system 

and therefore can be used to image brain capillary network. As little as 

0.4 mL of colloidal linearly aligned nanoparticles was shown to provide 

significant improvement in the longitudinal weighted image contrast (T1) 

within 13.6 sec post injection [124]. T1 contrast effects are also 

dependent on the nanoparticle size where with the reduction in the 

particle size enhances contrast which has been attributed to the 

magnetically disordered spin layers on the nanoparticle surface which 

makes the dominant contrast effects of the magnetic nanoparticle [440]. 

Extremely small-sized iron oxide nanoparticles with 3 nm diameter were 

shown to exhibit a significantly higher T1 contrast effect as compared to 

the 12 nm particles, which has been attributed to the large number of 

surface Fe+3 ions with 5 unpaired valence electrons [443]. In vivo MRI 

imaging revealed that extremely small-sized iron oxide nanoparticles had 

longer circulation time than the commercial gadolinium complex-based 

contrast agent facilitating high resolution imaging of blood vessels with 

sizes down to 0.2 mm [443]. The composition of magnetic nanoparticles 

is another factor with a significant influence on MRI contrast. The metal 

ferrite nanoparticles using transition metal dopants such as Mn, Ni and 

Co were fabricated by substituting Fe2+ in the octahedral sites of 12 nm 

nanoparticles [440, 444]. Mn doped iron oxide nanoparticles 

demonstrated the highest r2 values resulting in significantly superior 

contrast in a small tumor xenograft model (50 mg) as compared to other 

doped-nanoparticles [444]. Subsequently, the incorporation of Zn [445] as 

dopant in the metal ferrite nanoparticles or rare-earth metal like Gd-

embedded iron oxide nanoparticles [446] has been shown to significantly 

enhance T2 and T1 values, respectively compared to the iron oxide 
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nanoparticles of the same size. Despite the advantage in terms of 

improvement in MRI contrast, the use of dopants especially rare earth 

metals, raises significant safety concerns and therefore, needs to be 

considered before translation into the clinic. 

More interestingly, superparamagnetism was conserved, indicating that 

the polymerization conditions had no effect on the intrinsic magnetic 

properties of the iron oxide nanoparticles used. The difference in the 

blocking temperature could be attributed to the amount of Fe content and 

the shielding effect of the polymer coating which disrupt the inter-particle 

and particle-field interactions. This could cause particle spin canting effect 

at the polymer coating layer in addition to the broken symmetry due to 

crystalline disorder, reduced coordination, and broken exchange at the 

particle surface [434]. 

As the temperature of a suspension of PNIPAM-PGMA-NPs in pluronic 

solution is increased, the mean hydrodynamic radius of the PNIPAM-

PGMA-NPs started to decrease at approximately 32 oC. The rate of mean 

hydrodynamic radius decrease with temperature reaches its maximum 

value at approximately 35 oC (Figure 6.6). As the temperature is 

increased further, the rate of mean hydrodynamic radius decrease slows. 

By 45 oC, the mean hydrodynamic radius reaches a mean value that is 

about 60% lower than that observed at 32 oC. The range of temperatures 

over which the change in mean hydrodynamic radius is observed (32 oC 

to 45 oC) most likely represents the range of temperatures between the 

LCST and the UCST (upper critical solution temperature).  

The observation from proton transverse relaxivity (r2) indicates that the 

significant decrease in mean hydrodynamic radius observed between 32 
oC and 40 oC has no significant effect on the proton transverse relaxivity 

suggesting that any collapse of the PNIPAM is not restricting diffusive 

access of water molecules to the magnetic core of the particle. 
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Meanwhile, a significant drop in r2 between 40 oC and 45 oC suggesting 

that between 40 oC and 45 oC there is a significant reduction of diffusive 

access of water molecules to the magnetic core of the particles. Above 45 
oC, the proton relaxivity continues to decline steadily with increasing 

temperature at a slower rate. Taken together, these data suggest that the 

collapse of the PNIPAM polymer chains into a hydrophobic shell as 

temperature is increased is a gradual process that occurs over a 

temperature span from approximately 32 oC to 45 oC. The fact that no 

change in the rate of change of proton transverse relaxivity is observed 

below 40 oC suggests that no particles have reached full collapse by 40 
oC. This observation suggests that the observed decrease in mean 

hydrodynamic radius is a result of all particles partially and continuously 

collapsing over the temperature range rather than a result of an increase 

in the fraction of a collapsed particles in a mixed population of extended 

and collapsed particles. At 40 oC, the mean hydrodynamic radius of the 

PNIPAM-PGMA-NPs is approximately 75% of its value below 32 oC and 

yet there is no significant restriction of diffusive access of water to the 

magnetic core of the particle. Somewhere between 40 oC and 45 oC, the 

remaining collapse of the PNIPAM polymer into a hydrophobic shell with 

a hydrodynamic radius 65% of its original value appears to have the 

effect of abruptly shutting off the diffusive access of water to the magnetic 

core of the nanoparticle. Since PGMA-NPs showed no change in the rate 

of change of hydrodynamic size or r2 values with change in temperature, 

it can be confirmed that observed temperature induced effects in the 

PNIPAM-PGMA-NPs suspensions have been contributed solely by the 

grafted PNIPAM moiety.  
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6.6 Conclusions 

 

We have synthesised a thermoresponsive magnetic nanoparticle system 

comprising 7 nm magnetic iron oxide (magnetite) nanoparticles 

embedded in a PNIPAM-g-PGMA shell. The PNIPAM-PGMA-NPs show 

colloidal stability in pluronic F-108 solution. DLS and proton relaxometry 

measurements as a function of temperature indicate that the PNIPAM is 

extended in a hydrophilic form below 32 oC, and gradually collapses to a 

hydrophobic shell with increasing temperature between 32 oC and 45 oC. 

Solvent water molecules have diffusive access through the PNIPAM to 

the PGMA core up to temperatures of 40 oC. Between 40 and 45 oC, 

diffusive access of water through the PNIPAM to the PGMA core is 

abruptly shut off so that above 45 oC a collapsed PNIPAM hydrophobic 

shell around the PGMA core restricts diffusive access of water molecules 

to the PGMA core.  
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Chapter 7 

Temperature-Dependent Release 
of Lomerizine from 
Thermoresponsive Poly(N-
isopropylacrylamide)-
Poly(glycidyl methacrylate) 
(PNIPAM-PGMA) coated Iron 
Oxide Nanoparticles 

 

7.1 Introduction 

 

In the last decade, significant attention has been devoted to the 

development of new drug delivery systems (DDSs) with different 

physicochemical properties. The construction of appropriate carrier 

materials of active substances for controlled release is one of the major 

ongoing research areas in delivery systems. Among them are, core-shell 

type nanoparticles, comprising iron oxide nanoparticles coated with 

polymers with desirable surface properties [447-449]. Such systems have 

garnered much attention in magnetic resonance imaging [450], targeted 

drug delivery [451] and magnetic hyperthermia [177, 178]. Poly(glycidyl 

methacrylate) (PGMA) has been exploited in several studies owing to the 

availability of the epoxide functionality groups [14-17, 435] which enable 
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efficient functionalization through nucleophilic ring opening reactions 

making PGMA an ideal choice for the binding of PNIPAM. PNIPAM is 

commonly used as the shell material of the core–shell particles due to 

their lower critical solution temperature (LCST) at 32 °C [300, 301, 452, 

453], which is close to human body temperature.  

Grafting PNIPAM onto the particle surface has been reported to introduce 

a thermoresponsiveness [454, 455] to colloid systems. It has been 

hypothesised that by raising the temperature above LCST, the PNIPAM 

coating loses water due to the attractive segmental interactions between 

the hydrophobic isopropyl groups of the PNIPAM chains [456], causing 

the intense shrinkage of its volume. However, when the temperature is 

lower than LCST, the PNIPAM coating is hypothesised to absorb water, 

leading the increase in its volume [457-459].  

Lomerizine (KB-2796, 1-[bis(4-fluorophenyl)methyl]-4-(2,3,4-

trimethoxybenzyl)piperazine dihydrochloride) is an antagonist of L- and T-

type voltage-gated calcium channels that protects against secondary 

degeneration following neurotraumatic injury. However, lomerizine has 

limited aqueous solubility and is rapidly excreted [460]. In this work, we 

investigate the release properties of lomerizine from PNIPAM-PGMA 

nanoparticles at pH 5.0 at 25 oC and 45 oC.  

The aim of this study was to develop a nanoparticle platform with 

superparamagnetic and controllable drug release capabilities by utilizing 

the reversible LCST of PNIPAM itself. 
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7.2 Materials and Methods 

7.2.1 Synthesis of Iron Oxide (Fe3O4) Nanoparticles 

 

Details of the synthesis are given in section 5.2.1. In brief, Fe3O4 was 

synthesized by the high-temperature organic decomposition of Fe(acac)3 

in benzyl ether at 300 °C, in the presence of oleic acid, oleyl amine, and 

1,2-tetradecanediol, as previously described [63].  

 

7.2.2 Synthesis of PNIPAM-g-PGMA 

 

The polymer was prepared by reversible addition–fragmentation chain 

transfer polymerization of carboxy terminated poly (N-

isopropylacrylamide) (PNIPAM) and poly (glycidly methacrylate) (PGMA). 

PGMA was kindly provided by Dr Marck Norret of The University of 

Western Australia. Poly (glycidyl methacrylate) (PGMA; Mw 360,920 g 

mol-1) (50.00 mg) dissolved in 1.20 mL methyl ethyl ketone (MEK) was 

added dropwise to carboxy terminated poly (N-isopropyl acrylamide) (100 

mg) (PNIPAM-COOH; Sigma Aldrich; Mn 3500, Mw 12,300). 

Polymerization was carried out in a thermostatic oil bath at 80 oC for 24 

hours. The mixture was precipitated into diethyl ether from MEK [436]. 

Then, the product was filtered and washed three (3) times with diethyl 

ether to remove the unreacted polymer. The final white powder product 

was obtained after vacuum drying for 24 h (32.00 mg, yield: 21%). The 

obtained samples have been denoted as PNIPAM-g-PGMA.  
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7.2.3 Synthesis of Polymer Nanoparticles 

 

Nanoparticles were prepared using a nonspontaneous emulsification 

route. The organic phase was prepared by dispersing iron oxide 

nanoparticles (25 mg) and lomerizine dihydrochloride (10 mg) and 

dissolving PNIPAM-g-PGMA (75 mg) or PGMA (75 mg) in 1:3 ratios of 

CHCl3 and MEK (6.00 mL). The organic phase was added dropwise, with 

rapid stirring, to an aqueous solution of PluronicÒ F-108 in Tris buffer at 

pH 9 (1.25% w/v, 30.00 mL). The resulting emulsion was homogenized 

with a probe-type ultrasonicator (BioLogics Model 3000 Ultrasonic 

Homogeniser) at low power for 1 minute to form the nanoparticles. The 

organic solvents were allowed to evaporate overnight under the flow of 

N2. Excess polymer and large aggregated magnetite were removed by 

centrifugation at 3000g for 45 minutes. The magnetic polymeric 

nanoparticles were collected on a magnetic separation column (LS, 

Miltenyl Biotec), washed and eluted using Pluronic F-108Ò in Tris buffer 

before further use. 

 

7.3 Characterisation Techniques 

 

TEM, ATR-FTIR, magnetic measurement, dynamic light scattering and 

zeta potentials were conducted as described in section 3.1, 3.2, 3.6 and 

3.7, respectively.  

The lomerizine loading and release of the nanoparticles was quantified as 

shown in section 3.9.2. Data are presented as the mean for each group + 

standard error of the mean (mean + SEM). The release of lomerizine 

from nanoparticles was performed at 25.0 ± 0.1 °C and 45.0 ± 0.1 °C in 
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phosphate buffered saline (PBS) at pH 5.0 and 7.4 at different time 

intervals. Nanoparticles (10 mg) were dispersed in PBS (10 mL) and this 

suspension was divided into micro tubes (1.5 mL) with 500  µL each. At 

given time intervals, 3 sample micro tubes were taken out and centrifuged 

(17,000g, 10 min) to pellet down nanoparticles. Supernatant from each 

sample micro tube containing the released lomerizine was collected 

separately and lyophilized. The lyophilized products were reconstituted in 

acetonitrile (150 µL) and centrifuged (17,000g, 10 min) to remove any 

undissolved products. Three aliquots of the supernatant per sample were 

analysed by reverse phase-high performance liquid chromatography (RP-

HPLC) using a similar procedure to Waki and Ando [350]. The 

measurements were run on a Waters 2695 separation module using 

isocratic elution with 69:31 acetonitrile/0.1% potassium phosphate buffer 

(pH 6) at 10.0 mL min-1 through a C18 column (150 Å x 4.60 mm, 5 µm, 25 

± 5°C). The eluent was monitored with a Waters 2489 UV/Vis at 210 nm. 

Each sample was run for 15 min and the integrated area of the largest 

peak between the retention times 10-12 min was used to calculate the 

lomerizine concentration.  

The loading of lomerizine in nanoparticles was determined by adding 

acetonitrile (2 mL) and sonicating in an ultrasonic cleaning bath (10 min). 

Samples were left for 1 hr, centrifuged to remove nanoparticles (17,000g, 

10 min) and analysed by RP-HPLC as above. The concentration of 

lomerizine in acetonitrile was determined from the peak area and was 

compared with the previously prepared calibration curve (R2=0.999, 

Appendix C.1). The calibration curve of lomerizine was generated by 

taking peak area versus lomerizine concentration between 5 and 85 

µg/mL as parameters. For this interval, the calibration curve fits Lambert 

and Beer's law with the parameters: 

! = 45665" - 44796 
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where ! is the absorbance and " is the concentration of lomerizine. The 

amount of lomerizine released was then plotted against time with error 

bars (where present), indicating the standard deviation from the three 

measurements (n=3). The percentage release was calculated using the 

following Equation 3.3. The loading (µg/g) of lomerizine was calculated 

using the following Equation 3.4. 

 

7.4 Results  

 

The 7-nm magnetite nanoparticles (magnetite; Fe3O4) (Figure 7.1 (B)) 

were successfully prepared via the high temperature decomposition of a 

mixture of Fe(acac)3 and oleic acid in the presence of benzyl ether [63]. 

The synthesised magnetite nanoparticles were approximately 7  ±  0.7 nm 

(mean ± standard deviation) as quantified using TEM.  

Subsequently, PNIPAM-g-PGMA copolymer were synthesized by 

dissolving poly (glycidyl methacrylate) (PGMA) and carboxy terminated 

poly (N-isopropyl acrylamide) in methyl ethyl ketone (MEK) (as illustrated 

in Figure 1 (A)). Polymerization was carried out at 70 oC for 24 hours 

under argon gas.  

The interaction of PNIPAM with PGMA was confirmed by 1H NMR 

spectra (see Figure 6.1) [436] and FTIR (see Figure 6.2 (E)) [437, 438] 

whereby characteristic signals of PNIPAM and PGMA blocks consistent 

with previous reported values were observed. 

The obtained copolymer was used to synthesize lomerizine loaded 

polymer nanoparticles via a nonspontaneous emulsification method in the 

presence of Fe3O4 nanoparticles and lomerizine dihydrochloride at pH 9.0 

of Pluronicâ F-108 in Tris buffer to prevent dissolution of lomerizine 
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during purification (see Figure 7.1 (A)). For this work, nanoparticles 

encapsulating magnetite and lomerizine with and without PNIPAM 

surface functionalization (PNIPAM-PGMA-Lo and PGMA-Lo respectively) 

were prepared. 
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Figure 7.1: (A) Synthetic route employed for the preparation of 

lomerizine loaded PNIPAM-PGMA nanoparticles. TEM micrograph of the 

nanoparticles: (B) magnetite, (C) PNIPAM-PGMA-Lo, (D) PGMA-Lo, (E) 

DLS analysis showing the particle size distribution of PNIPAM-PGMA-Lo, 

and (F) zeta potential of PNIPAM-PGMA-Lo at 25 oC and 45 oC in pH 5.0 

of Pluronic F-108Ò in Tris buffer. Scale bars: (B) 50 nm, (C) 200 nm, 

(insets: 20 nm), and (D) 200 nm (insets: 100 nm). 
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Transmission electron microscopy showing distribution of iron oxide 

nanoparticles within the polymer shell (Figure 7.1 (C) & (D)). The average 

diameters of the PNIPAM-PGMA-Lo and PGMA-Lo were determined from 

TEM images to be approximately 129 nm and 138 nm, respectively.  

Figure 7.1 (E) shows the hydrodynamic diameter distribution of the 

PNIPAM-PGMA-Lo in Tris buffer solution at pH 5.0 at 25 oC and 45 oC. 

The mean hydrodynamic diameter of the PNIPAM-PGMA-Lo at 25 oC is 

about 113 ± 2 nm with a non-significant increase in size (116 ± 3 nm) at 

45 oC. Analysis of PNIPAM-PGMA-Lo revealed no significant change in 

the zeta potential when PNIPAM-PGMA-Lo was heated to 45 oC (Figure 

7.1 (F)).  

Magnetic measurements of the polymer nanoparticles were carried out 

using a superconducting quantum interference device based 

magnetometer (SQuID; Table 7.1). The magnetization curves showed 

that all the samples exhibited a typical feature of superparamagnetism 

with no hysteresis being detected at room temperature (Figure 7.2). Both 

PNIPAM-PGMA-Lo (81.4 emu/g of Fe3O4) and PGMA-Lo (72.6 emu/g of 

the Fe3O4) nanoparticles have lower saturation magnetization than that of 

Fe3O4 nanoparticles (140.4 emu/g of Fe3O4). The result of low-saturation 

magnetization is attributed to the diamagnetic contribution of the polymer 

shells covering the Fe3O4 nanoparticles [461]. The coercivity for both 

PNIPAM-PGMA-Lo and PGMA-Lo at 5K was » 0.15 kOe and absent at 

300K. Meanwhile, the remanence for both PNIPAM-PGMA-Lo and 

PGMA-Lo at 5K was » 32.8 emu/g and 26.3 emu/g, respectively. Again, 

the remanence was absent at 300K. The ZFC curve shows a maximum at 

43 K and 48K and collapses into the FC curve at 65 K and 85 K for 

PNIPAM-PGMA-Lo and PGMA-Lo, respectively. 
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Table 7.1: Magnetic properties of polymer nanoparticles 

 

Sample Saturation 
magnetization 

(emu/g of Fe3O4) 

Coercivity, kOe Remanence                    
(emu/g of 

Fe3O4) 

300 K 5K 5 K 300 K 5 K 300 K 

PNIPAM-
PGMA-Lo 

81.4 93.2 0.15 0.00 32.8 0.0 

PGMA-Lo 72.6 82.4 0.15 0.00 26.3 0.0 
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Figure 7.2: SQUID magnetometry of PNIPAM-PGMA-Lo (blue dots) 

and PGMA-Lo (red circles) reveals superparamagnetic behaviour. (A) 

Hysteresis loop at 5K (inset), (B) The magnetization curve at 300K 

displays no hysteresis and shows a specific saturation magnetization of 

81.4 emu g-1 and 72.6 emu g-1 for PNIPAM-PGMA-Lo and PGMA-Lo, 

respectively. Zero-field-cooled (red circles) and field-cooled (blue dots) 

curves are coincident above ca. 65 K and 85 K for (C) PNIPAM-PGMA–

Lo and (D) PGMA-Lo, respectively. 
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Meanwhile, loading and release studies were conducted with lomerizine 

dihydrochloride as a model drug molecule. Lomerizine loading of 

PNIPAM-PGMA-Lo and PGMA-Lo was found to be 10.1%w/w (5.92 mg) 

and 16.6%w/w (3.06 mg) respectively. Next, the drug release profile of 

the two nanoparticle formulations was assessed at 25 oC (below lower 

critical solution temperature (LCST)) and 45 oC (above LCST) in PBS (pH 

5.0). The cumulative release of lomerizine from PNIPAM-PGMA-Lo over 8 

hours was 30.9% at 45 oC, which was significantly lower than 67.7% at 

25 oC (Figure 7.3).  

In control experiments, we found that PGMA-Lo had an almost similar 

percentage release at both 25 oC and 45 oC at pH 5.0. The maximum 

release of lomerizine from PGMA-Lo during initial 8 hours at 25 oC and 45 
oC was very low with 3.7% and 4.1% of the loaded lomerizine, 

respectively.  
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Figure 7.3: Cumulative release of lomerizine over time from (A) 

PNIPAM-PGMA-Lo and (B) PGMA-Lo at 25 oC (square symbols) and 45 
oC (rhombus symbols) in pH 5.0. 
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7.5 Discussion 

 

The purpose of this work was to determine the drug release capabilities 

of thermoresponsive and magnetic PNIPAM-PGMA nanoparticles using a 

lipophilic calcium channel blocker, lomerizine as the cargo model. Similar 

systems were studied in chapters 6, where detailed information was 

determined about the structure and stability of polymer nanoparticles. 

Here, we demonstrated that the drug release capabilities are correlated 

with the LCST of PNIPAM from hydrophilic to hydrophobic at 32 oC. The 

measurements of percentage of lomerizine released from the PNIPAM-

PGMA-NPs over different timescales up to 8 h at 25 °C and 45 °C (Figure 

7.3A) show that most of the lomerizine is released within the first few 

minutes. However, the PNIPAM-PGMA-NPs at 25 °C release 

approximately 60% of their loading in those first few minutes while the 

PNIPAM-PGMA-NPs at 45°C release only about 30% of their loading in 

those first few minutes. The PNIPAM-PGMA-NPs at 25 °C continue to 

release a small amount (about 10%) of lomerizine over the next 200 

minutes. However, the PNIPAM-PGMA-NPs raised to 45 °C show no 

strong evidence of continued release after the first few minutes. The 

lomerizine release process is initiated at the point that the PNIPAM-

PGMA-NPs in Tris-buffer are dispersed in PBS at pH 5.0. The dispersion 

process takes approximately 1.5 minutes and is immediately followed by 

heating in the water bath. It takes approximately 2 minutes for the 

samples to reach the target temperature of 25 °C and approximately 3 

minutes to reach the target temperature of 45 °C. The data suggest that 

the lomerizine is released rapidly (over a few minutes) upon dispersion in 

the PBS at pH 5.0 such that after a few minutes about 60% is released. 

The data also show that for the PNIPAM-PGMA-NPs heated to 45°C, the 

release process is inhibited presumably because the PNIPAM collapses 
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and traps the lomerizine as the temperature is raised.  Figure 7.3 (A) 

suggests that at least 70% of the lomerizine can be trapped in this way. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: Schematic representation of the conformational changes of 

lomerizine loaded PNIPAM-PGMA when the solution temperature is 

increased above the LCST of PNIPAM. 

 

A schematic representation of the putative conformational change of 

lomerizine loaded PNIPAM-PGMA-NPs is shown in Figure 7.4. At 25 oC, 

PNIPAM chains are expanded, in a hydrophilic state, which results in 

release of lomerizine from the PGMA core. At 45 oC, the PNIPAM chains 
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are collapsed and likely to block the release of lomerizine from the PGMA 

core.  

At 45 oC, the PNIPAM chains are hydrophobic and insoluble and likely 

compact towards the centre to form curling coils [462], which would then 

shrink to form a collapsed globule, restricting the release of lomerizine (as 

illustrated in Figure 7.4). Conversely, PNIPAM forms extended hydrated 

chains at 25 oC, enabling the entrapped lomerizine to readily diffuse from 

the sphere of PNIPAM-PGMA core. These results suggest that the 

release of small organic molecules loaded in PNIPAM-PGMA can be 

controlled by the conformation of the PNIPAM chains. Furthermore, the 

release of lomerizine from both nanospheres was below the detectable 

limit at all times at pH 7.4 (data not shown). Lomerizine is insoluble in pH 

7.4, so it is unsurprising that no release was detected.  

It is important to note that this release mechanism is clearly different from 

PNIPAM-modified mesoporous systems [239, 240, 463, 464], since the 

major release rate was observed below the LCST, rather than above it. 

Maybe at high temperature, it increases the Fickian diffusion for these 

PNIPAM-modified mesoporous systems. Even though there are PNIPAM 

chains attached on the surface of the systems, maybe it is not enough for 

PNIPAM to block the diffusion of cargo from the systems. Meanwhile, 

similar results have been presented in a different PNIPAM-functionalized 

nanoparticle system, indicating a greater release of encapsulated product 

below LCST [241]. However, this release mechanism is quite similar with 

[460, 465] with the major release rate was observed at pH 5.0 followed by 

pH 6.0 at room temperature. They suggest that the dependence of the 

release rate on pH is likely due to the pH-dependent solubility of 

lomerizine itself and therefore drug release probably occurs simply by 

diffusion [465]. However, the extent of the lomerizine release from the 

modified nanospheres was reduced by polyethylenimine (PEI) on the 

particle surface. This was perhaps a result of steric hindrance or 
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electrostatic interactions between the drug and PEI, both of which carry a 

positive charge in acidic solution [460].  

This experimental system helps us understand how changing the 

conformational state of a stabilizing polymer affects the diffusion of drugs 

from a nanoparticle system. The results indicate that collapsing of the 

polymer to a hydrophobic shell can reduce the diffusion of lomerizine 

during the release experiment.  

 

7.6 Conclusions 

 

In summary, we successfully synthesized temperature responsive 

polymer (PNIPAM-PGMA) by a simple polymerization reaction at high 

temperature involving the bonding of PNIPAM chains to PGMA. This was 

followed by the encapsulation of magnetite (Fe3O4) nanoparticles and 

lomerizine using a nonspontaneous emulsification. The magnetic 

properties of all nanoparticles still are presented as superparamagnetism 

even after the surface is coated with PNIPAM. The results showed that 

the PNIPAM shell could limit the release rate of lomerizine above the 

LCST. However, below the LCST the rate of lomerizine release increased 

significantly. We have demonstrated the relative retention of lomerizine in 

PNIPAM-PGMA at 45 oC and the relative release of lomerizine at 25 oC in 

acidic conditions at 25 oC. Such a system has the necessary properties 

for a temperature activated release system. Therefore, it is our challenge 

to find a system that has a collapsed shell at low temperature and 

extended shell at high temperature. 
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Chapter 8 

Chain Formation of PNIPAM 
coated Magnetic Nanoparticles in 
an External Magnetic Field and 
the Effect of Temperature 

 

8.1 Introduction 

 

Magnetic field-induced self-assembly of magnetic inorganic nanoparticles 

has been studied extensively for particles having different sizes and 

compositions. However, relatively little attention has been devoted to how 

the surface chemistry of polymer nanoparticles affects their self-assembly 

properties. Inorganic nanoparticles can be self-assembled [466]

 

into 

nanostructured materials with emergent properties that differ considerably 

from those of isolated NPs, or those of the bulk solid state [467-469].

 

Self-assembly of nanoparticles becomes more important because novel 

collective and exceptional properties can be produced in the ordered 

array of nanoparticles [470-472]. Nanoparticles can be organized into 

ordered structures either through intrinsic interparticle interactions or 

extrinsically using a template or an external field. More recently, methods 

using external fields such as magnetic fields have emerged as key 

methods to direct the assembly of inorganic nanoparticles. Through 
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magnetic fields, inorganic nanoparticles can be oriented and assembled 

by dipolar interactions completely and effectively [473, 474].  

Over the last 50 years, poly (N-isopropylacrylamide) (PNIPAM) has been 

one of the more extensively studied thermosensitive polymers, since it 

can change its structure and physical properties in response to changes 

of temperature. In deionized water, PNIPAM has a volume phase 

transition temperature around 32 °C where it exhibits a dramatic volume 

change [19, 430, 475]. 

Here, we synthesized thermoresponsive polymer nanoparticles that are 

capable of forming chains in an external magnetic field at 25 oC and 45 
oC. The magnetic field turns on the dipolar interactions between the 

polymer nanoparticles. Conformation of the PNIPAM chain is sensitive to 

the changes of temperature of the aqueous solution [299, 476-479] and 

hence we are also able to modify the surface interactions by changing 

temperature. In this work, we present the first direct observation of 

polymer nanoparticle chain formation in a magnetic field based on 

temperature induced surface properties of PNIPAM layer.  

 

8.2 Materials and Methods 

8.2.1 Synthesis of Polymer Nanoparticles 
 

The details of the polymer nanoparticle synthesis for this chapter are 

given in section 6.2. The particles used for this chapter were iron oxide 

nanoparticles coated with oleic acid and dispersed in hexane. The 

nanoparticles were produced by the high-temperature organic 

decomposition of Fe(acac)3 in benzyl ether. 
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Then, the copolymer of PNIPAM-g-PGMA was synthesized according to 

section 6.2.2. Subsequently, the polymer-iron-oxide-nanoparticle 

composites were fabricated using the synthesized PGMA grafted 

PNIPAM copolymer to encapsulate the magnetite nanoparticles 

(PNIPAM-PGMA-NPs) while PGMA encapsulated magnetite 

nanoparticles (PGMA-NPs) were synthesized as a control (see section 

6.2.3 for details). 

 

8.3 Characterisation Techniques 

 

The particle size of nanoparticles was determined using transmission 

electron microscopy (TEM) (see section 3.1 for details) of dried PNIPAM-

PGMA-NPs and PGMA-NPs. ATR-FTIR, 1H NMR, magnetic 

measurement, dynamic light scattering and zeta potentials were 

measured using methods as given in 3.2, 3.3, 3.6 and 3.7, respectively.  

To visualize the linear aggregation of polymer nanoparticles, TEM was 

performed on samples using a JEOL 2100 electron microscope operated 

at 120 kV. PNIPAM-PGMA-NPs and PGMA-NPs were suspended in 

water solution at 25 oC and 45 oC. To make samples at 45 oC, the 

solution (0.01 mg/mL) was sonicated for 2 minutes in a probe 

homogenizer and then placed into a water bath at 45 oC for 30 minutes 

and then sonicated for a further 2 minutes with the probe homogenizer. 

To supply the external magnetic field, two NdFeB permanent magnets 

75x75x25 mm were fixed with a separating distance of 20 mm at 25 oC 

and 45 oC. PNIPAM-PGMA-NPS and PGMA-NPs suspensions were 

pipetted onto a continuous 200-mesh carbon-coated copper grid and left 

to dry in air for a few hours before commencing the measurements. A 
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similar procedure was applied for samples at 25 oC and 45 oC without the 

influence of magnetic field.  

Scanning electron microscopy (SEM) images were acquired using a 

Zeiss 1555 VP-FESEM and imaged with an accelerating voltage of 3.00 

kV. PNIPAM-PGMA-NPs and PGMA-NPs were suspended in water 

solution at 25 oC and 45 oC. To make samples at 45 oC, the solution was 

sonicated (0.01 mg/mL) for 2 minutes in a probe homogenizer and then 

placed into a water bath at 45 oC for 30 minutes and then sonicated for a 

further 2 minutes with the probe homogenizer. To supply the external 

magnetic field, two permanent magnets 75x75x25 mm were fixed with a 

separating distance of 20 mm at 25 oC and 45 oC. Prior to SEM imaging, 

samples were coated with 5 nm of platinum. The purpose of coating is to 

ensure the sample was able to undergo electron bombardment without 

any charging effect. The suspension was deposited onto a flat surface 

evenly on top of an aluminium sample stub that was mounted with a 

double-sided carbon tape and cover slip. The double-sided carbon tape 

was used to eliminate any possible discharge of the powder sample from 

the surface of the sample stub while scanning was done. The polymer 

nanoparticles were then imaged once the sample had been dried. A 

similar procedure was applied for samples at 25 oC and 45 oC without the 

influence of magnetic field. 

Meanwhile, the proton transverse relaxation rates of aqueous 

suspensions of the polymer nanoparticles were measured as a function of 

particle concentration at 25 oC and 45 oC using a Bruker Mq60 Minispec 

NMR analyzer. Proton transverse relaxation times (T2) were obtained 

using a Carr-Purcell-Meiboom-Gill (CPMG) [86, 87] spin-echo pulse 

sequence (2000 echoes) with an echo spacing of 0.2 ms. Relaxation rate 

measurements were recorded every 15 seconds for a period of 

approximately 20 minutes. Each sample (500 μL) was transferred into a 

7.5-mm NMR tube and sealed with an airtight cap and vortexed. Samples 
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were prepared by diluting to a specific concentration between 0.01 and 

0.57 mM of iron. Samples were briefly equilibrated in an external water 

bath for at least 15 minutes to eliminate temperature differences between 

sample and the relaxometer.  

 

8.4 Results  

8.4.1 Characterisation of the Nanoparticles 

 

In the current work, magnetite (Fe3O4) nanoparticles were synthesized by 

an established procedure reported by Sun et al [63]. The obtained 

particles formed a stable dispersion in hexane that retained its stability 

without agglomerating. The magnetite nanoparticles are in a 

ferromagnetic state at 5K, showing a coercivity of 150 Oe while no 

coercivity is observed at 300K (Figure 8.2).  In the field-cooled curve, the 

magnetization nearly stays constant from 2 to 60K and then shows a 

steady decay as the temperature increases. A maximum magnetization 

can be observed in the ZFC curve at about 60K, indicating that the 

characteristic blocking temperature (TB) of the magnetite nanoparticles is 

about 60K. The shape of the ZFC curve also suggests a relatively narrow 

size distribution of the magnetite nanoparticles.  

Subsequently, the PNIPAM-g-PGMA copolymer was synthesized by end 

grafting PNIPAM-COOH with PGMA via a ring-opening reaction with the 

epoxy group [14-17, 435, 480]. Similar copolymers were studied in 

chapter 6, where detailed information on the structure was determined 

from 1H NMR and ATR-FTIR as evidenced in Figure 6.1 and 6.2 (E), 

respectively.  
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Figure 8.1:  (A) DLS analysis showing the hydrodynamic particle 

size distribution of PNIPAM-PGMA-NPs at 25 oC (red dots) and 45 
oC (blue square) in Pluronic® F-108 and (B) zeta potential of 

PNIPAM-PGMA-NPs at 25 oC and 45 oC in Pluronic® F-108.  

 

Subsequently, the Fe3O4 encapsulated into PNIPAM-PGMA and into 

PGMA as a control with mean diameters of 100 ± 4.7 (see Figure 6.2 (B)) 

and 110 ± 4.6 nm (see Figure 6.2 (C)) were fabricated using oil in water 

emulsion method. As determined from DLS (Figure 8.1 (A)), the average 

hydrodynamic diameter of the PNIPAM-PGMA-NPs at 25 oC was 144.6 ± 

3.2 nm with a significant decrease (64.4 ± 5.3 nm) at 45 oC. Further, 

analysis of PNIPAM-PGMA-NPs at 25 oC (2.8 ± 0.5 mV) and 45 oC (-2.8 

± 0.4 mV) revealed a small negative shift in the zeta potential distribution 

(Figure 8.1 (B)). 
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Figure 8.2: SQUID magnetometry of Fe3O4 nanoparticles reveals 

superparamagnetic behavior. (A) Hysteresis loop at 5K (red circles).  The 

magnetization curve at 300K (blue dots) displays no hysteresis and 

shows a specific saturation magnetization of 140.4 emu g-1 of Fe3O4. (B) 

Zero-field-cooled (red circles) and field-cooled (blue dots) curves are 

coincident above ca. 60 K. 

 

Both PNIPAM-PGMA-NPs and PGMA-NPs show the same 

superparamagnetic behavior (see Figure 6.5). Magnetic measurements of 

PNIPAM-PGMA-NPs and PGMA-NPs exhibit superparamagnetic 

behavior without magnetic hysteresis or remanence at room temperature.  

 

The proton transverse relaxation rate (R2) was measured for aqueous 

suspensions of PNIPAM-PGMA-NPs and PGMA-NPs with three (3) 

different concentrations as a function of time. R2 appears to decay with a 

steadily decreasing rate of decay with time for both systems at each 

concentration (Figure 8.3). The fractional decrease in R2 as a function of 
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time suggests chain formation [390, 481]. It is observed that for all 

concentrations, the magnitude of the fractional reduction in R2 for 

PNIPAM-PGMA-NPs at 25 oC is more than PNIPAM-PGMA-NPs at 45oC 

except PNIPAM-PGMA-NPs at 1.0 M. Meanwhile, the magnitude of the 

fractional reduction in R2 for PGMA-NPs at 45 oC is slightly more than the 

PGMA-NPs at 25 oC except PGMA-NPs at 1.0 M.  

 

 

Figure 8.3: Relaxation rates, R2 versus time for PNIPAM-PGMA-

NPs at (A) 25 oC and (B) 45 oC and for PGMA-NPs at (C) 25 oC and 

(D) 45 oC at different concentration of iron in nanoparticles. 
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The alignment of the nanoparticles was visualized with TEM and SEM in 

the presence of and without a magnetic field. Figures 8.4 (A) and (D) 

present the TEM images of PNIPAM-PGMA-NPs and PGMA-NPs without 

magnetic field, respectively. In the absence of an external magnetic field, 

the particles remain randomly distributed and do not show the sign of 

chain formation. A typical TEM image of PNIPAM-PGMA-NPs in 

Figure 8.4 (C) reveals that at 45 oC in a field these nanoparticles tend to 

form wider and longer thick chain-like structures with length between 46 

and 50 µm and 7 µm in width. The thickest of long-chain like structures 

maybe owing to PNIPAM layers in PNIPAM-PGMA-NPs. However, only 

thin-chainlike structures (Figure 8.4 (B)) were observed for PNIPAM-

PGMA-NPs in a field at 25 oC with lengths between 5 and 22 µm. Only 

short thin-chainlike structures can be found in a representative TEM 

image of PGMA-NPs (Figure 8.4 (E) and (F)) at 25 oC and 45 oC with 

lengths between 2 and 16 µm. 
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Figure 8.4: TEM micrograph of the nanoparticles: (A) PNIPAM-

PGMA-NPs and (D) PGMA-NPs in the absence of external 

magnetic field at 25 oC. Chain-like structures of PNIPAM-PGMA-

NPs and PGMA-NPs at 25 oC (B and E) and 45 oC (C and F) in the 

presence of external magnetic field. Insets showing the details of 

the chain-like structures of nanoparticles. Scale bar: (A) 2 µm, (B) 5 

µm, (C), (D), (E) and (F) 10 µm, (insets: (B), (E) and (F) 2 µm; (C) 5 µm). 

When a drop of the PNIPAM-PGMA-NPs suspension was dried on a 

cover slip without an external field, both polymer nanoparticles were 

found randomly oriented (Figure 8.5). It shows that these nanoparticles 

have a relatively narrow size distribution and spheroidal shape.  
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Figure 8.5: SEM micrographs of (A) and (B) PNIPAM-PGMA-NPs and 

(C) and (D) PGMA–NPs without magnetic field applied. There is no 

chaining formation observed for both nanoparticles. Scale bars: (A) 2 µm, 

((C) 2 µm and (D) 1 µm. 

 

For PGMA-NPs, no chaining was observed in a magnetic field at both 

temperatures (Figure 8.6). However, chaining was observed for the 

PNIPAM-PGMA-NPs prepared in a magnetic field (Figure 8.7). Chaining 

was observed as thick, long chain-like clusters at 45 oC and thin short 

chains at 25 oC. In the lower magnification micrograph (Figure 8.7 (A)), it 

can be clearly seen that the PNIPAM-PGMA-NPs heated at 45 oC form 

some parallel chains with length between 2 and 10 µm. In contrast at 25 
oC (Figure 8.7 (C)), PNIPAM-PGMA-NPs form short parallel chains with 

length between 0.8 and 2.8 µm.  
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Figure 8.6: SEM micrographs of PGMA–NPs at (A) 25oC and (B) 45oC 

with magnetic field applied. There is no difference in morphology between 

the PGMA-NPs without and with magnetic field applied (Figure 8.5 (C) 

and (D)). The morphology appears disorderly and randomly distributed. 

Scale bars: (A) and (B) 2 µm. 
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Figure 8.7: SEM micrograph of PNIPAM-PGMA-NPs nanoparticles 

at (A and B) 45 oC and (C and D) 25 oC in the presence of external 

magnetic field. Scale bars: (A) 10 µm, (B) and (C) 2 µm and D) 1 µm. 

 

8.5 Discussion 

 

The fractional decreases in R2 as a function of time for the aqueous 

suspensions of the magnetic nanoparticles suggests chain formation 

[390, 481]. The magnitude of the fractional reduction in R2 was observed 

to decrease as the concentration of nanoparticles decreased for both 

temperatures. As the concentration of iron nanoparticles decreases, the 
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magnetic interaction force between the polymer nanoparticles is also 

less. When the magnetic interaction is less, it will take longer for the 

particles to form chains. Particles need to diffuse into close proximity 

before the interaction is strong enough to cause two particles to 

aggregate. 

The magnetic nanoparticles tend to align along the direction of the field 

when we apply the magnetic field to the suspension. In order to measure 

the relaxation rates, a 90o radiofrequency (RF) pulse is applied. At this 

stage, the protons are precessing in-phase. The protons start de-phasing 

when the RF pulse is removed. The magnetic field around the 

nanoparticles is anisotropic. The protons at the poles precess at higher 

frequency than the protons at the equator owing to the addition of the 

magnetic field from the particle to the applied field at the poles and the 

opposition of the magnetic field from the particle to the applied field at the 

equator. The anisotropic nature of magnetic forces gives rise to the chain 

like structures in magnet suspensions owing to the dipole interactions 

between dipoles aligned with the applied field direction. As the length of 

chain increases more protons are displaced away from the poles towards 

equator. This reduces the number of protons at the poles and hence 

reduces the overall variability of magnetic field sensed by the protons and 

hence reduces the overall transverse relaxation rate.  

From another perspective, the proton transverse relaxation rate is 

proportional to the spread in proton Larmor frequency, Dw. The spread in 

Larmor frequency is proportional to the magnetic field gradient. Hence, as 

the magnetic field gradient is reduced with chain formation, the spread in 

the proton Larmor frequency,  Dw is also reduced. As a result, the 

transverse relaxation rates decreases with chain formation. Hence, chain 

formation is related to the decrease in transverse relaxation rates. 
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For the PNIPAM-PGMA-NP, both the TEM and SEM results indicate that 

longer and thicker chains were formed at the higher temperature. One 

possible explanation for this phenomenon is the formation of small 

aggregates of particles that likely form as the PNIPAM polymer becomes 

more hydrophobic above the transition temperature. Chain formation then 

likely progresses through the chaining of aggregates rather than 

individual nanoparticles. Aggregates have larger magnetic moments and 

move faster in a given magnetic field and field gradient thus facilitating 

faster chain formation. Further evidence for this picture is seen in the R2 

vs time plots in Figure 8.3. At the highest concentration of 1 M, 

aggregates are much more likely to form than at the much lower 

concentrations of 0.1 M and 0.01 M. Chain formation, as detected by 

decreasing R2, is more rapid at 45 oC for the PNIPAM-PGMA-NPs at a 

concentration of 1 M, whereas at the lower concentrations, chain 

formation rates are similar (aggregates less likely even in the hydrophobic 

state). 

Other factors that need to be considered in the rate of chain formation 

include the viscosity of water, which drops by approximately 33% 

between 25 oC and 45 oC. Thus the magnetophoretic mobility of particles 

will naturally increase at the higher temperature owing to the lower 

viscosity of water. This phenomenon could contribute to the small 

differences in chaining rate observed for the PGMA-NPs.  
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8.6 Conclusions 

 

In summary, we have shown that superparamagnetic iron oxide – 

polymer composite nanoparticles can form chains in aqueous suspension 

when exposed to an external magnetic field. By carrying out chain 

formation observations both below and above the transition temperature 

for PNIPAM, we have been able to demonstrate that the physico-

chemical properties of the polymer coating influence both the rate of 

chain formation and the characteristics of the resulting chains in the 

magnetic field.  Understanding the factors that determine rates of 

formation of chains in applied magnetic fields and the physical structure 

of chains of magnetic nanoparticles has widespread importance in the 

field of magnetic nanoparticles for biomedical applications since most 

applications involve applications of a magnetic field while particles are 

suspended in an aqueous medium.  Chain formation in a magnetic field 

could also potentially be used as a step in constructing novel 

nanostructures requiring linear aggregates of particles. 
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Chapter 9 

Heat Generation and Triggered 
Release of Drugs by Magnetite 
Nanoparticles under AC Magnetic 
Field 

 

9.1 Introduction 

 

The third topic of research presented in this thesis is the remote actuation 

of iron oxide nanoparticles in mesoporous silica and polymer systems. 

This chapter concentrates on the responses of superparamagnetic iron 

oxide nanoparticles to alternating current (AC) magnetic fields. Iron oxide 

nanoparticles, which are typically under 20 nm in diameter, consist of a 

single magnetic domain. Thus, these particles exhibit significantly higher 

magnetization in a field but do not preserve any magnetism once the 

magnetic field is removed [145].  

Remote control of magnetic nanoparticles has been studied as a way of 

delivering and maintaining an optimal therapeutic dose to patients [482]. 

There are several types of remotely actuated nanoparticles, including 

magnetic nanoparticles [483-487] and metallic nanoparticles [488-490].  

Qin and co-workers [491] demonstrated the controlled release of drug 

from sol-gel materials using magnetic nanoparticles. The mechanism of 
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transduction by the external magnetic field was through squeezing 

together of the micelles. Thus, application of a magnetic field increased 

the local concentration of drug and hence concentration gradient, 

resulting in an increased rate of drug release. More recently, the remote 

heating of magnetic nanoparticles has been used to enhance drug 

release through an increase in the drug’s diffusion rate [225] and through 

actuation of heat-based nanovalves [13].  

In this chapter, we set out to evaluate PNIPAM-PGMA-NPs and 

Fe3O4@mSiO2 with different silica shell thickness (i.e 45 nm, 63 nm and 

73 nm) for use as heat sources under alternating current (AC) magnetic 

fields. The concept is to utilize the heating effect as a stimulus to release 

drug molecules from the polymer or silica matrix of the particles. 

 

9.2 Materials and Methods 

9.2.1 Materials 

 

The details of preparation of Fe3O4@mSiO2 with different silica 

thicknesses (i.e 45 nm, 63 nm and 73 nm) and PNIPAM-PGMA-NPs are 

given in Chapter 5 and 6, respectively.  
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9.2.2 Temperature Actuation in Alternating Current (AC) 
Magnetic Field 

 

All measurements in the alternating current (AC) magnetic field were 

carried out as described in section 3.11. For SAR evaluation, 

approximately 500 µL of each sample was prepared by vortexing and 

brief sonication prior the measurement. The sample vial was insulated by 

a polycarbonate tube, and inserted into the heating coil of the induction 

heating supply so that the bottom of the tube is positioned at the center of 

the coil. The temperature of the solution was monitored in situ using a 

fiber optic temperature sensor (from Neoptix™) immune to radio 

frequency environments. Data was recorded using Opti-Link™, 

measuring temperature every 5 seconds. Measurements were conducted 

at 295 kHz frequency and a 19 kA/m magnetic field strength amplitude 

that was verified using an AC field probe (AMF Life Science).  

 

9.2.3 Determination of Rhodamine B Loading 

 

Rhodamine B (Rh-B) was used as the test molecule for triggered release. 

Rhodamine B (Rh-B) loading of silica nanoparticles was determined by 

suspending a known amount of silica nanoparticles in 3 mL methanol and 

stirring overnight. The solid was separated via centrifugation and the 

supernatant was diluted with methanol. The absorbance of supernatant 

was measured at 587 nm (excitation wavelength was 464 nm) using a 

Horiba Jobin Yvon FluoroLog®Tau-3 Spectrophotometer. The 

absorbance of the supernatant was measured in triplicate for each of 

three separate aliquots and each were compared with the previously 

prepared standard calibration curve (R2=0.999, Appendix F.1 (b)). The 
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calibration curve of Rh-B was generated by taking absorbance versus 

Rh-B concentration between 0.005 and 0.3  µg/mL as parameters. For 

this interval, the calibration curve fits Lambert and Beer's law with the 

parameters:  

! = 2x107# - 37418 

where !  is the absorbance and #  is the concentration of Rh-B.  The 

loading (mass fraction) of the silica nanoparticles was calculated using 

the Equation 3.1. 

 

9.2.4 Determination of Rhodamine B Release 

 

Rh-B release was determined by accurately weighing 0.5 mg of silica 

nanoparticles and placing them into one corner of a vial. 500 µL of water 

was then added carefully to prevent excessive mixing of the particles into 

the solution. Two batches were run simultaneously: 1) Fe3O4@mSiO2 

system was kept in the 25 °C bath (no exposure of AC) and 2) 

Fe3O4@mSiO2 system was exposed to an alternating current (AC) 

magnetic field of 19 kA/m which is operating at a frequency of 295 kHz for 

90 minutes at 25°C. The aliquots were withdrawn making sure the pipette 

was at the side of the vial and away from the bottom of the vial. The 

aliquots were quickly centrifuged at 4000g at room temperature to 

remove any MSN particles. The experiment was repeated with the bath 

temperature set to 45 oC. The absorbance in the supernatant was 

measured in triplicate for each of three separate aliquots. The 

concentration of Rh-B in the supernatant was determined from the 

intensity of the absorption bands at 587 nm (excitation wavelength was 

464 nm) and were compared with the previously prepared calibration 
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curve (R2=0.9938, Appendix F.1 (a)). The calibration curve of Rh-B was 

generated by taking absorbance versus Rh-B concentration between 0.04 

and 5 µg/mL as parameters. For this interval, the calibration curve fits 

Lambert and Beer's law with the parameters:  

! = 2 x 106	# + 683670 

where !  is the absorbance and #  is the concentration of Rh-B. The 

amount of Rh-B released was then plotted with error bars (where 

present), indicating the standard deviation from the three measurements 

(n=3). The percentage release was calculated using the Equation 3.2. 

  

9.2.5 Determination of Lomerizine Loading and Release 

 

Lomerizine was used as the test molecule for release from PNIPAM-

PGMA-NPs. Lomerizine loadings were determined as described in 

section 3.10.1. Meanwhile, lomerizine release was determined by 

dispersing 750 µg of PNIPAM-PGMA-NPs in 750 µL of PBS in vial. Two 

batches were run simultaneously: 1) PNIPAM-PGMA-NPs system was 

kept in the 25 °C bath (no exposure of alternating current (AC) magnetic 

field) and 2) PNIPAM-PGMA-NPs system was exposed to AC magnetic 

field of 19 kA/m operating at a frequency of 295 kHz for 60 minutes at 25 

°C. The aliquots were quickly centrifuged at 16000g at room temperature 

to remove any PNIPAM-PGMA-NPs particles. We also did a similar 

experiment for PNIPAM-PGMA-NPs at 45 oC where the particles were 

subjected to the same experimental conditions but the temperature of the 

solution was set to 45 oC for 60 minutes.  

The absorbance in the supernatant was measured in triplicate for each of 

three separate aliquots using UV-Vis spectroscopy. The absorbance of 
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supernatant was measured at 265 nm using a Perkin Elmer Lambda 950 

UV/Vis/NIR Spectrophotometer. The concentration of lomerizine in PBS 

was determined from the peak area and was compared with the 

previously prepared calibration curve (R2= 0.99843, Appendix D.1). The 

calibration curve of lomerizine was generated by taking peak area versus 

lomerizine concentration between 5 and 85 µg/mL as parameters. For 

this interval, the calibration curve fits Lambert and Beer's law with the 

parameters: 

! = 2.7273	" + 0.0403 

where ! is the absorbance and " is the concentration of lomerizine. The 

amount of lomerizine released was then plotted with error bars (where 

present), indicating the standard deviation from the three measurements 

(n=3). The percentage release was calculated using the Equation 3.3. 

The loading (µg/g) of lomerizine was calculated using the Equation 3.4.                                   

 

9.2.6 Statistical Analysis 

 

Statistical analysis was carried out using GraphPad Prism Version 7.0. 

The data obtained were subject to statistical analysis using unpaired t-

test. The level of significance in all statistical analyses was set at a 

probability of p < 0.05. The experimental data were presented as mean ± 

standard deviation (SD). The release experiments were performed in 

triplicate.  
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9.3 Results 

9.3.1 SAR Measurements 

 

To assess the heating effect generated from the magnetic nanoparticles, 

several measures were taken into account for background heating. First, 

an insulating Teflon jacket was used to keep the heat generated in the 

solution from the influence of the coil heating and the cooling speed. The 

sample was positioned so that the bottom of the vial is aligned with the 

center of the coil to maximize the magnetic a.c. heating effect. Lastly, to 

ensure that the measured temperature rise of the solution results purely 

from the magnetic a.c. heating effect, background heating of water inside 

the oscillating field was investigated. For control, a period of at least 5 

minutes was maintained in the absence of AC magnetic field, then it was 

exposed under AC magnetic field for a period of 30 minutes and then 

monitored for at least another 5 minutes after the field had been turned 

off. The control was created to ensure that any enhancement in the 

release was due to the iron oxide nanoparticles heating and not an effect 

of incidental heating of the water medium. As shown in Figure 9.1, in the 

absence of nanoparticles, the temperature in the medium experienced a 

small variation, starting at 25.6 °C at the beginning of AC magnetic field 

application and ending at 25.7 °C after the 30 minute field application 

period. 
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Figure 9.1: Calibration of alternating current (AC) magnetic field 

instrument with water. It shows the temperature of the solution without 

nanoparticles. AC magnetic field Settings: 19 kA/m at a frequency of 295 

kHz.   

 

For experimental determination of SAR values (W/g), the magnetic 

nanoparticle dispersions were placed into a Cu coil. Temperature 

changes against the time of exposure to an AC magnetic field (amplitude, 

19 kA/m; frequency, 295 kHz) were recorded with the software provided 

by the equipment (AMERITHERM Inc, EasyHeat Induction Heating 

System) using a fiber optic temperature sensor from Neoptix™ immune to 

radio frequency environments. In all measurements, 0.5 mL of aqueous 

nanoparticles dispersion was used and subjected to an AC magnetic field 

(19 kA/m; 295 kHz). 

The SAR is obtained using the equation:  

   %!& = ( )*
)+

,
-./

               (9.1) 
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where (  is the specific heat of the medium ((01+23 = 4.18 Jg-1 oC-1), 

∆5 ∆6	⁄ is the initial slope of the time-dependent temperature curve and 

892  is the weight fraction of Fe in the medium [492]. Iron concentrations 

of samples were determined by ICP-OES analysis as described in section 

3.5.1.  

To evaluate the effect of different coating on the heat release process, we 

have determined the SAR of the PNIPAM-PGMA-NPs and Fe3O4@mSiO2 

nanoparticles with silica thickness of 45, 63 and 73 nm. All of these 

nanoparticles are composed of the same magnetic cores. The 

temperature rises and SAR of PNIPAM-PGMA-NPs and Fe3O4@mSiO2 

with different silica shell thicknesses are shown in Figure 9.2. As shown 

in Figure 9.2 (a), the measured temperature rises were either comparable 

to the expected background heating of water of slightly higher. As seen in 

Figure 9.2 (b), PNIPAM-PGMA-NPs samples exhibits a higher SAR 

compare to Fe3O4@mSiO2 samples for both 25 oC and 45 oC. In addition, 

the SAR was observed to decrease with increasing silica shell thickness 

for both 25 oC and 45 oC with the exception for Fe3O4@mSiO2 (63 nm). It 

was found that the largest SAR is the one with the smallest particle.  
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Figure 9.2: (a) Measured temperature rise (oC) and (b) SAR values for 

nanoparticle suspensions with 1 mg/mL for various magnetic materials 

under 19 kA/m magnetic field at 295 kHz frequency. The values shown 

here were calculated after subtracting the background heating. 
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For the purposes of comparison, the detailed SAR (25 oC and 45 oC), 

coercivity (kOe) and Ms of the different samples are shown in Table 9.1.  

 

Table 9.1: The comparison of SAR, coercivity at 5K (kOe), blocking 

temperature (TB) and saturation magnetization (Ms) of PNIPAM-PGMA-NPs and 

Fe3O4@mSiO2 with different silica shell thicknesses; number in the brackets 

indicate the thickness of the silica shell. 

Samples Ms 

(emu/g 

of Fe3O4) 

Coercivity 

at 5K 

(kOe) 

TB (K) SAR 

(W/g) (25 
oC) 

SAR 

(W/g) 

(45 oC) 

PNIPAM-

PGMA-NPs 

66.5 0.15 150 0.55 0.79 

Fe3O4@mSiO2 

(45 nm) 

43.4 0.15 46 0.32 0.16 

Fe3O4@mSiO2 
(63 nm) 

56.9 0.15 44 0.04 0.066 

Fe3O4@mSiO2 

(73 nm) 

83.6 0.079 37 0.09 0.102 

 

PNIPAM-PGMA coating seemed to enhance the SAR of the Fe3O4 
nanoparticles, while silica coating reduces the effect for both 25 oC and 

45 oC. It can be seen that the PNIPAM-PGMA coating tends to increase 

the heating ability of the Fe3O4 nanoparticles, which may be due to the 
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smaller particles sizes (100 nm), observed in our TEM studies (Figure 6.1 

(B)). However, anomalous behavior was observed for the Fe3O4@mSiO2 

samples. Fe3O4@mSiO2 (63 nm) exhibits a lower SAR than the other 

samples with the same magnetic core size. 

Under the condition tested, the field amplitude and frequency were not 

sufficient to cause significant heating of the carrier fluids. Both materials 

tested here were not effective in raising the solution temperature 

significantly. 

 

9.3.2 Lomerizine Release Studies from PNIPAM-PGMA-
NPs Systems 

 

The amount of 10 mg of lomerizine (133 µg/mg of PNIPAM-PGMA-NPs) 

was chosen to be encapsulated in the PNIPAM-PGMA-NPs. The loading 

of lomerizine was determined using organic solvent extraction and found 

to be 42.33 µg/mg of PNIPAM-PGMA-NPs.  

The amount of lomerizine release from PNIPAM-PGMA-NPs at pH 5.0 

without and with the use of the magnetic stimulation is demonstrated in 

Figure 9.3. Lomerizine-containing nanoparticles were used in PBS 

solution for all the drug-release experiments. An initial burst release was 

observed with a maximum cumulative release of 34.5%. It was observed 

that for 45 °C, exposed to the AC magnetic field showed higher 

percentage of lomerizine release from PNIPAM-PGMA-NPs than the one 

without AC magnetic field.  

An unpaired t-test was conducted to compare the amount of lomerizine 

release in AC magnetic field and without AC magnetic field conditions at 

25 oC and 45 oC. At 25 oC, there was no significant difference in the 
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scores for AC magnetic field (Mean=47.6%, SD=2.65%) and without AC 

magnetic field (Mean=50.6%, SD=2.23%) conditions (p = 0.21). However, 

there was a statistically significant difference at 45 oC in the scores for AC 

magnetic field (Mean=65.3%, SD=7.3%) and without AC magnetic field 

(Mean=53.1%, SD=0.88%) conditions(p = 0.04). Without AC magnetic 

field, there was no significant difference in the scores for 25 oC 

(M=50.6%, SD=2.23%) and 45 oC (M=53.1%, SD=0.88%) conditions (p = 

0.14). There was statistically significant difference between the scores for 

25 oC (M=47.6%, SD=2.65%) and 45 oC (M=65.3%, SD=2.28%) 

conditions with the AC field applied (p = 0.02). Exposure of AC magnetic 

field to PNIPAM-PGMA-NPs resulted in a statistically significant increase 

in lomerizine release at 45 oC compared to the one without AC magnetic 

field possibly suggesting that at 45 oC the PNIPAM layer was dehydrated 

and collapsed so that more lomerizine was entrapped which was 

subsequently driven through the dehydrated layer by thermal gradients 

induced by the AC heating.  
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Figure 9.3: Percentage of lomerizine released from PNIPAM-PGMA-NPs 

systems. Samples were exposed to the AC magnetic field for 60 minutes 

at 25 oC and 45 oC. AMF Settings: 19 kA/m at a frequency of 295 kHz. 

The values are the means of triplicate for each of three separate aliquots 

with error bar indicating standard deviation. 

 

9.3.3 Rhodamine-B Release Studies from Fe3O4@mSiO2 
Systems 

 

Preparations of Fe3O4@mSiO2 with different silica shell thicknesses i.e. 

45, 63, and 73 nm were investigated. Fe3O4@mSiO2 were synthesized 

via a sol-gel route with CTAB as structure-directing templates at 80 oC. 

The synthesized Fe3O4@mSiO2 were used as carriers to study the effects 

of the silica shell thickness on the loading efficiency for Rh-B, and the 

controlled released of the loaded Rh-B from the carriers.  
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The loading of Fe3O4@mSiO2 with different silica thicknesses (45 nm, 63 

nm and 73 nm) using organic solvent extraction was measured (Table 

9.1). The effects of silica shell thickness on the amount of Rh-B loaded 

onto Fe3O4@mSiO2 are shown in Figure 9.4, which illustrates that the 

amount of loading of Rh-B decreased with the increasing of shell 

thickness. The Fe3O4@mSiO2 with silica shell thicknesses of 45, 63, and 

73 nm had amounts of loading of Rh-B of 7.0, 5.6, and 4.2 mg/g of 

Fe3O4@mSiO2, respectively.  

 

Table 9.2: The Rhodamine B loading for Fe3O4@mSiO2 with different 

silica thicknesses (45 nm, 63 nm and 73 nm) using organic solvent 

extraction at room temperature. 

Sample Amount of Rh-B loading 

(mg/g of Fe3O4@mSiO2) 

Fe3O4@mSiO2 (45 nm) 7.0 ± 0.1 

Fe3O4@mSiO2 (63 nm) 5.6 ± 0.3 

Fe3O4@mSiO2 (73 nm) 4.2 ± 0.3 
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Figure 9.4: The loading amount of washed Fe3O4@mSiO2 with different 

silica thicknesses (45 nm, 63 nm and 73 nm). The values are the means 

of three experiments with error bars indicating SD.  *p < 0.05 and ***p < 

0.001 (Based on one-way analysis of variance with post hoc Tukey’s 

test). 

 

The amount of Rh-B release from different silica thicknesses of 

Fe3O4@mSiO2 without and with the use of the magnetic stimulation is 

demonstrated in Figure 9.5 (Fe3O4@mSiO2 (45 nm)), Figure 9.6 

(Fe3O4@mSiO2 (63 nm)) and Figure 9.7 (Fe3O4@mSiO2 (73 nm)). The 

release of Rh-B was performed for all samples in water at 25 oC and 45 
oC for 90 minutes. It is shown that, the amount of Rh-B released 

increases as the silica shell becomes thicker. In each case an initial burst 

release was observed with cumulative releases of 14.8 %, 14.1 % and 

11.2 % for Fe3O4@mSiO2 with silica shell thickness 45, 63, and 73 nm, 

respectively 
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Figure 9.5: Percentage of Rh-B released from Fe3O4@mSiO2 (45 nm) 

systems. Samples were exposed to the AC magnetic field for 90 minutes 

at 25 oC and 45 oC. AMF Settings: 19 kA/m at a frequency of 295 kHz. 

The values are the means of triplicate for each of three separate aliquots 

with error bar indicating standard deviation. 

 

An unpaired t-test was conducted to compare the amount of Rh-B release 

from Fe3O4@mSiO2 (45 nm) in AC magnetic field and without AC 

magnetic field conditions at 25 oC and 45 oC. At 25 oC, there was no 

significant difference in the scores for AC magnetic field (M=27.1%, 

SD=17.4%) and without AC magnetic field (M=13.8%, SD=9.08%) 
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no statistically significant difference in AC magnetic field in the scores for 

25 oC (M=27.1%, SD=17.4%and 45 oC (M=41.2%, SD=11.7%) 

conditions; t(4) = 1.17, p = 0.31. These results do not give conclusive 

evidence that changing the temperature from 25 oC to 45 oC with and 

without the presence of AC magnetic field significantly increase the Rh-B 

release from Fe3O4@mSiO2 (45 nm) as shown in Figure 9.5.  Although 

the trends suggest such an effect, the study requires further 

measurements to improve its statistical power. 

 

 

 

Figure 9.6: Percentage of Rh-B released from Fe3O4@mSiO2 (63 nm) 

systems. Samples were exposed to the AC magnetic field for 90 minutes 

at 25 oC and 45 oC. AMF Settings: 19 kA/m at a frequency of 295 kHz. N 

= 3 ± 1 standard deviation. The values are the means of triplicate for 

each of three separate aliquots with error bar indicating standard 

deviation. 
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An unpaired t-test was conducted to compare the amount of Rh-B release 

from Fe3O4@mSiO2 (63 nm) in AC magnetic field and without AC 

magnetic field conditions at 25 oC and 45 oC. At 25 oC, there was no 

significant difference in the scores for AC magnetic field (M=13.3%, 

SD=9.47%) and without AC magnetic field (M=18.1%, SD=5.67%) 

conditions; t(4) = 0.75, p = 0.50. Also, there was no statistically significant 

difference at 45 oC in the scores for AC magnetic field (M=57.1%, 

SD=13.6%) and without AC magnetic field (M=52.5%, SD=3.52%) 

conditions; t(4) = 0.57, p = 0.60. Without AC magnetic field, there was 

significant difference in the scores for 25 oC (M=18.1%, SD=5.67%) and 

45 oC (M=52.5%, SD=3.52%) conditions; t(4) = 8.94, p = 0.001. There 

was statistically significant difference in AC magnetic field in the scores 

for 25 oC (M=13.3%, SD=9.47%) and 45 oC (M=57.1%, SD=13.6%) 

conditions; t(4) = 4.58, p = 0.01. These results suggest that changing the 

temperature from 25 oC to 45 oC with or without the presence of AC 

magnetic field do significantly increased the Rh-B release from 

Fe3O4@mSiO2 (63 nm) as shown in Figure 9.6 but that the AC field has 

little influence. 
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Figure 9.7: Percentage of Rh-B released from Fe3O4@mSiO2 (73 nm) 

systems. Samples were exposed to the AC magnetic field for 90 minutes 

at 25 oC and 45 oC. AMF Settings: 19 kA/m at a frequency of 295 kHz. 

Each bar is the average of 3 measurements with the error bar indicating 

one standard deviation. The values are the means of triplicate for each of 

three separate aliquots with error bar indicating standard deviation. 
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for 25 oC (M=25.1%, SD=6.11%) and 45 oC (M=67.3%, SD=11.6%) 

conditions; t(4) = 5.55, p = 0.005. These results suggest that changing 

the temperature from 25 oC to 45 oC with or without the presence of AC 

magnetic field do significantly increased the Rh-B release from 

Fe3O4@mSiO2 (45 nm) as shown in Figure 9.7. 

It shows that at 45 oC, sample Fe3O4@mSiO2 (73 nm) has higher release 

rate followed by sample Fe3O4@mSiO2 (63 nm) and Fe3O4@mSiO2 (45 

nm). It was observed that for both 25 °C and 45 °C, there were no 

statistically significant differences of Rh-B release from all Fe3O4@mSiO2 

with and without AC magnetic field. These results imply that none of the 

particles showed significant heating ability under the current conditions. 

This could be due to natural diffusion of the molecules masking the AC 

magnetic field effect, the frequency being used not being ideal for these 

particular systems, or the size of the synthesized magnetite being too 

small to confer significant heating ability. 

 

9.4 Discussion 

 

The initial burst release from PNIPAM-PGMA-NPs was observed with a 

maximum cumulative release of 34.5%. This strongly suggests a weak 

attachment of lomerizine on the surface of the nanoparticles. At 25 °C, 

the presence of a PNIPAM layer on the external surface of the 

nanoparticles is in its fully extended form covering the PGMA core and 

thus the lomerizine is not efficiently trapped. While at 45 oC, the PNIPAM 

polymer [19, 20] undergoes a coil-to-globule transition and shrinks in a 

compact mass and resulting in better trapping of the lomerizine in the 

absence of an AC field.  The application of the AC field at 45 °C does 
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appear to enhance the release of lomerizine presumably owing to internal 

heating of the particles driving the drug through the hydrophobic shell.  

Meanwhile, the initial bursts of Rh-B release from the MSN could be 

attributed to the presence of Rh-B at the exterior of the MSN. This would 

allow a certain amount of Rh-B to be released quickly to the surrounding 

medium. The decreasing amount of Rh-B release during the initial burst 

as the silica shell increases was possibly due to the Rh-B, which was 

adsorbed deep inside silica shell, being less accessible to the 

surrounding medium compared with the Rh-B adsorbed near the exterior 

of the silica.  

There was a significant difference in Rh-B loading of MSN at the p < 0.05 

levels for all three samples (Figure 9.4). A significant decrease is 

observed in the loading amount in the Fe3O4@mSiO2 (73 nm) when 

compared with Fe3O4@mSiO2 (45 nm) at the level of p < 0.05. The results 

suggest that the thickness of silica shell inhibits the Rh-B loading into 

mesoporous silica. An explanation could be due to the decreasing of 

silica surface area and availability of the binding sites resulting from the 

increasing of silica shell thickness which offered less contact surface for 

adsorption of Rh-B.  

In Fe3O4@mSiO2 (45 nm), there was stronger interaction of hydrogen 

bonding between surface silanol group of silica particles and carboxylic 

acid group of Rh-B, which suggest they are able to hold more dye than 

the other samples [379, 383] or maybe related to more available spaces 

in the pores due to smaller particle size. The greater Rh-B loading in the 

Fe3O4@mSiO2 (45 nm) particles may be due to the greater number of 

surface silanol groups per unit mass of particles owing to the smaller 

particle size [381, 384] when compared with the Fe3O4@mSiO2 (63 nm) 

and Fe3O4@mSiO2 (73 nm) particles. Therefore a significant amount of 

Rh-B can be loaded onto MSN. The results suggest that the amount of 
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loaded Rh-B decreases with the increase of shell thickness, while the 

fraction of Rh-B released increases as the silica shell become thicker. A 

thicker shell results in enhanced resistance to the Rh-B diffusion across 

the shell, hence leading to the slower Rh-B release from inside the silica. 

Therefore, the fraction of Rh-B releases from silica can be controlled by 

adjusting the shell thickness. 

 

9.5 Conclusions  

 

In summary, PNIPAM-PGMA-NPs and Fe3O4@mSiO2 nanoparticles with 

different silica shell thicknesses (i.e 45 nm, 63 nm and 73 nm) were used 

as model systems to investigate their heating ability under an AC 

magnetic field (295 KHz) in order to understand their heating behaviour 

and possible use as magnetically triggered drug release systems. The 

inspection shows the studied systems exhibited insignificant heating 

ability for the applied field amplitude or frequency used. The applied field 

amplitude or frequency was not sufficient to cause significant heating of 

the particle suspensions. However, our results possibly indicate that SAR 

increased with decreasing thickness of surface coating, which could 

possibly be ascribed to the increased Brownian loss. In conclusion, the 

results presented in this chapter hint at a possible very small heating 

effect using these particles with the given AC field amplitude and 

frequency.  However, the small number of measurements that were 

possible in the given timeframe available for the research, mean that 

further measurements are required to confirm the tentative conclusions 

that have been proposed.  
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Chapter 10 

Conclusions and Future Work 

 

10.1 Conclusions 

 

Iron oxide nanoparticles have attracted attention for various promising 

applications in biomedicine. Their low toxicity and rich variety of magnetic 

properties give them the potential to be used as imaging agents, drug 

delivery vehicles, and magnetically triggered devices in vivo. The work 

presented in this thesis was aimed at developing an understanding of 

how iron oxide nanoparticles, stabilized in two very different ways, could 

potentially be used as magnetic resonance contrast agents and drug 

transport and triggered drug release devices. 

Iron oxide nanoparticles were synthesised for further decoration with 

either silica or organic polymer, two methods of stabilizing the particles in 

aqueous suspension.  The resulting magnetic nanocomposite particles 

were then used to assess their abilities to take up model drug 

compounds, to release those compounds at different temperatures, to act 

as magnetic resonance image contrast agents by altering water proton 

magnetic relaxation rates, and to generate heat in response to an applied 

alternating magnetic field. 
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Four model drug delivery systems based on mesoporous silica and 

putative nanovalves were synthesised to test the loading and release of 

rhodamine B (Rh-B) as a model drug cargo at 25 oC and 65 oC.  The 

synthesis and characterization of the following materials of interest were 

reported: 

silica particles with (N-6-N-aminohexyl)-aminomethyl triethoxysilane and 

cucurbit [6] uril;  

silica particles with only (N-6-N-aminohexyl)-aminomethyl triethoxysilane 

and no cucurbit [6] uril;  

silica particles with only cucurbit [6] uril and no (N-6-N-aminohexyl)-

aminomethyl triethoxysilane;   

bare silica particles without any (N-6-N-aminohexyl)-aminomethyl 

triethoxysilane or cucurbit [6] uril,  

7-nm superparamagnetic iron oxide nanoparticles with silica coating 

(different silica shell thicknesses i.e 45 nm, 63 nm and 73 nm). 

The 7-nm superparamagnetic iron oxide nanoparticles were successfully 

produced by a thermal decomposition method. In this section, a summary 

of the work detailed will be presented. 

The trapped and releasable amounts of Rh-B for the 4 model drug 

delivery systems based on mesoporous silica were extensively 

investigated in Chapter 4. The chapter presented an extensive study 

using physical characterization techniques, Rh-B encapsulation for 

controlled Rh-B release, and mathematical modeling of the release 

characteristics. Evidence of the formation of silica particles and nano-

valves was found from TEM, FTIR, 1H NMR and 13C CP/MAS NMR 

spectroscopy. The comparative study was employed to clarify that the 

Rh-B release rates were determined by the simple diffusion of Rh-B from 
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silica rather than the existence of nano-valves as previously reported [13]. 

From the release profile, there was evidence of only partial release of Rh-

B from the silica particles. The release curves for all samples were 

successfully fitted to the Higuchi model of diffusion from a matrix with two 

different release rates. The different release rates can be explained 

based on the presence of two different binding sites; possibly interior and 

exterior of the silica particles. An important conclusion from this part of 

the work was the presence of (N-6-N-aminohexyl)-aminomethyl 

triethoxysilane might increase the steric diffusion resistance, which leads 

to the lower release rates. It is important to note, that the nano-valves are 

not the mechanism responsible for the activated Rh-B release as the 

release from the particles with cucurbit [6]uril, which is the final part of the 

nano-valve system, was similar to those without.  

The study in Chapter 5 was related to the effect of silica shell thickness 

on proton relaxivities and magnetic properties of superparamagnetic iron 

oxide nanoparticles. It is possible to predict and finely tune the silica shell 

thickness by varying the amount of TEOS used to adjust the magnetic 

properties and proton relaxometric properties. Core-shell structures of the 

form Fe3O4@mSiO2 with different silica shell thicknesses i.e 45, 63 nm 

and 73 nm were synthesized by a surfactant template sol-gel method. 

The silica-coated magnetic iron oxide nanoparticles were found to be 

spherical in TEM images with a core shell structure with average 

diameters of 136, 155, and 175 nm for 45, 63 nm and 73 nm shell 

thickness coatings, respectively. A decrease in Ms value was found with 

decreasing silica shell thickness. Both r1 and r2 proton relaxivities 

inversely correlated with the increasing silica shell thickness and size of 

the particles. The r2 relaxivities were found to be much higher than the r1 
relaxivities, which reflects the fact that the T2 proton relaxation is mainly 

influenced by outer sphere processes. All the Fe3O4@mSiO2 particles are 

relatively weak T1 contrast agents. While, as T2 contrast agents, they 
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showed higher relaxivity with decreasing silica coating of the magnetic 

core. It is interesting to note that the changes in r1 and r2 due to silica 

shell thickness indicate that it is an important factor to take into 

consideration when designing magnetic nanoparticle probes for molecular 

imaging applications using MRI. It is crucial to develop an understanding 

of the structure and properties of the nanoparticle since the different silica 

shell thicknesses around magnetite have an effect on the proton 

transverse relaxivity. 

In the second area of work, poly(N-isopropylacrylamide)-poly(glycidyl 

methacrylate) (PNIPAM-g-PGMA) copolymers were used to stabilize the 

iron oxide nanoparticles in aqueous pluronic solution through a non-

spontaneous emulsification route. PNIPAM is known to undergo a 

transition from a coil to collapsed state upon raising the temperature 

above about 32 °C.  

For Chapter 6, 7 and 8, we successfully synthesized colloidally stable 

thermoresponsive magnetic nanoparticle systems comprising 7-nm 

magnetic iron oxide nanoparticles embedded in a PNIPAM-g-PGMA 

shell. This temperature responsive polymer (PNIPAM-g-PGMA) was 

synthesized by a simple polymerization reaction at high temperature 

involving the anchoring of poly(N-isopropylacrylamide) (PNIPAM) chains 

onto the surface of poly(glycidyl methacrylate) (PGMA). The PGMA was 

used because it has been explicitly shown to have the epoxide functional 

groups located in the loops and tails of the core macromolecule. The 

mobility of the reactive loops of PGMA ensures greater access to 

anchoring, resulting in a 2-3 fold greater grafting density when compared 

to a monolayer of epoxy groups on an iron oxide nanoparticle surface of 

similar dimensions. In Chapter 6, we demonstrated the correlation 

between the magnetic properties of the developed nanoparticle system 

and the temperature variance of the system without compromising their 

colloidal stability using magnetic resonance relaxometry measurements. 
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This is of great interest due to the fact that PNIPAM nanoparticles are 

colloidally unstable above 32 °C and undergo temperature mediated 

aggregation, therefore limiting their applicability in various end use 

applications. DLS and proton relaxometry measurements as a function of 

temperature indicate that the PNIPAM is extended in a hydrophilic form 

below 32 °C, and gradually collapses to a hydrophobic shell with 

increasing temperature between 32 °C and 45 °C. It is hypothesized that 

solvent water molecules have diffusive access through the PNIPAM to 

the PGMA core up to temperatures of 40 °C. Between 40 and 45 °C, 

diffusive access of water through the PNIPAM to the PGMA core is 

abruptly shut off so that above 45 °C a collapsed PNIPAM hydrophobic 

shell around the PGMA core restricts diffusive access of water molecules 

to the PGMA core.  

In Chapter 7, PNIPAM-g-PGMA coated iron oxide nanoparticles were 

then loaded with lomerizine as a model drug cargo using an oil-in-water 

emulsion method. The presence of the iron oxide means that these 

particles can be tracked using MRI or could be heated using alternating 

magnetic fields.  The results of the studies showed that the PNIPAM shell 

could limit the release rate of lomerizine above the LCST. However, 

below the LCST the rate of lomerizine release increased significantly. The 

release of lomerizine was pH-sensitive and proceeded most rapidly under 

acidic conditions, probably due to protonation and increased solubility of 

the drug. It is likely that the mechanism of lomerizine release was simply 

diffusion from within the polymer matrix. In contrast to the observed 

release under acidic conditions, at pH 7.4 the release of lomerizine was 

negligible. At 45 °C, the PNIPAM chains are hydrophobic and insoluble 

and likely compact towards the centre to form curling coils, which would 

then shrink to form a collapsed globule, restricting the release of 

lomerizine. Conversely, PNIPAM forms extended hydrated chains at 25 

°C, enabling the entrapped lomerizine to readily diffuse from the 
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PNIPAM-g-PGMA core. These results suggest that the release of small 

organic molecules loaded into PNIPAM-g-PGMA can be controlled by the 

conformation of the PNIPAM chains. This evidence suggests that careful 

consideration should be taken to find a system that has a collapsed shell 

at low temperature and extended shell at high temperature. Such a 

system could have applications in temperature triggered drug release.  

The release could be triggered via heating of the magnetic iron oxide 

nanoparticles by an externally applied alternating magnetic field, for 

example.  

The work in Chapter 8 was concerned with the capability of 

thermoresponsive polymer nanoparticles forming chains in an external 

magnetic field at 25 oC and 45 oC. In this chapter, we present the first 

direct observation of polymer nanoparticle chain formation in a magnetic 

field based on surface properties of the PNIPAM layer. Chain length and 

width information was measured using optical microscopy, SEM and 

TEM. The time-series experiment performed enabled the measurement of 

proton transverse relaxation rates with the magnitude of the fractional 

reduction in R2 being observed to decrease as the concentration of iron in 

polymer nanoparticles decreased for both temperatures. At 45 °C, we 

obtained more nanosized chain-like structures of PNIPAM-g-PGMA-NPs, 

which contain wider and longer chain-like substructures, owing to the 

hydrophobic properties of PNIPAM chain. It is important to note that the 

magnetic properties of all the synthesized nanoparticles presented as 

superparamagnetic even after the surface was coated with PNIPAM-

PGMA.  The relevance of this work is that many applications of PNIPAM-

PGMA coated magnetic nanoparticles are likely to involve the particles 

being exposed to strong magnetic fields. As such, a knowledge of the 

rates of chain formation and sizes of chains could be critical to predicting 

the behaviour of the flow of the particles in the blood stream, for example. 
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Finally, mesoporous silica and PNIPAM-PGMA coated magnetite 

core/shell nanoparticles were evaluated for their abilities to raise solution 

temperature in a 19 kA/m alternating magnetic field (AMF) at 295 kHz of 

frequency. The data indicated that the heat loss by both samples did not 

result in a significnat temperature rise. The application of the AMF was 

tested to see if it had an effect on the drug release from the 

nanocomposite particles. Again, the AMF was not effective in 

accelerating the drug/dye release when compared to bulk heating at 

comparable solution temperature.  The ineffective application of the AMF 

on both materials in raising the solution temperature and stimulating drug 

release could possibly be due to the small size of the iron oxide 

nanoparticles. Future work should investigate different sized particles 

and/or different AMF frequencies and amplitudes.  The current 

experiments were limited by the capabilities of the available AMF 

instrumentation. 

 

10.2 Future Work 

 

Future work related to this thesis would include the hybridization of 

mesoporous silica with quantum dots either on the silica surface or in the 

core of mesoporous silica shell. Drug delivery using quantum dots and 

mesoporous silica will open a new window of biomedical research by 

enabling not only delivery of the drug cargo but also enabling the particles 

to act as multimodal imaging probes for MRI and fluorescence. 

Future work also focuses on optimizing the properties of the 

multifunctional Fe3O4@mSiO2 or PNIPAM-g-PGMA coated magnetite 

core shell nanoparticles for their performance as contrast agents in MRI, 

magnetic hyperthermia therapy, and as drug delivery carriers. This can 
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be done by coating the Fe3O4@mSiO2 NPs with pH-sensitive polymer 

(dendritic poly(ester amine) (PEA)) or temperature-sensitive polymers 

(PNIPAM). The composite nanoparticle systems could be used to load 

anticancer drugs and only release the cargo when they reach the 

pathological sites with low pH values or high temperatures. Furthermore, 

the surface functionalization of mSiO2 could facilitate the realization of 

cancer cell targeting by conjugating with folic acid, whose receptor is 

overexpressed on the surface of many human tumor cells. Such a 

strategy could give rise to improvement in efficacy of drug delivery to 

cancer cells and reduced drug toxicity to healthy cells. 

One possible design is to incorporate growing Au nanorods in the 

mesoporous channels of Fe3O4@mSiO2 NPs to enable both magnetic 

imaging and photodynamic therapeutic properties in addition to the drug 

loading and release properties. In order to achieve two different 5, and 5: 
imaging modes simultaneously, maybe we can attach Gd-chelate or 

amorphous Gd2O(CO3)2 on the surface of Fe3O4@mSiO2 or PNIPAM-g-

PGMA coated magnetite core shell nanoparticles.  

PGMA nanospheres with different surface modifications can be prepared 

by using block copolymers of thermally sensitive polymers such as 

PNIPAAm and biodegradable polymers such as PLLA, PDLA, PLGA. 

Their hydrophobic interior can be loaded with water-insoluble anticancer 

drugs and photosensitive agents. Also, the reactive glycidyl groups 

present on the PGMA have the potential to be exploited for attachment of 

targeting moieties such as folic acid which could be beneficial for 

anticancer therapies. 

Since MRI contrast enhancement and magnetic hyperthermia treatment 

rely on different physical properties of magnetic nanoparticles, it would be 

worth investigating the effect of chain formation of magnetic nanoparticles 

on magnetophoretic mobility and cellular internalization. Another 
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possibility is to investigate the potential for chains to form in an AC 

magnetic field, and the heat generation efficiency of chains that have 

already been formed. 

Furthermore, the ability to better control the initial burst effect can be 

investigated in order to optimize it according to therapeutic effectiveness 

and lag time for nanoparticles to reach the desired site. The long term 

stability of these nanoparticles under the human body’s physiological 

conditions should be systematically and carefully evaluated before 

proceeding to any in vivo applications. Thorough and long term 

cytotoxicity studies of these nanoparticles will need to be carried out 

before in vivo applications can be implemented. 
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Appendix A 

 

Figure A.1: Standard curves. Standard curve for 
Rhodamine-B in MiliQ water.  

 

 
 

Figure A.2: Release Profile of Rhodamine-B. The 
concentration (mg/mL) versus time (min) of magnetite coated 
mesoporous silica for 15 minutes at different temperature (25 
oC-65oC). 
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Appendix B 

Standard Curves  

  

 
 
 

 

Figure B.1: Standard curves. The concentration of Rh-B 
loaded into silica nanoparticles was obtained by comparing to 
(a) standard curve for Rhodamine-B in Mili-Q water and (b) 
standard curve for Rhodamine-B in methanol.  
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Appendix C 

Standard Curves 

 
  

 
 
 

 

Figure C.1: Standard curves. The concentration of 
lomerizine loaded into polymer nanoparticles was obtained by 
comparing to standard curve for lomerizine in acetonitrile using 
RC-HPLC.  
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Appendix D 

Standard Curves 

 
  

 
 
 

 

Figure D.1: Standard curves. The concentration of 
lomerizine loaded into polymer nanoparticles was obtained by 
comparing to standard curve for lomerizine in acetonitrile using 
UV-Vis spectrophotometer.  
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Appendix E 

FTIR Spectra  

 
 

 

 

Figure E.1: FTIR Spectra. FTIR spectra for 
Fe3O4@mSiO2 with (a) 73 nm and (b) 63 nm silica shell 
thickness.  
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Appendix F 

 

Standard Curves 

 

 
 
 

 
 

Figure F.1: Standard curves. The concentration of Rh-B 
loaded into silica nanoparticles was obtained by comparing to 
(a) standard curve for Rhodamine-B in Mili-Q water and (b) 
standard curve for Rhodamine-B in methanol.  
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