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Over the past years, vaccination has been considered as an effective treatment 

against a wide range of pathogens and diseases. Despite a promising outcome, the lack 
of strong immune response of some types of vaccines is still challenging.  Therefore, 
targeting and activating dendritic cells (DCs) using nanomaterial-based vaccine adjuvant 
is of our interest.  Herein, superparamagnetic iron oxide nanoparticles (SPIONs) have 
been exploited as directing agents to the targeted dendritic cells (DCs). In addition, 
mannan extracted from Saccharomyces cerevisiae was used as targeting molecules for 
targeting DCs. Nanocomposites of silica-magnetic nanoparticles-mannan (S-SPION-MN) 
were successfully fabricated. The synthesized particles were morphologically and 
physically characterized using FESEM, TEM, XRD, VSM and ICP-OES techniques. For 
biological studies, the synthesized materials were determined for cytotoxicity, DC 
maturation, cytokine production, and cellular uptake. As a result, alteration in surface 
charge from highly negative charge to slightly negative charge suggested the successful 
coating of mannan on nanocomposite surfaces. Under a magnetic induction, S-SPION-MN 
showed great enhancement of DCs targeting within 15 min due to the synergistic effect 
of mannan and magnetic nanoparticles. The co-existence of SPIONs and mannan 
significantly facilitated the DCs targeting ability and maturation of DCs. As a result, the 
nanocomposites from this work can be beneficial for further development in vivo study 
as a potential candidate in antigen delivery to targeted immune cells. 
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CHAPTER I 
INTRODUCTION 

 
1.1 Statement of problem 

Over the past decades, vaccination has been well-known and widely used as 
an effective treatment against infectious diseases and malignancies. Principally, a 
relatively small dose of mild form of interested pathogen is administrated into a 
body and subsequently allows the immune cells to undergo a protective immunity 
against presented antigen [1]. Once a patient is infected and then recovers from the 
infection, the immunity of the body will be able to remember that disease for long. 
Therefore, when the body receives the same pathogen, the body immunity will 
rapidly attack the specific antigen resulted in an efficient protection [2]. Although 
vaccination has shown a promising outcome, some types of vaccine (e.g. live-
attenuated vaccines) are of concern for safety uses. Therefore, other types of 
vaccines (killed and inactivated vaccines) were alternatively emerged. However, lack 
of strong induction of immune responses regarding to the use of inactivated vaccines 
leads to a poor host defense [3]. 

Interestingly, vaccine adjuvant has thus received much attention. Adjuvants are 
substances used in combination with vaccines to boost immune responses. However, 
there are only a few acceptable adjuvants for clinical treatment, thus the 
development of vaccine adjuvants has become a popular issue over the past years. 
Among various types of adjuvants, mannan is considered as one of the effective 
adjuvants due to a large number of mannose receptors on immune cells enabling it 
to serve as a targeting molecule [4, 5]. Although mannan has shown a potency as 
vaccine adjuvants, soluble mannan has demonstrated unsatisfactory results. 
Therefore, synthesis of particulate mannan is of our interest.   

Nanoparticles have received much attention in many applications due to the 
variation in size and shape, and the diversity of surface functionalization. In recent 
years, silica nanoparticles, ones of the most common materials used in various 
works, have been widely applied in the field of biomedicine since they are 
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biocompatible and easily functionalized. Moreover, superparamagnetic iron oxide 
nanoparticles (SPIONs) have also drawn much attention due to their unique 
superparamagnetic property. SPIONs will exhibit magnetic property under an 
induction of an external magnetic field and become colloidal solution in the 
absence of an external magnetic field.  

Herein, we hypothesized that the synthesis of particulate mannan would 
enhance the immune responses, making it a promising adjuvant. Therefore, silica 
nanoparticles were synthesized as a based material along with a large quantity of 
SPIONs coating on silica nanoparticles surface. The nanocomposites were then 
coated with extracted mannan on the outermost layer. Apart from the benefit of 
mannan as a targeting moiety, having SPIONs incorporated in the synthesized 
material would also lead to an enhancement of cellular uptake under an external 
magnetic field. Once the nanocomposites were engulfed by immune cells, the 
nanocomposites were also assumed to enhance the cell stimulation and maturation. 
The capability of eliciting strong immune responses by the nanocomposites of silica-
SPION-mannan studied in vitro would make them a promising adjuvant and worth 
investigating in vivo in the future.  

 
1.2 The objectives of this thesis 

1.2.1 To synthesize nanocomposites of silica-superparamagnetic iron oxide 
nanoparticles-mannan (S-SPION-MN) 
1.2.2 To biologically study the synthesized S-SPION-MN nanocomposites and 
develop them for being used as vaccine adjuvants 
 

1.3 Scope of this thesis 
This research focused on the synthesis of silica-superparamagnetic iron oxide 

nanoparticles-mannan (S-SPION-MN). Firstly, silica nanoparticles were synthesized 
using Stӧber method, producing nanoparticles size of about 500 nm. Next, thermal 
decomposition method was chosen to synthesize nanocomposites of silica-
superparamagnetic iron oxide (S-SPION) nanoparticles. The morphology and structure 
of nanocomposites were then determined using Transmission electron microscopy 
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(TEM) and X-ray power diffraction (XRD), respectively. Inductively coupled plasma 
optical emission spectrometer (ICP-OES) was used for elemental analysis. Mannan 
was subsequently coated on the S-SPION surface using EDC/NSH coupling reagents. 
The confirmation of mannan attachment was revealed by a colorimetric assay using 
the phenol-sulfuric acid method. Also, the change of zeta potentials of synthesized 
materials revealed the success of mannan coating.  In addition, characteristic of 
superparamagnetic property of before and after surface modification of S-SPION was 
confirmed using a vibrating-sample magnetometer (VSM). To reveal an efficacy of S-
SPION-MN as vaccine adjuvant, the synthesized nanocomposites were later 
biologically studied including cytotoxicity test, cytokine release assessment, 
maturation of cells and cellular internalization. In this case, bone marrow-derived 
dendritic cells (BM-DCs) were represented as interested antigen presenting cells 
(MPCs). For cytotoxicity test, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) cell viability assay was used to observe cell viability. 
Released cytokines from stimulated cells were assessed by ELISA method. To 
observe cellular uptake, confocal laser scanning microscope and flow cytometer 
were used. Lastly, flow cytometric analysis was chosen for determination of DCs’ 
maturation. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
THEORIES AND LITERATURE REVIEWS 

 
2.1 Principles of vaccines and immune systems 

2.1.1 Background and development of vaccines  
Vaccination has gained its reputation as an effective treatment against a variety 

of infectious diseases and malignancies [6]. Notably, in 1796, it was a momentous 
time as Edward Jenner used a cowpox material as a vaccine against smallpox. His 
vaccine’s creation became practical and has been developed over 200 years. The 
first vaccine development in laboratories was done by Louis Pasteur for chicken 
cholera protection in 1879. Later, he successfully created a vaccine against rabies in 
1885. He was the person who firstly to use the word “vaccinate” to demonstrate the 
performance of inoculation in chicken and later became worldwide use. Then, there 
was a rapid development in vaccine research leading to achievement in producing 
vaccines against various diseases, such as polio, measles, mumps, and rubella 
through the 1930s [7, 8]. Figure 2.1 demonstrated a timeline of vaccine development 
over the past years [9]. 
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Vaccines have been categorized into three types (e.g. live attenuated, 
inactivated, and subunit vaccines) according to the protocol for vaccine preparation 
[10]. Live attenuated vaccines (LAVs) are prepared from weakened viruses or bacteria. 
LAVs have demonstrated promising outcomes against viral diseases, such as 
smallpox, polio, measles and so on. Even though LAVs are very effective as they can 
elicit strong immune responses, the vaccines have not been used practically due to 
safety uses. For example, LAVs can cause a reversion to wild-type virulence [11]. 
Thanks to an advanced technology that can improve vaccine’s preparation, vaccine 
could be produced with a large scale of concentrated and purified with non-
destroyed immune activity. Due to the improved vaccine’s preparation, killed and 
inactivated vaccines were then introduced and rapidly developed. Inactivated 
vaccines are basically acquired by growing wild viruses or bacteria in culture media 
and inactivating them by chemical or physical means before used. This type of 
vaccine has been reported as a safe modality of treatment as viruses and bacteria 
cannot replicate themselves once administered in a body. For example, in 1994, 
Bruce et al. [12] reported the safety use of a new inactivated vaccine against 
Hepatitis A. Influenza A (H5N1), a pathogen for severe disease causing a large number 
of deaths. In 2006, John et al. assessed the safety and immune response of using 
inactivated subvirion influenza A (H5N1) vaccines. The study revealed that the 
vaccine did not cause adverse effects and might be effective use against the disease 
in human [13]. Despite its safety use, inactivated vaccines have still shown a 
downside effect as they elicit inadequate immune responses compared to an 
equivalent dose of live attenuated vaccines [14, 15]. Moreover, subunit vaccines 
have received significant attention as modern vaccines (i.e. more intact treatment 
and less undesirable side effects). Subunit vaccines are composed of some fragments 
of pathogens, normally surface proteins, which are exploited to target immune cells 
and subsequently stimulate immunogenicity [16]. Other than their ease in 
manufacture and less adverse effects, the subunit vaccines can also induce broad 
immune responses [17]. Despite safety uses, subunit vaccine has remained an issue 
hindering the success of vaccination due to poor immunogenicity [18]. Therefore, 
providing a stronger induction signal of subunit vaccine is of concerned.     
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Typically, there are two ways to improve the efficacy of vaccines. One is to 
increase vaccine’s dose. The other one is to add substances which are able to help 
vaccine elicit strong immune responses [19]. These boosters are termed as adjuvants. 
Adjuvants have been recognized as additional components to enhance the 
therapeutic capability of vaccine antigens [20]. The incorporation of vaccine and 
adjuvants, substances used in combination with vaccines to enhance immune 
response of vaccines, has become an efficient alternative for subunit vaccination. 

Since adjuvants have drawn a great attention in vaccine development, 
researchers have focused on the studies related to the synthesis and improvement 
of natural adjuvants. Adjuvants are presented in various types based on their 
sources, for instance, aluminum-based adjuvants, liposome adjuvants, adjuvants 
emulsions, carbohydrate adjuvants and so on [21]. However, only certain types of 
adjuvants have been approved for human use, including alum-based adjuvants and 
oil in water emulsions (MF59, AS03) [22].       

Among different types of adjuvants, carbohydrates, which can be found 
naturally, have attracted much interest due to high biocompatibility and low toxicity. 
Some carbohydrate structures have been considered as one of the most promising 
adjuvants as they are biodegradable and biocompatible [23]. Besides, carbohydrates 
can be recognized by C-type lectin receptors overexpressed on antigen presenting 
cells (APCs) (i.e. dendritic cells (DCs) and macrophages) [24]. Once the binding of 
carbohydrates and receptors occurs, this interaction will result in the activation and 
cytokine production of APCs. The released cytokines will further enhance the 
activation of antigen-specific T- and B-cell responses [23]. Mannan, a polysaccharide 
of mannose units, has been reported as a good adjuvant due to strong affinity 
between mannan and mannose receptors on DCs membrane [4]. In this regard, 
mannan is of our interest as an effective targeting molecule. Sheng et al. [25] 
reported the use of mannan and its derivatives (oxidized and reduced mannan) to 
perform a tumor antigen carrying into DCs. The results showed that mannan and its 
derivatives could potentially stimulate the secretion of inflammatory cytokines, 
interleukin-1β and tumor necrosis factor-α, and differential T helper 1 (Th1)/Th2 
cytokines, making them potential as vaccine adjuvants. Besides, Nguyen et al. [26] 
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studied the role of mannan extracted from candida’s cell wall in controlling immune 
response pathway. The results showed that mannan with different structures would 
provide different degrees of immune responses. In the case of using targeting ligands, 
however, it has been reported that particulate delivery along with targeting TLR-4 
ligand exhibited higher degree of DCs activation and maturation compared to a 
soluble formulation [27]. In order to improve immunogenicity, a particulate form of 
adjuvant is thus highly required. Over the past years, there are many studies related 
to mannan-coated  biocompatible materials, such as cationic solid lipid nanoparticles 
[28],  poly(lactic-co-glycolic acid) (PLGA) [29], chitosan [30], have been investigated. 
Regardless of the type of biocompatible materials, the outcomes are similar in terms 
of the improvement in cellular uptake and cell maturation. Significantly, the 
enhancement of immune responses was attributed to the presence of mannan 
leading to specifically targeting antigen presenting cells (APCs). However, 
incorporation of mannan and inorganic materials have not been well studied yet. 
Therefore, we were interested in using the benefit of inorganic materials, ease of 
manufacture and variation in size and shape, combining with specific targeting ability 
of mannan molecules.  

 
2.1.2 Role of immune system 
When our body receives pathogens (e.g. bacteria, viruses or infectious agents 

which can cause disease), the protective system, also known as immune system, of 
the body plays an important role in protecting the body from infection thereby 
attacking the invaders. Principally, the immune system is composed of two 
compartments (i.e. innate and adaptive immunity). These two components are 
functionally connected. Figure 2.2 shows the immune cells involved in innate and 
adaptive immune systems.  
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Figure 2.2 Illustration of innate immune cells and adaptive immune cells 

[31]. 
 

Innate immunity is the first barrier to attack pathogens which exhibits a quick 
response to the invaders but no specificity. It is composed of various types of 
immune cells, for example macrophage, dendritic cell, neutrophil, and so on. Among 
those cells, dendritic cells (DCs) always play an important role as mediators in 
initiating and regulating the immune response of innate and adaptive immunities. 
Basically, DCs are capable of recognizing infectious agents through host-pathogen 
interaction. As DCs contain a large number of receptors (e.g. Toll-like receptors 
(TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), etc.) on their surface 
membrane as shown in Figure 2.3 [32],  this makes DCs promising immune cells as 
they can recognize a broad range of antigens. These receptors have specific encoded 
pattern recognition receptors (PRRs) which can recognize the pathogen via pathogen-
associated molecular patterns (PAMPs). Therefore, the pathogen that conserves 
PAMPs structure can be engulfed by DCs through this interaction [33].  
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Figure 2.3 Pathogen recognition of dendritic cell through receptors [32]. 

 
Adaptive immunity is divided into two systems (humoral and cellular systems). 

In contrast to innate immunity, adaptive immunity takes a longer time to response to 
the entered pathogens but more specific to the presented disease. In this system, B 
and T lymphocytes are the major components. Although these two lymphocytes 
have different pathways to attack antigens, two cells receive the signal from the 
antigen via the same procedure called antigen presentation. B cells or B lymphocytes 
are involved in humoral immunity producing antibodies against specific antigens, 
while T lymphocytes are related to cell-mediated system. In this system, T cells can 
recognize antigen, which is presented on the surface of infected cells. Figure 2.4 
displays different roles of B cells and T cells in terms of immune responses [34].  
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Figure 2.4 The functions of B and T lymphocytes in adaptive immunity [34]. 

 
To understand the process of immune response, Figure 2.5 depicts the 

collaboration of innate immune cell (i.e. dendritic cell as antigen presenting cell 
(APC)) and adaptive immune cell (naïve T cell) after bacterial infection. Briefly, 
entered pathogen can be initially recognized by APCs and subsequently proceeded 
through antigen presentation process giving rise to the expression of that antigen on 
APCs surface membrane via receptors called Major Histocompatibility Complex (MHC) 
molecules. Subsequently, the presented antigen is subjected to naïve T cell in order 
to activate it into an active form. The activated T cell is consequently ready to 
proceed for further immune response involving production of antibodies, memory B 
cells, and effector T cells [35]. Once the body produces antibodies, recurrence of 
infection with the same type of antigen will be readily responded by the specifically 
produced antibody in a fast manner. This rapid and effective action of the immune 
system significantly decreases a large amount of death.   
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Figure 2.5 Overview of the interaction of innate immunity and adaptive 

immunity [35].   
 

As abovementioned, immune system plays a crucial role in protecting life from 
severe infection. Therefore, it is worthy of studying in the development of 
immunotherapy. However, to achieve an effective immune response, first step in 
acquiring an effective antigen mediator must be greatly considered. In this regard, 
stimulation and maturation of DCs is the primary aim for immunology.   

 
2.1.3 Techniques used in biological study 

2.1.3.1 Principle of MTT assay  
This MTT assay is a colorimetric method which has been widely used to 

determine cell viability, cytotoxicity and activity regardless of cell types. According to 
an advanced technology, nanoparticles have been comprehensively applied in 
biomedicine application as drug carriers, vaccine adjuvants, theranostic agents and so 
on. Therefore, biocompatibility of nanoparticles of interest must be of primary 
consideration. A compound named (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide or MTT is a common chemical used in testing cell 
metabolic activity. Principally, the active cells contain NAD(P)H-dependent 
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oxidoreductase enzymes which can reduce the MTT (yellow solution) to insoluble 
formazan (purple crystals). The chemical reaction is shown in Figure 2.6. The 
produced formazan crystals are indirectly reflected to the number of viable cells. For 
quantitatively analysis, dimethyl sulfoxide (DMSO) is firstly used to dissolve formazan 
crystals into soluble form. Then, the absorbance of colored solution can be 
measured using a multi-well spectrometer at 570 nm. The darker colored solution 
implies the higher numbers of live cells [36]. 

 

 
Figure 2.6 Chemical reaction of transforming MTT into formazan crystals.   

 
2.1.3.2 Principle of ELISA  

Cytokine assessment is one of standard biological studies. The produced 
cytokine from stimulated cells is normally verified by ELISA assay. ELISA stands for 
enzyme-linked immunosorbent assay. The basic principle of sandwich ELISA is based 
on the detection of interested antigen by a specific antibody via specific antibody-
antigen interaction. Schematic illustration in Figure 2.7 displays the process of the 
targeted antigen detection. Briefly, capture antibody is firstly coated on a well. This 
capture antibody is utilized to immobilize a targeted antigen. Next, captured antigen 
can be recognized by a specific biotin labelled detection antibody. The presented 
biotin can be readily interacted with substrate enabling arrested antigen detectable. 
If the conjugation between antigen and detection antibody takes place, it can be 
measurable by determining the absorbance of colored solution. The colored solution 
is acquired by converting the attached substrate to a detectable form [37].   
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Figure 2.7 Schematic depiction of sandwich ELISA method. The protocol is 

composed of 5 steps. Step 1: capture antibody is coated on the plate. Step 2: 
Sample is added and the antigen is bound to the presented antibody. Step 3: A 
biotin labeled detection antibody is added and subsequently bound to the captured 
antigen. Step 4: Avidin-HRPO is added to bind with the labeled detection antibody. 
Step 5: TMB substrate is added and transformed into a detectable form, expressing 
color. [38].  

 
2.1.3.3 Principle of flow cytometry 

Flow cytometry is a laser-based technique used for determination of cell 
number, cell type, and cellular components especially proteins. Depiction in Figure 
2.8a describes the setup of flow cytometer machine. Fundamentally, a heterogenous 
sample of cell suspension passes through in liquid stream. The detectors, such as 
forward scatter (FSC) and side scatter (SSC), are in perpendicular places to determine 
the component and number of cells. FSC detector is used to assess the size and 
shape of interested cells, while SSC detector indicates fluorescence and granularity 
of cells. Figure 2.8b shows the dot plot obtained from FSC and SSC detectors. The 
position of dots refers to complexity, component, and type of scattered cells.   
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Figure 2.8 Illustration of a) flow cytometer and b) Dot plot obtained from 

FSC and SSC detectors [39]. 
 

Moreover, this technique allows us to understand the phenotyping of cell by 
labelling the surface markers on cell surface with fluorescent antibodies. The 
fluorescence detectors can measure the fluorescence intensity which reflects the 
number of interested components through fluorescence intensity. Figure 2.9 exhibits 
fluorescence signal obtained from dyed cells with single or multiple staining. 

 

 
Figure 2.9 Illustration of fluorescence measurement a) fluorescence 

intensity single stained cell showing negative (low intensity) positive (high intensity) 
cells. b) fluorescence signaling of double cell staining [39].    
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2.2 Nanomaterials used in immunological application  
2.2.1 Types of nanoparticles and their fates in medical applications 
Nanotechnology has played a crucial role over the past decades as an 

innovative platform. Therefore, nanoparticles have been comprehensively studied in 
various fields. Particularly, they have gained much interest in biomedical applications 
(e.g. drug or vaccine delivery, diagnostics, therapeutics, theranostics) as they can be 
readily engineered in order to achieve biological requirements [40].  

In immunotherapy, it has been known that effective immunogenicity requires 
enough antigen for immune stimulation, adequate immune induction, suitably 
specific antigen [41].   In this aspect, stimulation of APCs (i.e. dendritic cells) is the 
primary goal.  Therefore, exploiting nanoparticles in immunotherapy has become 
more popular in recent years. There are a variety of nanoparticles used as 
nanoparticles-based vaccine delivery system and vaccine adjuvants. Figure 2.10 
shows examples of nanoparticles applied in immunological study, such as dendrimer, 
liposome, micelle, virus-like particle and so forth [42]. Although organic materials (e.g. 
polymers, liposomes, etc.) have been intensively investigated due to their 
biodegradability and biocompatibility, some inorganic nanoparticles, such as silica 
nanoparticles, gold nanoparticles, iron oxide nanoparticles, have been applied in this 
field as antigen carriers and theranostic agents as well.  

 

             
 

Figure 2.10 Examples of nanoparticles applied in immunology [42]. 
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Regardless of types of nanoparticles, modification of nanoparticles is a key 
factor that makes nanoparticles a distinctive delivery system. The ease of 
manufacture and versatile modification provides a variety of nanoparticle-based 
therapeutic agents. There are different ways to engineer nanoparticles with 
distinguish formulations as shown in Figure 2.11 [43]. For example, surface of 
nanoparticles can be functionalized with cell targeting moiety, enhancing high 
specific targeting ability and consequently providing deeper cell penetration [44]. 
Heterogeneous porosity of nanoparticles is beneficial in obtaining high antigen 
loading capacity [45]. In addition, nanoparticles can be tuned to have either positive 
or negative surface charges depending on the purpose of the study (e.g. increasing 
the interaction between cell and nanoparticles) [46]. Due to physical and chemical 
tunability of nanoparticles, requirement in prolonged circulation time, enhanced 
biocompatibility and avoiding non-specific recognition from phagocytes has given rise 
to a new regime of nanoparticle-based therapeutic agents. Synthesis of nanoparticles 
camouflaged with red blood cell membrane has emerged as a promising way to 
disguise nanoparticles from scavengers [47]. Furthermore, the design of nanoparticles 
which can be responsive to external stimuli, such as light, pH, magnetic field, is also 
in the front line of biomaterial development nowadays.    

 

 
Figure 2.11 Graphical illustration of the modification of nanoparticles to 

improve immunogenicity [43].   
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In this work, we therefore focused on the utilization of magnetically 
responsive-inorganic materials accompanied with natural components as vaccine 
adjuvants owing to their high stability, biocompatibility, ease of fabrication and 
modification.  

 
2.2.2 Silica-based particles  
Among diversity of inorganic materials, silica-based particles have shown a 

potential in biomedical application over decades owing to its biocompatibility and 
multifunctionality. Since silica framework can be readily modified with other 
components, silica-based materials can provide multi-tasks in a single modality, for 
instance, a drug carrier with enhancing specifically targeting ability [48].  Figure 2.12 
displays a graphical depiction of multifunctional mesoporous silica nanoparticles. Liu 
and coworkers fabricated dual-functionalized Janus mesoporous particles for tumor 
targeting enhancement. The synthesized mesoporous silica can be modified with 
other compounds via covalent bonding between amino group on mesoporous silica 
surface and carboxyl group of tumor targeting ligand (HA) and pH responsive polymer 
(DMMA), making nanoparticles possess two different functionalities [49].   

 

 
Figure 2.12 Graphical illustration of multifunctional silica-based 

nanoparticles [48].  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 19 

Other than surface functionalization, alteration in size of silica nanoparticles is 
also achievable by a modified Stӧber method. Synthesis of silica nanoparticles 
adopting Stӧber protocol has been a common route to produce controlled spherical 
silica nanoparticles. Principally, silica formation is involving hydrolysis and 
condensation of silica source, typically tetraethyl orthosilicate (TEOS) in the existing 
of water and ammonia solution [50]. Firstly, silica source (TEOS) is hydrolyzed in 
alcoholic solution containing ammonia as a catalyst. Secondly, the reaction produces 
a mixture of ethoxysilanols, which can further condense with other TEOS or silanols, 
leading to crosslinking of silica frameworks [51]. The mechanism of silica formation is 
presented in Figure 2.13.  

 

 
Figure 2.13 Mechanism of silica formation by Stӧber method. 

 
2.2.3 Magnetic nanoparticles 

2.2.3.1 Magnetic behaviors 
Magnetic nanoparticles have received much interest in recent years as they can 

be controlled by an external magnetic field, resulting in a great possibility in 
biomedical applications as a non-invasive treatment method. Referring to its 
magnetic property, materials can be generally classified into five different types of 
magnetism (i.e. diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism, and 
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antiferromagnetism). Diamagnetic materials have weak repulsion with an external 
magnetic field due to the filled electronic subshells. In contrast, paramagnetic 
materials can be slightly attracted to magnetic fields due to the unpaired electrons 
in subshells. However, paramagnetism of the materials will disappear when the 
applied field is removed. For ferromagnetic materials, the magnetic moments align in 
the same direction with equal magnitude when the magnetic field is applied, while 
antiferromagnetism possesses equal magnitude of magnetic moments with 
antiparallel direction. Materials containing ferrimagnetism have unequal magnitude of 
antiparallel magnetic moments.  

 
2.2.3.2 Iron oxide nanoparticles and their magnetic property 

In this case, unpaired electrons of Fe2+ and Fe3+ in 3d shell can cause three 
different states (ferromagnetic, ferrimagnetic and antiferromagnetic forms) when 
crystal structures are formed. Commonly, iron oxide nanoparticles have three main 
different structures (namely Hematite, Magnetite, and Maghemite). Figure 2.14 
displays their crystal structures [52]. Among those structures, nanostructures of 
magnetite (Fe3O4) and maghemite (γ-Fe2O3) have gained tremendous interest from 
researchers worldwide as they possess strong unique magnetic property, called 
superparamagnetic property.   

 
Figure 2.14 Crystal structures of three different types of iron oxide 

nanoparticles [52]. 
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Superparamagnetic materials are differentiated from ferromagnetic materials by 
the concept of magnetic domain. Magnetic domain is composed of a number of 
magnetic moments which are aligned in the same direction. A number of domains 
depends on the particle’s size. Ferromagnetic nanoparticles contain multi-domains 
with different magnitudes and directions of magnetization. When an external 
magnetic field is applied, the magnetic moments in multi-domain respond to the 
external field in the same direction. Once the applied field is removed, the 
magnetism is remained.  When the size of nanoparticles is reduced, the magnetic 
domain becomes smaller. At below critical size, multi-domains are turned into single 
domain. In this regard, no net magnetization is maintained in the absence of an 
external magnetic field due to thermal fluctuation effect. The relation between 
nanoparticles diameter and magnetic domain is presented in Figure 2.15 [53].  

 

 
Figure 2.15 The correlation of nanoparticles size and magnetic domains [53].  

 
Characteristics of ferromagnetic and superparamagnetic materials can be 

displayed in terms of magnetization curve as shown in Figure 2.16. The graph shows 
the correlation between an applied magnetic field and the magnitude of 
magnetization. There are two important terms, called remanence and coercivity, 
which can describe magnetic characters of the materials. Remanence refers to the 
remaining magnetization after a magnetic field is removed. Coercivity shows magnetic 
resistance in ferromagnetic materials through the requirement of magnetic field 
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intensity in the opposite direction to demagnetize the magnetism of the materials. It 
can be seen in the graph below that different types of magnetic materials possess 
different characteristic curves.  The presence of hysteresis loop is ascribed to 
ferromagnetic materials as the materials can maintain magnetization in the absence 
of applied magnetic field. In contrast, superparamagnetic and paramagnetic materials 
exhibit no hysteresis loop. In another word, coercivity is zero when the applied 
magnetic field is removed, showing no net magnetization [54]. 

 

 
Figure 2.16 Magnetization curves of superparamagnetic, ferromagnetic and 

paramagnetic materials [54].  
 

2.2.3.3 Synthesis of superparamagnetic nanoparticles  
Superparamagnetic iron oxide nanoparticles (SPIONs) can be synthesized by 

several facile methods, for instance coprecipitation [55], microemulsion [56], and 
thermal decomposition [57]. In theory, for precipitation method, monodispersed 
nanoparticles can be obtained via separation of nucleation and growth stages 
following LaMer and Dinegar’s model as shown in Figure 2.17 (Curve I). According to 
the proposed graphs, there are three possible ways to achieve monodispersed 
nanoparticles. For Curve I, single nucleation and growth step from diffusion occur. In 
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Curve II, the aggregation of small nanoparticles is performed. Finally, for Curve III, 
Ostwald ripening growth step is involved [58].  

 

 
Figure 2.17 The possible ways to attain monodispersed nanoparticles. Curve 

I: involving single step of nucleation and growth, Curve II: involving in nanoparticles 
aggregation, and curve III: involving in Ostwald ripening reaction [58].  

 
Among various synthetic methods, thermal decomposition is widely used to 

fabricate SPIONs. Although coprecipitation approach is considered to be a convenient 
method to produce SPIONs, thermal decomposition, which is more complicated, can 
provide a narrow distribution of nanoparticles size due to the effectiveness in 
separation of nucleation and growth steps [57]. Moreover, this method is 
environmentally friendly (i.e. use non-toxic chemicals). This method also offers 
flexibility in producing different sizes and shapes by controlling synthesis 
temperature, concentration of stabilizers and types of solvents.  

The mechanism of SPIONs formation can be described in Figure 2.18. Briefly, 
iron precursor, commonly iron(III) oleate, is firstly decomposed and capped by an 
excess surfactant (e.g. oleic acid) presented in the organic solution. Notably, excess 
surfactant allows slower nucleation period and growth time, producing 
monodispersed nanoparticles [59]. It should be noted that this step is normally 
carried out under the absence of air. Then, the rapid nucleation occurs when it 
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reaches to nucleation temperature. After the growth step performs afterward at 
higher temperature [60].  

 

 
Figure 2.18 Scheme representation of SPIONs formation by thermal 

decomposition method [60].  
 

However, this method is suitable for SPIONs dispersed in organic solvent. In 
order to make water-soluble SPIONs, an extra step for phase transfer is required.  

  
2.3 Literature reviews  

2.3.1 Mannan and its potential in targeting and maturation of dendritic cells 
(DCs)  
In recent years, researches involving vaccine delivery and targeting dendritic 

cells (DCs) have gained much attention. It has been well-known that DCs play an 
important role as mediators between innate and adaptive immunity. In connection 
with DC-based vaccine, DCs have been the most effective antigen presenting cells 
(APCs) for specific stimulation prime naïve T cells in accordance with the presented 
antigen [61]. However, the drawback of DC-based vaccines is the insufficiency of 
stimulation and maturation of DCs. Therefore, targeting DCs should be firstly focused.  

Comprehensive studies in targeting DCs have been devoted in the past years. 
As immature DCs membrane is composed of several types of receptors, such as C-
type lectin receptors (CLRs), mannose receptor (MR), Dec-205 receptor, etc., exploring 
substances used as a specific targeting moiety to one of those receptors is a 
necessity [62]. One of the most interesting compounds is carbohydrate which can be 
specifically recognized by CLRs. Carbohydrate adjuvants have become more popular 
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as they can be found naturally. In 2010, Yu and co-workers [63] demonstrated the 
role of mannan used as targeting molecules. In this work, cationic solid lipid 
nanoparticles (SLNs) were used as a DNA cargo. However, DNA-loaded SLNs lacked 
DCs targeting ability. Therefore, mannan-grafted L-α-phosphatidylethanolamine 
(mannan-grafted PE) was synthesized and utilized as a targeting moiety. It should be 
noted that mannan in this work was not obtained from natural resources. Figure 2.19 
exhibits percentage of gene expression of macrophages stimulated by different 
particles. As a result, mannan-coated SLN-DNA expressed high percentage due to the 
targeting ability of grafted mannan coated on nanoparticles surface.  

 
Figure 2.19 Gene expression results from macrophages stimulated by 

different particles, lipofectamine-DNA, SLN-DNA, and Man-SLN-DNA [63].  
 

In 2011, mannan-decorated PLGA particles through covalent and physisorption 
interactions were prepared, and the degree of cellular uptake according to different 
attachment strategies of mannan was determined  by Ghotbi’s group [64]. The 
cellular uptake results were under evaluation by flow cytometry and confocal 
microscopy as shown in Figure 2.20a and 2.20b, respectively. From the results, it can 
be concluded that the high degree of cellular uptake can be acquired by both 
covalent and physical adsorption interactions of mannan and PLGA particles. 
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However, there was higher content of mannan covered on PLGA surface via covalent 
bond than physical adsorption. Nonetheless, this work also suggested the benefit of 
using mannan to specifically target DCs, irrespective of mannan attachment methods.   

 

 
Figure 2.20 Cellular uptake assessed by a) flow cytometry b) confocal 

microscopy of mannan-coated PLGA nanoparticles via physical adsorption and 
covalent interactions [64].  

 
Other than the advantage of using mannan as a targeting moiety, some reports 

have demonstrated that mannan can also induce maturation of DCs. Maturation of 
DCs can be determined by the upregulation of surface maturation markers (i.e. CD40, 
CD86). In 2014, Haddadi and co-workers [29] synthesized mannan-coated PLGAs 
nanoparticles. Different terminated functional groups of PLGAs, ester and carboxylic 
groups, were used to modify with mannan through physical adsorption and covalent 
conjugation. The surface markers of DC maturation were assessed using a flow 
cytometry. Figure 2.21a and 2.21b display the DC-histograms showing the 
upregulation of CD86 and CD40, respectively. As a result, conjugated mannan via 
covalent bond with COOH-PLGAs provided the highest surface markers content in 
both CD86 and CD40 compared to the rest particles. Comparably, mannan-coated 
particles through physical adsorption (MN-Ads-COOH) also gave comparable amount 
of upregulated surface markers to covalent one (MN-Cov-COOH). Notably, in this 
work, soluble mannan was also compared to particulate formulations. As a result, 
particulate mannan (MN-Cov-COOH) containing 6.9 µg/mL of mannan can upregulate 
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43% of CD86, while only 32.6% can be expressed by the stimulation of soluble 
mannan at high concentration (150 µg/mL).  This outcome strongly suggested that 
particulate mannan outperformed soluble form of mannan.  

    

 
Figure 2.21 DC-histograms showing the effect of mannan formulations to 

the upregulation degrees of DC maturation markers a) CD86 and b) CD40. The 
expression of surface markers was assessed by flow cytometry [29].  
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As abovementioned, DCs are key factors in stimulating and regulating immune 
responses. Therefore, researches focusing on targeting and maturation of DCs are of 
great interest. Mannan, classified as carbohydrates, can be found naturally. It is one 
of interesting substances which can play a significant role in improvement of DCs 
targeting ability. Also, some works have already demonstrated that mannan is a good 
adjuvant by improving DCs maturation. However, soluble form of mannan has not 
shown a satisfactory result compared to the particulate one. Therefore, fabricating 
particulate mannan has become our interest.  In this regard, there are many works 
synthesizing nanocomposites of mannan and organic materials, for instance, PLGAs, 
chitosan, solid lipid nanoparticles. Although organic materials are shown to be 
biocompatible, physical stability and ability to control size and shape are still of 
concern. Consequently, establishment of an efficient particulate mannan by 
incorporation of inorganic substances for targeting and maturing DCs is our purpose.    

 
2.3.2 Silica nanoparticles and biocompatibility study   
When nanomaterials are applied in biomedicine application, biocompatibility of 

such nanoparticles is one of the most important factors which must be primely 
obtained attention. Once nanoparticles are administered into a body, the 
nanoparticles are non-specifically subjected to biological environments. The non-
specific interactions between biological systems and foreign nanoparticles can hinder 
efficacy of therapeutic agents.   

For over decades, silica-based nanoparticles have been chosen as one of the 
most popular nanomaterials used in biomedical applications as they are non-toxic 
and biocompatible nanomaterials. There are several studies assessing the 
biocompatibility of silica-based nanoparticles. For instance, in 2012, Malvindi and co-
workers [65] investigated the size and charge effects of silica nanoparticles towards 
cell viability. In this work, three different sizes of 25, 60, and 115 nm silica 
nanoparticles with negative and positive charges were proven to be non-toxic 
towards five types of cells line (i.e. A549, Hela, Caco-2, Jurkat, and U937 cells) at 48 h 
and 96 h. The bar graphs in Figure 2.22 demonstrated the cell viability of stimulated 
cells with 25 nm silica nanoparticles containing different surface charges and 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 29 

concentrations. As a result, there is no significance of cell death regarding to charges 
and concentrations. It should be noted that the result from silica particles of other 
sizes (not shown) also demonstrated the same outcome in cell viability test. 
Therefore, this work suggested that silica nanoparticles are biocompatible and safe to 
use in biological field.  

 

 
Figure 2. 22 Cell viability of A549, Hela, Caco-2, Jurkat, and U937 cells 

incubated with 25 nm silica nanoparticles with different charges (negative and 
positive charges) and concentrations (S1: 2.5 pM, S2: 25 pM, S3: 250 pM, S4: 2500 pM) 
at 48h and 96h.  

 
Although some studies suggested that silica nanoparticles are safe to use in 

biological applications, there are some controversial works. For example, in 2013, 
Chiriacò and co-workers [66] demonstrated that biocompatibility of silica 
nanoparticles was dependent of doses, sizes and exposure time. The study of cell 
viability of MCF-7 cells via MTT assay showed that cell viability percentage was 
significantly decreased according to the increasing doses, sizes and exposure times 
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(Figure 2.23a - 2.23c). However, biocompatibility of silica nanoparticles could be 
improved by PEGylated silica nanoparticles as shown in Figure 2.23d. As a result, this 
work suggested the possibility to reduce toxicity of silica nanoparticles which could 
be achieved by coating silica surface with biocompatible substances.  

 

      
Figure 2.23 Cell viability of MCF-7 cells incubated with different sizes (160, 

240, and 330 nm) and doses (1.5, 3, and 5 mg/mL) of plain and PEGylated silica 
nanoparticles at various times (24, 48, and 72 h). 

  
Moreover, in 2017, biocompatibility of nanocomposites of silica and magnetic 

iron oxide was also investigated by Foglia and co-workers [67]. Magnetic iron oxide 
with size of 3 nm was firstly prepared and consecutively coated with silica shell. 
Then, fluorescence dye FITC was covalently attached on the silica shell. The 
biocompatibility of the nanocomposites was evaluated by assessing cell proliferation 
and cell viability of Caco-2 cells through BrdU incorporation assay and WST 
metabolic activity, respectively. The cells were incubated with the nanocomposites 
at different concentrations and various time points. The results are shown here in 
Figure 2.24. The researchers found that the nanocomposites of silica and magnetic 
nanoparticles were biocompatible. For cell proliferation result, the proliferation rate 
of all concentrations was constantly increased in the same manner as a control 
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group. The result of cell viability was also consistent with cell proliferation outcome 
as there was no significant cell death observed in all concentrations of 
nanocomposites compared to the control one. Therefore, the researchers concluded 
that their synthesized nanocomposites of silica and magnetic nanoparticles attached 
with fluorescence FITC dye were non-toxic and suitable for used in biomedicine 
applications.   

 

 
Figure 2.24 The results of a) cell proliferation, and b) cell viability of Caco-2 

cells incubated with nanocomposites of silica and magnetic nanoparticles at 24, 48, 
72, 96 h and 7 days at different concentrations (i.e. 10, 50, 100 µg/mL).  

 
It is well-known that silica nanoparticles can be easily tuned in sizes and 

readily functionalized with other chemicals to provide multifunctional silica 
nanoparticles. Amino-functionalized silica nanoparticles are ones of the most 
desirable products as they can be further covalently coupled to other substances 
containing carboxylic groups, such as proteins, polymers, carbohydrates, through 
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amide bond formation. Therefore, in 2019, biocompatibility of plain and amino-
functionalized silica nanoparticles with different degrees of amino group coverage 
were systemically investigated by Hsiao’s group [68]. In addition to the effect of 
surface functionalization of silica nanoparticles, the researchers also studied the 
effect of serum protein to the biocompatibility of modified silica nanoparticles 
because the nanoparticles will be administered into bloodstream in vivo study.  
Thus, the impact of serum to the fate of nanoparticles should be of concern. In this 
work, they found that both plain and functionalized silica nanoparticles caused cell 
death dependent on doses in the absence of serum as shown in Figure 2.25a. This 
incident was due to strong cellular membrane interaction between nanoparticles and 
cell membrane. However, in the presence of serum, the cell viability (shown in 
Figure 2.25b) was significantly risen. The formation of protein corona can diminish 
cellular interaction and the nanoparticles can subsequently be internalized without 
causing cell membrane rupture. These findings implied that exposing amino or 
silanol groups to cells could be an issue in biocompatibility. Therefore, to avoid such 
a problem, further functionalization via amide bond formation could be an 
alternative way to reduce toxicity.  

 

       
Figure 2.25 Cell viability of RAW 264.7 macrophages incubated with 

increasing doses of plain and amino-functionalized silica nanoparticles with different 
degrees coverage of amino groups in a) the absence of serum and b) in the presence 
of serum. 
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2.3.1 Superparamagnetic nanoparticles used in biomedical applications  
In recent years, superparamagnetic nanoparticles (SPIONs) have been widely 

applied in biological applications, such as hyperthermia treatment, diagnostic agents, 
and therapeutic delivery platform [69-72], owing to their favorable biocompatibility 
and biodegradability.  

Despite the advantage of superparamagnetism, the assembly of magnetic 
nanoparticles can be a burden. Small SPIONs possess high surface energies causing 
the aggregation and consequently loss of superparamagnetism [73]. Thus, stabilizing 
SPIONs with other biocompatible materials can be an alternative way to protect 
magnetic property and make them biocompatible. SPIONs can be incorporated with 
other materials in different manners, such as surface coating with inorganic and 
organic materials, encapsulating inside polymer shell, as displayed in Figure 2.26 [74].  

 

 
Figure 2.26 Depiction of surface coating of SPIONs by a) inorganic materials, 

b) organic materials and encapsulation of SPIONs inside c) nanospheres, d) 
nanocapsules [74]. 

 
Due to remarkably superparamagnetic character, SPIONs have been widely 

exploited in biomedicine as a non-invasive method. Herein, enhancement of cells 
targeting by SPIONs nanocomposites will be focused. For example, in 2017, Huang 
and co-workers [75] synthesized water-dispersible SPIONs nanocomposites 
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conjugated with folic acid (FA) for cancer cells targeting. FA was used as a targeting 
motif. Schematic representation of the synthesis of SPIONs co-conjugated with 
poly(ethylene glycol) (PEG) and olyethylenimine (PEI) nanocomposites were shown in 
Figure 2.27a. Figure 2.27b displayed the scheme showing magnetically targeting aid of 
SPIONs nanocomposites by an induction of an external magnetic field. Under the 
induction of a magnetic field, the fabricated nanocomposites showed an 
enhancement of targeting ability compared to the particles without using an external 
magnet. However, only confocal microscopy images were used to explain the 
improvement of targeting ability (Figure 2.28). In another word, particles with 
magnetically aid in drug delivery (DOX@FA-SPIONs + MF) from confocal images might 
not show a clear result compared to the particles in the absence of an external 
magnet (DOX@FA-SPIONs). Thus, statistical data of cellular uptake may be required.   

 

  
Figure 2.27 Schematic representation of a) the synthesis of nanocomposites 

of water-dispersible SPIONs and b) the aid of an external magnetic field in targeting 
cancer cells [75]. 
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Figure 2.28 Confocal microscopy images of MCF-7 incubated with different 

particles for 1 h a) free DOX, b) incubating cell with free FA prior to the addition of 
DOX@FA-SPIONs, c) DOX@FA-SPIONs without magnetically aid, d) DOX@FA-SPIONs 
with magnetically aid [75].  

 
In addition, reaching targeted DCs under an external magnetic field is 

achievable. Chalathan and co-workers [72] demonstrated the benefit of using 
superparamagnetic nanoparticles as an important tool for cell targeting. In this work, 
the researchers produced composites of PLGAs and SPIONs with two different sizes 
(300 nm and 500 nm) as an antigen delivery platform. Bovine serum albumin was 
used as a model antigen. As expected, the magnetized composites were well 
internalized by macrophages RAW264.7 and DCs, regardless of cell types, as shown in 
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Figure 2.29. Notably, large size of nanocomposites could be taken up by both cells 
more than small size nanocomposites as observed in confocal images shown below.  

 

 
Figure 2.29 Cellular uptake of RAW264.7 and DCs incubated with different 

types of nanoparticles for 3 h in the absence and presence of magnetic field [72].  
 

Recently, in 2019, using SPIONs in biomedical purpose has still maintain its 
reputation. Fang and co-workers [76] produced nanocomposites of inorganic 
materials, mesoporous silica and SPIONs, as a targeted drug delivery platform. 
Besides, hyaluronic acid was conjugated as a cancer cell targeting molecule. The 
scheme in Figure 2.30 exhibits the outlook of this work. The purpose of using SPIONs 
in this work is slightly different from others. Under an induction of external magnetic 
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field, the retention of magnetic nanocomposites in tumor microenvironment could 
be prolonged, rendering nanocomposites increase their therapeutic efficacy. 

 

 
Figure 2.30 Schematic representation of the synthesis of hyaluronic acid-

conjugated mesoporous silica-SPIONs and its application in targeted drug delivery 
[76].  

 
As shown in literature reviews, SPIONs can be applicable in different purposes 

(e.g. cell targeting, maintaining therapeutic agents at specific sites, etc.). Therefore, 
some factors, such as biocompatibility, size and targeting capability of magnetic-
based nanocomposites, must be considered in order to reach high efficacy.  

In this thesis, the researcher focused on fabricating nanocomposites which can 
enhance DCs targeting ability and the degree of DCs maturation as it can be a 
valuable candidate in vaccine adjuvants. Thus, favorable size for DCs uptake must be 
firstly taken into account to achieve an efficient cellular internalization. Reportedly, 
the size of 500 nm or below is desirable for DCs uptake [77]. Hence, nanomaterials 
with size tunability in concerted with capacity to provide high stability for small 
SPIONs are assumed to be a good candidate for the targeting and activation of DCs.  

According to literature reviews, one of the most versatile materials used in 
biological studies, which shows potential in preventing the aggregation of magnetic 
nanoparticles, is silica nanoparticle. As support materials, silica nanoparticles have 
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been well-known for their biocompatibility, low toxicity, ease of fabrication with 
tunability in sizes, and variety in surface functionalization [78]. Thanks to those 
features, silica nanoparticles have been extensively reported as silica-based 
nanostructures for a wide range of biomedical applications [79-81].  

Therefore, herein, I am interested in the synthesis of multifunctional 
nanocomposites of silica-magnetic nanoparticles-mannan (S-SPION-MN) as an 
adjuvant. The nanocomposites of silica and SPIONs are assumed to be collectively 
stable. In concerted with mannan modification, the synthesized nanocomposites 
would be biocompatible. Moreover, incorporation of mannan and SPIONs would 
synergistically enhance targeting ability of the particles and subsequently be able to 
elicit strong immune responses of the targeted DCs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 
EXPERIMENTS 

  
According to the experimental studies, the experiments are categorized into 

three sections. The first section shows the list of chemical and biological reagents 
used in this work. All instruments are also listed in this topic. In the second part, the 
synthesis of nanocomposites of silica-SPIONs-mannan (S-SPION-MN) is described. 
Finally, the last section is composed of characterizations and biological studies of the 
synthesized particles.  

 
3.1 Lists of instruments, chemical and biological reagents used in this study 

All instruments involved in characterizations and investigations of the 
synthesized S-SPION-MN nanocomposites are listed below in Table 3.1.  

 
Table 3.1 List of instruments 

Instruments Model 
X-ray Powder Diffraction Spectrometer (XRD) DMAX2200/Ultima+ (Rigaku) 
Transmission Electron Microscope (TEM) Tecnai F20 (Philips Electron Optics) 
Inductively Coupled Plasma-Optical Emission 
Spectrometer (ICP-OES) 

Perkin Elmer Optima 2100 

Field-Emission Scanning Electron Microscope 
(FESEM) 

JSM7610F (JEOL) 

Centrifuge Centaur 2 (Sanyo) 
Magnetic Stirrer MS 101 (Gem) 
Vibrating-Sample Magnetometer (VSM) LakeShore Model 7404 
Particle Size Distribution Analyzer (ZSP) Malvern, Instruments Ltd, UK 

Microplate Reader 
Epoch 2 Microplate Reader, VT, 
USA 

Fluorescence Microscope BX50 (Olympus) 
Flow Cytometric Analysis (FACS) FACS CaliburTM (BD Bioscience) 
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For the synthesis of nanocomposites of S-SPION, SPION-MN, the chemicals used 
in the syntheses and biological studies are listed in Table 3.2.  

 
Table 3.2 List of chemicals 

Chemicals Suppliers 
Tetraethyl orthosilicate (TEOS, 98%) Aldrich 
ammonium hydroxide (NH4OH; 25%) Merck 
ethanol (EtOH, AR grade) RCI Labscan 
3-aminopropyltriethoxysilane (APTES, ≥
98%) 

Aldrich 

iron (III) acetylacetonate (Fe(acac)3, 97%) Aldrich 
N-hydroxysuccinimide (NHS, 98%) Aldrich 
N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC, ≥
98%) 

Sigma-Aldrich 

fluorescein isothiocyanate (FITC, > 90%) Sigma 
hexane (AR grade) RCI Labscan 
sulfuric acid (H2SO4, 98%) RCI Labscan 
phenol (≥ 96%) Sigma-Aldrich 
Tetraethylene glycol (TEG, > 95%) TCL  
Dimethyl Sulfoxide (DMSO, 99.9%)  VWR Amresco 
Bovine serum albumin (BSA. Fraction V, 
protease-free grade) 

VWR international 

4′,6-Diamidine-2′-phenylindole 
dihydrochloride (DAPI, > 90%) 

Sigma 

CellMask Deep Red Plasma Membrane Stain Invitrogen 
Poly-L-lysine hydrobromide (cell culture 
grade) 

Sigma 

Paraformaldehyde (95%) Sigma 
Saccharomyces cerevisiae mannan Research Unit in Integrative Immuno-
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Microbial Biochemistry and 
Bioresponsive Nanomaterials, 
Chulalongkorn University 

 
Biological reagents used in cell studies, including cell culture, cytotoxicity test, 

cellular internalization, cell stimulation and maturation, are included in Table 3.3.  
 

Table 3.3 Biological reagents 
Biological reagents Suppliers 

Roswell Park Memorial Institute medium (RPMI 1640) GibcoTM Life Technologies 
Sodium pyruvate GibcoTM Life Technologies 
Glutamax  GibcoTM Life Technologies 
Fetal bovine serum (FBS) GibcoTM Life Technologies 
Penicillin-streptomycin GibcoTM Life Technologies 
ELISA kits Biolegend 
Purified anti-mouse CD16/32 monoclonal antibody 
(mAb)  

Biolegend 

PerCP/Cy5.5-labeled anti-mouse I-A/I-E mAb  Biolegend 
FITC- labeled anti-mouse CD80 mAb Biolegend 
APC- labeled anti-mouse CD11c mAb Biolegend 
PE- labeled anti-mouse CD86 mAb eBioscience 
TWEEN® 20 for molecular biology VWR Amresco 
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) (MTT) 

Invitrogen 
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3.2 Synthesis of nanocomposites  
3.2.1 Synthesis of nanocomposites of silica-superparamagnetic nanoparticles (S-
SPION)  

 
Figure 3.1 Depiction of the synthesis of S-SPION nanocomposites.  

 
Figure 3.1 displayed the schematic representation of the synthesis of S-SPION 

nanocomposites. Firstly, silica nanoparticles were fabricated following Stöber method 
as reported by Nozawa and co-workers [82]. Briefly, EtOH (50 mL) and NH4OH (9.5 
mL) were mixed and designated as Solution A. Then, Solution B was prepared by 
mixing TEOS (5 mL) and EtOH (30 mL). Subsequently, Solution B was added dropwise 
into a stirring Solution A with the dropping rate of 1 mL/min. The colorless mixture 
was then turned white and turbid. The reaction mixture was continuously stirred at 
room temperature for 24 h. The product was washed with EtOH until the pH reached 
7 and collected by centrifugation (8000 rpm, 5 min). Then, the materials were dried 
overnight in a 60°C oven.  

Secondly, the nanocomposites of silica-superparamagnetic nanoparticles (S-
SPION) were in situ synthesized following a procedure previously reported [83]. The 
obtained silica nanoparticles (200 mg) were dispersed in deionized (DI) water by 
sonication before added into a 250 mL round-bottom flask containing x mg of 
Fe(acac)3 (x = 10, 20, 60, and 180 mg) and TEG (10 g). Subsequently, temperature 
program was performed following to the diagram in Figure 3.2. The mixture was 
heated to 110 ˚C under vacuum for 1 h to remove small traces of water, and it was 
then heated up to 210 ˚C under N2 atmosphere for 2 h. This step allows the 
formation of nuclei and subsequent growth of nanoparticles. Next, the temperature 
was increased to 300 ˚C under air for 1 h to allow produced nanoparticles partially 
oxidized and then cooled down to room temperature. Finally, the mixture was 
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washed with acetone to remove unbound magnetic nanoparticles. The water 
dispersible product was then obtained. The synthesized nanocomposite was 
designated as S-SPION.  

 
Figure 3.2 Temperature program used to fabricate S-SPION nanocomposites.  

 
3.2.2 Preparation of nanocomposites of S-SPION and mannan (S-SPION-MN) 

 

 
Figure 3.3 Schematic representation of the synthesis of S-SPION-MN 

nanocomposites.  
 

The overview of the synthesis of S-SPION-MN is presented in Figure 3.3. Amino-
functionalization surface was firstly done as followed. S-SPION (150 mg) was 
sonicated in hexane (10 mL) for 10 min. Then, APTES (200 µL) was added into the 
solution of S-SPION and further sonicated for 1 h. S-SPION-NH2 was then obtained. 
Secondly, S-SPION-NH2 (100 mg) was dispersed in DI water (8 mL) and subsequently 
added into a mixture of solution containing mannan (30 mg of extracted mannan/ 2 
mL of DI water), EDC (50 mg), and NHS (40 mg). The mixture was vigorously stirred at 
room temperature for 24 h. It was then washed with DI water, and the supernatant 
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was collected and kept at 4 ˚C for mannan loading assessment. The final product of 
S-SPION-MN was kept at 4 ˚C.  

It is noteworthy that mannan in this work was naturally obtained from the 
extraction of Saccharomyces cerevisiae. The extraction protocol was followed by 
published work by Nguyen and co-workers [26]. Assumedly, the structure of 
extracted mannan is likely to have the same structure as MNN1 shown in Figure 3.4. 
In addition, the extracted mannan possesses molecular weight of 10kDa according to 
the previous published work [26].  

 

 
Figure 3.4 Mannan structures in fungal cell wall [84]. 
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3.3 Materials characterizations and biological studies of synthesized S-SPION, 
and S-SPION-MN nanocomposites  

3.3.1 Physical characterizations  
Morphology of prepared nanocomposites was characterized using a field 

emission scanning electron microscope (FESEM) (JSM7610F, JEOL, Japan). The 
magnetite character was also verified using x-ray powder diffraction spectrometer 
(XRD) (DMAX2200/Ultima-plus instrument, Rigaku, Japan). In addition, the magnetic 
response was evaluated at room temperature using an in-house developed vibrating 
sample magnetometer (VSM) (Lakeshore, USA). To measure the amount of iron in 
nanocomposites of S-SPION, an inductively-coupled plasma optical emission 
spectrometer (ICP-OES) (Perkin Elmer Optima 2100) was applied. Moreover, mannan 
attachment was also confirmed by a zetasizer (Malvern, Instruments Ltd, UK) to 
evaluate the zeta potential and size distribution of the modified particles, S-SPION-
MN. 

 
3.3.2 SPIONs and mannan loading content 
Iron-loading content of the synthesized S-SPION particles was determined by 

an inductively-coupled plasma optical emission spectrometer (ICP-OES) (Perkin Elmer 
Optima 2100). For the sample preparation, the sample was firstly dissolved in 37% 
hydrochloric acid for 15 min. Then, it was diluted with DI water and subsequently 
filtrated with 0.2 µm nylon syringe filter (VertiCleanTM).  

The attached mannan was investigated using a colorimetric assay of sulfuric 
acid-phenol method [64]. Principally, H2SO4 could digest mannan into 
monosaccharides and later reacted with phenol producing a furfural compound, 
which provided a yellowish-brown color mixture. Thus, a direct determination of 
mannan on S-SPION particles would be a problem due to interfering color from the 
digested iron. For solving this problem, measurement of unattached mannan in 
supernatant was performed. The total amount of attached mannan on particles can 
be estimated from the difference in concentration of mannan in supernatant before 
and after loading. Briefly, concentrated H2SO4 (300 µL) was rapidly added in a 
collected supernatant (150 µL) and followed with the addition of 5% phenol (60 µL). 
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The mixture was then heated at 90 ˚C for 5 min to allow for color development. 
Then, the absorbance at 490 nm was measured using a microplate reader (Epoch 2 
Microplate Reader, VT, USA). Notably, mannan with high molecular weight might not 
be completely digested. Thus, in this work, serial dilution was performed. In addition, 
glucose solution with different concentrations was chosen as a standard solution so 
the content of digested mannan could be directly evaluated from the standard 
solution. 

 
3.3.3 Cell culture 
Murine bone marrow-derived dendritic cells (BMDCs) were prepared following 

previous reports [72, 85]. All animal procedures were approved by an Institutional 
Animal Care and Use Committee (IACUC) of Faculty of medicine, Chulalongkorn 
University (021/2562). Briefly, bone marrow cells were isolated from femurs and tibias 
of 6-week old BALB/c female mice and seeded at the concentration of 1x 106 cells in 
24-wells plates. The bone marrow cells were cultured in RPMI supplemented with 

10% FBS, 100 U/ml penicillin and 100 mg/mL streptomycin, 0.2 mM Glutamax, 10 
ng/mL recombinant murine GM-CSF (Peprotech, NJ, USA) and 10 ng/mL recombinant 
murine IL-4 (Peprotech, NJ, USA). The cells were cultured at 37 ˚C incubator with 5% 
CO2 for 7 days.  

 
3.3.4 Cytotoxicity 
Synthesized particles were tested for cytotoxicity using MTT assay. Briefly, 

BMDCs were seeded in a 96-well plate with the concentration of 2 x 105 cells/well in 
RPMI media. The cells were exposed to the prepared particles and soluble mannan 
with different concentrations at various times. Then, 12 mM MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltrtrazolium bromide) (Invitrogen, CA, USA) was 
added into the culture, and were then incubated at 37 ˚C for 2 h. Finally, the cells 
were washed with PBS, and DMSO was added to the cells to dissolve the formazan 
crystal. Subsequently, the optical density of the mixture was determined at 570 nm 
using a microplate spectrophotometer (Epoch, Biotek, VT, USA). 
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3.3.5 Cellular internalization  
Firstly, S-SPION and S-SPION-MN particles were tagged with FITC. Briefly, FITC (1 

mg) was dissolved in EtOH (2 mL). Synthesized particles (50 mg) were dispersed in DI 
water. Then, solution of FITC (200 µL) was added to the mixture of prepared particles 
and continuously stirred for 24 h. The mixture was washed with DI water until 
fluorescence dye disappeared from the supernatant. At the end, the labelled 
particles were obtained.  

For cells preparation, cover slips were coated with poly-L-lysine for 18 h in 12-
well plates. Before adding BMDCs, coated cover slips were washed with PBS. Then, 
the cells, which were cultured in RPMI media, were added into a well with the 
concentration of 1 x 106 cells/mL. Subsequently, prepared particles were added into 
the cells and incubated for 15 min and 3 h. Then, the cells were washed with PBS 
and cell plasma membrane were stained with CellMask Deep Red (Invitrogen, CA, 
USA) for 5 min. The cells were fixed using 4% paraformaldehyde for 30 min at 4 ˚C. 
Nuclei were later stained with 30 nm DAPI (Invitrogen, CA, USA) for 5 min. Lastly, the 
stained cells were washed with PBS before they were observed under a fluorescence 
microscope (BX50 Olympus, Japan) with the λex/emit of 330/385 nm, 649/666 nm, and 
522/535 nm for DAPI, CellMask Deep Red, and FITC, respectively. 

 
3.3.6 Induction of dendritic cell maturation and cytokine secretion  
BMDCs were stimulated with synthesized particles and soluble mannan with 

different concentrations under an external magnetic field for 3 h. After the magnetic 
field was removed, the cells were continuously incubated for the additional 24 h 
and 48 h. Then, BMDCs were collected and supernatants were kept for cytokine 
investigation. Maturation of the collected cells was evaluated by first blocking the 
cellular Fc receptor with anti-mouse CD16/32 mAbs, and then staining with 
fluorescence dye-labeled antibodies against murine CD11c, CD80, CD86 and MHC II. 
Unstimulated cells were used as a control. All stained cells were then subjected to a 
flow cytometric analysis (CytoFLEX, Beckman Coulter Inc., CA, USA), and analyzed by 
Kaluza analysis version 1.5a software (Beckman Coulter Inc., CA, USA).  
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For cytokine assessment, the levels of interleukin (IL)-6, IL1-β, interferon-
gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α) in the collected 
supernatants were determined by ELISA method following to the Biolegend’s 
protocol. The sandwich ELISA was performed using cytokine-specific capture and 
detection antibodies with streptavidin-horseradish peroxidase system. 3,3’,5,5’-
Tetramethyl benzidine (TMB) was used as a substrate. The absorbance was measured 
at 450 nm using a microplate spectrophotometer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

 
The production and biological assessment of nanocomposites that have a 

potential as good adjuvants were systemically studied, and the overall perspective of 
this work is graphically illustrated in Figure 4.1.   

 
Figure 4.1 Schematic representation of the synthesis of S-SPION-MN and its 

benefit of magnetically aid in biological study.  
 

Thus, all the results from materials characterizations and biological activities, 
such as cytotoxicity, cellular internalization, cell activation and maturation, of the 
synthesized nanocomposites are included in this chapter. Therefore, the following 
content in this chapter is divided into two sections (i.e. materials characterizations 
and biological activities). The discussion of the obtained results is also included.  

 
4.1 Materials characterizations 

4.1.1 Characterization of silica nanoparticles (SiNPs) and silica-magnetic 
nanoparticles (S-SPION) by FESEM and TEM 
Firstly, silica nanoparticles (SiNPs) were synthesized following Stӧber method. 

In order to study the effect of the size of the nanocomposites, silica nanoparticles 
with two different sizes were compared. Figure 4.2a and Figure 4.2b show FESEM 
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images of the synthesized silica nanoparticles with sizes of 198 ± 8.3 nm and 461± 
33.3 nm, respectively. Both sizes of the produced SiNPs as characterized using FESEM 
exhibits spherical shape with a narrow size distribution and smooth surface.   

 

 
Figure 4.2 FESEM images of fabricated silica nanoparticles with a) small and 

b) large sizes.  
 

Secondly, nanocomposites of silica and magnetic nanoparticles (S-SPION) were 
subsequently synthesized via thermal decomposition approach. Different amounts of 
iron precursor (Fe(acac)3) (i.e. 10, 20, 60, and 180 mg) were used for synthesizing S-
SPION. It should be noted that small size of silica nanoparticles was used to 
investigate the effect of precursor amount. From FESEM images in Figure 4.3, it 
clearly exhibited the impact of Fe(acac)3 content on the obtained nanocomposite’s 
morphology. As a result, the degree of surface coverage of silica nanoparticles is 
dependent of Fe(acac)3 content. The higher amount of precursor used, the larger 
surface area occupied. As silica nanoparticles were used as support materials and 
were further modified with mannan, silica nanoparticles with partially covered 
surface is desirable. Herein, S-SPION with 10 mg of Fe(acac)3 (Figure 4.3a) was chosen 
to be a candidate for further studies as it provided a large amount of free space for 
surface functionalization. Although only small amount of Fe(acac)3 was applied, the 
obtained S-SPION nanocomposite still possessed superparamagnetic character. 
Notably, magnetic nanoparticles are likely to deposit on silica particles’ surface by 
physical adsorption.  
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Figure 4.3 FESEM images of S-SPION synthesized with a) 10 mg, b) 20 mg, c) 

60 mg, and d) 180 mg of Fe(acac)3   
 

In addition, silica nanoparticles with large size (i.e. 461± 33.3 nm) were also 
fabricated with 10 mg of Fe(acac)3. As a result, the obtained large S-SPION 
nanocomposite showed similar result to the small S-SPION, providing large available 
surface on silica surface with small magnetic nanoparticles deposited on silica’s 
surface (shown in Figure 4.4a and 4.4b as SEM and TEM images, respectively). 
Therefore, it can be claimed that this method is a versatile approach for the 
synthesis of S-SPION nanocomposites, regardless of the size of SiNPs.  
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Figure 4.4 a) SEM image and b) TEM image of large S-SPION synthesized with 

10 mg of Fe(acac)3   
 

4.1.2 Characterization of silica nanoparticles (SiNPs) and silica-magnetic 
nanoparticles (S-SPION) by XRD 
In addition, X-ray diffraction (XRD) was used to determine the structures of the 

synthesized SiNPs and S-SPION nanocomposites. For comparison, the structure of 
magnetite nanoparticles (JCPDS:19-0629) was used as a reference. Notedly, S-
SPION(S) and S-SPION(L) represented magnetic nanocomposites fabricated using 
small and large size of silica nanoparticles, respectively. According to XRD patterns in 
Figure 4.5, the characteristic peaks of magnetite nanoparticles from both sizes of 
magnetic nanocomposites cannot be clearly observed compared to the reference. 
The XRD patterns of S-SPION (S) and S-SPION (L) exhibit dominant characteristic peaks 
of amorphous silica. However, S-SPION nanocomposites, which were synthesized 
using the highest amount of iron precursor (i.e. 180 mg of Fe(acac)3), revealed 
magnetite characters as shown in the XRD pattern of S-SPION-180Fe. The obtained 
results suggested that the number of magnetic nanoparticles presented in the S-
SPION nanocomposites plays a significant role in XRD patterns. Thus, other evidence 
is required to confirm the presence of magnetic nanoparticles as XRD patterns of S-
SPION do not clearly provide significant peaks of presented magnetic nanoparticles. 
This observation is consistent with the published work by Ding et al. [86]. 
Nanocomposite of silica beads and quantum dots was synthesized and characterized 
by XRD. The XRD pattern of the synthesized nanocomposite showed very faint peaks 
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of quantum dots, predominantly occupied by amorphous character of silica.  
Therefore, to confirm the presence of magnetic materials, magnetic responses of S-
SPION nanocomposites were further assessed.  

 

 
Figure 4.5 XRD patterns of the synthesized nanoparticles (i.e. S-SPION (S), S-

SPION (L), and S-SPION_180Fe) compared to a magnetite reference (JCPDS:19-0629) 
and bare SiNPs.   

 
4.1.3 Magnetic characterization of silica-magnetic nanoparticles (S-SPION) by 
VSM  
To confirm the presence of magnetic property, magnetic response of the 

synthesized nanocomposite was simply determined using a permanent magnet. 
Under an induction of an external magnetic field, the synthesized nanocomposites 
were attracted to an external magnet as shown in Appendix: Figure A1. In addition, 
magnetic response was also assessed using a VSM. Figure 4.6 shows the 
magnetization-magnetic field (M-H) curves of S-SPION(S) and S-SPION (L) 
nanocomposites. From the M-H curves, S-SPION (S) and S-SPION (L) nanocomposites 
exhibited superparamagnetic character showing no hysteresis loop with the 
saturation magnetization of ~2.7 emu/g and ~0.6 emu/g, respectively. As a result, S-
SPION (S) exhibited stronger magnetic response to an external magnetic field than S-
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SPION (L). This observation implied that, at the same weight of nanocomposite, small 
size of nanocomposite contained higher surface area than the bigger particle, 
suggesting a larger number of magnetic nanoparticles deposited on silica surface.  

 

 
Figure 4.6 Magnetization-magnetic field (M-H) curves of S-SPION (S) and S-

SPION (L) nanocomposites. 
 

4.1.4 Functionalization of silica-magnetic nanoparticles with mannan (S-SPION-
MN)  
Mannan extracted from Saccharomyces cerevisiae cell wall contained 

characteristics of carbohydrate and protein in its structure. Thus, it was assumed that 
the extracted mannan was composed of protein residues [84]. Consequently, surface 
functionalization of S-SPION with APTES was firstly conducted. The obtained product 
designated as S-SPION-NH2 was consisted of amino groups on S-SPION’s surface. The 
success of amino surface functionalization could be confirmed by measuring zeta 
potential. The zeta potential result is shown in Table 4.1. Prior to surface 
modification, both sizes of S-SPION nanocomposite exhibited highly negative charge 
due to the abundance of silanol groups on nanocomposite’s surface. After APTES 
was applied, some of silanol groups were replaced by positively charged amino 
groups as it can be observed that S-SPION-NH2 nanocomposites are more positively 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 55 

charged than the unmodified nanocomposite (S-SPION), regardless of particles size. 
For instance, zeta potential of S-SPION (S) was -29.80 ± 1.04 mV, while amino-
modified particle (S-SPION-NH2) exhibited less negativity (i.e. -22.60 ± 0.88 mV). For 
the large size of nanocomposite, the same trend of particles’ charge was attained as 
well. However, the slight difference in charge after APTES modification might be due 
to the use of low concentration of APTES. If higher concentration of APTES had been 
used, higher positivity would have noticed. The effect of APTES concentrations to the 
zeta potential changes has been studied elsewhere [87]. 

 
Table 4.1 Zeta potential and coated mannan content 

 
Next, S-SPION-NH2 was presumed to further functionalize with mannan through 

amide bond formation. EDC/NHS coupling reagent was applied in the reaction to 
activate carboxylic groups on mannan chain. The presence of mannan on 
nanocomposite’s surface could be verified by measuring zeta potential as shown in 
Table 4.1. As a result, the zeta potential of both sizes of nanocomposites (i.e. S-
SPION (S)-MN and S-SPION (L)-MN) exhibited less negativity (-2.92 ± 0.35 and -3.88 ± 

Samples Zeta potential (mV)a 
Mannan concentration 

(µg/ mg particle)b 

Small 

S-SPION (S) -29.80 ± 1.04 N/A 

S-SPION (S)-NH2 -22.60 ± 0.88 N/A 

S-SPION (S)-MN -2.92 ± 0.35 13.4 

Large 

S-SPION (L) -39.17 ± 2.33 N/A 

S-SPION (L)-NH2 -20.16 ± 0.68 N/A 

S-SPION (L)-MN -3.88 ± 0.13 4.69 
a Zeta potential measured by a Zetasizer 
b Mannan content measured using sulfuric acid-phenol colorimetric assay  
N/A not applicable 
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0.13 mV) than amino-functionalized ones (-22.60 ± 0.88 and -20.16 ± 0.68 mV). This 
result is ascribed to the charge neutralization of the coated mannan. This change in 
surface charge is consistent with the work reported by Walters and co-workers [88]. 
However, due to an obvious change of surface charge, mannan is thus likely to be 
coated through physical adsorption due to the little amount of protein residue 
existing in extracted mannan. Therefore, the consumption that mannan attached to 
silica particle via covalent bond might not be accurate.  

Moreover, the existence of mannan could also be confirmed by colorimetric 
assay of sulfuric acid-phenol method. Principally, mannan is firstly broken down into 
monosaccharides by sulfuric acid. Then it was further dehydrated into furfural 
compounds and subsequently reacted with phenol, producing yellowish-brown 
solution. As shown in Appendix: Figure A2, the solution of S-SPION-MN 
nanocomposites of both sizes turned into yellowish-brown solution, while the 
solution of S-SPION nanocomposite still maintained pale yellow. In accordance with 
the result, it was clearly confirmed that mannan was successfully coated on S-SPION 
nanocomposite. Moreover, the concentration of coated mannan could be calculated 
from the observed absorbance. However, the interference of the color of iron 
nanoparticles deposited on silica nanoparticles might be an issue. Thus, the 
concentration of coated mannan is indirectly evaluated from the concentration of 
mannan before and after loading. Calculated concentration of coated mannan is 
shown in Table 4.2. As a result, S-SPION (S)-MN contained mannan with the 
concentration of 13.4 µg/mg particle, while S-SPION (L)-MN possessed less amount of 
mannan (i.e. 4.69 µg/mg particle). This outcome can be described as small 
nanoparticles provide higher surface area for mannan functionalization than the 
surface area acquired by bigger nanoparticles.  

 
4.1.5 Magnetic characterization of silica-magnetic nanoparticles-mannan (S-
SPION-MN) using a VSM 
Magnetization of mannan-coated magnetic nanocomposite could be 

determined using a VSM. The magnetization curve of S-SPION-MN is shown in Figure 
4.7 compared to the uncoated one. Noted, S-SPION (L) was chosen for further 
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investigations, instead of using small nanocomposite, even though smaller 
nanocomposite possessed superior magnetic property. This is likely due to the 
preferred size of DCs uptake (about 500 nm) [72]. As a result, the presence of 
mannan does not affect the character of superparamagnetic property by showing no 
hysteresis loop. The observed magnetization of S-SPION-MN was ~0.4 emu/g which 
was similar to the counterpart S-SPION (i.e. ~0.6 emu/g). As S-SPION-MN 
nanocomposite still contains superparamagnetism, it is suitable for further 
investigation in biological studies.  

 

 
Figure 4.7 Magnetization curves of coated nanocomposite (S-SPION-MN) 

compared to the uncoated sample (S-SPION).  
 

4.1.6 Characterization of silica-magnetic nanoparticles-mannan (S-SPION-MN) by 
hydrodynamic size, zeta potential and ICP-OES 
Hydrodynamic size can be an alternative way to prove the existence of 

mannan on the magnetic nanocomposite. Table 4.2 shows the hydrodynamic size of 
uncoated and coated nanocomposites obtained by a zeta sizer. As a result, coated 
particles clearly demonstrated larger hydrodynamic size than the uncoated ones, 
assuring the presence of mannan. Moreover, zeta potential values of both 
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nanocomposites also confirmed the presence of mannan on particle surface, thereby 
neutralizing particle surface charge.  

Following to all above results, it implied that mannan could be coated through 
physical adsorption. However, the content of iron nanoparticles before and after 
mannan attachment process has not been mentioned yet. Thus, ICP-OES was used 
to measure the amount of iron coated on nanocomposites. As shown in Table 4.2, 
the amount of Fe of both S-SPION (3.95 µg/mg particle) and S-SPION-MN (4.07 µg/mg 
particle) is comparable. Therefore, it can be implied that the protocol used to attach 
mannan does not affect the starting material’s characteristics.  

 
Table 4.2 Properties of synthesized particles 

 
4.2 Biological activities 

4.2.1 Cytotoxicity study  
In terms of biocompatibility, MTT assay was chosen as a reliable common 

method to study toxicity of the synthesized particles, S-SPION and S-SPION-MN. 
Therefore, cytotoxicity of the synthesized particles was tested by incubating the 
particles with DCs for different times (6 h, 12 h, 24 h, and 48 h). The results of cell 
viability are shown as O.D. value displayed in Figure 4.8. Particulate mannan (S-
SPION-MN) and unmodified counterpart (S-SPION) with different concentrations (0.01, 
0.10, and 1.00 ng particles/cell) were incubated with DCs. The assessment was 
compared to non-incubated cell (negative control), solution form of mannan and 0.5 
µg/mL of LPS. The cell viability is inversely proportional to the particle 

Samples Size (nm)a PDIa 
Zeta potential 

(mV)a 

Amount of Fe 
(µg/mg 

particle)b 
S-SPION 693.23 ± 25.62 0.157 ± 0.085 -39.17 ± 2.33 3.95 
S-SPION-MN 930.70 ± 37.77 0.395 ± 0.077 -3.88 ± 0.13 4.07 
a Hydrodynamic size, PDI, and zeta potential measured by a Zetasizer 
b Iron content determined by ICP-OES analysis 
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concentrations. From the results, it can be observed that mannan in its solution form 
showed higher viability of cells compared to the particulate form. This phenomenon 
might be ascribed to the high stimulation of DCs by mannan in particulate 
formulation, since the high activation of DC can lead to the cell death [89, 90]. To 
confirm the effect of the presenting mannan, unmodified particles, S-SPION, 
demonstrated more survival of cells than the cells incubated with S-SPION-MN, 
especially at high concentration. According to the result, the existing mannan in 
particulate form showed greatly impact to the cell activity. 

 
Figure 4.8 Cytotoxicity of the synthesized particles in BMDCs. Cell viability 

was assessed by MTT assay and presented as optical density (O.D. at 570 nm). BMDCs 
were incubated with the tested particles at a) 6 h, b) 12 h, c) 24 h, and d) 48 h. * 
indicates the statistically significant difference between samples, as determined by 
One-way ANOVA with Tukey HSD (n = 3) at p < 0.05. 
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4.2.2 DC maturation  
To confirm the benefit of mannan in its particulate form, DC maturation was 

then investigated. As we have known that mature DCs play an important role in the 
induction of an effective T cell immunity [91]. Therefore, enhancement of DC 
maturation should be considered. In addition, from cytotoxicity study in the previous 
section, the result has primarily shown that the presence of mannan, particularly in 
the particulate form, might affect DC activation and maturation. To confirm our 
hypothesis, DC maturation was further determined. To assess DC maturation, three 
markers, CD80, CD86, and MHC class II, were used as indicators of matured DCs [92]. 
Figure 4.9 exhibited quantitative analysis showing mean fluorescence intensity (MFI) 
of DCs stimulated with different types of particles for 24 h (Figure 4.9a) and 48 h 
(Figure 4.9b). The fluorescence intensity is contributed to up-regulated expression of 
the markers on DCs, referring to the degree of DC maturation. According to the 
results obtained at 24 h and 48 h, only S-SPION and S-SPION-MN (at the 
concentration of 1 ng/cell) demonstrated high up-regulation of DCs markers 
compared to the unstimulated DCs (negative control) and soluble mannan. In 
comparison with S-SPION, S-SPION-MN exhibited significantly higher degree of DC 
maturation, confirming the important role of mannan in DC activation. From this 
result, it can be claimed that mannan plays an important role in DC activation. In 
addition, particulate form of mannan displayed a better immunogenicity than the 
soluble mannan in terms of DC activation and maturation even though high 
concentration of soluble mannan (25 µg/mL) was applied in comparison with 
particulate form of mannan, S-SPION-MN (at mannan concentration of less than 5 
µg/mL). The detail of flow cytometric analysis comparing between soluble mannan 
and S-SPION-MN is shown in Appendix: Figure A3. Also, the percentage of positive 
cells analyzed from flow cytometry is presented in Figure 4.10. As a result, S-SPION-
MN could be a potent candidate as an effective adjuvant.   
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Figure 4.9 Effects of the particulate mannan on DC maturation. BMDCs were 

incubated with tested particles at various concentrations as indicated for (a) 24 h and 
(b) 48 h. The expression of DC markers, CD80, CD86 and MHC class II, was assessed 
by flow cytometric analysis. DCs were identified by gating on CD11c+ fraction. Then 
the expression levels of the maturation markers were assessed using histogram 
analysis (Appendix: Figure A3), and presented in geometric mean fluorescence 
intensity (MFI). * indicates the statistically significant difference between the two 
samples, as determined by One-way ANOVA with Tukey HSD (n = 3) at p < 0.05.  
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Figure 4.10 The percentage of mature DCs. BMDCs were incubated with 

tested particles at various concentrations as indicated for (a) 24 h and (b) 48 h. DCs 
were identified by gating on CD11c+ fraction. Then the percentage of CD80, CD86 and 
MHC class II positive cells were assessed by dot plot analysis. * indicates the 
statistically significant difference between the two samples, as determined by One-
way ANOVA with Tukey HSD (n = 3) at p < 0.05. 

 
4.2.3 Cytokine assessment  
Generally, when DCs are stimulated, small proteins called cytokines are 

subsequently released. These secreted cytokines are involved in cell interactions and 
communications. Therefore, it is necessary to study the DCs activation by assessing 
the released cytokines. Herein, cytokine secretion was studied after the stimulation 
of DCs by the synthesized particles (e.g. S-SPION, particulate mannan (S-SPION-MN), 
and soluble form of mannan) at various concentrations. The cytokine investigation 
was conducted using ELISA method. The results are shown in Figure 4.11 that both 
24 h and 48 h studies resulted in similar cytokine profiles. For instance, at the same 
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concentration of 1.0 ng particles/cell, S-SPION-MN obviously exhibited higher DC 
activation than those activated using S-SPION as high released amounts of 

proinflammatory cytokines (e.g. TNF-α, IL1-β, IL-6, and IFN-γ) were detected. The 
obtained result is consistent with DC maturation and cytotoxicity studies. The 
obtained evidence suggested that mannan contributed an important key to elicit 
strong immune response. 

 
4.2.4 Cellular internalization  

4.2.4.1 Cellular uptake visualized by a confocal microscope  
In addition to the aid of targeting molecule (e.g. mannan), the presence of 

magnetic nanoparticles can also play an important role in directing nanoparticles to a 
specific site. In this case, synthesized S-SPION-MN can be delivered to DCs under the 
induction of an external magnetic field. Figure 4.12 shows confocal images of cellular 
internalization at different times, 15 min and 3 h, with and without an external 
magnetic field. It can be observed that high amounts of S-SPION-MN particles can be 
clearly taken by DCs at 15 min under an induction of magnetic field, while only small 
amounts of particles can be internalized in the absence of magnetic field induction. 
This observation can be ascribed to the ability of magnetic nanocomposite in 
gathering nanoparticles to DCs surface, enabling them ready to be taken up by DCs. 
However, at 3 h study, it is likely that the benefit of presenting mannan as a targeting 
moiety surpass the advantage of magnetic induction in DCs targeting ability.  
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Figure 4.11 Cytokine production from stimulated BMDCs. BMDCs were 

incubated with the tested particles at different concentrations as indicated for (a) 24 
h and (b) 48 h. Cytokine production was assessed by ELISA method. * indicates the 
statistically significant difference between the two samples, as determined by One-
way ANOVA with Tukey HSD (n = 3) at p < 0.05. 
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To express the advantage of magnetic nanoparticles, obvious capability of 
presenting magnetic nanoparticles in directing nanoparticles to DCs can be seen in 
Figure 4.13. Uncoated magnetic nanoparticles, S-SPION, were used to demonstrate 
the effect of magnetism in delivery efficacy. Under an induction of magnetic field, at 
15 min, it can be observed that there were plenty amounts of S-SPION nanoparticles 
gathering at DCs surface, while small amounts of nanoparticles were cellular 
internalized. Moreover, there were only small amounts of nanoparticles observed at 
DCs surface when no magnetic field is applied. Nevertheless, at 3 h study, higher 
amounts of nanoparticles were engulfed by DCs due to non-specific internalization of 
DCs. This finding emphasizes that magnetic nanoparticles played an important role in 
directing nanoparticles to DCs, but the nanoparticles did not help in cellular 
internalization. This speculation can be assured as many nanoparticles still 
maintained at DCs surface (indicated with yellow arrows) even though an induction 
of magnetic field at 3 h study was performed. In contrast, no particulate mannan (S-
SPION-MN) can be observed at DCs outer membrane under the same condition. 
Therefore, the collaboration of magnetic nanoparticles and mannan as directing and 
targeting moieties, respectively, could greatly enhance the internalization and 
activation of DCs, making them as potential adjuvants.  
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Figure 4.12 Internalization of particulate mannan by BMDCs. BMDCs were 
incubated with particulate mannan (S-SPION-MN) for 15 min and 3 h with and 
without a 260 mT magnetic field, and the internalization of the particles was 
observed under confocal microscopy. Representative confocal images of BMDCs 
(blue for nuclei and red for plasma membrane) and fluorescent S-SPION-MN particles 
(green) are displayed. 
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Figure 4.13 Internalization of S-SPION by BMDCs. BMDCs were incubated 

with particles for 15 min and 3 h with and without a 260 mT magnetic field, and the 
internalization of the particles was observed under confocal microscopy. 
Representative confocal images of BMDCs (blue for nuclei and red for plasma 
membrane) and fluorescent S-SPION particles (green) are displayed. 
 

4.2.4.2 Cellular uptake assessed by flow cytometry 
The quantitative assessment of cellular uptake of S-SPION-MN by BMDCs 

was also performed using flow cytometric analysis. The percentage of cellular uptake 
studied at different times (i.e. 15 min and 3 h) under the absence and presence of an 
external magnetic field is shown below in Figure 4.14. According to the graph 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 68 

obtained from flow cytometric analysis, the result was consistent with the confocal 
images in Figure 4.12. At 15 min, the presence of a magnetic field significantly 
enhanced the engulfment of S-SPION-MN particles by DCs. The internalization of the 
particles by DCs was markedly increased at 3 h; however, no significant difference 
between the presence and absence of a magnetic field, which was consistent with 
the confocal images. This incident was attributed to the superiority of coated 
mannan as targeting molecules. Nevertheless, magnetic response can still be useful 
for directing nanoparticles to the desirable sites especially at the beginning phase of 
delivery.  

 

 
Figure 4.14 Flow cytometric analysis of BMDC internalization. BMDCs were 

incubated with particulate mannan (S-SPION-MN) for 15 min and 3 h with and 
without a 260 mT magnetic field. The percentage of cellular uptake was evaluated 
using histogram analysis. * indicates the statistically significant difference between the 
two samples, as determined by One-way ANOVA Tukey HSD (n = 3) at p < 0.05. 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 
CONCLUSION 

 
 Vaccination has been widely accepted as an efficient way for treatment and 

protection our body from a variety of infectious diseases. However, current vaccine 
has still addressed some drawbacks, such as lacking strong immune response. 
Therefore, development of vaccine efficacy is of interest. One of the most important 
strategies to improve therapeutic effect of vaccination is the ability in targeting and 
activation of dendritic cells (DCs). Therefore, herein, the researchers focused in 
utilizing nanomaterials as a vaccine adjuvant for enhancing DCs targeting ability. In 
this work, nanocomposites of silica-magnetic nanoparticles and mannan were 
successfully synthesized. The fabricated nanocomposites have shown a potential as 
a vaccine adjuvant. The co-existence of superparamagnetic nanoparticles and 
mannan as a directing and targeting moieties, respectively, greatly improved the 
targeting and activation of DCs.   

The produced uncoated (S-SPION) and mannan-coated (S-SPION-MN) magnetic 
nanocomposites were characterized using various techniques. FESEM and TEM were 
used for morphological characterization. For structural determination, XRD was 
applied. In addition, magnetic response was investigated by using VSM technique. 
The obtained S-SPION nanoparticles contained spherical shape with high amounts of 
magnetic nanoparticles distributed on nanoparticles’ surface. The synthesized 
nanocomposite possessed superparamagnetic character according to VSM result. In 
the case of particulate mannan, S-SPION-MN, the successful attachment of mannan 
could be verified by an alteration of particle surface charge and hydrodynamic size 
of nanoparticles before and after surface modification. Moreover, the presence of 
carbohydrate and its content could also be detected and evaluated by colorimetric 
assay of sulfuric acid-phenol method. Although the nanocomposites were coated 
with mannan, superparamagnetic character remained. 

Investigation of the synthesized nanocomposite in biological study was 
subsequently conducted. The toxicity of the materials incubated with DCs at 
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different times (i.e. 6 h, 12 h, 24 h, and 48 h) was performed by MTT assay. As a 
result, the reduction of cell viability stimulated with particulate mannan might be 
due to the capability of mannan in DCs stimulation. However, high percentage of cell 
viability stimulated by soluble mannan was observed. In addition, DC maturation and 
cytokine assessment were conducted by flow cytometry and ELISA method, 
respectively. The upregulation of mature DC’s surface markers (i.e. CD80, CD86, and 
MHC class II) and released cytokines of TNF-α, IL1-β, IL-6, and IFN-γ confirmed that 
the presence of mannan could significantly enhance DC maturation and activation. In 
terms of targeting ability, confocal imaging and flow cytometry were used to 
investigate the cellular internalization. From the results, it was clearly observed that 
mannan-coated particles could be rapidly internalized compared to an uncoated 
counterpart. Remarkedly, the accumulation of nanoparticles at DCs surface could be 
improved by the aid of magnetic nanoparticles. Therefore, the synergic effects of 
magnetic nanoparticles and mannan vastly impacted targeting ability, cellular 
activation and maturation of DCs. These primary results from in vitro studies offered 
a great possibility in developing nanomaterial-based vaccine adjuvants in vivo. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX 
 

 
Figure A1 Picture demonstration of the synthesized S-SPION nanocomposite 

a) without and b) with an induction of an external magnetic field.  
 

 
Figure A2 Colorimetric assay of sulfuric acid-phenol method confirming the 

presence of mannan in S-SPION nanocomposite. 
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Figure A3 Flow cytometric analysis of DC maturation.  BMDCs were 
stimulated with particulate mannan (S-SPION-MN). The dot plot analysis of BMDC was 
first shown using side scatter (SSC) and forward scatter (FSC), and the live cells were 
gated. (a) DCs were identified by gating on CD11c+ population. The left panel is the 
control staining, and the right panel is the control staining with anti-mouse CD11c 
mAb. The number shown in the panels represented the percentage of CD11c+ cells. 
(b) Histogram analysis of DCs markers (i.e. CD80, CD86 and MHC class II expression on 
CD11c+ cells). The numbers indicated the geometric mean fluorescence intensity 
(MFI).  
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