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Chapter 1. General introduction 

1. 1 Organic-inorganic hybrid materials 

   The concept of organic-inorganic hybrid material has been proposed and became to 

be a rapid growing research area in materials sciences along with the emergence of 

conventional soft inorganic chemistry [1-5]. It has attracted much research interest of 

chemists, physicists, biologists, and materials scientists in fundamental researches and 

the wide variety of application fields, such as optoelectronics [6-9], biotechnology [10, 

11], and so on. Organic-inorganic hybrid nanomaterials play a significant role in the 

design and growth of commercially available advanced materials. Nowadays, some 

hybrid products have already entered into the market, for example, TV sets produced by 

Toshiba，the screen of which was coated with hybrid materials made of silica-zirconia 

matrix embedded with indigo dyes by sol-gel method [2]; commercial isomers 

sunscreen SPF 20 with UV pearls contains active organic components encapsulated into 

more or less porous silica micro-capsules [12]; glassware sold by Spiegelau coated by 

organically doped sol-gel [13]; and enzymes sold by Fluka entrapped in sol-gel matrix 

[14].  

The fast expansion of research on organic-inorganic hybrids to a large extent 

resulted from their novel functions superior to individual organic and inorganic 

materials [1]. However, these innovative properties relied on not only the sum of 

individual contribution from organic and inorganic constituents but also a large 

synergistic effect of the two phases through size domain effects and nature of the 

interfaces [15]. The role of their inner interfaces could be predominant, whose nature 
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has been used to grossly categorize these materials into two main classes. In class I, 

organic and inorganic components are embedded through only weak interactions, such 

as hydrogen bonds, van der Waals or ionic bonds, giving cohesion to the whole structure 

without covalent bond. On the contrary, in class II materials, the two phases are partly 

linked together through strong chemical interaction or covalent bond [3, 16].  

   At the present time, various types of strategies are available for the construction of 

organic-inorganic hybrid materials [4]. One of the most promising techniques is sol-gel 

method, which is initially employed to prepare glassy and ceramic inorganic materials. 

In the last few decades, the great interests were attracted and intense activities were 

carried out in this method, the major driving forces behind which are one of the unique 

properties of the sol-gel process, room-temperature procedure. Under such relatively 

mild conditions, both biomolecules and organic molecules can withstand. [17-19]. 

However, one seems to difficultly understand the preparation of organic-inorganic 

hybrid material by sol-gel method without the basic knowledge of sol-gel reactions. In 

general, the sol-gel process can be divided into two steps, hydrolysis of metal or 

semimetal alkoxides precursors and condensation reaction of hydroxyl groups and 

residual alkoxyl groups to produce corresponding metal oxide inorganic material with a 

three-dimensional framework structure. The popular inorganic components can be used 

as precursor such as silica, alumina, titania, zirconia and so on. Among these 

components, silica is the typical one because of the inherent properties of hybrid 

materials based on the silica matrix. In the case of silicone alkoxide, the whole 

procedure of sol-gel reaction is described in Scheme 1-1. Under ordinary conditions, 

the hydrolysis proceeds simultaneously with followed condensation reaction. During 

these processes, some byproducts with low molecular weight are generated for instance, 
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water and alcohol. Finally, cross-linked silica gel matrix with three-dimensional 

network is obtained through the repetitive Si-O- bonds. Additionally, both hydrolysis 

and condensation reaction are dependent on the type of solvent, catalyst, concentration 

of starting components and temperature [17].  

 

Scheme 1-1. The process of sol-gel reaction [17]. 

By now, numerous silicon-based organic-inorganic hybrid materials have been 

developed. The most well-known representatives are the extensive family of 

mesoporous sieves (M41S) discovered by the researchers at Mobil R&D Corp through 

surfactant assisted synthesis. One member of the M41S family is named MCM-41[20], 
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which has a hexagonal arrangement of unidimensional pores varying in size from 1.5 

nm to 10 nm depending on organic templates used, addition of auxiliary organic 

compound and reaction temperature [20]. The synthetic procedure of MCM-41 from 

tetramethylammonium salt is represented in Figure 1-1. The long-chain cationic 

alkylmethylammonium serves as the organic templates at the beginning and removed by 

calcinations finally. This innovative approach using supramolecular aggregates of 

amphiphilic surfactant as structure-directing agent brings about revolution in the area of 

mesoporous materials. Besides MCM-41, several other members in this family have 

also been identified, such as MCM-48 exhibiting cubic structure which can be indexed 

to an Ia3d unit cell [21] and MCM-50 having laminar structure [22].  

 

Figure 1-1. Formation of mesoporous materials by structural-directing agents [23]. 

The surfactant assisted synthesis attracted an extraordinary amount of interest in the 

scientific community that still continues today since it was created. Nevertheless, the 

very fact is that most of these composite materials are mainly composed of inorganic 

components and that the organic components are just used as the template and removed 

finally. On the contrary, recently, a novel class of layered organic-inorganic nanohybrid 

materials has been developed, which were composed of amphiphilic molecules in 

presence of a stable covalent bond between the silicate and the surfactants [24-27]. The 

procedure of synthesis is exemplified in Figure 1-2. On the synthesis of these materials, 
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the essential self-assemble behaviors perform, which is worth investigating from both 

scientific and practical viewpoints. It can make the hybrid precursors, 

organoalkoxysilanes containing a silanol group, covalently attached a hydrophobic tail, 

to form specific materials with three-dimensional network.  

 

Figure 1-2. Self-assembly of hydrolyzed alkylsilanes into multilayered siloxane-based hybrids [28]. 

1. 2 Electrochemical application of organic-inorganic hybrids 

   Bridging chemistry of hybrid organic-inorganic materials with other disciplines are 

attracted growing interest, and brought out very fruitful and prolific achievement. In 

particular, the research projects coupling organic-inorganic hybrid nanomaterials based 

on silicate with the electrochemical properties have been attracted extensive attention in 

the past two decades [29]. Such silica-based hybrid materials include silica components 

coated with organic moieties or biomolecules through absorption and followed sol-gel 

process. Silicates capsulated organic and/or bioorganic species by physical interaction 

are class I. Whereas interpenetrating ceramic-organic copolymers and organic-inorganic 

nanocomplex prepared by co-condensation of alkoxysilanes, which are in class II [30]. 
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Because of specific chemical and physiochemical properties, these materials have been 

used in wide range of application, such as biological and chemical sensors, 

electropolymerization, spectroelectrochemistry, batteries, and fuel cells. Moreover, the 

relevant reports about the electrochemical application of organic-inorganic hybrid 

materials are abundant [31-33].  

1. 3 Organic-inorganic nanohybrid cerasomes 

Recently, our group developed novel a organic-inorganic hybrid with vesicular 

structure named cerasome, which is formed through spontaneous self-assembly of 

organoalkoxysilane lipids along with sol-gel reaction [34]. The cerasome contains an 

inner aqueous compartment, spherical lipid bilayer membrane like liposome and 

ceramic-like framework on the surface, denoted in the illustration of Figure1-3. Since 

the only difference between the cerasome and liposome is the additional presence of 

siloxane network in the former, the cerasome is conceived the combination of liposome 

and ceramic. As liposome, the size of cerasome is also tunable. By now, cerasomes with 

various sizes have been designed and prepared by applying conventional methodologies 

used for preparation of monodispersed liposomes. Generally, two types of preparation 

methods are employed depending on the water solubility of cerasome forming lipid. 

One is the direct dispersion method through dispersing cerasome forming lipid with 

well water solubility into aqueous media [35]. Another one is ethanol sol injection 

method, which is used for cerasome forming lipids with poor water-solubility. The latter 

method contains two individual steps [36]. Firstly, the sol of cerasome forming lipids is 

obtained by incubating lipid in an acidic ethanol solution. Afterward the resulting sol is 

injected into water under stirring.  
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Figure 1-3. Negatively stained TEM image of multiwalled cerasome (a) and schematic drawing of 

cerasome (b) [37]. 

  Several types of cerasomes have been developed using different kinds of 

cerasome-forming lipids. The common molecular structure of cerasome forming lipids 

is shown in Figure 1-4. It contains three parts: a connector unit such as a urea or an 

amide acid residue, an inorganic precursor head moiety and a hydrophobic double-chain 

segment. 

 

Figure 1-4. Chemical structure of cerasome forming lipid [37]. 
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Owing to the inorganic framework on its surface, the cerasome exhibits a remarkably 

higher morphological stability as compared with the conventional liposomes. The 

morphology of cerasomes can be visualized by scanning electron microscopy (SEM) 

and atomic force microscopy (AFM), however, these microscopic techniques are 

challenging to observe the liposomes formed by phospholipids with poor stability. 

Figure 1-5 (A) shows SEM image of cerasome prepared by ethanol sol injection 

method. Our group successfully constructed three-dimensionally packed cerasome 

assembly on a solid substrate through layer-by-layer assembly method. The AFM 

images of alternately layer-by-layer assembly films of the anionic and cationic 

cerasomes are shown in the Figure 1-5 (B) [38]. In the contrast, the conventional 

liposomes are used for preparation of multi-liposomal assembly because the liposomes 

generally change their vesicular structures when they interact with polyelectrolyte with 

the opposite charge [39].  
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Figure 1-5. (A) SEM image of a cerasome [37]; (B) Tapping mode AFM images of the first layer 

formed with the anionic cerasomes (a) and the second layer formed with the cationic cerasomes (b), 

and schematic drawing of the three-dimensional assembled structure of the anionic and cationic 

cerasomes (c) [39].  

The maintenance of stable morphology and phase transition behavior makes it 

possible to employ cerasome as a potential molecular carrier. Previous works in our 

laboratory reported that the cationic cerasomes can be used as an infusible and 

cell-friendly gene carrier [40-42] and drug delivery [43]. Moreover, their functions were 
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enriched further by surface modification. We obtained the magnetic cerasome by 

covering alloy on its surface [44]. Likewise, the other metal-coated nanohybrid 

cerasome mobilized by titania, silver, and so on, were also prepared [45, 46].  

These achievements illustrated that exploitation of cerasome in the matter of function 

and application has great potentiality. The cerasome with photoresponsive function has 

been successively developed using different methods. One method is through 

intermolecular modification by stable covalent bond, for example, the photoresponsive 

cerasome derived from cerasome-forming lipids, which contains stimuli-responsive 

azobenzene functionalized groups (Figure 1-6) [47]. Another method is incorporation of 

cerasome with photodynamic molecules by non-covalent interactions, such as fullerene 

(C70) [48] and hydrophobic quantum dots (QDs) [49]. 

 

Figure 1-6. Schematic illustration for the formation of photoresponsive cerasome          

from AZOSIL lipid [47] 
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1. 4 Purpose of this research 

On these grounds, cerasomes have a wide variety of potential as a family of 

organic-inorganic nanohybrid materials. Application of cerasomes in the research area 

of electrochemistry is of great importance. However, the potential of cerasome for 

electroactivity has not been concerned up to the present time. This is my motivation for 

preparing electroactive cerasome.    

In this thesis, I designed and prepared electroactive cerasomes by hybridization with 

redox active molecules, and developed a novel electroactive nanohybrid system as 

potent electrochemical interface based on direct electron transfer (DET) (Figure 1-7). In 

this system, naturally occurring enzyme, horseradish peroxidase (HRP), and artificial 

coenzyme, hydrophobic vitamin B12 (HVB12), were utilized as the redox molecules. 

Moreover, the electrochemical functions of these redox molecules are investigated 

systematically by electrochemical techniques, such as cyclic voltammetry (CV) and 

chronoamperometry.  

 

Figure 1-7. Schematic illustration of electrochemical interface formed                       

by cerasome and redox active molecule. 
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My doctoral thesis is composed of two main parts. 

Part 1:  Design and characterization of electroactive cerasome modified with redox 

enzyme 

Horseradish peroxidase is an important redox enzyme found in the root of plant 

horseradish which is used extensively to catalyze the hydrogen peroxide-dependent 

one-electron oxidation of a wide variety of substrates [50, 51]. Although the root of 

horseradish contains a number of distinctive peroxidase isoenzymes, the horseradish 

peroxidase C (HRP) is the primary research subject because it is in high purity and low 

cost. It is water-soluble enzyme with an isoelectric point close to 8.9 [52]. HRP consists 

of a hemin prosthetic group embedded in protein. Figure 1-8 (A) gives its 

three-dimensional structure identified by X-ray crystallography. The part colored in red 

is the heme group. The corresponding chemical structure is shown in Figure 1-8 (B). 

The resting state of heme-iron is Fe(III), which converses to Fe(II) through accepting 

electron. 

 

Figure 1-8. (A) Three-dimensional representation of the X-ray crystal structure of HRP and (B) the 

corresponding chemical structure of iron heme group [50]. 

In this part, an electrochemical interface based on cerasome and HRP was designed 
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on glassy carbon electrode (GCE). As a reference, liposome and silica nanoparticle 

(silica NP) were used in place of cerasome because they have partial structures 

analogous to cerasome. For example, cerasome has the lipid membrane structure like 

liposome and surface silicate network similar with silica NP. First of all, I 

systematically compared the structural characteristics of cerasome with its analogues, 

liposome and silica NP, by means of atomic force microscopy (AFM), scanning 

electron microscopy (SEM), cryogenic transmission electron microscopy (cyro-TEM) 

and differential scanning calorimetry (DSC). The results indicated that cerasome 

combined the merits of liposome with that of NP, such as well biocompatibility induced 

lipid bilayer structure, and highly structural stability allowing for silicate framework. 

Furthermore, to clarify the effect of morphological difference among cerasome, 

liposome and silica NP on electrochemical application, the electrochemical behaviors of 

immobilized HRP on cerasome/GC were investigated by CV and chronoamperometry.  

Part 2: Design and characterization of electroactive cerasome modified with artificial 

coenzyme 

Vitamin B12-dependent enzyme with cobalt species as a catalytic center plays critical 

roles in various isomerization reactions, which is accompanied by carbon-skeleton 

rearrangements [53]. In order to simulate the catalytic functions of vitamin B12, 

hydrophobic vitamin B12 (HVB12) derivatives have been developed, which have ester 

groups in place of the peripheral amide moieties of the natural vitamin B12 [54-59]. 

Herein, I incorporated HVB12 (Chart 1-1) into lipid bilayer domain of cerasome to 

form a stable cerasome with well electroactivity. Firstly, I prepared HVB12-cerasome 

nanohybrid and characterized that HVB12 derivative makes stable nanohybrid with with 
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cerasome by means of UV-vis spectroscopy and differential scanning calorimetry 

(DSC). AFM measurements were used to observe the morphology of cerasome-HVB12 

nanohybrid on the solid surface. To examine the electroactive property of the resulting 

nanohybrid, an electrochemical interface using HVB12-cerasome nanohybrid was 

fabricated on GCE. The results indicated that cerasome modified with HVB12 on the 

electrode possessed excellent electrocatalytical functions for detecting the various 

substrates, such as alkyl halide, hydrazine in aqueous solution.  

 

Chart 1-1. Molecular structure of hydrophobic vitamin B12. 
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Chapter 2. Design and characterization of electroactive cerasome              

modified with redox enzyme 

2. 1 Introduction 

Redox enzymes are one kind of the essential biomolecules participating in a number 

of biological processes, the most important of which would be the bioenergetics 

metabolism [1]. The investigation on electrochemical behaviors of redox enzymes is 

considered as a powerful tool for helping us to understand the metabolic processes and 

energy conversion in life activities [2-5]. Up to now, great deals of researches on 

electrochemical studies of redox enzymes have been reported. The studies have focused 

on the construction of electrochemical interface based on redox enzyme and discussed 

about their electrochemical functions based on direct electron transfer (DET). 

Generally, the simplest redox enzyme can be interpreted as with low molecular 

weight in the range of 5-20 kDa only taking part in electron convey. From this 

perspective, the role of HRP with molecular weight of approx. 44000 is analogous to 

that of some small redox reagent, such as ferrocene participating in displaying 

reversible or quasi-reversible cyclic voltammetry [6]. However, heterogeneous electrons 

exchange between immobilized enzyme and electrode surface is not easy to detect by 

relatively fast techniques, such as cyclic voltammetry. The probable reason is the strong 

adsorption of enzyme on bare electrode coupled with conformational changes and loss 

of activity readily induce very low electron transfer rate [6]. As a result, to achieve 

direct electron transfer, it is of significant importance to seek suitable approaches, for 

example, enzyme immobilization methods and electrode materials selection. Therefore, 

it is remarkably worthwhile to develop of biocompatible electrode material for 

embedding enzyme to realize the direct electron transfer.  
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Lipid bilayer membranes are assembly of amphiphilic lipids formed spontaneously in 

water, exhibiting lateral fluidity, surface motility, and self-healing properties [7, 8].
 
It 

compromises the basic structural unit of biomembrane, and offers a protein-friendly 

microenvironment allowing enzyme immobilization without conformational changes. 

Lipid bilayer membranes participate in information communication and transportation 

through signals transduction, which play upmost essential role in the process of activity 

in living organism [9]. It has been widely researched and applied an electrode material 

to immobilize enzyme due to its merit like natural biomembrane [7, 10, 11]. 

Nanotechnology is constantly attracted attention, especially in recent years. Its great 

evolution offers driving force for development of novel biocompatible nanomaterial. As 

potential matrix, nanomaterials have a lot of merits for fabrication of electrochemical 

system. On the one hand, nonmaterial provides a biocompatible and inert environment 

for maintenance of the native structure of the protein. Due to the large surface area, it 

also supplies more sites for enzyme immobilization [12, 13]. On the other hand, it has 

been proved that nanoparticles, such as metal nanoparticles, semiconductors can 

produce a synergic effect among catalytic activity, conductivity and biocompatibility to 

bring about acceleration of signal transduction in the electrochemical system [14]. 

 A novel nanohybrid material named “cerasome” has been developed recently. It is 

spontaneously formed by vesicular organoalkoxysilane lipids and contains an inner 

aqueous compartment exhibiting cell-friendly arising from incorporation of the 

liposomal architecture and morphologically stable property caused by siloxane 

framework on the surface [15, 16]. Due to these peculiarly structural and functional 

characteristics, cerasome has been used for gene and drug delivery, and design of 

molecular devices [17-23]. Moreover, it has been demonstrated that cerasome can also 
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serve as an efficient biomaterial for the enzymatic immobilization [22, 23]. For instance, 

NADH-dependent L-lactate dehydrogenase could be immobilized noncovalently on the 

cerasome surface with maintenance of catalytic activity [22, 23]. However, as far as we 

know, there was no report on enzyme immobilization employing cerasome as a matrix 

for the study of signal transmission. 

In this chapter, I associated cerasome composed of cerasome-forming lipids with 

redox enzymes, HRPs, to fabricate an integrated electrochemical interface. The 

cerasome not only has the lipid bilayer structure as liposome but also is analogous 

surface structural characteristics to silica NP derived from tetraethoxysilane (TEOS). 

Therefore, the structural features of it are systematically analyzed in comparison with 

liposome formed by 1, 2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1, 

2-dimyristoyl-sn-glycerol-3-phosphoglycerol (DMPG), and silica NP. The results of 

experiments showed that cerasome coupled the merits of these analogues, thus making 

the successful achievement of the direct electron transfer of immobilized HRP with 

electrode surface. During this procedure, cerasome was much superior to traditional 

liposome and silica NP. Moreover, the transmission of cerasome for catalytic signal of 

immobilized HRP toward H2O2 was investigated in detail. 
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Chart 2-1. Chemical structures of the lipids and tetraethoxysilane. 
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2. 2 Experiments  

2. 2. 1 Materials 

1, 2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; ≥99%), 1, 2-dimyristoyl-sn- 

glycerol-3-phosphoglycerol (DMPG; ≥99%), Horseradish peroxidase (HRP; Mw≈

44000) were purchased from Sigma-Aldrich. Ethanol (99.9%) and tetraethoxysilane 

(TEOS) were obtained from Wako pure chemical industry and Shin-Etsu Chemical Co., 

Ltd, respectively. All the chemicals were utilized as-received state without any further 

treatments. Ultra-pure water (18.3 MΩ·cm) used in all experiments was prepared with 

Milli-Q Labo. Dihexadecylamine was prepared by the reaction of n-hexadecylamine 

with 1-bromohexadecane in the presence of sodium carbonate in ethanol.  

2. 2. 2 Syntheses 

The cerasome-forming lipid, N, N-dihxadecyl-N’-[3-(triethoxysilyl)propyl]urea was 

synthesized from 3-(triethoxysilyl)propyl isocyanate and N, N-dihxadecylamine in our 

laboratory according to the report [16] (Scheme 2-1).  

 

Scheme 2-1. Synthesis of cerasome-forming lipid. 
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Synthesis of N, N-dihexadecylamine (Product 1) 

To a solution of n-hexadecylamine (50 g, 0.21 mol) in 100 ml of ethanol were added 

1-bromohexadecane (30 g, 0.16 mol) and potassium carbonate (45.02 g, 0.32 mol) in 

turn in a round bottom flask equipped with reflux condenser and a magnetic stirrer. The 

hot mixture was then filtered after being reflux for 120 h. The solvent was removed by 

rotary vacuum evaporator at 35 °C, and then the crude product was dried in vacuo. The 

precipitates were then purified by recrystallization from hexane to produce a colorless 

power. The yield is 15.2 g (32 %); Rf = 0.35 (silica gel 60F254 plate Merck, 

chloroform-methanol, 9:1 v/v) 
1
H-NMR (400 MHz, CDCl3, TMS):  0.88 [6H, t, J = 6.8 

Hz, NCH2CH2(CH2)13CH3], 1.25-1.30 [52H, m, NCH2CH2(CH2)13CH3], 1.45 [4H, m, 

NCH2CH2(CH2)13CH3], 2.57 [4H, t, J = 6.8 NCH2CH2(CH2)13CH3].  

Synthesis of N,N-dihxadecyl-N’-[3-(triethoxysilyl)propyl]urea (Product 2)   

0.33 g (1.29 mmol) of 3-(triethoxysilyl)propyl isocyanate was added into 

dihexadecylamine (0.50 g, 1.07 mmol) in 30 ml of dry dichloromethane. The mixture 

was stirred for 2 h under N2 atmosphere at room temperature. After that, the solvent 

was removed under reduced pressure to get colorless oil. The crude product was 

purified by chromatography (silica gel, Wako gel C-300) with hexane-ethyl acetate 

(4:1 v/v) as an eluent. The yield was 680 mg (78 %); Rf = 0.2 [silica gel 60F254 plate 

Merck, hexane-ethyl acetate (4:1, v/v)] 
1
H-NMR (400 MHz, CDCl3, TMS):  0.63 [2H, 

t, J = 8.1 Hz, SiCH2 ], 0.88 [6H, t, J = 6.8 Hz, CH3], 1.16-1.33 [61H, m, J1 = 7.0, J2 = 

7.0 Hz, (CH2)13CH3, OCH2CH3], 1.51-1.65 [4H, m, NCH2CH2, SiCH2CH2,], 3.14 [4H, t, 

J = 7.6 NHCH2], 3.23 [2H, t, J = 6.5 Hz, CH2NHCO], 3.81 [6H, q, J = 7.0 Hz, 

OCH2CH3], 4.43 [1H, br, J = 5.6 Hz, NHCON];  
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2. 2. 3 Preparation of silica nanoparticle 

The monodispersed silica nanoparticles ca. 225 nm in diameter was synthesized by 

hydrolysis of TEOS in the presence of sodium dodecyl sulfate (SDS) as a dispersant 

[24]. Firstly, SDS was dissolved in 0.5 M NH4OH aqueous solution, and TEOS were 

diluted separately with the same amount of ethanol. TEOS/H2O/EtOH were controlled 

at 0.2/10/10 in molar ratio. The amount of SDS was fixed to be 0.2 % in weight 

percentage versus the total weight of sols (70 g). The as-prepared silica NPs were 

carefully rinsed with ethanol, and then dried under vacuum to remove the dispersant. 

2. 2. 4 Preparation of liposome 

Binary large unilamellar vesicles (LUV) liposome was prepared by hydration of a 

mixture lipid film (DMPC/DMPG, 7:3 mole/mole). Firstly, neutrally charged DMPC 

stock solution in dry chloroform (10 mM) and negatively charged DMPG stock solution 

in dry chloroform/methanol (9:1 v/v, 10 mM) were dried under vacuum for 4 h to 

obtained the thin lipid film. Then the film on the wall of vial was hydrated with an 

appropriate amount of Milli-Q water at 40 °C. The liposome dispersion was extruded 

through two stacked polycarbonate membrane (200 nm in the pore diameter) for 

21cycles followed by five freeze-thaw cycles (-196 °C and 50 °C).   

2. 2. 5 Preparation of anionic cerasome by ethanol sol injection method 

Due to the poor water solubility of cerasome-forming lipid (Chart 2-1), cerasome 

was prepared by ethanol sol injection method as the previous report in our group [20]. 

Firstly, cerasome-forming lipids were hydrolyzed in the mixing solution of H2O, HCl, 

and EtOH, which molar ratio was controlled at 1: 19: 0.03: 200 (cerasome-forming 

lipid: H2O: HCl: EtOH), for 12 h at room temperature by using the votex microtiter. 
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Then 6 μL of the above solution was injected into 1 mL of MilliQ water at 40 °C under 

stirring followed ten freeze-thaw cycles (-196 °C and 50 °C). The final concentration of 

lipids was fixed at 0.5 mM. The dispersions of cerasomes were incubated at 40 °C 

overnight before use to develop their surface siloxane networks.  

2. 2. 6 Fabrication of enzyme modified electrode 

A glassy carbon electrode (GCE) electrode with a diameter of 3 mm was firstly 

polished on polishing cloth with 0.05 μm alumina powder, and then rinsed with 

deionized water followed by sonication in Milli-Q water, and then dried with nitrogen 

stream. 5 μL of the prepared cerasome aqueous dispersions (0.5 mM) were cast on the 

surface of pretreated GCE. The cerasomes were deposited on the surface of electrode 

after water evaporated slowly. Then 5 μL of HRP solutions (5 mg/ml, in 0.1 M citrate 

buffer pH 5.6) were dropped on the surface of the cerasome modified electrode. The 

final mole ratio of cerasome-forming lipids to HRPs on the electrode surface is 

controlled at 100: 23. The HRP/cerasome/GCE modified electrode was obtained after 

evaporation of water. The above modified electrode was stored in refrigerator at 4 °C 

overnight and rinsed with Milli-Q water before electrochemical measurement to remove 

excess of HRPs on the electrode surface.  

The procedure of construction of reference modified electrodes, silica NPs/GCE and 

liposome/GCE, are the same with the cerasome/GCE. Briefly, 5 μL of fresh silica NPs 

and liposomes aqueous dispersion were cast on pretreated GCE, and dried slowly at 

room temperature. The HRP/liposome/GCE and HRP/silica NP/GCE were fabricated 

also using the same procedures as above. 



Chapter 2 

30 
 

2. 2. 7 Measurements 

The morphological structure of samples were analyzed by a scanning electron 

microscope (SEM, JEOL，JSM-7400F) operating at 5 kV, atomic force microscopy 

(AFM, SPI3800N) and cryogenic transmission electron microscopy (cyro-TEM, JEOL 

JEM-3100 FEF). For the SEM measurements, samples were prepared by casting on the 

aluminum foil. The samples for AFM were prepared by simple cast method on the 

freshly cleaved mica surface and the images were obtained in the tapping mode in 

ambient atmosphere.  

Circular dichrosim (CD) experiments were carried out with a 

Jasco-spectropolarimeter (J-820) at room temperature in a quartz cuvette with a 1 mm 

path length. Each spectrum was obtained scanning 3 times at 0.5 nm intervals with the 

scan rate of 20 nm/min. The concentration of HRPs was fixed at 0.2 mg/ml. UV-vis 

spectra were collected using UV-vis spectrophotometer (Jasco, V-670).  

Differential scanning calorimetry (DSC) was conducted using a VP-DSC 

micro-calorimeter (MicroCal LLC) with the heating rate of 0.5 °C/min. In the case of 

vesicular sample the phase transition temperature (Tm) and enthalpy change for the 

transition (△H) were obtained from thermograms. 

Electrochemical measurements were performed on CHI 630d electrochemical 

workstation at room temperature by cyclic voltammetry (CV) and chronoamperometry. 

All the electrochemical experiments were carried out with the three-electrode cell 

composed by a HRP immobilized GCE electrode as working electrode, an Ag/AgCl 

(saturated KCl) as reference electrode and platinum wire as an auxiliary electrode. 

Citrate buffer solution (0.1 M, pH 5.6) containing 0.1 M KCl prepared with citric acid 

and sodium citrate was used as electrolyte. All experimental buffer solutions were 
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purged with highly purified nitrogen for at least 30 min prior to the beginning of 

experiments to remove the dissolved oxygen, and nitrogen atmosphere was maintained 

during electrochemical measurements.  
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2. 3 Results and discussion 

2. 3. 1 Construction of enzyme modified electrode  

Considering the affection of surface charge on electrochemical experiments, an 

anionic urea-type cerasome was selected, which was derived from organoalkoxysilane 

lipid (Chart 2-1). As a control, a negatively charged liposome formed from binary 

lipids (DMPC/DMPG) shown in Chart 2-1 were utilized in this research. Since silica 

NP had spherical morphology and surface chemical structure, such as hydroxyl group, 

resembling to that of cerasome, it was also used as counterpoint. In this work, HRP was 

absorbed onto cerasome, silica NPs, and liposome modified electrode. 

Scheme 2-2 shows the overall schematic diagram of the self-assemble procedure of 

electrochemical interface. Three types of modified electrode based on various matrixes 

were firstly fabricated by simple casting method, and then HRPs were assembled on 

modified electrode surface through electrostatic interaction. The zeta-potential of 

liposome, silica nanoparticle and cerasome are negative, at -30.3, -43.7 and -37.1 mV in 

ascorbic acid buffer solution with pH 5.6, respectively (Table 2-1). Thus, the cleaning 

glassy carbon electrode surfaces are negatively charged after treated with cerasome, 

liposome and silica NP dispersion. As previous report, the morphological stability of 

conventional liposome formed by phospholipids is relatively low. Thereby, it easily 

loses the vesicular structure and flattens as the water evaporate, giving rise to planar 

bilayer membrane. However, cerasome exhibits higher morphological stability than 

liposome due to the presence of ceramic-like structure on the lipid bilayer, so that it can 

maintain its initial structure even in dry state. For this reason, I speculate that finally, 

both cerasome and silica NP can keep their original state on HRP/cerasome/GCE and 



Chapter 2 

33 
 

HRP/silica NP/GCE modified electrode, whereas, liposome becomes multi-wall planar 

bilayer membrane on electrode. The following results of morphological characterization 

give powerful supports to this speculation. HRP molecule has positive charge when it is 

dispersed in the aqueous medium with pH 5.6 under the isoelectric point (Ip ≈ 8.9) 

[25]. Thus, in the following step, HRP molecule in the citrate buffer solution (pH 5.6) 

can adhere well to the above as-prepared modified electrode surface by electrostatic 

interaction.  

 

Scheme 2-2. Schematic illustration of procedure of various modified electrode fabrication. 
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Table 2-1. Zeta potential and size distribution of cerasome, silica NP and liposome in citrate buffer 

solution (pH, 5.6) at 25 °C. 

 Cerasome Silica NP Liposome 

Zeta potential / mV -30.3 -43.7
a
 -37.1 

Size / nm (PDI) 213(0.152) 225(0.049) 181(0.25) 

a. Zeta potential measurement of silica NP was performed in citrate buffer solution containing 10% 

ethanol in volume to prevent the aggregation.   

2. 3. 2 Characterization of hybrid nanomaterials 

2. 3. 2. 1 Investigation of universality of hybrid nanomaterials 

 

Figure 2-1. The cryo-TEM micrographs of cerasome (a), silica NP (b) and liposome (c) in Milli-Q 

water. [DMPC/DMPG] = 2 mM, [cerasome forming lipid] = 3.5 mM and [silica NP] = 3.5 mg/ml. 

Inset: corresponding photographs in aqueous solution. 

Cryo-TEM is used to elucidate the morphology because it can offer the actually 

structural information of object composed by hydrophilic molecule in aqueous solution. 

Moreover, in contrast to classic TEM, the principle advantage of cryo-TEM is capable 

of maintaining specimens in their native, hydrated states [26-28]. Figure 2-1 shows the 

cryo-TEM images of cerasomes (a), silica NPs (b) and liposomes (c) dispersed in 

Milli-Q water. According to the cryo-TEM images, silica NPs have spherical shape with 

a rough surface in common with published work [29]. The silica NPs are ca. 220 nm in 
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diameter, as confirmed by TEM. It is closed to hydrodynamic mean size, 225 nm 

determined by DLS method (Table 2-1), revealing a very narrow size distribution. The 

vesicular structure of liposome is also identified by cryo-TEM. It is clearly seen the 

circle shape and inner aqueous compartment from Figure 2-1(b), which are found to be 

consistent with the reported vesicular feature of liposome [28]. In the same condition, 

the cryo-TEM image of cerasome also displays the typical vesicular morphology similar 

with that of liposome but different with that of silica NP. No aggregates are formed 

from the results of cryo-TEM, demonstrating that all of species have excellent 

dispersion in aqueous solution. The high zeta-potential values of all species afford them 

well dispersion in water and formation of a light turbid homogeneous solution (Inset of 

Figure 2-1). These indicate that cerasome, silica NP and liposome have similar surface 

property, namely, well water solubility, which is significant for serving as biomaterial.  

The results of TEM results show that cerasome, silica NP and liposome have 

different morphologies in aqueous solution. By comparison, only the cerasome and 

liposome possess lipid bilayer membrane. The phase transition from gel to 

liquid-crystalline is one of remarkable characteristics for vesicle molecular assembly 

system [30]. Figure 2-2 presents the DSC thermographs of cerasome (a), silica NP (b) 

and liposome (c), respectively. Liposome gives a pre-transition at 14 °C and the main 

chain-melting transition (Tm) at 24.6 °C from curve c. The Tm is 30 °C for cerasome, 

which definitely indicates it still maintains the intrinsic feature structure of the 

conventional liposome, even though with the modification of siloxane group on the 

surface. By contrast, nearly no observation of exothermic or endothermic peaks for 

silica NP illustrates there is no phase transition behavior to occur, suggesting that silica 
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NP does not have the structure of lipid bilayer membrane. 

 

Figure 2-2. DSC thermogram of cerasome (a), silica NP (b), and liposome (c) in aqueous solution at 

a scan rate of 30 °C/h. [cerasome forming lipid] = 1 mM, [DMPC/DMPG] = 1 mM and [silica NP] = 

1 mg/ml. 

2. 3. 2. 2 Morphological differences characterized by SEM and AFM 

Differing from cryo-TEM, which can provide the state of cerasome, liposome and 

silica NP in aqueous solution, SEM is capable of offering the surface morphology of 

samples in dry state. Figure 2-3 display the SEM images of cerasome (a), silica NP (b) 

and liposome (c) deposited on aluminum foil. According to the SEM images, obvious 

globular morphology can be visualized for cerasome as well as silica NP because of the 

presence of siloxane network on the surface. However, under the same condition 

conventional liposome formed with phospholipids cannot be observed initial spherical 

structure in aqueous solution because it cannot maintain vesicular structure due to poor 

structural integrity.  
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Figure 2-3. Representative SEM images of cerasome (a), silica NP (b) and liposome (c) on 

aluminum foil. 

To further observe surface morphologies, the AFM is then employed because it can 

map out the 3D topography, height and roughness of species at normal pressure. Based 

on the AFM images of cerasome (a), silica NP (b) and liposome (c), the substrate shows 

nearly flatten surface for liposome, but the morphology with globular features for silica 

NP and cerasome (Figure 2-4). These indicate that both cerasomes and silica NPs are 

able to retain their as-prepared morphologies due to the presence of siloxane network. 

Whereas, as a result of destroyed spherical structure after evaporation of solvent, a 

typically stepped surface on the mica deposited by liposome is observed. The height of 

each step is about 5 nm measured from the height profile line, which is in agreement 

with the thickness of the single-layer DMPC bilayer, 5.3 nm, determined by X-ray [31]. 

It can be demonstrated that planar membrane formed on substrate from the fusion of 

liposome vesicle. However, cerasome similar to silica NP has the ceramic-like surface, 

imparting it highly mechanical strength. As a result, cerasome can keep same 

morphology in both aqueous solution and dry solid substrate surface.  

For these reasons, cerasome could be utilized as a nanomaterial for enzymatic 

immobilization even in dry state. In conclusion, as the new artificial cell, cerasome 

overcomes the morphological stability limitation of the traditional liposome, which 
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makes it possible to be practically applied in biosensor and other fields. 

 

Figure 2-4.Tapping mode AFM images and corresponding profile line for cerasome (a), silica NP (b) 

and liposome (c) on fresh mica. The simple casting method was utilized in this experience. 

2. 3. 3 Conformational studies of immobilized enzyme 

Considering the specific structure of cerasome, it was used for immobilization of 

enzyme. In order to evaluate the possible denaturation of heme proteins during the 

process of immobilization, UV-vis spectroscopy was utilized to monitor the whole 

immobilization process by providing the information of the Soret band changes [32]. 

For the immobilized HRP onto the cerasome, the Soret band is located at 404 nm in the 

spectrum of HRP/cerasome, showing slight red-shift comparing to the free HRP with a 

strong absorbance at 403 nm (Figure 2-5). These results illustrate that there is 

non-pronounced fundamental changes of miro-environment of HRP, that is to say, the 
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native structure of HRP maintained during the procedure of immobilization on 

cerasome. 

 

Figure 2-5. UV-vis absorption spectra of cerasome (a), HRP (b) and HRP/cerasome (c)          

in citrate buffer solution of pH 5.6. 

 Circular dichroism spectroscopy has been proved to be quite sensitive for the 

changes of polypeptide backbone conformations, especially secondary and tertiary 

structure. Figure 2-6 shows CD spectra of 0.2 mg/ml HRP in the citrate buffer solution 

(pH 5.6) with and without cerasome in the wavelength region at the far-UV (A) and 

Soret region (B). Figure 2-6(A) shows the characteristic CD spectrum of α-helix 

structure of enzyme, on which there is an positive band at 192 nm corresponded to the 

π-π* transition of the amide groups in peptide chain of HRP and two distinct negative 

absorption bands of the π-π* and n-π* amide transition of peptide chain at around 207 

and 223 nm, respectively, [33]. The conformational changes upon adsorption of HRPs 

on cerasome are not significant, indicating that the native secondary structure of HRP 

retain well in the presence of cerasome.  

The CD spectra of heme protein in the Soret region can response to the integrity of 
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the heme crevice [34]. Heme is CD inactive in its free state but it becomes CD-active in 

an asymmetric environment of a protein [35, 36]. The CD spectra in Soret region of free 

HRP and HRP/cerasome are shown in Figure 2-6(B). By comparison, there are no 

clearly observed changes of CD spectra in Soret region, suggesting the heme does not 

remove from the HRP, and the tertiary structure of HRP is not obviously destroyed after 

adsorption on the cerasome. 

Base on the above results, it is estimated that cerasome could possess the superior 

biocompatible properties, which may offer a moiety and mild condition beneficial for 

maintenance of enzyme bioactivity. 
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Figure 2-6. CD spectra of free HRP (a) and HRP/cerasome (b) in the region of far-UV (A) and the 

Soret region (B) in citrate buffer solution (pH 5.6) at room temperature. 

2. 3. 4 Electrochemical properties of enzyme modified electrodes 

To further prove the influence of electrode materials with different structures on the 

electron transfer of immobilized enzyme, I investigated the electrochemical response of 

various modified electrode at room temperature (ca. 25 °C). From the DSC 

thermorgrams (Figure 2-2), the phase transition temperature Tm of cerasomes is about 
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30 °C. So the measurement temperature is below Tm. However, the HRP molecules are 

adhered on the surface of cerasome, not embedded in the lipid bilayer membrane. As a 

result, the electrochemical behaviors of HRP molecules are not obviously affected by 

the state of lipid bilayer. For this reason, the experimental temperature possibly exerts a 

very weak influence on the electrochemical response of immobilized HRP. 

First of all, the electrochemical behaviors of various modified electrodes without 

HRP were investigated in oxygen-free citrate buffer solution at the scan rate of 200 

mVs
-1

 using CV. No obvious redox peaks are observed on cerasome/GCE, 

liposome/GCE, silica NP/GCE and bare GCE in Figure 2-7 (A). These suggest 

cerasome, liposome, silica NP, and GCE are electroinactive in the potential window. 

After introduction of HRP molecules, only very weak electrochemical signals can be 

seen on the HRP/bare GCE, because the direct electron transfer between the enzyme 

and bare electrode is usually hard to achieve. There are several factors: 1) the 

electroactive center of enzyme is deeply buried inside the polypeptide chains, which 

inhibits the electron exchange of enzyme with electrode; 2) the adsorption of 

macromolecular impurities or denatured enzymes on electrode surface may prevent the 

electron transfer between proteins and electrode; 3) unfavorable orientations of enzyme 

also probably increase the distance between the redox center and electrode, which is not 

beneficial for the electron exchange between enzyme and electrode [37]. 

There is no clear redox peaks can be observed on the HRP/liposome/GCE and 

HRP/silica NP/GCE. However, remarkable voltammetric responses for 

HRP/cerasome/GCE are obtained, ascribing to the direct electron transfer for the 

heme-Fe
III

/Fe
II
 couples. The anodic peak potential (Epa) and cathodic peak potential (Epc) 

of the HRP/cerasome/GCE are located at -0.11 and -0.23 V, respectively. The formal 
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potential (Ep, calculated from the average of Epa and Epc) is around -0.17 V, which has 

just a slightly negative shift compared with the reported value of -0.16 V [38]. These 

observations indicate that the immobilized cerasomes on electrode surface are helpful 

for HRPs to take their suitable orientation toward electrodes and decrease the distance 

between the redox center of HRP and electrode surface. Additionally, cerasome can 

provide the microenvironment for maintenance of enzyme activity. As a result, it can 

efficiently enhance the enzyme electron transfer.  
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Figure 2-7. CVs of cerasome/GCE (solid), liposome/GCE (dash), silica NP/GCE (dot) and bare 

CGE (dash-dot) modified electrodes in oxygen-free 0.1 M citrate buffer solution (pH 5.6) without (A) 

and with (B) HRP. Scan rate, 200 mV s
-1

. 

On the HRP/liposome/GCE modified electrode, no obviously signal wave can be 

observed. It is possible that the electron transfer from the enzyme to electrode is 

blocked by planer membrane film formed on the surface of GCE due to the fusion of 

liposomes. The previous work has proved that the traditional liposome dispersion on the 
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solid surface became flatten multi-layer membrane-like films while they were dried [8, 

37]. The results of AFM and SEM for liposome in my research also definitely clarified 

that stock of bilayer membrane formed on the solid surface.  

According to the theoretical model established by Marcus theory, the factors affect 

the rate of electron transfer (ET) include driving force arising from potential difference 

between electron donor and electron acceptor, the reorganization energy, which 

qualitatively reflects the structural rigidity of the redox species, and the distance 

between the two redox centers [39-41]. Theories and experiments predict that the rate of 

electron transfer (KET) decreases exponentially with the distance of the involved redox 

centers, when the distance is substantially over atomic dimensions (＞0.3 nm) [42]. The 

rate equation of ET can be estimated as follow: [42] 

𝑘𝐸𝑇 =  1013𝑒−β(d−3)𝑒−(G0+λ)
2

/4𝑅𝑇λ                

β, constant for a given electron donor/acceptor pair in a defined medium 

d, distance between the donor and the acceptor 

-G
o
, driving energy 

λ, Marcus reorganization energy 

According above equation, generally, electron transfer distance with a fast, 

moderately oxidizing relay is calculated to be ca. 2 nm [42]. However, the thickness of 

planar membrane in my experiment is ca. 5 nm, much larger than the effective electron 

transfer distance. It prevents the electron exchange of immobilized HRP molecule with 

electrode surface. Consequently, there are nearly no voltammetric waves on 

HRP/liposome/GCE modified electrode in Figure 2-7 (B). 

On the CV of HRP/silica NP/GCE, only a very weak cathodic peak can be observed. 
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The possible explanation for this phenomenon is that the immobilized HRP molecules 

go through the structural changes, which cause the loss of function and activity. The 

enzymatic structure and activity is intensely dependent on the size of silica NP [43]. The 

smaller nanoparticles are more favorable to maintain the native structure and intrinsic 

activity of enzyme compared to the larger nanoparticles [43]. Geometrically, the surface 

curvature of silica NP decreases when the size of silica NPs increases. The edges of the 

binding protein molecule are at a shorter distance from the surface of silica NP with 

large size, giving rise to a stronger interaction between the enzyme and silica NP [43]. 

In my experiment, the silica NP (dia. 225 nm) with small surface curvature probably 

induces in significant structural changes of enzyme. However, in case of cerasome the 

introduction of lipid bilayers remarkably reduces the inherent high rigidity and mass 

density in comparison with silica NP, and enhances the biocompatibility [44, 45]. As a 

result, cerasome is capable to supply more beneficial condition for maintenances of 

HRP bioactivity compared to silica NP [44, 45]. 

Figure 2-8 (A) gives the typical CVs of HRP/cerasome/GCE modified electrode at 

different scan rates. It is clear that both cathodic peak and anodic peak currents varies 

linearly with the scan rates in the range of 100-700 mV s
−1

 as shown in Figure 2-8 (B). 

The linear regression equations are y = 6.477 x + 0.43 (R
2
 = 0.9979, n=7) for cathodic 

peaks and y = -5.788 x - 0.0749 (R
2
 = 0.9932, n=7) for anodic peaks. This suggests a 

typical surface-controlled electrode process on the HRP/cerasome/GCE modified 

electrodes [46]. According to Faraday’s law, Q = nFAΓ* (where F is the Faraday 

constant and Γ* represents the surface concentration of electroactive HRP, Q can be 

calculated by integrating the reduction peak of HRP, n stands for the number of 

electrons transferred, and A represents the area of the electrode surface, here using the 
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geometric area of the GC electrode (0.07 cm
2
)), the surface concentration of 

electroactive HRP (Γ*) at HRP/cerasome/GCE electrode was calculated to be 1.2×10
−11

 

mol cm
-2

. The value is a little lower than theoretical monolayer coverage for HRP, about 

2.0×10
−11

 mol cm
−2

 [47], indicating that HRP possibly has an unsaturated monolayer 

adsorption on cerasome surface.  

The amount of electroactive HRP was calculated to be 8.4×10
−13

mol, based on the 

surface concentration of electroactive HRP on electrode surface. In my experiment, 5 

μL of HRP solution (5 mg/ml, Mw≈44000) were cast on the electrode surface. So the 

amount of deposited HRPs on electrode was 5.0 × 10
−10 

mol. Thus the percentage of 

electroactive HRP molecules among total deposited proteins on the glassy carbon 

electrode was calculated to be 0.17
 
%. From this result, it is noted that a large 

proportion of the HRP molecules cannot exchange electron with electrode. It is probable 

that on one hand, some amount of HRP molecules were lost during preparation of 

modified electrode; on the other hand, the HRP molecules far from the electrode surface 

were hard to achieve the electron transfer with electrode due to rather long distance. 

Eventhough the surface of cerasome is completely covered by HRP molecules in ideal 

situation according to the results of following calculation, the distance between two 

electroactive centers of HRP is rather longer than the critical point, 2 nm. Therefore, the 

electron transfer among HRP molecules is not encountered.  

The relative calculation of area coverage of HRPs on cerasome surface: 

Assuming the head area of lipid in outer monolayer 𝑆𝑜
𝑙  and inner monolayer 𝑆𝑖

𝑙 are 

0.74 and 0.61 nm
2
, respectively [48]. The diameter of cerasome is 213 nm determined 

by DLS. Thus the radii of outer sphere and inner sphere in cerasome are 106.5 and 

101.5 nm, respectively based on the thickness of lipid bilayer membrane, 5 nm. 
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The outer surface area of cerasome: 𝑆𝑜= 4π𝑟𝑜
2 = 4 × 3.14 × 106.5 𝑛𝑚2 = 1.42 × 105, 

𝑆𝑖= 4π𝑟𝑖
2 = 4 × 3.14 × 101.5𝑛𝑚2.                                          

The number of lipids in one cerasome: n = 𝑛𝑜 + 𝑛𝑖 = 𝑆𝑜
𝑙 /𝑆𝑜 + 𝑆𝑖

𝑙/𝑆𝑖 = 1.42 ×

 105𝑛𝑚2/0.74𝑛𝑚2 + 1.29 × 105𝑛𝑚2/0.61𝑛𝑚2 = 4 × 105.  

The mole of lipids in one cerasome: 𝑁𝑙𝑖𝑝𝑖𝑑 = 𝑛/𝑁𝐴 = 4 × 105/(6.02 × 1023) =

6.64 × 10−19𝑚𝑜𝑙.  

The mole of HRP on electrode surface: 𝑁𝐻𝑅𝑃
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  = 5.7 × 10−10  𝑚𝑜𝑙.  

The mole of HRP on each cerasome: 𝑁𝐻𝑅𝑃
𝑐𝑒𝑟𝑎𝑠𝑜𝑚𝑒 =5.7 × 10−10𝑚𝑜𝑙/(3.7 × 109)  =

1.54 × 10−19𝑚𝑜𝑙. 

The diameter of HRP molecue is about 5 nm. So the sectional surface area of HRP: 

𝑆𝑠=π𝑟𝐻𝑅𝑃
2 = 3.14 × 2.5 𝑛𝑚2 = 19.6 𝑛𝑚2.  

The total sectional surface area of HRP: 𝑆𝑇  =𝑆𝑠 × 1.54 × 10−19𝑚𝑜𝑙 × 6.02 × 1023 =

1.82 × 106𝑛𝑚2. 

The surface coverage of HRP on one cerasome is calculated to be 1.82 × 106𝑛𝑚2/

(1.42 × 105𝑛𝑚2)  × 100% = 1.28 × 103%. 

 

 



Chapter 2 

49 
 

 

  

Figure 2-8. (A) CVs of HRP/cerasome/GCE electrode at the scan rates of 100, 200, 300, 400, 500, 

600, 700 mV s
-1

 from a to g in 0.1 M citrate buffer solution (pH 5.6), respectively. (B) Plots of 

oxidation peak current (■) and reduction peak current (●) versus scan rate for HRP/cerasome/GCE 

electrode. 

2. 3. 5 Electrocatalytic behaviors of electrode modified with cerasome and enzyme 

toward hydrogen peroxide 

The investigation on the function of enzymatic biocatalysis has been served as the 

basis of the fabrication of a biosensor. Herein, I investigated the signal response of 

immobilized HRP toward hydrogen peroxide in detail. It is found that the cathodic peak 
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current at about -0.187 V is significantly enhanced with increasing the concentration of 

H2O2 as shown in Figure 2-9 (A), indicating that the immobilized HRP exhibits its 

bioelectrocatalytic activity. Likewise, the cathodic peaks are shifted to negative 

potentials in the presence of H2O2 compared with the redox peak for HRP in absence of 

H2O2, which suggests some new chemicals are generated during the redox process. The 

possible electrocatalytic reaction between H2O2 and HRP is presented as follows [49]: 

 

The overall reaction would be 

   

Firstly, hydrogen peroxidase reacts with the heme(Fe
3+

) to release one water 

molecule and form the first intermediate (compound I) having an oxyferryl species 

(Fe
4+

=O) and a porphyrin radical cation. And then the porphyrin radical cation 

undergoes reduction to form a second enzyme intermediate (compound II), which is 

subsequently converted back to the native HRP through a single electron transfer [50, 

51]. 

Base on the chemical signal transduction, above described modified electrode could 

successfully achieve the detection of H2O2. There is a linear relation of the reduction 

peak currents with concentration of H2O2 in the range of 2.5~150 μM (correlation 

coefficient 0.9964, n = 15) in Figure 2-9 (B). The detect limitation of 

HRP/cerasome/GCE is calculated at 0.83 μM based on the signal/noise ratio of (S/N = 

3).  
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Figure 2-9. (A) CVs of HRP/cerasome/GCE modified electrode in pH 5.6 citrate buffer solution 

with the different concentrations of H2O2 from a to h: 0, 10, 30, 50, 70, 90, 110, and 135 μM. (B) 

Corresponding plots of the electrocatalytic current vs. H2O2 concentration.  

3. 3. 6 Electrocatalytic response of electrode mobilized with cerasome and enzyme 

toward sodium nitrite 

Figure 2-10 shows the CVs of HRP/cerasome/GCE with and without nitrite in citrate 

buffer solution (pH 5.6). A pair of well redox peaks assigned to the redox couples of 

heme-Fe(III/II)
 
are observed at approximately -0.17V. A new reduction peak appears at 
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-0.76V upon addition of NaNO2 into electrolyte. It has been demonstrated the new peak 

caused by the reduction of NO produced by the disproportionation reaction of NO2
−
 in 

acidic solution [52]. In the acidic medium with low pH value below 6.0, NO can be 

generated thermodynamically. 

 

The mechanisms of the electrocatalytic reduction of NO at HRP/cerasome/GCE are 

suggested to be the follows: [53] 

 

 

Figure 2-10. CVs of HRP/cerasome/GCE modified electrode in 0.1 M pH 5.6 citrate buffer solution 

containing NaNO2: (a) 0, (b) 2.6, (c) 5.6, (d) 11.6, (e) 17.6, (f) 32.6, (g) 35.6, (h) 67.6 mM. 

The amperometric responses of the HRP/cerasome/GCE toward sodium nitrite were 

also investigated by successively adding NaNO2 to a continuous stirring citrate solution 
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at an applied potential of -0.8 V shown in Figure 2-11 (A). Upon addition of an aliquot 

of NaNO2 to the buffer, the reduction current of NO2
−
 increases steeply and then 

reaches a stable value less than 4s, suggesting HPR/cerasome modified electrode has a 

fast response toward NO2
−
. Figure 2-11 (B) shows the calibration curve of the 

HRP/cerasome/GCE modified electrode. The linear response range of the sensor to 

NaNO2 concentration is from 2.5 to 325 mM with a correlation coefficient of 0.9981 (n 

= 24) with the detection limit of 0.83 mM estimated at signal-to-noise of 3. 



Chapter 2 

54 
 

 

 

Figure 2-11. (A) current-time curves for successive addition of 15 mM NaNO2 in citrate buffer 

solution at applied potential of -0.8 V (vs. Ag/AgCl) and (B) calibration plots of the 

HRP/cerasome/GCE electrode as a function of NaNO2 concentrations. 
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2. 4 Conclusions  

Cerasome was a novel organic-inorganic nanohybrid material, which exhibited high 

morphological stability. The results of SEM and TEM indicated that cerasome can keep 

spherical structure as silica NP. In addition, cerasome had the lipid bilayer membrane 

structure, which enhanced its biocompatibility. The siloxane networks on the surface of 

cerasome gave rise to well water solubility. Because of these fine characters, as a matrix, 

HRP could be effectively immobilized on cerasome without diminishing its bioactivity. 

Thus, cerasome could provide an efficient platform for electron transfer and the 

HRP/cerasome/GCE electrochemical interface exhibited good electrochemical property. 

Moreover, the immobilized HRP on cerasome/GCE was found to retain the catalytic 

activity for H2O2. However, because of structural defect of liposome and silica NP, 

electron transfer on both HRP/silica NP/GCE and HRP/liposome/GCE modified 

electrode were hard to achieve. Thus, comparing to the traditional liposome and silica 

NP, cerasome can support a more stable and biocompatible environment to protect the 

deactivation of HRP molecular, which make it possible to become a potential 

biomaterials. 
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Chapter 3. Design and characterization of electroactive cerasome                   

modified with artificial coenzyme 

3. 1 Introduction 

Vitamin B12 derivative is a unique coenzyme, involving the cobalt species as catalytic 

center. It is recently attracted attention in the field of electrocatalysis, because it 

effectively mediates various isomerization reactions accompanied by carbon-skeleton 

intramolecular rearrangements including an exchange of a functional group (X) and a 

hydrogen atom on adjacent carbon atoms in equation (1) [1-3].  

   (1) 

In order to simulate these relevant reactions and investigate the function of vitamin 

B12 as exerted in the hydrophobic reaction active sites of enzymes concerned, Murakami, 

et al. prepared hydrophobic vitamin B12 (HVB12) derivatives which have ester group 

instead of the peripheral amide moieties of natural vitamin B12. They can easily dissolve 

in series of organic solvent [4-9].  

Up to now, several types of complexes of artificial B12 enzyme were prepared by 

combing the HVB12 with other materials such as bilayer membrane, silica gel and so on. 

Among them, the vesicle-type artificial holoenzyme was one outstanding example 

composed of peptide lipids and HVB12 [5, 8, 10]. In this artificial enzyme, bilayer 

membrane provided a favorable microenvironment for both HVB12 and substrate 

molecules, and ensured catalysis reaction perform smoothly. Up to now, numerous 

peptide lipids were designed and synthesized, such as peptide lipid, N
+
C5Ala2C16. They 

formed a relatively stable vesicle because of amino acid residue interposed between a 



Chapter 3 

61 
 

polar head moiety and a hydrophobic double-chain segment, which enhanced the 

morphological stability [11-13]. A large number of research works on the 

electrocatalytic behaviors of HVB12 dependent vesicle-type artificial holoenzyme in 

solution have been carried out [8]. However, there were no reports on electrochemical 

behaviors of artificial holoenzyme deposited on electrode surface, because liposomal 

vesicles easily lost their structure.  

On condition that catalyst is immobilized on the electrode surface it offers an efficient 

use of catalyst for electroorganic synthesis [14-16]. From this view point, study on the 

electrochemical properties of immobilized HVB12 incorporated into the vesicle on the 

electrode is significantly meaningful. However, the key point of achievement of this 

purpose is to seek a new stably liposomal nanomaterial instead of liposome and develop 

a stable vesicle-type HVB12 coenzyme. Fortunately, in our research laboratory a highly 

stable hybrid cerasome with ceramic surface was developed. It is bio-inspired colloidal 

particles having an inner aqueous compartment like the liposomal membrane. Besides, 

its surface is covered by the inorganic siloxane framework, which imparts it higher 

stable morphology than traditional liposome [17-20]. Because of this specific physical 

property we have exploited metallic cerasome coated with thin metal film such as titania, 

silver, FeCoNi alloy [18, 21-22]. Photoresponsive cerasome has also been brought out 

through covalent or non-covalent modification [23-25]. However, the potential of 

cerasome for electroactivity has been not developed by now. Due to these reasons I 

integrated cerasome with HVB12. On one hand, this work can produce more stably 

artificial hydrophobic vitamin B12 dependent enzyme, on the other hand, it offers an 

opportunity to open up a new ceracome with novel function.  
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In this chapter, I firstly designed a novel electroactive nanohybrid cerasome through 

incorporating HVB12 into the lipid bilayer membrane of cerasome, and then investigated 

its electrochemical functions. The formation of electroactive nanohybrid cerasome 

incorporated HVB12 was confirmed by UV-vis spectroscopy and differential scanning 

calorimetry (DSC). The morphologies of hybrid cerasome were directly observed by 

atomic force microscopy (AFM) on the solid surface. To examine the electroactive 

property of the resulting electroactive nanohybrid cerasome, I fabricated an 

electrochemical interface on glassy carbon electrode using HVB12-cerasome (Scheme 

3-1). Additionally, the cyclic voltammetry was used to evaluate the electrocatalytic 

functions of this electrochemical interface toward substrates, such as iodomethane, in 

aqueous solution. 
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Scheme 3-1. Chemical structure of cerasome forming lipid and schematic illustration of 

HVB12-cerasome/GCE electrochemical interface. 
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3. 2 Experiments 

3. 2. 1 Materials 

 Hydrophobic vitamin B12 derivatives, [Cob(II)7C3ester]ClO4 was synthesized from 

cyanocobalamin with reference to the methods reported [5] by Biofunctional Chemistry 

Group, Department of Chemistry and Biochemistry Graduate School of Engineering, 

Kyushu University and used as-received state without any purification further. Cationic 

cerasome-forming lipid, N, N-dihexadecyl-N
α
-(6-((3-triethoxysilyl) 

propyldimethylam-momio)hexanoyl)alanineamide bromide was synthesized according 

to previous reported in our laboratory [20]. N-(t-butoxycarbonyl)alanine was purchased 

from Peptide Institute. 6-bromohexanoyl chloride, trifluoroacetic acid (TFA), and 

dimethylamine were obtained from Sigma-Aldrich. 3-bromopropyltriethoxysilane was 

obtained from Shin-Estu Chemical Co., Ltd. Potassium poly(vinyl sulfate) (PVS), and 

poly(diallyldimethylammonium chloride) (PDDA) were purchased from Wako Pure 

Chemical Industries. The phosphate buffer solution (PBS 0.1 M, pH = 7) was prepared 

from Na2HPO4 and NaH2PO4. The water used in all experiments was deionized using a 

Milli-Q Labo (Nihon Milipore).  

3. 2. 2 Synthesis of cationic cerasome-forming lipid 

N, N-dihexadecyl-N
α
-6-((3-triethoxysilyl)propyldimethylammomio)hexanoyl)alanine 

amide bromide was synthesized in five-step method according to previous report in our 

laboratory shown in scheme 3-1. The detailed synthesis procedures of cationic 

cerasome-forming lipid were performed as follows: 
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Scheme 3-2. Synthesis of cationic cerasome-forming lipid. 

N, N-dihexadecyl-N

-(t-butoxycarbonyl)alaninamide (Product 1)  

To a solution of N-(t-butoxycarbonal)alanine (2.19 g, 11.6 mmol) in 80 ml of dry 

CH2Cl2, DCC (2.41 g, 11.7 mmol) was added. After stirring for 15 min at 0 °C, 

N,N-dihexadecylamine was added into above solution. This mixture was stirred at 0 °C 

for 4 h and then 15 h further at room temperature. The precipitate, N, 

N-dicyclohexylurea, was then removed by filtration with filter paper. The solvent was 

evaporated off with rotary evaporator vacuum. After that the residual colorless oil was 

dissolved in ethyl acetate followed work up with saturated NaCl solution, citric acid 

(10%), NaHCO3 (4%) in turn. Finally this crude product was purified by silica 

chromatography column with hexane-ethyl acetate (9:1 v/v). The yield is 3.51g (55.7%). 
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TLC: Rf = 0.52 [silica gel 60F254 plate Merck, hexane: ethyl acetate (6:1, v/v) ] 

1
H-NMR (400 MHz, CDCl3, TMS):  0.88 [6H, t, J = 6.8 Hz, NCH2CH2(CH2)13CH3 ], 

1.25-1.30 [52H, m, NCH2CH2(CH2)13CH3], 1.29 [3H, d, J = 6.8 Hz, NHCHCH3], 1.43 

[9H, s, (CH3)3 CO], 1.57 [4H, m, NCH2CH2(CH2)13CH3], 3.13 [1H, m, 

NCHHCH2(CH2)13CH3], 3.24 [2H, t, J = 7.2 Hz, NCH2CH2(CH2)13CH3], 3.44 [1H, m, 

NCHHCH2(CH2)13CH3], 4.57 [1H, m, J = 7.2Hz NHCHCH3], 5.45 [1H, d, J = 7.8 Hz, 

NHCHCH3]. 

N, N-Dihexadecyl-N

-(6-bromohexanoyl)alaninamide (Product 2) 

TFA (5.4 g, 47.1 mmol) was added into 30 ml of dry CH2Cl2 with product 1 (3.32 g, 

5.17 mmol). The above mixture was stirred for 5 h at room temperature. The excess 

TFA and CH2Cl2 were removed under reduced pressure to give pale yellow oil. The 

residual oil and triethylamine (1.84 g, 18.1 mmol) was dissolved in 20 ml of dry CH2Cl2 

at 0 °C. Then 20 ml of dry CH2Cl2 solution in presence of 6-bromohexanoyl chloride 

(3.5 g, 16.88 mmol) was added dropwise. The mixture was stirred for 4 h at 0 °C and 8 

h further at room temperature. The solution was washed sequentially with saturated 

sodium chloride solution, citric acid solution (5%), sodium hydrogen carbonate solution 

(4%), and saturated sodium chloride solution. The yield is 0.94g (23.5%).TLC: Rf = 0. 

36 [silica gel 60F254 plate Merck, hexane: ethyl acetate (5/2, v/v) ] 
1
H-NMR (400 MHz, 

CDCl3, TMS):  0.88 [6H, t, J = 6.8 Hz, NCH2CH2(CH2)13CH3 ], 1.25-1.31 [52H, m, 

NCH2CH2(CH2)13CH3], 1.29 [3H, d, J = 8.1 NHCHCH3], 1.41-1.52 [6H, m, 

NCH2CH2(CH2)13CH3, BrCH2CH2CH2CH2CH2CO], 1.68 [2H, m, 

BrCH2CH2CH2CH2CH2CO], 1.88 [2H, quin, J = 7.6 Hz, BrCH2CH2CH2CH2CH2CO], 

2.2 [2H, t, BrCH2CH2CH2CH2CH2CO], 3.12 [1H, m, NCHHCH2(CH2)13 CH3], 3.22 

[2H, m, J = 7.8 NCH2CH2(CH2)13CH3], 3.40 [2H, t, J = 6.7 Hz, BrCH2CH2CH2CH2 



Chapter 3 

67 
 

CH2CO], 3.49 [1H, m, J1 = 13.7, J = 7.3 Hz NCHHCH2(CH2)13CH3] 4.83 [1H, m, J = 

7.1 Hz NHCHCH3], 6.52 [1H, d, J = 7.8 Hz, NHCHCH3]. 

N, N-Dihexadecyl-N

-(6-(dimethylamino)hexanoyl)alaninamide (Product 3)  

Dry dimethylamine gas was introduced into product 2 (0.94 g, 1.32 mmol) solutions 

in dry THF (82 ml) until saturation. The mixture was stirred at room temperature for 72 

h. Then removal of excess dimethylamine was performed by bubbling of N2. The 

solvent was evaporated off in vacuo, and then the residual solid was dissolved in 

chloroform (50 ml). After that the solution was washed with saturated sodium chloride 

solution, sodium hydrogen carbonate solution (4%) and saturated sodium chloride 

solution sequentially. The solvent was evaporated off in vacuum drier after removal of 

water by phase separation filter paper. Finally the residue purified by recrystallization 

from acetonitrile. 

Yield is 0.101g (13.5%) TLC: Rf = 0.50 [silica gel 60F254 plate Merck, chloroform: 

methanol (4:1,  v/v)] 
1
H-NMR (400 MHz, CDCl3, TMS):  0.88 [6H, t, J = 6.8 Hz, 

NCH2CH2(CH2)13CH3], 1.25-1.51 [54H, m, NCH2CH2 (CH2)13CH3, 

(CH3)2NCH2CH2CH2CH2CH2CO], 1.31 [3H, d, J = 6.9 Hz, NHCHCH3], 1.45-1.54 [6H, 

m, NCH2CH2(CH2)13CH3, (CH3)2NCH2CH2CH2CH2CH2CO], 1.61-1.69 [2H, m, 

(CH3)2NCH2CH2CH2CH2CH2CO], 2.19 [2H, t, J = 7.7 Hz, (CH3)2NCH2CH2 

CH2CH2CH2CO], 2.20 [6H, s, (CH3)2NCH2CH2CH2CH2CH2CO], 2.24 [2H, t, 

(CH3)2NCH2CH2CH2CH2CH2CO], 3.09 [1H, m, NCHHCH2(CH2)13CH3], 3.21 [1H, m, 

NCHHCH2(CH2)13CH3], 3.24 [1H, m, NCHHCH2(CH2)13CH3], 3.49 [1H, m, NCHH 

CH2(CH2)13CH3], 4.84 [1H, m, NHCHCH3], 6.51 [1H, d, J = 7.1 Hz, NH CHCH3]. 
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N, N-Dihexadecyl-N

-(6-((3-triethoxysilyl)propyldimethylammonio)hexanoyl)Alan- 

inamide bromide (Product 4) 

To a solution of product 3 (0.1 g, 0.15 mmol) in dry DMF (30 mL), 3-bromo- 

propyltriethoxy silane (0.22 g, 0.78 mmol) was added and the mixture was stirred at 

room temperature for 72 h under a nitrogen atmosphere. The solvent was evaporated off 

in vacuo and the residue was purified on a column of silica gel (Wako gel C-300) with 

an eluent of chloroform-methanol (3:1, v/v). The colorless oil was obtained. The yield is 

58 mg (40%); Rf = 0.47 [silica gel 60F254 plate Merck, chloroform–methanol (3:1 

v/v)]; 
1
H-NMR (400 MHz, CDCl3, TMS): t, J = 7.6 Hz, SiCH2 0.87 [6H, t, 

J = 6.8 Hz, NCH2CH2(CH2)13CH3 ], t, J = 6.8 Hz, (CH3CH2)3Si1.21-1.34 

[54H, m, NCH2CH2(CH2)13CH3, N
+
CH2CH2CH2CH2CH2CO], 1.32 [3H, d, J = 6.3 Hz, 

NHCH CH3], 1.40-1.52 [4H, m, NCH2CH2(CH2)13CH3], 1.67-1.83 [6H, m, 

SiCH2CH2CH2N
+
 CH2CH2CH2CH2CH2CO], 2.27 [1H, m, N

+
CH2CH2CH2CH2CHHCO], 

2.34 [1H, m, J1= 15.1 Hz, J2 = 7.3 Hz N
+ 

CH2CH2CH2CH2CHHCO], 3.08 [1H, m, 

NCHHCH2(CH2)13CH3], 3.24 [2H, m, NCH2 CH2(CH2)13CH3], 3.35 [6H, d, 

(CH3)2N
+
CH2CH2CH2CH2CH2CO], 3.45-3.53 [5H, m, NCHHCH2(CH2)13CH3, 

SiCH2CH2CH2N
+
CH2CH2CH2CH2CH2CO],   quar, J = 7.0 Hz, 

(CH3CH2)3Si,4.76 [1H, quin, J = 7.0 Hz, NHCHCH3], 6.9 [1H, d, J = 6.6 Hz, 

NHCHCH3].  

3. 2. 3 Measurements 

1
H-NMR spectra were recorded on a JEOL JNM-EPC400NK spectrometer. 

Absorbance measurements were performed on UV-vis spectrophotometer (Jasco, 

V-670). The morphologies of samples were observed by atomic force microscopy 

(AFM, SPI-3800N, Seiko Instruments Inc., Japan) in the tapping mode with a 20 μm 
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scanner in ambient atmosphere. The samples for AFM observations were prepared by 

layer-by-layer method on fresh cleaved mica surface [26]. Fresh cleaved mica was 

immobilized by cationic (PDDA) and anionic (PVS) polymer alternately, starting from 

PDDA and terminating by PVS. 

Differential scanning calorimetry (DSC) was conducted using a VP-DSC 

micro-calorimeter (MiroCal LLC) with the scanning rate of 0.5 °C/min in the range of  

5 ~ 45 °C. The phase transition temperature (Tm) and enthalpy change for the transition 

(△H) were determined from the thermograms.  

Cyclic voltammetry (CV) measurements were performed on CHI 630d 

electrochemical analyzer with a three-electrode cell, composed of a Pt wire counter 

electrode, an Ag/AgCl reference electrode, cerasome/GCE and HVB12-cerasome/GCE 

modified electrode as working electrode at room temperature. A phosphate buffer 

solution with pH 7 (with 0.1 M KCl) was used as electrolyte. The electrolyte was 

deaerated using highly pure nitrogen for at least 30 min to remove the dissolved oxygen. 

The nitrogen atmosphere was kept during all the electrochemical experiments.    

3. 2. 4 Preparation of nanohybrid formed by cerasome and hydrophobic vitamin B12  

HVB12 functionalized cerasome was prepared according to the Bangham method [27] 

by self-assembly of organoalkoxysilylated lipids and HVB12 derivatives, 

[Co(II)7C3ester]ClO4, which has propyl ester groups on place of the peripheral amid 

moieties of the naturally occurring vitamin B12. Firstly, hydration of the mixture film of 

100 μL of lipid 1 (10 mM, in chloroform) and 3 μL of vitamin B12 (5 mM, in ethanol) 

with Milli-Q water (40 °C) gave a slightly turbid HVB12-cerasome dispersion. And then 

the resulting dispersion was subjected to probe sonication for 2 min at the power of 40 

W to get a clear lightly pink solution. To precipitate metal particles from sonication 
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probe the aqueous dispersion were centrifuged at the speed of 5000 rpm for 10 min. All 

of samples were incubated for 24 h at room temperature to confirm the good 

condensation of ethoxysilyl group before use. The final molar ratio of lipid and HVB12 

was controlled at 100: 1.5. Cerasome was prepared with the same procedure as describe 

above. The sample used for the DSC measurement was not processed by sonication but 

treated with freeze-and-thaw (-193 °C and 45 °C) for 10 cycles.  

3. 2. 5 Fabrication of electrode modified with cerasome and hydrophobic vitamin B12 

Prior to use, glassy carbon electrode (GCE) with the diameter of 3 mm was polished 

on polishing cloth with 0.03 μm alumina powder and rinsed with deionized water 

followed 2 mins water bath sonication. The pretreated GCE was then dried at room 

temperature after casting 7 μL of HVB12-cerasome dispersion, and covered with a 

beaker in order to evaporate water gradually. A thin film of HVB12-cerasome was 

formed on the surface of electrode after the evaporation of water. The cerasome/GCE 

was prepared as the same procedure as described above.  
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3. 3 Results and discussion 

3. 3. 1 Spectroscopic characterization of cerasome-artificial coenzyme nanohybrid 

When the n-value of Cn in the ester groups situated at the peripheral sites of the 

corrinoid skeleton is more than or equal to 2, HVB12 derivative is nearly water insoluble 

[5]. The HVB12, [Cob(II)7C3ester]ClO4, used in my work is almost insoluble in water 

due to n = 3. Figure 3-1 shows the photographs of free (a) and incorporated (b) HVB12, 

respectively in water solution. As can be seen, free HVB12 is aggreageted in water. 

While HVB12 moelecues are incorported into cerasome they disperse well in water to 

form a homogenously pink dispersion. This indicates that HVB12 molecules are 

completely embedded into lipid bilayer membrane of cerasome during the procedure of 

vesicle formation. 

 

Figure 3-1. Photographs of free (a) and incorporated (b) HVB12 in water.  

In order to prove that the HVB12 were embedded into cerasome membrane, the 

UV-vis spectroscopy was adopted here. Figure 3-2 shows the UV-vis spectrum of 

HVB12-cerasome dispersion in equeous solution. Since cobalt(II) in HVB12 are partially 

converted into cobalt(III) complex during the sonication a strong absorption brand is 
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observed clearly at 354 nm, which is attributable to the Co(III). These results are in 

consistant with the results of revious report [28]. The broaden peak at 466 nm is 

ascribed to the mixture of cobalt(II) and cobalt(III) complex. The UV-vis spectrum 

indicates that HVB12 molecules are successfully incorporated into the lipid bilayer of 

cerasome.  

 

Figure 3-2. UV-vis sepectrum of HVB12-cerasome in water. 

3. 3. 2 Structural characterization of cerasome-artificial coenzyme nanohybrid. 

AFM microscopy is a powerfull tool to observe the morphorlogy of materials under 

nomarl presssure. Figure 3-3 shows the AFM images of the HVB12-cerasome absorbed 

on PDDA-PVS precursor film modified mica substrate. The HVB12-cerasome 

nanoparticles closely packed like a stone pavement in the layer can be clearly observed 

in the whole area of the mica substrate in coincident with report [29-30]. It is proved 

that HVB12 functionalized cerasomes are assembled on the solid substrate without 

collapse due to the siloxane network on the surface. The observation also reveals that 

incorporated HVB12 does not have obviously effect on the morphorlogical stability of 
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cerasome. 

 

Figure 3-3. Tapping mode AFM topography for HVB12-cerasome (left) and 3D topography (right) 

samples on fresh mica. The sample was prepared by layer-by-layer method. [cerasome forming 

lipids] = 1mM 

3. 3. 3 Phase transition behaviors of cerasome-artificial coenzyme nanohybrid 

Differential scanning calorimetry (DSC) is one of the most useful thermal analytical 

techniques for monitoring the phase behavior of lipid bilayer. The informations from 

DSC thermorgram on lipid conformation, bilayer fluidity, and the bilayer-foreign 

molecule interaction are obtained [31]. Therefore, the DSC response of HVB12 to the 

membrane of cerasome was evaluated. DSC thermograms of cerasome (solid line) and 

HVB12-cerasome (dash line) are shown in Figure 3-4. The transition temperature (Tm) is 

observed at 25.5 °C for cerasome. Phase transition behavior can be described the 

transition of lipid bilayers from an ordered gel state at lower temperature to a more 

disordered liquid crystalline state at higher temperature. The enthalpy of the transition is 

26.3 kJ mol
-1

. In the cerasome which contains HVB12 of 0.015 mM, the transition 
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parameters are lightly changed. Upon addition of HVB12 into cerasome, the main 

transition endotherm is broadened and shifted to 25.6 °C associated with an increase of 

half-height width. The enthalpy change for the transition HVB12-cerasome calculated is 

25.9 kJ mol
-1

, which is similar with that of cerasome. The phase transition from gel to 

liquid crystalline phase in lipid bilayer can be described as a transition from order to 

disorder. The slight changes of the parameters presented here predict the addition of 

HVB12 probably almost does not effect on the fluidity, disorder and mobility of the lipid 

bilayer [32]. It demonstrates that the lipid bilayer membrane structure of cerasome is not 

disturbed by HVB12 under this concentration.  

 

Figure 3-4. DSC thermographs of cerasome (solid line) and cerasome containing              

1.5% of vitamin B12 in mole (dash line). [cerasome forming lipid] = 1mM. 

3. 3. 4 Electrochemical properties of electrode modified with cerasome and artificial 

coenzyme. 

  The investigations on electrochemical behaviors of hydrophobic vitamin B12 
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immobilized onto ITO, platinum electrode in aqueous solution have been carried out in 

non-aqueous and aqueous solution [28, 33, 34]. These studies demonstrated that HVB12 

was electrochemically active. Here I evaluated the electrochemical properties of HVB12 

incorporated into cerasome on glassy carbon electrode by means of cyclic voltammetry. 

All of the electrochemical measurements were carried out at room temperature (ca. 

25 °C) close to the Tm of HVB12-cerasome, 25.5 °C (Figure 3-4). Hisaeda et al, have 

clarified that HVB12 molecules incorporated in vesicles formed by peptide lipids were 

not situated in the nonpolar domain composed of the aliphatic double-chains but in the 

polar domain composed close to the amino acid residues [8]. Additionally, the phase 

transition temperature of vesicles formed by peptide lipids is primarily dependent on the 

packing mode of lipid molecules in their double hydrocarbon-chain domains [12]. So 

the electrochemical behavior of incorporated HVB12 is probably not influenced by the 

phase of lipid bilayer. 

Figure 3-5 shows cyclic voltammograms recorded on HVB12-cerasome/GCE (a) and 

cerasome/GCE (b) modified electrode in oxygen-free PBS solution (0.1 M, pH = 7). 

From the voltammograms on black curve it can be seen that a reversible couple of 

reduction-oxidation peaks at ca. -0.353 V, which are ascribed to the redox pair of 

Co(II)/Co(I). However, the corresponding redox potential of [Cob(II)7C3ester]ClO4 

trapped in sol-gel modified electrode in aqueous solution is -0.42 V vs. Ag/AgCl [28]. 

The possible reason is that electronic state of the nuclear cobalt atom in different 

medium is different. Nearly no signals can be observed on CV of cerasome/GCE 

electrode (b) at the corresponding range of potential, declaring that cerasome is not 

electroactive. A single wave at 0.36 V can be seen, which is attributed to oxidation of 

Co(II). Whereas, the reduction peak of Co(III) cannot be observed which agrees with 
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the phenomenon reported by Shimakoshi et al [28]. The Co(III) atom easily forms two 

coordination bonds with axial ligands, which is probably hydroxyl ion (OH
-
) or water 

(H2O). After the axial coordination, the reduction peak of Co(III) would be broadened 

or shifted. Additionally, the rate of electron transfer may be too slow. As a result, the 

reduction peak of Co(III) is not observed in the cyclic voltammetry.  

 

Figure 3-5. The CVs of HVB12-cerasome (a) and cerasome (b) modified electrode in oxygen-free 

PBS buffer solution (0.1M, pH =7) containing 0.1M KCl. Scan rate: 200 mV s
-1

. 

Cyclic voltammograms of the HVB12-cerasome modified GCE at various sweep rates 

between 0.1 and 0.6 V versus Ag/AgCl are shown in Figure 3-6 (A). It is clearly 

observed that both cathodic and anodic peak currents intensity increase linearly 

proportional to scan rate shown in Figure 3-6 (B). It is expected for a typical 

surface-controlled electrode process in the range of potential range from 0.1 to 0.6 V. 

According to Faraday’s law, Q = nFAГ
*
 (In this equation, F, Faraday’s constant; n, 

number of transferred electrons per molecule; A, the electrode area, 0.07 cm
2
; Г

*
, 

surface coverage of eletroactive HVB12; Q, evaluated from the integration of cathodic 
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peak of Co(II) in the cyclic voltammograms), the surface concentration of HVB12 on the 

HVB12-cerasome modified electrode, Г
*
, could be evaluated at the scan rate of 100 mV 

s
-1

 was 6.72 × 10
-12

 mol cm
-2

.  

In this experiment, 7 μL of HVB12-cerasome dispersions (0.015mM) were cast on the 

electrode surface. So the amount of deposited HVB12 on electrode was 1.1×10
−10

mol. 

Thus the percentage of electroactive HVB12 molecules among total deposited HVB12 on 

the glassy carbon electrode was calculated to be 0.43 %, suggesting a very small part of 

HVB12 had electron exchange with electrode surface. One probable reason is some 

HVB12-cerasomes were lost during preparation. The other reason may be the HVB12 

molecules are sparsely distributed in cerasome according to the area percentage, 2.4%. 

So the electron transfer is hard to achieve through electron hopping. As the result, the 

HVB12 situated a position far away from the electrode surface cannot exchange electron 

with electrode surface.  

The area percentage of HVB12 in one cerasome is calculated as follows: 

The orientation of HVB12 situated in the lipid bilayer is not clear. The cation of 

HVB12 molecule is supposed to a cuboid with length a, width b, and height, c based on 

the 3D chemical structure (Scheme 3-3). The head area of lipid is assumed to 0.7nm
2
. 

And the molar ratio of lipid to HVB12 is 100:1.5. Assuming HVB12 molecule with the 

long axis vertical to the surface of cerasome, the area (a × b) of HVB12 is 1.15 nm
2
. If 

the HVB12 molecules are distributed evenly around cerasome, the area ratio of total lipid 

to total HVB12 in one cerasome is 100 × 0.7 nm
2
: 1.5 × 1.15 nm

2 
= 70:1.73. As a result, 

the area percentage of HVB12 in one cerasome is 1.73/(70+1.73) × 100% = 2.4%.  
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Scheme 3-3. Three dimensional structure of cationic group of hydrophobic vitamin B12. 
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Figure 3-6. (A) CVs of HVB
12

-cerasome modified electrode in PBS solution at different scan rates 

of 0.1 (a), 0.2 (b), 0.3 (c), 0.4 (d), 0.5 (e) 0.6 (f) V s
-1

 and (B) peak currents versus scan rates. 

3. 3. 5 Electroanalytical behaviors of electrode modified with cerasome and artificial 

coenzyme. 

    Hydrophobic vitamin B12 has been found to exhibit various interesting catalytic 

activities because of its rich redox chemistry. I studied electrocatalytical function of 
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HVB12 trapped in cerasome toward oxygen, hydrazine and iodomethane, respectively. 

3. 3. 5. 1 Electrocatalysis of HVB12-cerasome/GCE modified electrode toward oxygen  

Determination of dissolved oxygen has the potential interest in the fields, such as 

environment, industry, food, biochemistry, and clinic. There are several useful 

techniques, one of which is electrochemical method [35]. In this research I employed 

the resulting HVB12-cerasome/GCE to detect the dissolved O2 in aqueous solution. The 

air was used instead of pure oxygen in this experiment. As required, the PBS solution 

was bubbled with various volume of air with 25 ml syringe. Figure 3-7 shows the cyclic 

voltammograms for reduction of O2 at cerasome modified GCE in oxygen-free neutral 

electrolyte with (a) and without (b) HVB12. A broad peak appears at -0.72 V on 

cerasome/GCE modified electrode attributable to the O2 reduction. However, when the 

O2 is in presence on HVB12-cerasome/GCE modified electrode, a sharp irreversible 

wave at -0.48 V can be observed, which 0.24 V positively shifts. This indicates a 

typically electrocatalytic process of O2 by of HVB12 embedded in cerasome. Moreover, 

the intensity of cathodic currents of HVB12-cerasome modified electrode are gradually 

increased with the increasing of oxygen concentration, while anodic currents proceed 

gradual decrease during this progress (Figure 3-8). These results illustrates that the 

cobalt center of HVB12 in cerasome is kept well electrocatalytic activity.   

As described in reports, the mechanism of O2 reduction relied mainly upon the pH 

value of the medium as well as the electrode material [36, 37]. The process of O2 

reduction in aqueous solution contains two main pathways: peroxide pathway followed 

by either the further reduction reaction or the decomposition reaction and direct 

4-electrode pathway. From the catalytic curve of a, two reduction peaks at -0.48 V and 
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-0.83 V, respectively are observed. This result is similar with that of electroreduction of 

O2 catalyzed by natural vitamin B12 on an ordinary pyrolytic graphite electrode [38]. 

Therefore I speculated that the two reduction peaks could be related to two redox steps 

each involving two electrons to generate peroxide and water or OH
-
, respectively.  

 

Figure 3-7. CVs of the HVB12-cerasome/GCE (a) and cerasome/GCE (b) in presence of 5 ml of air 

in PBS buffer solution (pH = 7, 0.1 M). Scan rate: 200 mV s
-1

. 

 

Figure 3-8. CVs of HVB12-cerasome modified electrode in PBS solution (pH = 7, 0.1 M) containing 

various volumes of air: 0, 2, 5, 8, 12, 16 ml from a to f. Scan rate: 200 mV s
-1

. 
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3. 3. 5. 2 Electrocatalytic oxidation of HVB12-cerasome/GCE towards hydrazine 

Hydrazine, a colorless liquid, is an important compound in chemical and 

pharmaceutical industries commonly used as a reducing regent and catalyst [39, 40]. 

Hydrazine is also applied in insecticides. Since it is widely used in environment, the 

detection of hydrazine becomes necessary. To evaluate electrocatalytic function and 

develop potent application of HVB12-cerasome nanohybrid, the electrocatalytic 

oxidation of hydrazine at the HVB12-cerasome/GCE was therefore studied by CV. 

Figure 3-9 (A) shows the electrocatalytic oxidation of hydrazine at 

HVB12-cerasome/GCE modified electrode. The oxidation peak of hydrazine appeares at 

Epa = 0.34 mV and an increase is observed with increasing concentration of hydrazine 

[41]. The calibration curve gives a linear range from 1.03 to 212.2 mM with a 

correlation coefficient of 0.9860 (Figure 3-9 B). The experimental results indicate 

HVB12-cerasome exhibits well electrocatalytic response to hydrazine, suggesting a new 

method for the determination of hydrazine. 
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Figure 3-9. (A) The CVs of hydrazine with various concentrations on the HVB12-cerasome modified 

electrode in PBS at 200 mV s
-1

 and (B) the plot of peak current versus hydrazine concentration. 

3. 3. 5. 3 Electrolysis of iodomethane mediated by immobilized HVB12-cerasome 

Vitamin B12 derivatives are considered as some of the most effective catalysts for the 

dehalogenation of halogenated compound [42, 43]. The cobalt atom in HVB12 consists 
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three main formal oxidation states, Co(III), Co(II) and Co(I). The Co(I) in reduced 

HVB12 is a powerful nucleophile. It reacts with various organic halides to form 

Co(III)-alkyl intermediates through dehalogenation following homolytically cleave by 

electrolysis, photolysis or thermolysis to form the corresponding radical species 

(Scheme 3-3) [44, 45].  

 

Scheme 3-3. Reaction cycles. 

The electrocatalytic behaviors of HVB12-cerasome/GCE toward iodomethane (CH3I) 

were evaluated by cyclic voltammetry. Figure 3-10 shows the cyclic voltammogram of 

electrolysis of CH3I (32 μM) on HVB12-cerasome/GCE (a) and cerasome/GCE (b). A 

broad reduction peak with strong current is located at ca. -1.35 V vs. Ag/AgCl, while 

there is no clear peak on the cerasome/GCE modified electrode at the same potential. 

This peak is assigned to the formation of the one-electron reduction intermediate of the 

Co(III)-CH3, which is generated by the reaction between Co(I) species and CH3I. The 

catalytic mechanism proposed on the electrode surface is described in following 

equations: 

hν 
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 First, one electron reduction for Co(II) species of HVB12 generates the 

corresponding Co(I) complex at -0.35 V, as mentioned above (equation 1). The Co(I) 

species acts as a potent nucleophile for methyl iodide to form an intermediate having a 

Co-C bond (Co(III)-CH3) and iodide ion (equation 2). This intermediate is reduced at 

-1.35 V to produce methyl radical and Co(I) species through homolytic cleavage of 

cobalt-carbon bond (equation 3). The resulting Co(I) species further reacts with methyl 

iodide and the catalytic cycle in equations 2 and 3 rotates effectively. This result 

demonstrates the cobalt center of HVB12 is available to catalyze alkyl halide and the 

HVB12 incorporated in cerasome maintains the excellent catalyticactivity.  

 

Figure 3-10. The CVs of CH3I on HVB12-cerasome (a) and cerasome (b) modified electrode in 

oxygen-free PBS buffer solution (0.1 M, pH =7). Scan rate: 200 mV s
-1

. 
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3. 4 Conclusions 

The encapsulation of artificially hydrophobic HVB12 into cerasome was successfully 

achieved according to the result of UV-vis spectra. AFM microphotograph indicates that 

functionalized cerasomes by HVB12 keep well vesicular structure even on the solid 

substrate. Besides, the phase transition behaviors of cerasome embedded with HVB12 

can maintain according to the DSC thermorgram. Furthermore, this immobilized 

cerasome by HVB12 exhibits excellent electroactive property, which has sensitive 

response to substrates, such as iodomethane and hydrazine. As a result, the development 

of unique electroactive cerasome could provide a good candidate for developing 

enzyme-free biosensing device, and find wide potential applications in direct 

electrochemistry, biosensors, biocatalysis and biomedical devices.  
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Chapter 4. General conclusions and future perspectives 

In this thesis, I described the development of electroactive cerasome using naturally 

occurring enzyme and artificial coenzyme as redox molecules, and fabrication of 

electrochemical hybrid interfaces using these cerasomes as a platform based on glassy 

carbon electrode. Electrochemical functions of the resulting electrochemical interface 

were systematically analyzed using electrochemical techniques.  

In first part, I utilized cerasome for construction of integrated modified electrode with 

the natural enzyme, HRP, as redox molecule. The direct electron transfer between HRPs 

and electrode surface were achieved. Since the cerasome was derived from traditional 

liposome and had a ceramic framework on the surface, it had enhanced physiochemical 

functions prior to the analogues, such as silica NP and common liposome. Herein, the 

systematical analysis of structure on cerasome, liposome and silica NP were performed 

by microscopies (SEM, AMF and cryo-TEM) and DSC. It turned out that cerasome 

coupled the structural merits of both liposome and silica NP. So cerasome exhibited 

well cell-friendly property induced by lipid bilayer and highly structural stability 

allowing for silicate framework on its surface. In addition, the electrochemical results 

showed that HRP/cerasome/GCE electrochemical interface exhibited well response on 

electrochemical signal transduction. However, electron transfer of immobilized HRP on 

the reference modified electrodes, silica NPs/GCE and liposome/GCE, were hardly 

realized resulting from the intrinsic structure defect of silica NP and liposome. In 

addition, the results of electrocatalytical experiments exhibited that the immobilized 

HRPs on cerasomes had excellent catalytic response toward H2O2 and NaNO2. 
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In second part the artificial coenzyme, HVB12, was used as redox molecule in place 

of HRP. I firstly incorporated HVB12 into cerasome to obtain the electroactive cerasome. 

The results of DSC and UV-vis spectra indicated the HVB12 was embedded into the 

lipid bilayer membrane of cerasome, and the lipid bilayer membrane structure of 

cerasome was still maintained. The AFM microphotograph proved that the 

morphological structure of cerasome was not destroyed. Cerasome kept original 

morphology even on solid surface after incorporation of HVB12. In addition, 

HVB12-cerasome nanohybrids modified glassy carbon electrode had excellent 

electrocatalytical property, which efficiently detected the various substrates, such as, 

hydrazine, iodomethane in aqueous solution.  

Summarily, I successfully developed a novel cerasome with well electroactivity, and 

clarified its potential application as the platform for fabrication of electrochemical 

interface. Electrochemical experiments indicated that the electron exchange was 

realized between the immobilized redox molecules on cerasome and electrode surface, 

exhibiting excellent electrocatalytic properties. The present work would serve as a 

useful guidepost for creating highly sensitive and innovative biosensing devices, 

molecular communication device, etc.  

Based on the findings of this research, it is suggested to extend to the following 

studies: 

(1) Construction of electrochemical interface using membrane protein. 

As we know, the functions of the larger portion of membrane proteins, such as the 

interaction with membrane lipids, are still not understood, because membrane proteins 

are pretty difficult to study due to their hydrophobic and amphiphilic nature comparing 
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with water-soluble proteins [1, 2]. Thus, the characterization of membrane proteins and 

the modulation of their functions are still great challenges [2]. The artificial planar lipid 

bilayer is a powerful tool for investigation on the function of membrane proteins. Yet, 

they are not widely utilization because of their low stability and reproducibility [1]. 

Since the cerasome has more stable morphology than the traditional liposomes because 

of the siloxane network on the surface, it makes this study possible. As a result, it is 

meaningful to associate cerasome with membrane protein.  

(2) Enhancement of electric conductivity of cerasome. 

From the results of electrochemistry, only a small proportion of immobilized redox 

molecules (HRP or HVB12) are electroactive. It is probably due to the poor conductivity 

of cerasome. Therefore, improvement of electric conductivity of cerasome is expected 

to increase the proportion of redox molecules and enhance the performance of 

electrochemical interface. To resolve this problem, one method is immobilization of 

cerasome by ionic liquids. As previous research, it was found that polymeric ionic 

liquids were good matrixes for enzyme immobilization, such as hemoglobin, because of 

its merits of biocompatibility and inherent conductivity [3]. In view of this, the function 

of cerasome can be greatly improved after introduction of structure of ionic liquid.  

(3) Fabrication of interface between molecular information and electric information. 

This work not only extended the application of cerasome in electrochemical field but 

also provided a potential model for fabrication of electron transfer system, whereby, 

molecular signal can be transferred into electric signal. Molecular communication is a 

new communication paradigm using molecules as information carriers, inspired by 

biological signal transduction system [4]. It is a challenging and interdisciplinary 
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research topic including information, biological, and materials science fields. The 

concept of molecular communication has been proposed by the information scientists 

and actively investigated theoretically, but its demonstration is an unsettled problem up 

to the present time. It is necessary to construct the interface between the molecular 

communication and the conventional electronic communication, which is capable of 

transforming molecular information signal into an electrochemical signal in real time 

(Figure 4-1) [5]. Such interface could offer a convenient way to deeply study and well 

understand the molecular communication.  

 

Figure 4-1. Illustration of interface between molecular information and electric information [5]. 
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List of Abbreviation 

Tm Phase transition temperature 

△H Enthalpy change 

Ip Isoelectric point 

Epa Anodic peak potential 

Epc Cathodic peak potential 

CV Cyclic voltammetry 

CD Circular dichrosim  

SEM Scanning electron microscopy 

AFM Atomic force microscopy 

DET Direct electron transfer 

DSC Differential scanning calorimetry 

GCE Glassy carbon electrode 

Cyro-TEM Cryogenic transmission electron microscopy 

LUV Binary large unilamellar vesicles 

M41S Mesoporous sieves 

HRP Horseradish peroxidase  

HVB12 Hydrophobic vitamin B12  

Silica NP Silica nanoparticle 

TEOS Tetraethylorthosilicate 

DMPC 1, 2-dimyristoyl-sn-glycero-3-phosphocholine 

DMPG 1, 2-dimyristoyl-sn- glycerol-3-phosphoglycerol 

PVS Potassium poly(vinyl sulfate)  
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PDDA Poly(diallyldimethylammonium chloride)  

TFA Trifluoroacetic acid 

PBS Phosphate buffer solution 
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