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1-1 Nanoscale medical science 

1-1-1 Nanomedicine 

Nanotechnology have referred to a technology to manipulate substances on a nanometer 

scale. Especially, the application of nanotechnology for medicines such as therapeutics, 

diagnosis, imaging and tissue engineering have been referred to as “nanomedicine”. Up to 

now, various particle-based nanomedicines have been studied including liposomes, 

polymeric particles, virus-like particles and metal particles (Figure 1-1).12  

Liposomes have been most studied and are highly practical materials as drug delivery 

agents. Liposomes were proposed in the 1960’s and the most studied nanoparticle-based 

nanomedicine.3–5 Liposome is a capsule formed by assemble of phospholipids and has high 

biocompatibility. Although liposomes are easily trapped by reticuloendothelial systems, 

have been practically used through overcoming such problem by surface modification of 

liposomes such as PEGylation.6 In the 1970s, the controlled release system using polymer 

was reported.7,8 So far, majority of drug delivery products approved by Food Drug 

Administration (FDA) are composed of liposomes and polymers.  

On the other hand, inorganic nanoparticles have unique benefits and have been applied 

not only drug delivery,9 but also diagnostics and phototherapies.10,11 Superparamagnetic 

iron oxide nanoparticles are useful as magnetic resonance imaging contrast agents12,13 and 

magnetic targeting.14,15 Novel metal nanoparticles have unique optical features such as 

localized surface plasmon resonance (LSPR)16 and have been used for sensor and 

hyperthermia.17–19 Especially, gold nanoparticles (AuNPs) can be easily controlled their 

size, shape and surface chemical properties, so that are applied for drug delivery carrier, 

vaccine scaffolds and other nanomedicines. 
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Figure 1-1 Historical timeline of nanotechnology-based drug delivery.2 
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1-1-2 Gold nanoparticles in nanomedicine 

Historically, gold colloidal particles are found from fifth and fourth centuries B.C. in 

China, Arabia and India. In middle age in Europe, colloidal gold had been studied by 

alchemists. Paracelsus regarded colloidal gold obtained by reduction of auric chloride as 

therapeutic agent for mental disorder and syphilis. In twentieth century, using colloidal gold 

was proposed for treatment of cancer.  

Today, various synthetic methods of AuNPs have been proposed. AuNPs are synthesized 

by the reduction of Au ion in the presence of capping agents. J. Turkevich reported synthetic 

method of spherical gold nanoparticles (Turkevich method) by using citric acid as reducing 

agent in 1951.20,21 M. Brust and D. J. Schmitt reported the method of gold nanoparticle 

synthesis (Brust-Schmitt method) into the organic solvent. They use alkanethiol, sodium 

borohydride and tetraoctylammonium bromide as a surface capping agent, reductant agent 

and phase-transfer reagent, respectively.22,23 Gold nanoparticles are easily synthesized to 

various size and shape. (Figure 1-2) The size of gold nanoparticles can be controlled by 

synthesis conditions such as seed or gold amount. N. G. Bastús reported the synthetic 

method of monodispersed citrate-stabilized gold nanoparticles in the range of 8-180 nm.24 

The shape of gold nanoparticles can be controlled by silver ion, halide ions and the 

concentration of capping agent.25,26 J. Murphy initially reported shape-controlled gold 

nanoparticle synthesis using surfactant template in 2001.27 This led to a vast synthetic 

method of various shaped gold nanoparticles including rod,28–33 cube,34 plates35–37 , 

octahedra38,39 and more complex structures.40,41 The surface of gold nanoparticles is easily 

modified with various compound by gold-thiol binding and layer-by-layer methods and this 

surface modification affects gold nanoparticle physicochemical properties.42 Especially, 

formation of self-assembled monolayers of thiol molecules on the gold nanoparticle surface 

has been common technique (Figure 1-3).43–45 Gold nanoparticles are chemically stable 

than other metal nanoparticles. Therefore, gold ions not released so much even in an acidic 
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environment while other metal nanoparticles such as silver, CdSe/ZnS and Fe3O4 

nanoparticles release much amount of metal ions in acidic condition.46 

To date, various application of gold nanoparticles for medicine have been established 

(Figure 1-4).47,48 Gold nanoparticles have unique optical properties originated from LSPR. 

This feature has been used for diagnostics such as immunoassay49,50 and biosensors51,52. 

Further, since it is easy to control physicochemical properties, AuNPs are suitable for 

investigating the influence of nanomaterial physicochemical properties on medical potency. 

 

 

 

 

Figure 1-2 versatile strategies to synthesis various shaped AuNPs.25 
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Figure 1-3 formation of self-assembled monolayer of thiolate compounds on gold surface.43,48 

Figure 1-4 Application of various shaped AuNPs for nanomedicine.47 
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1-1-3 Effect of nanoparticle physicochemical properties on interaction 

between nanoparticle and biological milieu 

The gold nanoparticles can be synthesized into various size and shape. Furthermore, the 

chemical properties of gold nanoparticle surface can be controlled by gold-thiol bond 

utilizing molecular functionalization. These physicochemical properties can affect 

interaction between gold nanoparticles and biological milieu. 

The nanoparticle uptake is affected by nanoparticle size, shape, surface electric charge 

and surface chemical composition. W. C. W. Chan reported that 50 nm in diameter of gold 

nanoparticles have higher cellular uptake efficient in the range of 14–100 nm in diameter 

(Figure 1-5A).53 In term of shape, complicated results were reported. It was reported that 

the cellular uptake efficiency of spherical gold nanoparticles is higher than that of rod-

shaped gold nanoparticles (Figure 1-5B ).53–55 W. C. W. Chan speculated that the higher 

curvature of rod-shaped gold nanoparticles can have larger contact area with cellular 

membrane receptors. As a result, available receptors per rod-shaped gold nanoparticle and 

cellular uptake could reduce. On the other hand, higher aspect ratio micro particles56 and 

protein coated rod-shaped gold nanoparticles57 were internalized in cell at a higher rate 

compared to spherical particles (Figure 1-5C). The theoretical literature reported different 

results that spherical nanoparticle58 or rod-shaped nanoparticle59 had fastest internalized 

rate. These reports imply that the shape of nanoparticles affects cellular uptake efficient, 

but do not unambiguously determined. Nanoparticle shape also affects skin penetration. R. 

Fernades reported rod-shaped gold nanoparticles efficiently internalized in human and 

mouse skin than spherical gold nanoparticles.60 Surface charge of nanoparticles also affects 

uptake efficiency.61 Generally, positively charged nanoparticles efficiently internalized into 

cells. This have been thought due to negative cell membrane charge. Utilizing this property, 

nanoparticles are modified with cationic cell penetrating peptides (CPP) to enhance cellular 

uptake.62,63 
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Figure 1-5 the effect of nanoparticle geometry on cellular uptake efficiency. (A) size-

dependent cellular uptake efficiency of nanoparticles.53 (B) effect of nanoparticle shape 

on cellular uptake efficiency.53 (C) MD simulation of passive uptake of different shaped 

nanoparticles.59 
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These nanoparticle geometry and surface properties also affect nanoparticle 

biodistribution (Figure 1-6).64–66 Nanoparticle size affects clearance from bloodstream by 

reticulo-endothelial system organs such as liver, kidney and spleen. Smaller nanoparticle 

(less than 5 nm) are cleared through renal glomeruli pore. Larger nanoparticle than 100 nm 

are filtered by spleen and trapped by liver. Therefore, nanoparticles, which have the size of 

5 to 100 nm, are regarded to have longer circulation times.67 The circulation of 

nanoparticles is also affected by nanoparticle shape.67–69 K. C. L. Black et al. demonstrated 

the different in vivo distribution of four kind shaped AuNPs (sphere, disk, rod and cage). 

They found spherical AuNP showed good blood circulation and higher tumor uptake 

(Figure 1-7).69 The effect of nanoparticle surface charge on distribution have been also 

investigated. S. G Elci et al. reported that positively charged AuNPs concentrated in the 

glomeruli and liver hepatocytes, whereas the neutral and negatively charged AuNPs did not 

and negatively charged AuNPs are cleared slowly than positively charged AuNPs. Neutral 

AuNPs tend to interact with immune systems evidenced by greater accumulation in 

marginal zone and white pulp in spleen and the Kupffer cells (Figure 1-8).70 Surface 

chemistry of nanoparticle also influences interaction between nanoparticle and biological 

milieu and subsequent biodistribution. Typically, modification of nanoparticles with 

polyethylene glycol or zwitterionic compound gives stealth effect in vivo and longer 

circulation time by suppressing opsonization and formation of protein coronas.65,71,72 

The nanoparticle behavior in biological milieu depends on their physicochemical 

properties. Therefore, it is essential to control nanoparticle physicochemical properties to 

apply for nanomedicine.  
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Figure 1-6 Size-dependent biodistribution of blood-circulating nanoparticles. (A) removal 

of larger nanoparticles by Kupffer cells in liver. (B) excretion of smaller nanoparticles 

through glomerular filtration in kidney. (C) passive accumulation of nanoparticle to the 

tumor cells. (D) internalization of nanoparticles into cells.71 

Figure 1-7 Shape-dependent biodistribution and tumor uptake of PEGylated AuNPs. 

Spherical AuNPs showed good circulation time and tumor accumulation.69 
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Figure 1-8 Effect of nanoparticle surface charge and chemical properties on suborgan 

biodistribution.70 
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1-2 Nanoparticle-based vaccine 

1-2-1 Infectious disease and influenza virus 

Infectious diseases are disorder caused by pathogenic microorganisms such as viruses, 

bacteria, parasites and fungi. The history of infectious disease has been long. It is 

considered that smallpox has existed since 1300 BC. Infectious diseases still have remained 

in a major cause of death worldwide. In the report by World Health Organization, lower 

respiratory infection was most deadly infectious disease causing 3.0 million deaths 

worldwide in 2016.  

Influenza viruses are classified to the Orthomyxoviridae and have single-stranded RNA 

genome (Figure 1-9A). There are four types of viruses, influenza A, B, C and D based on 

antigenicity of nucleoprotein and matrix protein. Influenza virus A is further classified 

based on antigenicity of hemagglutinin and neuraminidase. Influenza virus A infects 

mammals and Aves (Figure 1-9B). Influenza viruses infect host cells in upper respiratory 

tract by recognition of cell surface sialic acids by hemagglutinins. After proliferation in the 

host cells, influenza viruses are released from cell surface by degradation of sialic acids by 

neuraminidase (Figure 1-9C). Influenza viruses avoids host immunity by antigenic drift. 

Thus, annual update of influenza vaccines has been required. Moreover, major changes in 

antigen, antigenic shift, has been rarely occurred by reassortment of the influenza virus A 

genomes (Figure 1-9D).73 Therefore, development of universal influenza vaccines which 

protect against various strain and newly emerging influenza strains as well as have safety 

and induce long-term immunity have been required.74,75 
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Figure 1-8 (A) typical structural image of influenza virus. (B) emergence of influenza 

virus from bird host. (C) life cycle of influenza virus in cell. (D) schematic illustration of 

influenza antigenic shift and antigenic drift.70 
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1-2-2 Vaccine development 

The first counterpart against infectious diseases was smallpox vaccine using cowpox 

developed in 1796 by Edward Jenner. Nowadays, several types of vaccines have been 

developed. Live attenuated vaccine uses weakened whole viruses by cold-adaptation or 

proliferation in cultured cells. Live attenuated vaccines elicit strong and long-lasting 

immune responses including cellular immunity and humoral immunity by just once 

immunization. However, because live-attenuated vaccines contain living virus which have 

infectivity, they have risks of infection and side reactions to children and the elderly. 

Inactivated vaccines use split virus components obtained by ether treatments. Subunit 

vaccines contain only antigenic parts. Inactivate vaccine and subunit vaccine do not have 

live component, so that are considered as more safety vaccine. Because inactivated 

vaccines and subunit vaccines have lower immunogenicity, these vaccines need multiple 

immunization or addition of immunostimulator called as adjuvant. 

Currently, various influenza vaccines are applied. Inactivated influenza vaccine is 

standard and immunized subcutaneously or intramuscularly. These administration methods 

elicit mainly IgG antibody responses. On the contrast, intranasal immunization of influenza 

vaccine can induce a mucosal IgA antibody response in the upper respiratory tract, 

promoting protection from influenza virus infection.75 Elicited IgA antibody have potential 

to protect against different strain in same subtypes.76 Live attenuated intranasal influenza 

vaccines have been approved for clinical use only to limited age groups due to risk of side 

reaction. Inactivated intranasal influenza vaccines do not have sufficient activity, so that 

require adjuvants. Cross protection against different subtype influenza viruses and newly 

emerging viruses has been also required. The hemagglutinin stem domain, which has been 

highly conserved than head domain of hemagglutinin, is a main candidate antigen towards 

broadly protective influenza vaccines.77–82 
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1-2-3 Use of adjuvant for vaccine 

Adjuvant has originated in the Latin “adjuvare” and administrated with antigen to enhance 

immunogenicity of vaccines. In the 1920’s, A. T. Glenny discovered that aluminum salts 

enhance vaccine potency of diphtheria toxoid.83 From this, adjuvants have been received 

much attention and actively studied. Currently, various adjuvants are known such as nucleic 

acids and their analogues84–87, alum88,89, emulsions90, liposomes91 and constitutes of 

bacteria92,93. Action mechanisms of adjuvants had been unclear while it had been thought 

that adjuvants worked through promotion of antigen uptake to immune cells and prevention 

of antigen degradation. Recently, Jules A. Hoffmann, Bruce A. Beutler and Ralph M. 

Steinman, who got novel prize, and other researchers revealed the action mechanisms of 

adjuvant. Today, it is widely known that adjuvants activate antigen presenting cells such as 

dendritic cells through pattern recognition receptors (PRRs) recognition of adjuvants and 

endogenous PRR ligands induced by adjuvants. 

Alum is aluminum salts and a one of typical adjuvant. Alum causes cell death and 

subsequent DNA release of host cell and released DNA acts as endogenous 

immunostimulator.89 The adjuvanticity of Alum can be tuned by fining shape of Alum 

particles.88 Exogeneous nucleic acids also work as adjuvant.86 Unmethylated CpG DNA 

double-stranded RNA analogues such as poly(I:C) stimulate toll-like receptor (TLR) 9 and 

3, respectively.  

Nowadays, adjuvants have been essential for the development of effective vaccines. 
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1-2-4 Use of nanoparticles for vaccines 

Nanoparticles are good candidate for scaffold of vaccines. The immobilization of antigen 

onto gold nanoparticles and enhancement of immunogenicity was initially reported in the 

1980s.94 To date, various nanoparticles such as liposomes, emulsion, micelles, virus-like 

particles and metal nanoparticles have been applied to vaccines and immunotherapies.95 

These nanoparticles have benefits to improve antigen delivery, stimulation of innate 

immunity and antigen recognition by B cell receptor (Figure 1-10). 

Self-assembled influenza hemagglutinin ferritin-presenting nanoparticles improved 

vaccine potency and induced broadly neutralizing antibody against H1N1 influenza 

viruses.96 Regarding the targeting of the nasal cavity, antigen delivery using nanogels97 and 

polymer nanoparticles98 has been shown to be effective. Conjugation of adjuvant onto 

nanoparticles and subsequent application have been also demonstrated. Radovic-Moreno 

et al. reported that the conjugation of CpG oligonucleotides onto AuNPs enabled the 

adjuvant dose to be decreased while enhancing vaccine potency in systemically immunized 

mice.99 Zhang et al. reported an enhanced antigen-specific T cell response in mice 

intradermally immunized with multilayered co-assemblies of antigen and poly(I:C) on 

AuNPs.100 

Nanoparticles themselves have immunogenicity and it depends on physicochemical 

properties of nanoparticles. Nanoparticle size affects inflammatory responses in vitro. T. 

Kusaka reported that 30-1000 nm diameter silica particles induced interleukin-1β 

production (Figure 1-11A).101 Nanoparticle shape and surface charge also affects 

inflammatory responses. Higher aspect ratio particles88,102,103 and positively charged 

nanoparticles104 induce interleukin-1β production via lysosome destabilization and 

subsequent NLRP3 inflammasome activation (Figure 1-11B, C).  
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Figure 1-10 Application of nanoparticles and its various benefits.95 

Figure 1-11 The effect of nanoparticle size (A)101 and shape (B)102 on innate immune 

responses. 

(C) The mechanism of IL-1β secretion by stimulation with amino-functionalized 

nanoparticles.104  
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Physical properties such as size and shape of nanoparticle scaffolds affect vaccine 

potency.105–108 Plebanski et al. reported that the size of the antigen carrier influenced the 

immune response pathway in vivo after intradermal immunization.105 They reported that 

40-50 nm nanoparticles enhanced cellular immunity responses and 90-125 nm 

nanoparticles enhanced humoral immunity responses. Niikura et al. reported the effect of 

nanoparticle shape on vaccine potency and cytokine production.107 They found cytokine 

production from immune cells depended nanoparticle shape and spherical nanoparticle 

enhanced vaccine potency than rod-shaped nanoparticles as West Nile virus antigen 

scaffold. Size and shape are important factor to use nanoparticles as adjuvant scaffold. Zhou 

et al. demonstrated that there was an optimal size for AuNPs used as an antigen or adjuvant 

carrier to enhance cellular immunity both in vitro and in vivo.109 Y. Liu et al. reported shape 

dependent adjuvanticity of polyvinylpyrrolidone and polyethylene glycol modified silver 

nanoparticles.110  

As shown above, nanoparticles are useful tool to enhance vaccine potency. Furthermore, 

desired biological responses can be elicited by controlling nanoparticle size, shape and 

surface properties.  
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1-3 Objective  

Since AuNPs can easily prepared with controlled size, shape and surface properties, 

AuNPs have benefits for use in nanomedicine. Especially, AuNPs elicit immunological 

responses depending on these physicochemical properties, and can induce the desired 

immune responses, so that AuNPs are expected to increase vaccine potency.  

Inactivated and subunit vaccines consists of antigen and/or adjuvant. For the stable 

vaccine supply and safety assessment, it is necessary to reduce dose of antigens and to 

reduce the toxicity of adjuvants while remaining vaccine potency. It is also required to 

broadly protect against specific viruses which have various subtypes. Since antigens and 

adjuvants are recognized and processed by different processes, it is important to design and 

prepare appropriate nanoparticle scaffolds. In this study, I targeted on influenza vaccines to 

improve vaccine potency because there are various problems have been remained such as 

the development of safe and effective adjuvants for intranasal vaccination and the rational 

antigen design to protect against various influenza subtypes. 

In chapter 2, I aimed to develop the safe and effective adjuvant for intranasal influenza 

vaccine. I focused on nanoparticle shape to enhance adjuvanticity. Different shaped AuNPs 

were conjugated with RNA adjuvant and their adjuvanticity was evaluated in vivo. The 

effect of administration route was investigated. Further, inflammatory cytokine response 

was evaluated to investigate toxicity and side reaction possibility of prepared adjuvants.  

In chapter 3, I aimed to develop universal influenza vaccine which can protect against 

various strains of influenza viruses through induction of stalk domain specific antibody 

production. I designed stalk domain presenting nanoparticle hemagglutinin-AuNP 

conjugate to enhance stalk domain recognition by antibody production cells: B cell. I 

prepared sialic acid mimic peptides functionalized AuNPs to immobilize HA directing stalk 

domain outside. The immobilization of HA was evaluated by dot blot assay comparing 

reference sequence peptide functionalized AuNPs.  
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In chapter 4, I summarize the thesis and afford the significance and prospects.  

 

 

 

  

Figure 1-12 Schematic illustration of my doctoral thesis. 
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Chapter 2 
Shape-dependent adjuvanticity of gold nanoparticle conjugated 

RNA adjuvants for intranasal inactivated influenza vaccine 
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2-1 Introduction 

Currently, most vaccines are applied subcutaneously (SC) or intramuscularly (IM) and the 

preference for the administration route can vary depending on the infectious diseases. The 

current standard influenza vaccine is a SC or IM injection type. Intranasal influenza 

vaccination has various advantages over subcutaneous or intramuscular vaccination. First, 

intranasal vaccines can induce a mucosal IgA antibody response in the upper respiratory 

tract, promoting protection from influenza virus infection (Figure 2-1).1 Second, intranasal 

vaccination is needle-free. This simplifies the vaccination process and reduces the risk of 

accidental needle-stick injury. Live attenuated intranasal influenza vaccines have been 

approved for clinical use; however, these intranasal vaccines can be inoculated to only 

limited age groups. To apply intranasal influenza vaccines to a wider range of patients, 

intranasal administration of inactivated influenza vaccines is considered to be a promising 

strategy in terms of efficacy and safety.2 However, in general, intranasal inactivated 

influenza vaccines need adjuvants to induce an adequate immune response.  

 

  

Figure 2-1 The effect of vaccine administration route on antibody response. 
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Synthetic RNA analogues [e.g., poly(I:C)] work as an adjuvant for intranasal inactivated 

influenza vaccines.3 The poly(I:C) interacts with several receptors, such as toll-like receptor 

3 (TLR3), to trigger innate immune responses (Figure 2-2).4 Although it has been reported 

that only 40 – 50 base pairs are required for double-stranded RNA (dsRNA) to interact with 

TLR3(Figure 2-3 A)5,6, the adjuvanticity of poly(I:C)s is strongly dependent on their 

molecular weight (Figure 2-3 B, Table 2-1). Poly(I:C)s with a higher molecular weight tend 

to show not only higher adjuvanticity but also higher toxicity.7,8 Therefore, low-molecular-

weight poly(I:C), which shows less toxicity, is required for clinical use as an adjuvant from 

the view point of safety. Recently, Nakano et al. reported a new synthetic approach to low-

molecular-weight (~ 400 bp) poly(I:C) with a narrow size distribution. They found that the 

annealing of multiple 40-base polyI molecules with a single 400-base polyC molecule 

produces a double-stranded poly(I:C) with uniform molecular weight distribution. This 

combination prevents the elongation of dsRNA caused by their linking and enables the use 

of low-molecular weight poly(I:C) of stable length, reducing its toxicity (Figure 2-3 C).9 

This unevenly structured poly(I:C) was referred to as uPIC(40:400). Although this 

uPIC(40:400) is a promising adjuvant due to its low toxicity, its adjuvanticity remains 

inadequate. 

 

 

 

 

 

Table 2-1 Affinity of TLR3 ectodomain binding to dsRNA.6 
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Figure 2-2 Overview of nucleic acid-sensing receptors and signaling pathway.4 

 

Figure 2-3 (A) Model of the dsRNA and TLR3 signaling complex.5 (B) Relationship 

between the molecular weight of poly(I:C) and biological activity.7 (C) Molecular weight 

distribution of uPIC(40:400) (circles) and commercially available high-molecular-weight 

poly(I:C) (uPIC(40:400), triangles) used as positive controls in this study.9 
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Nanoparticles are good candidates for use as uPIC(40:400) scaffolds to enhance 

adjuvanticity. Nanoparticles have already been widely used as vaccine carriers due to their 

ability to enhance cellular uptake of drugs10–12 and activate immune systems.13–20 The 

immobilization of antigens onto nanoparticles and resultant enhancement of 

immunogenicity were initially demonstrated in the 1980s.13 Regarding the targeting of the 

nasal cavity, antigen delivery using nanogels21 and polymer nanoparticles22 has been shown 

to be effective. Recently, the effects of antigen carrier size and shape have also been 

investigated as the size and shape of nanoparticles affect both nanoparticle uptake23–32 and 

immune responses.33–39 Plebanski et al. reported that the size of the antigen carrier 

influenced the immune response pathway in vivo after intradermal immunization.33 It was 

previously demonstrated that the shape of the antigen scaffold affected on vaccine efficacy 

and cytokine production in mice immunized intraperitoneally.36 Recently, adjuvant 

conjugation onto AuNPs and subsequent application to vaccines has been demonstrated. 

Radovic-Moreno et al. reported that the conjugation of CpG oligonucleotides onto AuNPs 

enabled the adjuvant dose to be decreased while enhancing vaccine potency in systemically 

immunized mice.40 Zhang et al. reported an enhanced antigen-specific T cell response in 

mice intradermally immunized with multilayered co-assemblies of antigen and poly(I:C) 

on AuNPs.41 Zhou et al. demonstrated that there was an optimal size for AuNPs used as an 

antigen or adjuvant carrier to enhance cellular immunity both in vitro and in vivo.38 

However, for intranasal vaccines, the influence of the shape and size of the carrier 

nanomaterial on adjuvanticity has not been explored. 
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In this chapter, I aimed to clarify the shape- and size-related effects of AuNPs as scaffolds 

for uPIC(40:400) adjuvants for the intranasal influenza vaccine through a comparison with 

conventional subcutaneous vaccination. I chose AuNPs as scaffolds as they were easily 

synthesized to the desired shape and size compared to other materials. AuNP-uPIC(40:400) 

complexes (referred to as AuNP-PICs) were prepared by the electrostatic conjugation of 

uPIC(40:400) onto the AuNP surface. The AuNP-PICs were administrated subcutaneously 

or intranasally with influenza virus hemagglutinin (HA, 10 or 100 ng). The SC 

administration was chosen as a standard reference to IN administration in this study. The 

secreted levels of systemic IgG and mucosal IgA antibodies against influenza virus 

hemagglutinin (HA) in the serum or nasal wash were evaluated. The activities of the AuNP-

PIC adjuvants were further investigated from the virus levels remaining in the nasal wash 

after challenge infection (Figure. 2-4). Further, immunological responses relating 

inflammation were also evaluated to investigate the risk of side reaction due to excess 

immune responses in vitro. 

 

  

Figure 2-4 Preparation of AuNP/uPIC(40:400) conjugates and evaluation of the 

adjuvanticity and cytokine production. 
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2-2 Experimental section 

2-2-1 General Information 

All commercially available reagents were used without further purification. 

Cetyltrimethylammonium chloride (CTAC), cetyltrimethylammonium bromide (CTAB), 

hydrogen tetra- chloroaurate (III) tetrahydrate, silver nitrate and L(+)-ascorbic acid were 

purchased from Wako Pure Chemical Industries (Japan). Sodium borohydride was 

purchased from TOKYO Chemical Industry (Japan). uPIC(40:400) was supplied from 

Kyowa Hakko Bio (Japan). Poly(I:C) was purchased from GE Healthcare (USA). In this 

study, I used two different strains of H1N1. Ether-split vaccine of X-179A was kindly 

provided by the Research Foundation for Microbial Disease of Osaka University (BIKEN, 

Kanonji, Kagawa, Japan). X-179A is high-growth reassortant vaccine strains derived from 

A/California/7/09 (H1N1)pdm09 for vaccine production in embryonic eggs, and influenza 

vaccines in clinical use at the time of our animal experiment contained HA antigens of X- 

179. Mouse-adapted A/Narita/1/09 (H1N1)pdm09 virus, which is not a reassortant strain, 

was prepared according to the previous report.42 This strain is derived from a H1N1 

pandemic human isolate in 2009, which has the identical antigenicity to A/California/ 7/09 

(H1N1)pdm09 virus. In general, human influenza virus cannot replicate efficiently in mice, 

requiring that mice-adaptation process for mice challenge experiment. The mouse-adapted 

A/ Narita/1/09 (H1N1)pdm09 virus was developed for a mice challenge experiment to test 

the efficacy of HA vaccines of a H1N1 pandemic virus.42 Anti-Ms IgA (a)Ab HSA (Biotin) 

was purchased from KPL (SeraCare Life Sciences, USA). Biotin-SP (long spacer) 

AffiniPure Goat Anti-Mouse IgG (Fcg fragment specific) was purchased from Jackson 

ImmunoResearch (USA). Streptavidin-AP was purchased from Thermo Fisher Scientific 

(USA). Phosphatase substrate was purchased from Sigma-Aldrich (USA). BALB/c mice 

were purchased from Japan SLC (Japan). C3H/HeNJcl mice were purchased from Hokudo 

(Japan). Dulbecco's modified Eagle's medium (DMEM), RPMI-1640 and 
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lipopolysaccharides (LPS) were purchased from Sigma-Aldrich (USA). DMEM (no phenol 

red), fetal bovine serum (FBS) and penicillin–streptomycin were purchased from GIBCO 

(USA). Recombinant murine GM-CSF was purchased from PEPROTECH (USA). Cell 

Counting Kit-8 was purchased from DOJINDO (Japan). Interleukin-1β (IL-1β) and tumor 

necrosis factor-a (TNF-α) ELISA kits were purchased from R&D systems (USA). 

Interferon-β (IFN-β) ELISA kit was purchased from PBL Assay Science (USA). Statistical 

analysis was performed using the GraphPad Prism statistical software package (Version 

7.01: Graph Pad Software Inc., USA). The threshold for statistical significance was set at 

5% (p < 0.05). 
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2-2-2 Preparation of gold nanoparticle and RNA conjugates 

 

 

 

  

Figure 2-5 Schematic illustration of AuNP-PIC preparation. 
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2-2-2-1 Synthesis of 16-mercaptohexadecylammonium bromide (MTAB)43 

 

 

 

1,16-dibromohexadecane, 1 

Triphenylphosphine (TPP, 3.9 mmol, 15 mmol) in 30 mL of THF was added to a stirred 

solution of N-bromosuccinamide (NBS, 2.7 g, 15 mmol) in 25 mL THF at 0°C. 1,16-

hexadecandiol (1.0 g, 3.9 mmol) in 20 mL THF was slowly added to the solution under 

vigorous stirring. The resultant solution was heated at 60°C for 6 hours. THF was removed 

under the reduced pressure and the residue was recrystallized from ethanol in freezer to 

obtain 0.56 g of compound 1 (1.4 mmol, 37 %) as white powder. 

1HNMR (CDCl3, 400 MHz): δ 1.19-1.42 (m, 24H), 1.83 (qn, 4H, J = 7 Hz), 3.39 (t, 4H, J 

= 7Hz)  

 

16-bromo-1-hexadecanethioacetate, 2 

Compound 1 (0.45 g, 1.2 mmol) was dissolved 20 mL methanol in three-neck flask. 

Separately, sodium methoxide (NaOMe, 56 mg, 1.0 mmol) and thioacetic acid (86 μL, 1.2 

mmol) were dissolved in 6 mL of methanol. This solution was added to the solution of 

compound 1 over the course of 4 hours by using drop-funnel. The solution heated at 85°C 

for totally 5 h. The solvent was removed under reduced pressure and the residue was 

purified flash chromatography on silica gel (Hexane: Ethyl acetate = 50: 1) to yield 

Figure 2-6 Synthetic scheme of MTAB. 
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compound 2 (0.27 g, 0.71 mmol, 61%). 

1HNMR (CDCl3, 400 MHz): δ 1.22-1.40 (m, 24H), 1.4 (m, 2H), 1.83 (qn, 2H, J = 7.2 Hz), 

2.3 (s, 3 H), 2.84 (t, 2H, J = 7.2 Hz), 3.39 (t, 2H, J = 6.8 Hz) 

 

16-bromo-1-hexadecanethiol, 3 

To a stirred solution of compound 2 (0.25 g, 0.7 mmol) in 5 mL of methanol, 2.3 mL of 

acetyl chloride was added dropwise. The reaction mixture was heated at 50°C for 4 hours. 

After reaction, dichloromethane was added to the reaction solution and acids were removed 

by washing with water. The organic layer was dried over sodium sulfate. The solvent was 

removed under reduced pressure to obtain compound 3 (0.23 g, 0.7 mmol, 100 %). 

1HNMR (CDCl3, 400 MHz): δ 1.24-1.40 (m, 24H), 1.59 (2H, qn, J = 7.3 Hz), 1.83 (2H, qn, 

J = 7 Hz), 2.5 (q, 2H, J = 7.3 Hz), 3.38 (t, 2H, J = 7 Hz) 

 

16-mercaptohexadecyltrimethylammonium bromide (MTAB), 4 

To a solution of compound 3 (0.23 g, 0.65 mmol) in 6 mL of ethyl acetate, 7 mL of 4.2 M 

ethanolic solution of trimethyl amine was added and the mixture was stirred at room 

temperature for 5 days. The solvent was removed under reduced pressure and white powder 

was precipitated with ethyl acetate. The precipitate was collected by suction filtration. The 

residue was washed with ethyl acetate and dried to obtain 0.13 g of MTAB (0.32 mmol, 

49 %, total yield: 8.2 %). 

1HNMR (CDCl3, 400 MHz): δ 1.23- 1.35 (m, 24H), 1.65 (m, 2H), 1.70 (m, 2H), 2.67 (t, 

2H, J = 7.4 Hz), 3.44 (s, 9H), 3.63-3.67 (m, 2H) 
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Figure 2-7 1H NMR spectrum of MTAB in CDCl3. 
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2-2-2-2 Synthesis of spherical and rod-shaped gold nanoparticles 

Cetyltrimethylammonium (CTA)-stabilized AuNPs were synthesized by a seeding growth 

method.4445 

○Spherical AuNP (CTA-Sphere20 and CTA-Spehre40) 

For the preparation of the seed solution, HAuCl4 4H2O (10 mM, 250 μL) was added to 

the solution of cetyltrimethylammmonium chloride (CTAC) (0.1 M, 7.5 mL). Subsequently, 

fresh NaBH4 (10 mM 600 μL) were added to the solution. Then the solution was 

undisturbed at 30°C for a 1 hour.  

For the preparation of growth solution, cetyltrimethylammonium bromide (CTAB) (0.1 

M, 3.75 mL), CTAC (0.1 M, 3.75 mL), milliQ water (37.5 mL), HAuCl4 4H2O (10 mM, 

925 μL) and L-ascorbic acid (0.1 M, 4.5 mL) were added to 50 mL plastic tube in this order. 

To synthesis spherical gold nanoparticles, 10-fold diluted seed solution (233 or 23.3 μL, 

for CTA-Sphere20 and CTA-Spehre40, respectively) was added. The mixtures were 

undisturbed at 30°C for 3 hours or more. 

 

○Rod-shaped AuNP (CTA-Rod30 and CTA-Rod40) 

For the preparation of the seed solution, HAuCl4 4H2O (10 mM, 250 μL) was added to 

the solution of CTAB (0.1 M, 7.5 mL). Subsequently, fresh NaBH4 (10 mM 600 μL) were 

added to the solution. Then the solution was undisturbed at 30°C for a 1 hour.  

For the preparation of growth solution, CTAB (0.1 M, 38 mL), HAuCl4 4H2O (10 mM, 

1.6 mL), AgNO3 (10 mM, 240 μL) and L-ascorbic acid (0.1 M, 260 μL) were added to 50 

mL plastic tube in this order. To the solution, seed solution (800 or 260 μL for CTA-Rod30 

and CTA-Rod40, respectively) was added. The mixtures were undisturbed at 30°C for 3 

hours or more. 
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2-2-2-3 Preparation of gold nanoparticle and RNA conjugates (AuNP-PIC) 

After 48 mL of CTA-Sphere20, CTA-Sphere40, CTA-Rod30 and CTA-Rod40 solutions 

were centrifuged twice and concentrated to c.a. 2 mL, 5 mg of MTAB was added to the 

AuNP solutions. Solutions were incubated overnight at 42°C. Excess MTAB molecules 

were removed by centrifugation 4 times to produce MTAB-functionalized AuNPs (MTAB-

AuNPs). The concentrations of AuNPs were determined by extinction spectrometry.46,47 

Scanning transmission electron microscopic (STEM) images were obtained using a STEM  

HD-2000 system (Hitachi High-Tech Manufacturing & Service Co., Ltd., Japan) with 200 

kV accelerating voltage. Extinction spectra were measured with a UV-vis spectrometer 

(UV-2600; Shimadzu Corporation, Japan). Zeta potentials were measured using a Delsa 

Nano HC Particle Analyzer (Beckman Coulter, USA). Hydrodynamic diameters were 

measured using ELSZ-2000 (Otsuka Electronics Co., Ltd., Japan). 

MTAB-AuNPs were added to a uPIC(40:400) solution reconstituted in distilled water (V 

MTAB-AuNPs /V uPIC(40:400) = 1:1) and mixed gently. The concentration varied according to the 

experiment. As a typical example, a MTAB-AuNP aqueous solution (particle conc. 8.0 nM) 

was added to the uPIC(40:400) solution (200 μg/mL) for preparation of AuNP-PICs (Final 

sample conc.: 4.0 nM MTAB-AuNPs and 100 μg/mL uPIC(40:400)). Mixtures were 

incubated overnight at 4°C. Prepared solutions were used for characterization, vaccination 

and cell studies without purification. Zeta potential measurements were carried out in 

MilliQ water at concentrations of 0.4 nM for MTAB-AuNPs and 10 μg/mL for 

uPIC(40:400). For the calculation of the number of uPIC(40:400) molecules immobilized 

on a single AuNP, AuNP-PICs solutions were centrifuged (14,100g, 50 min) to precipitate 

AuNPs completely and the concentration of unbound uPIC(40:400) in the supernatant was 

determine by UV-Vis absorption at 250 nm. 
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2-2-3 Evaluation of conjugates adjuvanticity  

2-2-3-1 Vaccination to mice 

Six- to eight-week-old female BALB/c mice (n = 5–6 per group) were immunized 

intranasally or subcutaneously twice at a 3-week interval with 100 or 10 ng of ether-split 

influenza vaccine made from vaccine strain X-179A, derived from A/California/7/09 

(H1N1)pdm09, in the presence of AuNPs alone, AuNP–PICs or uPIC(40:400). Intranasal 

vacci- nation was performed by instillation of 5 mL of vaccine solution into each nostril 

(total 10 mL per mouse). Subcutaneous vaccination was performed by injection of 100 mL 

of vaccine solution into the dorsal part of the cervical region.48,49 All mice were challenged 

with mouse-adapted A/Narita/1/09 (H1N1)pdm09 virus (A/NRT), 2 weeks after the last 

vaccination. Infection was performed by inserting 2 mL of a suspension containing A/NRT 

in each nostril (total 4 mL, 40 000 plaque-forming units [PFUs] per mouse). At 3 days post-

infection, all mice were sacrificed to collect serum and nasal wash samples for 

determination of antibody levels and virus titers as previously described. Nasal wash 

specimens were obtained from mice by washing the nasal cavity of the isolated upper head 

with 1 mL of PBS(-) containing 0.1% bovine serum albumin and antibiotics.50 In the 

experiments on intranasal immunization, I also checked the virus titers as well as antibody 

responses, which correspond to the levels of virus replication in the nasal mucosal tissues 

in the vaccinated animals after virus challenge infection. All immunizations and infections 

were performed under anesthesia. These animal experiments were conducted in strict 

compliance with animal husbandry and welfare regulations in handled in biosafety level 

two animal facilities according to the guidelines of the Animal Care and Use Committee of 

the National Institute of Infectious Diseases, and were approved by this Committee. 
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2-2-3-2 Evaluation of antibody responses  

Hemagglutinin (HA)-specific IgG and IgA antibodies in serum or nasal wash samples 

were quantified by enzyme-linked immunosorbent assay (ELISA). Recombinant trimeric 

HA, produced by the method of Stevens et al.,51 was used as the coating antigen. HA-

specific IgA antibodies were detected using biotin-conjugated goat anti-mouse IgA 

antibodies (Kirkegaard & Perry Laboratories, USA) and alkaline phosphatase-conjugated 

streptavidin (Thermo Fisher Scientific, USA). The detection reaction was initiated by the 

addition of p-nitrophenylphosphate (Sigma- Aldrich, USA) in 10 mM diethanolamine (pH: 

9.8) containing 0.5 mM MgCl2. Absorbance at 405 nm was measured using an iMark 

Microplate Reader (BIO-RAD, Hercules, USA). Pooled nasal wash samples collected from 

hyperimmune mice was used as a standard for the quantification of nasal IgA. ELISA was 

performed using serial two-fold dilutions of standard serum and nasal wash (NW) (from 1 : 

100 and 1 : 1, respectively) as described above. The reciprocal of highest dilution rate of 

sample showing positive reaction was defined as ELISA unit. The threshold value for 

positive reaction was defined as mean ±3SD of serially diluted serum or NW samples 

collected from a non-vaccinated BALB/c mouse. 

 

2-2-3-3 Measurement of virus titer 

Virus titers in the nasal wash specimens were measured according to a previously 

described method.52 Briefly, 200 mL aliquots of serial 10-fold dilutions of the nasal wash 

were inoculated into Madin–Darby canine kidney (MDCK) cells in a six-well plate. After 

allowing the plates to incubate for 1 h, each well was overlaid with 2 mL of agar medium. 

The number of plaques was counted following crystal violet staining at 2 days after 

inoculation. 
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2-2-3-4 Preparation of nasal tissue for TEM observation 

Sphere40-PICs or Rod40-PICs containing 2.0 nM AuNPs and 1.0 mg/mL uPIC(40:400) 

in 10 μL were administrated intranasally to mice. The mice were sacrificed by exposure to 

excess isoflurane and exsanguinated (via the heart) 6 h after inoculation. After perfusion 

fixation, the heads of the mice were harvested and immersed in a formalin solution for 2 or 

3 days. After fixation, the tissues were decalcified in a buffered EDTA 2Na solution for 

several days in a refrigerator. After decalcification, heads were transferred into 0.1 M 

phosphate buffer (PB) (pH: 7.4) containing 2.5% glutaraldehyde (TAAB Laboratories 

Equipment Ltd, UK).  

Nasal tissues were sliced and postfixed with an aqueous solution of 1 w/w% OsO4 and 1.5  

w/w% K3[Fe(CN)6] at room temperature for 2 hours. The fixed tissues were washed with 

PB three times, then dehydrated by sequential soaking in 50, 70, 90, 95 and 100% ethanol. 

The half volume of the soaking solution was gradually replaced by propylene oxide. Finally, 

the half volume of the solution was replaced by epoxy resin. After mixing, the tissues in 

the propylene oxide/epoxy resin were incubated at 4 °C for 1 hour. This resin-replacement 

procedure was repeated four times and the tissues were incubated in epoxy resin at 4 °C 

overnight. As epoxy resin, we used the mixture of epon812, DDSA, MNA and DMP-30 

(TAAB, England) at a volume ratio of 23:13:14:1. After de-gassing under a vacuum, tissues 

were embedded in epoxy resin in a mold and the resin was cured by incubation at 37°C for 

1 day and 60°C for 3 days. Ultrathin sections were then cut on a Leica Ultramicrotome. 

The sections were stained with uranyl acetate followed by lead citrate and examined at 80 

kV with a JEM transmission electron microscope (JEOL, Japan). 
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2-2-4 Evaluation of cytotoxicity and cytokine productions 

2-2-4-1 Evaluation of AuNP-PIC uptake by macrophage cell line 

RAW264.7 cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL 

penicillin, 100 μg/mL streptomycin at 37°C in 5 % CO2. RAW 264.7 cells were seeded 1.0 

× 105 cells per well in a 6-well plate and incubated. After 24 hours, DMEM was removed 

and fresh DMEM containing AuNP-PICs (0.4 nM AuNPs and 10 μg/mL uPIC(40:400) at 

final concentration) were added then incubated for 24 hours. Then, medium was removed 

and cells were washed with 3 mL of PBS(-) three times and fresh DMEM was added. Cells 

were collected and centrifugated. The pellet of cells was treated with 1 mL of aqua regia 

and gold nanoparticles containing cells were completely decomposed by incubation at 80°C 

for 10 hours. The resultant solution was diluted with 9 mL water and filtrated to quantify 

Au atom by inductively coupled plasma optical emission spectroscopy.  

 

2-2-4-2 Preparation of murine bone marrow derived dendritic cells 

Murine bone marrow-derived dendritic cells (BMDCs) were prepared according to a 

previously reported method.53 BMDCs were generated from C3H/HeNJcl (female, 6 weeks 

old) mice. In brief, bone marrow cells were collected from the femur and tibia. Culture 

medium containing 2×106 cells in 10 mL were seeded to TC-treated 100 mm dishes. Cells 

were cultured in RPMI-1640 supplemented with 10% FBS, 100 U/mL penicillin, 100 

μg/mL streptomycin, 25 mM HEPES-KOH (pH: 7.4), 50 μM 2-mercaptethanol and 10 

ng/mL GM-CSF for 11 days. Ten mL of culture medium was added on day 3, and one half 

of the medium was changed for fresh medium on day 6, 8 and 10. After cultivation, floating 

cells were collected. These animal procedures were performed in accordance with the 

Guidelines for Care and Use of Laboratory Animals of Hokkaido University and approved 

by the Animal Ethics Committee of Hokkaido University. 

Obtained BMDCs were analyzed by flow cytometer. BMDCs were suspended to 7.5 mL 
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of PBS(-) containing 5% FBS to be 106 cells/mL. To this suspension, 4 μg of rat anti-mouse 

CD16/32 antibody was added and incubated at room temperature for 30 min to block Fc 

receptor. Subsequently, 0.9 μg of PE conjugated anti-mouse CD11c was added and 

incubated at room temperature for a 1 hour in the dark. PE conjugated American hamster 

IgG isotype was used instead of anti-CD11c antibody for the isotype control. After 

incubation, excess antibodies were removed by twice centrifugation and cells were 

suspended in PBS(-) to analyze by flow cytometer. 

 

2-2-4-3 Evaluation of cytotoxicity and cytokine production from BMDC 

For the evaluation of IL-1β production, the collected BMDCs were primed with 50 ng/mL 

LPS for 3 h, and then used without purification. BMDCs were mixed with the adjuvant in 

RPMI-1640 supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 

25 mM HEPES-KOH (pH: 7.4) and 50 mM 2-mercaptoethanol. The BMDCs were 

adjuvants. After incubation for 24 h, culture supernatants were then seeded at 1.0 × 105 

cells per well in a 96-well plate with collected to measure cytokine concentration and cells 

were washed twice with culture medium supplemented with 10% FBS, 100 U/mL penicillin, 

100 mg/mL streptomycin and 25 mM HEPES-KOH. Cellular viabilities were evaluated 

using a Cell Counting Kit-8 (CCK-8). After incubation with CCK-8, the absorbance at 450 

nm was measured using a microplate reader (infinite 200 PRO, Tecan, Switzerland). The 

concentrations of IL-1β, IFN-β and TNF-a in the culture supernatant were deter- mined by 

ELISA following the manufacturer's protocols.  
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2-3 Results and Discussion 

2-3-1 Preparation of gold nanoparticle and RNA conjugates 

Spherical and rod-shaped gold nanoparticles were synthesized via conventional seeding 

growth methods.44,54 Synthesized cetyltrimethylammonium (CTA)-stabilized AuNPs were 

functionalized with (16-mercaptohexadecyl)trimethylammonium bromide (MTAB) as 

MTAB functionalization provides a cationic surface with lower cytotoxicity compared to 

CTA-stabilized AuNPs due to the removal of excess surfactant.43 The average size of the 

MTAB-functionalized AuNPs (MTAB-AuNPs) was determined from transmission electron 

microscope (TEM) images by counting at least 100 particles (Figure 2-8). The mean 

diameters of the spherical AuNPs were 20 ± 0.9 and 41 ± 2.2 nm. The mean lengths and 

diameters of the rod-shaped AuNPs were 28 ± 3.2 × 7.9 ± 0.9 and 41 ± 4.8 × 12 ± 1.6 (core 

size in Table 2-2). Here, these MTAB-functionalized spherical AuNPs are referred to as 

Sphere20 and Sphere40, and the MTAB-functionalized rod-shaped AuNPs are referred to 

as Rod30 and Rod40 in accordance with their shape and size.  

MTAB-AuNPs were added to uPIC(40:400) solutions, affording the AuNP-uPIC(40:400) 

complexes (referred to as Sphere20-PIC, Sphere40-PIC, Rod30-PIC and Rod40-PIC, 

respectively). To standardize the uPIC(40:400) dose, the resultant AuNP-PICs were used 

without purification. Conjugation of uPIC(40:400) onto the AuNPs was confirmed by 

changes in zeta-potentials from positive (39 ~ 64 mV) to negative (-47 ~ -53 mV). For 

example, the zeta potential of Sphere20 was changed from 39 mV to -53 mV after addition 

to the uPIC(40:400) solution (Table 2-2). The colloidal dispersibilitiy in solution of the 

various AuNP-PICs was examined by extinction spectra. The extinction spectra of the 

AuNPs did not change after mixing with uPIC(40:400) in water (Figure 2-9), indicating 

that the AuNPs did not aggregate after coating with uPIC(40:400) molecules. The number 

of immobilized uPIC(40:400) molecules on a single AuNP was quantified from the 

concentration of unbound uPIC(40:400) in the supernatant after centrifugation. The average 
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number of uPIC(40:400) molecules attached on a single particle ranged from 5.2 to 20 

molecules (Table 2-2). For the vaccination, the AuNP-PICs were mixed with hemagglutinin. 

We, therefore, investigated whether HA was attached onto the AuNP-PICs using dynamic 

light scattering (DLS). The hydrodynamic diameter of the AuNP-PICs after mixing with 

HA did not change (Figure 2-10), whereas positively charged MTAB-AuNPs showed a 

large shift in the DLS peak after mixing with HA (Figure 2-11). This difference suggests 

that the interaction of HA with the AuNP-PICs is so weak that it can be ignored and that 

the AuNP-PICs do not work as a delivery carrier of antigen HA. For the in vitro study, the 

AuNP-PICs were applied to the culture media. Thus, we investigated their colloidal 

dispersibility in the culture media. All AuNP-PICs, except Rod30-PIC, showed good 

dispersibility in the culture media (Figure 2-12). 

 

 

 

 

40 nm 40 nm

40 nm 40 nm

A B

C D

Figure 2-8 TEM images of MTAB-AuNPs (A) Sphere20, (B) Sphere40, (C) Rod30 

and (D) Rod40. 
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Figure 2-9 Extinction spectra of MTAB-AuNPs (red) and AuNP-PICs (green) in MilliQ 

water. Maximum extinction was normalized as 1. (A) Sphere20s, (B) Sphere40s, (C) 

Rod30s and (D) Rod40s. 

 

Table 2-2 Physicochemical properties of the AuNP-PICs (means ± SD) 
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Figure 2-10 Size distribution of (A) Sphere20-PICs, (B) Sphere40-PICs, (C) Rod30-PICs 

and (D) Rod40-PICs determined from DLS. Green and blue plots indicate AuNP-PICs and 

AuNP-PICs mixed with HA, respectively. Final concentration: [AuNP] = 0.4 nM, 

[uPIC(40:400)] = 10 μ/mL, [HA] = 1 µg/mL. 

 

Figure 2-11 Size distribution of (A) Sphere20s, (B) Sphere40s, (C) Rod30s and (D) 

Rod40s determined from DLS. Red and blue plots indicate MTAB-functionalized AuNPs 

and AuNPs mixed with HA, respectively. Final concentration: [AuNP] = 0.4 nM, [HA] = 1 

µg/mL. 
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Figure 2-12 Extinction spectra of AuNP-PICs in MilliQ water (green) and in 

culture medium (pink). Maximum extinction was normalized as 1. (A) Sphere20-

PICs, (B) Sphere40-PICs, (C) Rod30-PICs and (D) Rod40-PICs. 
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2-3-2 Evaluation of conjugates adjuvanticity 

The AuNP–PICs were administrated subcutaneously or intranasally to mice twice at a 3-

week interval with an inactivated split influenza vaccine containing partially purified 

influenza HA antigens obtained by disruption of influenza virus virions by treatment with 

ether solvent. Two weeks after the second vaccination, mice were challenged with influenza 

A virus (A/NRT). The nasal wash and serum samples were then collected at 3 days post-

infection to evaluate virus titers, and systemic and mucosal antibody responses in mice. For 

vaccination, AuNP conjugations with a total of 10 or 1.0 μg (corresponding to ca. 40 and 4 

pmol, respectively) of uPIC(40:400)/head were administrated as the adjuvant. The AuNP–

PIC solutions were finally administrated soon after mixing with an aqueous solution 

containing 100 or 10 ng of HA antigens.  

First, IgG antibody responses was evaluated in mice immunized with 100 ng of HA 

subcutaneously, as this is commonly used to assess vaccine-induced immune response. 

Commercially available poly(I:C) was used as a positive control. No significant difference 

was observed between the AuNP–PIC groups and uPIC(40:400). On the other hand, in 

comparison with the negative control (top bar in Figure 2-13A Left), all AuNP–PIC groups 

showed significant responses, whereas uPIC(40:400) and poly(I:C) did not (Figure 2-13A 

Left). Although uPIC(40:400), the AuNP–PICs and poly(I:C) seemed to show similar IgG 

responses, a trend toward higher IgG responses in the AuNP–PIC groups were observed.  

The adjuvanticity of the AuNP-PICs for the intranasal vaccine was then evaluated. Before 

intranasal immunization, Sphere40-PIC and Rod40-PIC uptake in the nasal epithelium was 

observed. Figure 2-14 showed TEM images of tissue sections of the nasal epithelium after 

intranasal immunization. Both Sphere40-PICs and Rod40-PICs were found among the cilia 

and in the cellular vesicles in the nasal epithelium, indicating that, regardless of the shape 

of the AuNPs, AuNP-PICs can reach the cells located in the nasal epithelium via intranasal 

immunization, although their efficiencies remain unclear. Then, intranasal immunization 
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was conducted using the same dose as the subcutaneous immunization to evaluate systemic 

IgG and mucosal IgA responses. Unlike the subcutaneous immunization, uPIC(40:400) 

itself showed a significant adjuvant effect on IgG antibody response. Significant IgG 

antibody responses were also confirmed for all AuNP-PIC groups (Figure 13A center). 

With regard to the IgA response to the intranasal immunization, all uPIC(40:400), poly(I:C) 

and AuNP-PIC groups showed significant responses, except for Sphere40-PIC, in 

comparison to the response induced by HA alone (Figure 13A right). Thus, for the intranasal 

immunization using 100 ng HA antigens, we concluded that all AuNP-PIC groups except 

for Sphere40-PIC showed the same level of adjuvanticity as uPIC(40:400) and poly(I:C). 

Interestingly, Sphere40-PICs demonstrated a negative effect when used for intranasal 

immunization, despite the positive effect observed for subcutaneous vaccination. This 

indicates that the shape and size of the adjuvant scaffold should be optimized according to 

the vaccine administration route.  

To protect from influenza virus infection, mucosal IgA antibody against the virus is 

particularly crucial. In one set of experiments (n = 5-6) on intranasal immunization, I also 

checked the virus titers as well as antibody responses, which correspond to the virus levels 

remaining in the nasal wash after challenge infection. The groups showing higher mucosal 

IgA antibody responses tended to show lower virus titers (Figure 13B). This good 

correlation between mucosal IgA antibody responses and virus titers indicates that the 

induced IgA antibodies play a principal role in protecting against viral infection.  
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Figure 2-13 (A) Antibody production in mice immunized with 100 ng of antigen HA (X-

179A ether-split vaccine) combined with adjuvants subcutaneously (SC; left) or 

intranasally (IN; Center, right). For the IN immunization, two independent experiments 

were carried out (n = 5-6 in each experiment). Data were normalized against the poly(I:C) 

group. These normalized values were shown as arbitrary units (a.u.). Regarding the 

intranasal immunization shown Figure 2-13A, two independent experiments were carried 

out. Average values of antibody responses were obtained from normalized data against 

the poly(I:C) group in each experiment. (B) Negative correlations between HA-specific 

IgA antibodies and viral loads in nasal wash samples. Each circle represents an individual 

titer, and each bar represents the mean of IgA ELISA units and the GMT of the virus 

titers. The dotted line indicates 50 pfu/mL of virus titer, which was the detection limit. 

Statistical analysis was performed using Kruskal-Wallis tests with Dann’s multiple 

comparison tests. The asterisks *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 

and p < 0.0001, respectively. 
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Figure 2-14 TEM images of nasal epithelial tissue from mice administrated Sphere40-PICs 

(A, C) or Rod40-PICs (B, D) intranasally. 
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For intranasal vaccination, the administration of a high dose (100 ng HA) suppressed the 

virus titer too efficiently as shown in Figure 12B to evaluate differences in adjuvanticity 

among the AuNP-PICs. Thus, the administration level of HA was reduced to 10 ng to allow 

better evaluation of adjuvanticity using virus titers. When Rod30-PICs and Rod40-PICs 

with 10 ng of HA antigen were used, significantly higher adjuvanticity was observed in 

comparison to uPIC(40:400), while Sphere40-PICs did not show significant adjuvanticity 

(Figure 2-15 left). As a control, Rod30 and Rod40 without uPIC(40:400) did not induce 

any reduction in the viral titer (Figure 2-15 left), indicating that the gold nanorods 

themselves did not demonstrate any adjuvanticity under these conditions. Figure 2-15 

shows that the lower doses (12 ng AuNPs) of Rod30-PIC and Rod40-PIC are more effective 

in reducing the viral titer than the higher doses (120 ng AuNPs). Although the reason for 

this is unclear, we assume that there might be an optimal amount of adjuvant for the 

induction of effective immune responses. The protection from viral infection with a lower 

adjuvant dose is preferable as it minimizes the risk of adverse reactions. On the other hand, 

no significant differences between Sphere20-PICs or Sphere40-PICs and uPIC(40:400) 

alone were observed when 10 ng of HA antigen was used (Figure 2-15 right). These results 

clearly show that uPIC(40:400) adjuvanticity was enhanced by conjugation with Rod30s 

and Rod40s rather than with Sphere20s or Sphere40s at a lower range of HA doses, thereby 

demonstrating a shape-related effect on intranasal vaccination. 

These in vivo studies newly demonstrate two points: (1) the shape-related effect of the 

adjuvant scaffold is dependent on the administration route, and (2) rod-shaped 

nanoparticles are effective as a scaffold for RNA adjuvants for intranasal vaccines at low 

antigen doses. 
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Figure 2-15 The reduction of viral loads in nasal wash samples from mice immunized 

intranasally with 10 ng of HA. Each circle and bar represent the individual titer and 

geometric mean titer, respectively. The dotted line indicates 50 pfu/mL of virus titer 

which is the detection limit. Statistical analysis was performed using Kruskal-Wallis tests 

with Dann’s multiple comparison tests. The asterisks *and ** indicate p < 0.05 and p < 

0.01, respectively. 
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2-3-3 Evaluation of cytotoxicity and cytokine production 

2-3-3-1 Evaluation of AuNP-PIC uptake by macrophage cell line 

AuNP-PICs have anionic surface and taken up via phagocytosis or scavenger receptor 

mediated endocytosis.55–57 The number of AuNP uptake per cell was shown as Figure 2-16. 

Both spherical and rod-shaped AuNP-PICs with smaller size were take up more amount. 

This result did not have positive correlation with their adjuvanticity. Because Rod30-PIC 

tended to aggregate in medium than Rod40-PIC, it was considered that Rod30-PIC was 

taken up by the influence of gravity. 

 

 

 

  

Figure 2-16 Cellular uptake of auNP-PICs by RAW264.7 cell determined by ICP-AES. 
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2-3-3-2 Preparation of murine bone marrow derived dendritic cell 

CD11c antigen is common dendritic cell marked and expressed on cellular membrane 

surface. Here, the expression of CD11c was examined to determine whether obtained cells 

were dendritic cells. CD11c was stained with PE-conjugated antibody and analyzed with 

FACS. The fluorescence intensity derived from stained CD11c was clearly higher than 

isotype control group, so that it was confirmed that the obtained cells expressed CD11c. 

(Figure 2-17) The following cell study was conducted using these BMDC.  

 

  

Figure 2-17 FACS histogram for expression of CD11c on BMDC. (A) no stained, (B) 

isotype control, (C) anti-CD11c and (D) overlay (blue: no stained, red: isotype control 

and green: anti-CD11c). 
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2-3-3-3  Evaluation of cytotoxicity and cytokine production 

Cytokines are a key mediator in the induction of immune responses. However, excess 

cytokine production can cause various adverse effects.58–60 When attempting to enhance the 

adjuvanticity of uPIC(40:400), it is important to avoid excess cytokine production which 

can lead to toxicity.61 Further, it was expected that the information obtained on cytokine 

production could provide some sights into mechanisms associated with in vivo 

adjuvanticity. Thus, cellular viability and the production of three cytokines; IL-1β, IFN-β 

and TNF-α were evaluated. Commercially available poly(I:C) and Alum, a TLR3 agonist 

and an inflammasome activator, respectively, were used as positive controls. 

First, I checked cellular viability using a Cell Counting Kit-8 (CCK-8) after incubation with 

AuNP-PICs for 24 h. When BMDCs were stimulated with 10 μg/mL of poly(I:C), a 

significant reduction in viability, which was comparable to that induced by 200 μg/mL of 

Alum, was observed. On stimulation by the AuNP-PIC groups, BMDC viabilities were 

maintained compared to the uPIC(40:400) group (Figure 2-18), supporting the notion that 

the AuNP-PICs did not cause cellular damage in vitro. 

IL-1β is a major mediator of the innate immune system and inflammation.62 Various 

particles are known to induce IL-1β production, such as amino-functionalized 

nanoparticles15, rod-shaped particles with a high aspect ratio63,64 and larger-sized 

particles.65 In our experiment, increased IL-1β production was induced by Sphere40-PICs, 

but not by Sphere20-PICs, Rod30-PICs or Rod40-PICs (Figure 2-18B). This result 

indicates the Rod30-PICs and Rod40-PICs did not cause lysosomal rupture. We assumed 

that Sphere40-PICs induced the highest level of IL-1β production as Sphere40-PICs have 

the largest volume among the tested particles, thereby causing some damage to the 

lysosome. 

IFNs and pro-inflammatory cytokines are secreted upon stimulation by dsRNAs.4 The 

level of IFN-β production was somewhat increased by the conjugation of uPIC(40:400) 
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with Sphere40s, and slightly increased by that with Rod30s (Figure 2-18C). Rod30-PICs at 

the highest AuNP concentration tended to aggregate in the medium (Figure 2-12). This 

aggregation may affect IFN-β production through particle size enlargement. Interestingly, 

when compared to poly(I:C), uPIC(40:400) and AuNP-PICs induced little IFN-β 

production. This suggests that the AuNP-PICs may elicit the immune responses through a 

pathway that is not dependent on TLR3, in other words, the conjugation of uPIC to AuNPs 

may affect the immune routes. Further, Sphere40-PICs with 200 and 400 pM of AuNPs 

induced higher levels of IFN-β production than did uPIC(40:400). As Sphere40-PICs 

showed higher IL-1β induction, which can be caused by lysosomal rupture, Sphere40-PICs 

may induce IFN-β production through activation of RIG-I-like receptors4 in the cytoplasm. 

We next checked the production of TNF-α, a representative pro-inflammatory cytokine that 

plays a role in host defense against infection. Treatment with uPIC(40:400) alone, Rod30-

PICs and Rod40-PICs induced almost no enhancement of TNF-α production, whereas 

slight levels of TNF-α were induced by incubation with Sphere20-PICs and Sphere40-PICs 

(Figure 2-18D). Additionally, as antigen immunogenicity has been reported to be enhanced 

by conjugation with nanoparticles,36 we tested whether the HA antigen affects cytokine 

production when stimulated with AuNP-PICs. No changes in IFN-β or TNF-α production 

were observed for the AuNP-PIC groups in the presence of HA antigen, indicating that the 

induction of cytokine production by the AuNP-PICs was not influenced by the presence of 

HA antigens (Figure 2-19). 

In the in vitro experiments, Rod30-PICs and Rod40-PICs induced low levels of cytokine 

production while Sphere40-PICs tended to induce inflammatory cytokine production. Since 

this tendency does not correlate with adjuvanticity observed for in vivo vaccination, we 

cannot identify the detailed mechanism based only on the cytokine production. Importantly, 

however, the low levels of inflammatory cytokine induction by Rod30-PICs and Rod40-

PICs are helpful in avoiding the adverse reactions originating from excess cytokine 
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production. Therefore, the rod-shaped gold nanoparticle/uPIC(40:400) complexes appear 

to be good potential adjuvants for the development of intranasal inactivated influenza 

vaccines with fewer side effects. 

 

 

  

Figure 2-18 (A) Cellular viability of BMDCs treated with AuNP-PICs containing 10 

μg/mL of uPIC(40:400) final concentration for 24 h at 37°C (means ± SEM, n = 3). (B) 

IL-1β, (C) IFN-β and (D) TNF-α production from BMDCs treated with AuNP-PICs for 

24 h at 37°C. For the evaluation of IL-1β production, BMDCs were primed with 50 

ng/mL of LPS for 3 h. Alum and poly(I:C) were used as positive controls. The detection 

limit is indicated by the horizontal dotted line. Statistical analysis was performed against 

uPIC(40:400)-treated BMDC groups using one-way ANOVA tests with Dunnett’s 

multiple comparison tests. Positive controls (right side of the vertical dotted line) were 

excluded from the statistical analysis. The asterisks *, **, *** and **** indicate p < 0.05, 

p < 0.01, p < 0.001 and p ≤ 0.0001, respectively. 
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Figure 2-19 The effects of antigens on (A) IFN-β and (B) TNF-α production. BMDCs 

were stimulated by AuNP-PICs with (Right bar) or without (Left bar) HA. Final 

concentrations of uPIC(40:400), AuNPs and HA were 100 μg/mL, 100 pM and 1.0 

μg/mL, respectively. The detection limit is indicated by the horizontal dotted line. 
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2-4 Conclusion 

In summary, we investigated the influence on adjuvanticity of the shape and size of AuNPs 

as scaffolds for the immobilization of uPIC(40:400) through a comparison of intranasal and 

subcutaneous administration. For the subcutaneous vaccination, IgG antibody responses 

were slightly enhanced by conjugation with AuNPs, and the effect of the AuNP shape on 

the systemic IgG responses was limited for all tested AuNP-PICs. On the other hand, for 

the intranasal vaccination at a lower HA dose, Rod30-PICs and Rod40-PICs clearly 

suppressed viral infection while Sphere20-PICs and Sphere40-PICs did not. In in vitro 

experiments, Rod30-PICs and Rod40-PICs did not increase inflammatory cytokine 

production, which is known to be a potential cause of adverse reactions. From these results, 

we concluded that the shape-related effect of AuNPs is dependent on the immunization 

route, and gold nanorods afford an effective adjuvant scaffold for uPIC(40:400) as an 

intranasal influenza vaccine. These findings indicate that utilizing shape- controlled 

nanoparticles as scaffolds for adjuvant molecules is a good approach to enhance weak 

adjuvanticity without resulting in excessive inflammatory responses. In other words, the 

appropriate choice of nanomaterial shape could be crucial to the design of safe and effective 

intranasal inactivated vaccines. More comprehensive studies of nanoparticles are expected 

to reveal further applications. 
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Chapter 3 
Immobilization of influenza hemagglutinin onto gold nanoparticles  

with controlled orientation 
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3-1 Introduction 

Inorganic nanoparticles are good candidate as scaffold of biomolecules such as peptides, 

protein and nucleic acids for drug delivery and biosensors.1–6 Proteins have not only 

chemical composition-derived physicochemical properties, but also unique biological 

functions originated from three-dimensional structure. These biological functions are easily 

lost by denaturation due to interaction with nanoparticles depending their physicochemical 

properties when proteins are immobilized onto nanoparticles.7–10 Therefore, it is necessary 

to control the size, shape and chemical properties of the nanoparticles to prevent protein 

denaturation and utilize the specific function of proteins.11 For example, nanoparticle size 

influences the mode of protein adsorption (Figure 3-1A).12 Globular protein such as bovine 

serum albumin tends to be denatured when adsorbed on larger size particles which have 

lower surface curvature. In contrast, bovine fibrinogen, rod-like protein, is denatured on 

small nanoparticles which have higher surface curvatures by wrapping around surface. 

These effects are also influenced by nanoparticle surface chemical properties and 

hydrophobic surface induces more denaturation of each protein. V. M. Rotello et al. 

reported binding of α-chymotrypsin (ChT) onto anionic functionalized nanoparticles 

through electrostatic interaction between anionic surface and cationic site around the ChT 

active site. The active site was concealed by immobilization onto the AuNPs, and the 

enzymatic activity of ChT was blocked. At this time, oligoethylene glycol (OEG) domain 

of self-assembled monolayer on AuNPs surface suppressed denaturation of ChT (Figure 3-

1B).13 As shown in these researches, when proteins are immobilized onto nanoparticles, it 

is necessary to control interaction between the proteins and nanoparticles to retain and hide 

specific protein functions. 
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Figure 3-1 The effect of nanoparticle (A) size and (B) surface chemistry on 

the denaturation of immobilized protein on nanoparticles.12,13 
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The extraction of specific property of protein is important in the development of rational 

vaccine design, especially against viruses such as influenza viruses, which is subjected 

frequently mutation. Influenza hemagglutinins (HAs) are composed by head domain and 

stalk domain and most HA-specific antibodies are target the head domain, which locates 

outer of whole virus. Influenza virus avoid host immunity by subjecting frequent point 

mutations in head domain,14,15 which cause antigenic drift and thereby annual update of 

influenza vaccines has been required. On the contrast, stalk domain is relatively conserved 

among heterosubtypic influenza viruses.16,17  

  

Figure 3-2 Structure of influenza hemagglutinin trimer. (A) Top view and (B) 

side view. (C) structure of hemagglutinin monomer with amino acid changes 

between HA shown yellow.29 
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Hence, it has been considered that antibodies against conserved epitope in stalk domain 

can broadly neutralize multiple influenza virus strains. Indeed, C179 antibody, which 

recognizes HA stalk domain neutralizes the H1, H2, H5, H6 and H9 subtypes.18,19 To date, 

various broadly neutralizing antibodies have been discovered. These broadly neutralize 

stalk antibody protect against influenza virus by blocking the cleavage of HA to HA1 and 

HA2 in acidic condition or preventing the emerging of new virions from the infected 

cells.20–24 To induce broadly neutralizing anti influenza-antibody by vaccination, various 

immunogen design has been conducted (Figure 3-2). The currently reported design of 

antigen to elicit antibodies against the HA stalk region are head-stalk chimeric HA25–28, 

headless HA29–32 and hyperglycosylated HA33 and rational design of antigen is still under 

way.  

  

Figure 3-2 Immunogen design for the development of universal influenza 

vaccine. Hyperglycosylated HA (left)33 and headless HA (right)31. 
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To achieve the development of broadly neutralizing influenza vaccine, nanoparticles can 

be utilized because nanoparticle-based vaccine can improve immunogenicity34353637383940 

and the receptor signaling by antigen clustering41 resulting to induce desired immune 

responses. Here, I utilize molecular recognition of HA, receptor binding site on head 

domain and histidine tag in stalk domain, to induce specific immune response.  

In this chapter, I proposed hemagglutinin immobilized AuNPs that presented the stalk 

domain toward outside and aimed selectively induction of anti-stalk domain antibody 

production. Nitrilotriacetic acid (NTA) thiol ligand and sialic acid-mimic (S2) peptide were 

prepared to functionalize AuNPs. S2 peptide binds receptor binding site of HA head 

domain42, so that HA can be immobilized with stem or head domain facing outside. AuNPs 

were functionalized with NTA-terminated thiol ligands or S2 peptides using the self-

assembled monolayer (SAM) technique.43,44 Cysteine-terminated proline linker forms 

peptide SAM on AuNPs with well-ordered structure and high surface density. Zwitterionic 

sequences such as EKEKEKE spacer have a non-fouling nature like OEG (Figure 3-3).43,44 

Therefore, I used SAM forming S2 peptide sequence ARLPRGGGEKEKEKEPPPPC. I 

prepared S2 peptide-functionalized gold nanoparticles (AuNPs) as scaffolds of HA for the 

immobilization of HA with controlled orientation. Peptide functionalized AuNPs were 

incubated with HA (A/Puerto Rico/8/1934 H1N1), then immobilized HA was quantified by 

dot blot assay and compared to reference sequence and specific immobilization of HA onto 

the S2 peptide-functionalized AuNPs was evaluated (Figure 3-4). 
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Figure 3-3 Schematic illustration of anti-fouling functional peptides (Top)43  

and application to nanoparticle surface functionalization (bottom)44. 

Figure 3-4 Schematic illustration of this research. (left) preparation of HA 

immobilized AuNPs with controlled orientation. (right) final goal of this 

research: induction of anti-stalk domain antibody. 
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3-2 Experimental section 

3-2-1 General Information 

All commercially available reagents were used without further purification. Peptides were 

purchased from GenScript Japan. Hydrophilic PVDF membrane was purchased from 

MERCK (Germany). Phosphate buffered saline tablet was purchased from Takara Bio, Inc. 

(Japan). Clarity western ECL substrate was purchased from Bio-Rad Laboratories, Inc 

(USA). Tween20 was purchased from MP Biomedicals, Inc. (Germany). Anti-His-tag 

mAb-HRP-DirecT antibody was purchased from Medical & Biological Laboratories, Co., 

Ltd. (Japan). Purified His-tagged HA (A/Puerto Rico/8/34 (H1N1)) were kindly given from 

Prof. Hasegawa's group at National Institute of Infectious Diseases (NIID). All reaction 

solvents were purchased from FUJIFILM Wako Pure Chemical Corporation (Japan) and 

used without further purification. Thin-layer chromatography (TLC) was performed on 

glass-backed pre-coated silica gel plates (60F254, Merck & Co., Inc., USA). Silica-gel 

(60N, 40-50 μm) and solvents for column chromatography were purchased from Kanto 

Chemical (Japan). NMR spectra were recorded on a 400 MHz JEOL spectrometer. 
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3-2-2 Synthesis of thiol ligands 

 

 

 

Synthesis of 23-mercapto-3,6,9,12-tetraoxatricosan-1-ol, 345 

3,6,9,12-tetraoxatricos-22-en-1-ol, 1 

Tetra(ethylene)glycol (13.3 g, 68 mmol) was dissolved in THF (20 mL). The solution was 

cooled on ice and added 60% NaH in oil (1.22 g, 30.6 mmol) and 11-bromo-1-undecene 

(4.0 g, 17 mmol). The solution was allowed warm to room temperature and stirred 

overnight. The solvent was removed in reduced pressure. The residue was dissolved in 

brine/ethyl acetate and then the objective was extracted to ethyl acetate 5 times to remove 

excess substrate.33 The combined organic layer was dried over anhydrous Na2SO4. The 

crude product was concentrated under reduced pressure and purified by flash 

chromatography on silica gel (EA /Hexane = 2:1 (v/v) to EA/MeOH = 9.5:0.5 (v/v)) to 

yield compound 9a (2.26 g, 6.5 mmol, 38 %) as a clear oil. 

Figure 3-5 Synthetic scheme of 23-mercapto-3,6,9,12-tetraoxatricosan-1-ol (3) 

and 4-carboxy-3-(carboxymethyl)-34-mercapto-10-oxo-11,14,17,20,23-pentaoxa-

3,9-diazatetratriacontanoic acid (8)  
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1H NMR (400 MHz, CDCl3): δ/ppm 1.24-1.37 (m, 14H), 1.54-1.59 (m, 2H), 2.01-2.09 (m, 

2H), 2.66 (bs, 1H), 3.45 (t, 2H, J=6.8 Hz), 3.57-3.75 (m, 16H), 4.90-5.01 (m, 2H), 5.76-

5.86 ppm (m, 1H) 

 

S-(1-hydroxy-3,6,9,12-tetraoxatricosan-23-yl) ethanethioat,e 2 

Compound 1 (2.2 g, 6.35 mmol) was dissolved in THF (10 mL). Then, thioacetic acid (2.2 

mL, 32 mmol) and 2,2'-azobisisobutyronitrile (AIBN) (1.04 g, 6.35 mmol) were added to 

the solution. The mixture was refluxed for 3 h. The solvent was removed under reduced 

pressure. The residue was purified by flash chromatography on silica gel (EA /Hexane = 

3:2 (v/v) to EA/MeOH = 9.5:0.5 (v/v)) to yield 1.96 g (4.63 mmol, 73%) as a light yellow 

oil. 

1H NMR (400 MHz, CDCl3): δ/ppm 1.26 (bs, 14H), 1.52-1.59 (m, 4H), 2.32 (s, 3H), 2.66 

(t, 1H, J=6.0 Hz), 2.86 (t, 2H, J=7.3 Hz), 3.45 (t, 2H, 6.8 Hz), 3.57-3.72 (m, 16H) 

 

23-mercapto-3,6,9,12-tetraoxatricosan-1-ol, 3 

Compound 2 (0.69 g, 1.6 mmol) was dissolved in MeOH (2 mL). To this solution, 1 M 

HCl (3.3 mL) was added. The mixture was refluxed overnight. After solvent was removed 

under reduced pressure, the residue was dissolved in CH2Cl2 and washed with brine. The 

organic layer was concentrated in reduced pressure. The residue was diluted with ethyl 

acetate and washed through silica plug (~ 5 mm) to give 500 mg of compound 3 (1.3 mmol, 

81%) as a light yellow oil. 

1H NMR (400 MHz, CDCl3): δ/ppm 1.23-1.39 (m, 14H), 1.54-1.64 (m, 4H), 2.52 (q, 2H, 

J=7.3 Hz), 2.65 (bs, 1H), 3.41-3.73 (m, 16H) 
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Figure 3-6 1H NMR spectrum of 23-mercapto-3,6,9,12-tetraoxatricosan-1-ol (3). 
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4-carboxy-3-(carboxymethyl)-34-mercapto-10-oxo-11,14,17,20,23-pentaoxa-3,9-

diazatetratriacontanoic acid, 846–48 

(S)-2,2'-((5-(((benzyloxy)carbonyl)amino)-1-carboxypentyl)azanediyl)diacetic acid, 4 

N6-((benzyloxy)carbonyl)-L-lysine (8.57 g, 30.6 mmol) was dissolved in 45 mL of 2 M 

NaOH, and the solution was added dropwise with stirring to an ice-cooled solution of 8.50 

g (61.2 mmol) of bromoacetic acid in 30 mL of 2 N NaOH. The solution was stirred 

overnight at room temperature, and then heated for 2 h at 70°C. After cooling the solution 

to room temperature, 90 mL of 1 M HCl was added. The precipitated was collected by 

filtration under reduced pressure. The crude product was dissolved in 100 mL of 1 M NaOH 

and precipitated by addition of 100 mL of 1 M HCl. The precipitate was collected to yield 

9.46 g of compound 4 (23.9 mmol, 78%) as white powder. 

1H NMR (400 MHz, DMSO-d6): δ/ppm 1.26-1.69 (m, 6H), 2.94-2.99 (m, 2H), 3.31-3.55 

(m, 5H), 5.00 (s, 2H), 7.21-7.38 (m, 5H) 

 

(S)-2,2'-((5-amino-1-carboxypentyl)azanediyl)diacetic acid, 5 

The compound 4 (3.4 g, 8.6 mmol) was dissolved in MeOH/water (95 mL/5 mL). Pd/C 

(0.17 g) was added to the solution and then the solution was stirred under H2 for 5 h at room 

temperature. The Pd/C was filtered off by reduced pressure and rinsed with water 

sufficiently. The solvent was removed under reduced pressure. The residue was triturated 

by pentane. The product was dissolved in water, and then recrystallized with ethanol in 

freezer. The crystal was collected by filtration under reduced pressure and washed by ice-

cold water/ethanol (1:1) solution and dried to yield 2.07 g of compound 5 (7.89 mmol, 

92%) as white powder. 

1H NMR (400 MHz, D2O): δ/ppm 1.42-1.58 (m, 4H), 1.73-1.81 (m, 2H), 2.85 (t, 2H, J=7 

Hz), 3.74-3.83 (m, 5H) 
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25-oxo-3,6,9,12-tetraoxa-24-thiahexacosyl 1H-imidazole-1-carboxylate, 6 

The compound 2 (0.90 g, 2.1 mmol) was dissolved in 8 mL of CH2Cl2. To the solution, 

1,1’-carbonyl diimidazole was added and the solution was stirred for 2 h at room 

temperature. After the solvent was removed under reduced pressure, the residue was 

purified by flash chromatography on silica gel (ethyl acetate) to yield 1.01 g of compound 

6 (1.95 mmol, 93%) as clear oil.  

1H NMR (400 MHz, CD3OD): δ/ppm 1.27 (bs, 14H), 1.50-1.58 (m, 4H), 2.29 (s, 3H), 2.85 

(t, 2H, J=7 Hz), 3.44 (t, 2H, J=7 Hz), 3.53-3.71 (m, 10H), 3.84-3.86 (m, 2H), 4.56-4.59 (m, 

2H), 4.84-4.88 (m, 2H), 7.05-7.07 (m, 1H), 7.60-7.6 (m, 1H), 8.31 (s, 1H) 

 

4-carboxy-3-(carboxymethyl)-10,36-dioxo-11,14,17,20,23-pentaoxa-35-thia-

3,9diazaheptatriacontanoic acid, 7 

The compound 5 (0.88 g, 3.3 mmol) was dissolved in 10 mL of water, and the pH was 

adjusted to 10 by the addition of 3 M NaOH (~ 300 μL). The compound 6 (0.57 g, 1.1 

mmol) dissolved in 10 mL of THF was added to the solution and the mixture was stirred 

overnight at room temperature. The reaction was quenched by the addition of 40 mL of 

water. The aqueous phase was washed with ethyl acetate twice. After the pH was adjusted 

to 1, the aqueous phase was extracted with ethyl acetate 4 times. The combined organic 

phases were washed with brine and dried over Na2SO4, and the solvent was removed under 

reduced pressure to yield 0.35 g of compound 7 (0.49 mmol, 45%) as powder. 

1H NMR (400MHz, CD3OD): δ/ppm 1.26-1.80 (m, 24H), 2.30 (s, 3H), 2.86 (t, 2H, J= 7 

Hz), 3.10 (m, 2H), 3.43-3.48 (m, 3H), 3.54-3.72 (m, 18H), 4.13-4.19 (m, 2H) 
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4-carboxy-3-(carboxymethyl)-34-mercapto-10-oxo-11,14,17,20,23-pentaoxa-3,9-

diazatetratriacontanoic acid, 8 

The compound 7 (0.34 g, 0.47 mmol) was dissolved THF/MeOH (1:1). To this solution, 

0.39 mL of 12 M NaOH was added and then stirred 4 h at room temperature. The pH of 

solution was adjusted to 1~2 by the addition of 6 N HCl (~ 2 mL). CH2Cl2 and brine was 

added and then objective was extracted to organic layer and dried over Na2SO4. The solvent 

was removed in reduced pressure to yield 297 mg of compound 8 (0.44 mmol, 94%) as 

white powder. 

1H NMR (400 MHz, DMSO-d6): δ/ppm 1.23 (m, 18H), 1.44-1.61 (m, 4H), 2.19-2.23 (m, 

1H), 2.42 (q, 2H, J = 7 Hz), 2.91 (q, 2H, J = 6.5 Hz), 3.30 (m, 4H), 3.35 (m, 18H) 4.1 (t, 

2H, J = 5 Hz), 7.17 (t, 1H, J = 5.6 Hz), 12.41 (bs, 3H) 

ESI-MS: C30H55N2O12S [M-H]- calced for 667.348, found 667.34903. 

 

  

Figure 3-7 1H NMR spectrum of 4-carboxy-3-(carboxymethyl)-34-mercapto-10-oxo

-11,14,17,20,23-pentaoxa-3,9-diazatetratriacontanoic acid (8). 
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3-2-3 Synthesis and surface functionalization of gold nanoparticles 

3-2-3-1 synthesis of various sized citrate-capped gold nanoparticles 

Citrate-capped gold nanoparticles (AuNPs) were synthesized via seeding growth method 

according to a literature.49 Brief synthetic scheme was shown in Figure 3-8 

 

For the preparation of Au seed, a solution of 2.2 mM tri-sodium citrate in water (150 mL) 

was heated with a heating mantle in a 200 mL three-necked flask for 15 min. After boiling, 

25 mM HAuCl4 3H2O (1 mL) was injected. The resulting solution was stirred for 10 min, 

until the color of solution changed to red.  

Immediately after the synthesis of the Au seeds, in the same reaction vessel, the reaction 

was cooled until the temperature of the solution reached 90°C. Then, 25 mM HAuCl4 

solution (1 mL) was injected. After 30 min, the reaction was finished. This process was 

repeated once again. Obtained gold nanoparticles by this process was defined as g1. The 

solution g1 (55 mL) was diluted by water (53 mL) and 60 mM tri-sodium citrate (2 mL). 

The diluted g1 solution was grown by similar method of twice injection of 25 mM HAuCl4 

solution at 90°C. Different sized AuNPs: g2, g3 and g4 were prepared sequentially by same 

growth procedure. 

Extinction coefficient of AuNPs was calculated according to a literature50 and the 

Figure 3-8 Experimental scheme of citrate-capped AuNPs. 
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concentration of AuNPs was calculated.  

3-2-3-2 Surface functionalization of gold nanoparticles 

The stock solution of g1 was centrifugated (2,600 g, 10 min) twice and concentrated to 

10-fold. To the solution, peptide solutions (1 mM at final concentration) were added and 

incubated at 40°C for 24 hours. The solution was diluted 10 times with MilliQ water and 

centrifugated (2,600 g, 10min). The precipitation was re-dispersed in 10 mM HEPES-KOH 

(pH: 7.4). Excess peptides were removed by centrifugation two more times and AuNPs 

were concentrated. Peptides sequences were shown in Table 3-2.  

 

  

Table 3-1 The sequence of peptides used in this research. 
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3-2-4 Evaluation of hemagglutinin immobilization onto AuNPs 

Peptides functionalized AuNPs (2 or 4 nM) were incubated with 20 μg/mL of 

hemagglutinin in 10 mM HEPES-KOH at room temperature for 30min. Then, the AuNPs 

were precipitated by centrifugation and supernatants were collected. The concentration of 

hemagglutinin in supernatant was determined by dot blot assay. 

Dilution series of hemagglutinin as standards and obtained supernatants (2 μL) were 

dropped to hydrophilic PVDF membrane and dried. Membrane were shaken in 5% skim 

milk in PBS-T (0.1 % Tween20 in PBS(-)) for 60 min at room temperature and then washed 

with PBS-T for 5 min twice. Anti-His-tag mAb-HRP-DirecT stock solution was diluted 

5,000 times with 1% skim milk in PBS-T. Then the membrane was incubated with antibody 

solution in shield plastic bag for 60 min at room temperature. After incubation, membrane 

was washed with PBS-T for 5 min twice. The membrane was soaked with substrate solution 

(Clarity Western ECL substrate; Bio-Rad, mixture of peroxide and luminol) and then 

chemical luminescence was analyzed using ChemiDoc MP system (Bio-Rad). The number 

of immobilized hemagglutinin onto the AuNPs was calculated from the HA concentration 

of supernatant. 
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3-3 Results and Discussion 

3-3-1 Characterization of AuNPs 

3-3-1-2 citrate-capped AuNPs 

Synthesized g1, g2, g3 and g4 were characterized by transmission electron microscopy 

(TEM) and UV-vis spectroscopy. TEM images and extinction spectra were shown as Figure 

3-9. Average diameters were obtained from TEM images by counting at least 100 particles 

(Table 3-1). The sizes of g1, g2, g3 and g4 were 25.4, 33.0, 44.0 and 56.9, respectively. 

Increase of gold nanoparticle size and extinction spectrum peak shift were observed by 

increase of seeded growth processes.  

Here, to evaluate the effect of orientation of immobilized HA, it is desirable to use 10-30 

nm in diameter, which are immunologically inert and easy to handle.35,40 Further, 

nanoparticles which have 20-40 nm in diameter penetrates tissue barrier and traffic to 

draining lymph nodes rapidly than larger nanoparticles.51 Therefore, g1 AuNPs was used 

for following immobilization of HA, which facilitate to suppress undesired immune 

response for the evaluation of the effect of HA orientation on antibody responses. 
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Figure 3-9 TEM images and extinction spectra of citrate-protected AuNP 

synthesized via seeded growth method. (A, B) g1, (C, D) g2, (E, F) g3 and (G, 

H) g4. 

Table 3-2 Size of AuNPs obtained from TEM images 
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3-3-2-1 Peptide-functionalized AuNPs 

The AuNPs were functionalized with mixed peptides (100% EK, 10% S2EK + 90% EK 

and 10% R5GEK + 90% EK). Each sample was named EK-AuNP S2EK-AuNP and 

R5GEK-AuNP, respectively. The peptide functionalized AuNPs were colloidally stabilized 

at higher pH (8.0-10.0) and destabilized at lower pH (6.0) in the purification process. The 

zeta potential of EK peptide functionalized g1 AuNPs were decreased from -30.8 mV to -

47.4 mV as pH was increased from 7.4 to 10.0 (data not shown). It was implied that the 

increase of electric charge caused by deprotonation of the acid in EK moiety contributed 

the increased colloidal dispersibility. 

The TEM images and extinction spectra of peptide-functionalized AuNPs were shown in 

Figure 3-10A, B. The average diameter of S2EK- and R5GEK-functionalized AuNPs was 

25.2 nm and 26.2 nm, respectively. From these result, the core diameter of peptide 

functionalized AuNPs were not significantly changed through peptide functionalization and 

purification. The peaks of extinction spectra of peptide-functionalized AuNPs were shifted 

to longer wavelength (Figure 3-10C). It may be caused by the change of the dielectric 

constant due to peptide modification. 

The hydrodynamic diameter of S2EK-AuNP and R5GEK-AuNP was 40.2 nm and 40.0 

nm, respectively. These hydrodynamic diameter of peptide functionalized AuNPs was 

larger than citrate-capped AuNPs (31.1 nm). The zeta potential of S2EK- and R5GEK-

AuNP was increased from -40.8 mV (citrate-capped g1) to -24.0 and -24.8 mV, respectively. 

These zeta potential values are reflected by the chemical properties of the EK peptide. 

These changes of hydrodynamic diameter and zeta potential indicated the successive 

peptide functionalization of AuNPs. As shown in above results, S2EK-AuNPs and R5GEK-

AuNPs as a reference were prepared with similar chemical composition, size, colloidal 

dispersibility and zeta potential. 
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Figure 3-10 TEM images of (A) S2EK-AuNP and (B) R5GEK-AuNP  

and (C) Extinction spectra. 

Table 3-3 the core size of peptide-functionalized 

AuNPs determined form TEM images. 

Table 3-4 The hydrodynamic diameter and zeta 

potential of peptide-functionalized AuNPs. 
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3-3-2 Immobilization of hemagglutinin onto AuNPs 

The representative dot blot image was shown in Figure 3-11A. The chemical luminescence 

derived from HA in the supernatant was reduced with increasing AuNP concentration and 

depending peptide sequence. The concentration of HA in supernatant was determined from 

these dot intensities and the number of immobilized HA on AuNPs was calculated. The 

number of immobilized HA was shown in Figure 3-11B. The number of hemagglutinin 

immobilized onto S2EK-AuNP was 11 molecules per particle. On the contrary, the number 

of immobilized HA was 4 to 7 molecules per R5GEK-AuNP. From these results, peptide 

sequence depending immobilization of HA onto AuNPs. This implied the immobilization 

of HA with controlled orientation by specific binding between sialic acid-binding site and 

S2 peptide. 

The structural images of HA were shown as Figure 3-12. Here, regarding that the top view 

of HA head domain as an equilateral triangle with a side of 7.2 nm (Figure 3-12A, the 

distance between 144 Lys), the radius of this circumscribing circle is assumed to be 4.2 nm 

and the area is calculated to be around 54 nm2. The height of HA is almost 12 nm. Here, I 

regarded HA as a cylinder of 12 nm in length and 8.4 nm in diameter. When HA bound 

perpendicularly to the S2EK-AuNPs, the occupied surface area of the AuNP by HA is 

estimated to 590 nm2.(54 nm2×11) The core diameter of S2EK-AuNP is 25 nm and the 

peptide length was calculated to be 2 nm.43 So that the diameter of AuNP containing the 

peptide length was 29 nm. The surface area of sphere with 29 nm in diameter is 2600 nm2. 

Accordingly, the occupied surface area by HA was almost 23%. Centrally, when HA is 

horizontally bound to AuNP surface, the occupied area by HA molecules are estimated to 

1100 nm2 (42% of AuNP surface). The density of surface protein of native influenza virus 

was reported to around 15%,52 so that the value of occupied surface area by HA (23%) are 

reasonable. 

Next, I estimated the binding strength between the S2 peptide-presenting AuNP and HA. 
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The number of immobilized HA was not changed (11 molecules) when the concentration 

of S2EK-AuNPs (2 and 4 nM) and the resulting concentration of unbound HA was changed 

from 80.6 to 58.2 nM (Table 3-5). Here, I assumed that the immobilization of HA onto 

S2EK-AuNP was saturated because the immobilized density was close to the surface 

protein density of native influenza virus and the number of immobilized HA was not 

changed by decrease of unbound HA in the system. In this case, the binding of HA with 

AuNP reached equilibrium. Therefore, dissociation constant between HA and S2EK-AuNP 

was assumed to less than 60 nM. The dissociation constant between S2 peptide (ARLPR) 

and HA (A/NewCaledonia/20/99 (H1N1)) was 74 μM.53 This means HA was strongly 

immobilized onto S2 peptide-functionalized AuNPs than simple binding between S2 

peptide and HA. This result showed multivalent effect in HA-binding ability by displaying 

S2 peptides onto AuNPs. 

From these results, the immobilization of HA onto peptide-functionalized AuNPs 

depending peptide sequence was demonstrated. This implied HA was immobilized via 

interaction between S2 peptide and receptor binding domain of HA.  
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Figure 3-11 (A) The representative dot blot image.  

(B) The number immobilized HA on the peptide-functionalized AuNPs (2 and 4 nM). 

Figure 3-12 The size of influenza HA. (A) Top view and (B) side view of HA. HA1 and 

HA2 domain was colored with blue and cyan, respectively. 
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Table 3-5 The number of immobilized HA and the concentration of unbound HA. 
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3-4 Conclusion 

In this chapter, I designed surface functionalization with peptides to immobilize HA onto 

AuNPs with controlled orientation and peptide functionalized AuNPs were used as scaffold 

of HA. The sialic acid mimic peptide functionalized and reference sequence peptide 

functionalized AuNPs showed similar physical properties. On the other hand, the number 

of immobilized HA onto sialic acid mimic peptide functionalized AuNPs was higher than 

that of reference sequence. This result implied that HA was immobilized with controlled 

orientation to present stalk domain toward outside by interaction between receptor binding 

site of HA and sialic acid-mimic peptide. In the future, I will optimize the mixing ration of 

peptides and improve the immobilization efficiency of HA, then apply for vaccination. 
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In this thesis, I focused on nanoparticle geometry and conjugation method toward the 

development of effective influenza vaccines. I investigated the effect of nanoparticle 

geometry on the enhancement of adjuvanticity and nanoparticle surface modification on 

immobilization of antigenic protein. In this chapter, I summarize the thesis and afforded the 

significance and prospects.  

In chapter 2, I prepared uPIC(40:400)-AuNP conjugates (AuNP-PICs) by electrostatic 

interaction and evaluated their adjuvanticity in vivo and inflammatory cytokine response in 

vitro. I found that the adjuvanticity of AuNP-PICs was depended on their geometry and 

immunization route. When vaccines were administrated subcutaneously, there is no 

significant differences between AuNP-PIC groups. On the other hand, when vaccines 

administrated intranasally, adjuvanticity was depended AuNP-PIC geometry, especially, 

rod-shaped AuNPs enhanced adjuvanticity of uPIC(40:400) than spherical AuNPs. Notably, 

the cytokine responses were depending AuNP-PIC geometry and rod-shaped AuNPs did 

not increased inflammatory cytokine responses, which cause side reactions. These results 

showed that the election of nanoparticle shape as scaffold of nanoparticle-based adjuvant 

is essential to fabricate effective and safe adjuvants. 

In chapter 3, I focused on antigen design to develop the universal influenza vaccine. I 

designed hemagglutinin (HA) stalk domain-presenting AuNPs utilizing interaction 

between receptor binding site of HA and sialic acid-mimic (S2) peptide-functionalized 

AuNPs. The number of immobilized HA onto S2peptide functionalized AuNPs was higher 

than that of reference sequence peptide-functionalized AuNPs. This result implied that HA 

was immobilized with controlled orientation to present stalk domain toward outside by 

interaction between receptor binding site of HA and sialic acid-mimic peptide. In the future, 

I believe that the nanoparticle based universal influenza vaccine will be developed through 

optimization of the mixing ration of peptides and improvement the immobilization 

efficiency of HA. 
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In this thesis, I designed nanoparticle-based influenza vaccines to develop universal 

influenza vaccines. Influenza viruses constantly threated host health and life by acquiring 

diverse mutation. To combat such evolution of viruses, I proposed nanoscale 

physicochemical design of vaccines and partially demonstrated. I believe that the findings 

in this thesis will contribute to the development of universal influenza vaccine that can be 

protect against various virus subtypes without annual updates and realization of a society 

where everybody can spend more healthy life. 
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