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ABSTRACT 

 

Nanodiamond (ND) has become a widely studied material in recent years due to its excellent 

properties, which includes high specific surface area, oxygen-containing surface groups 

(desirable for physical or chemical functionalization), physically and chemically inert diamond 

core, optical transparency, and biocompatibility. ND has been found to be biocompatible and 

have no cytotoxicity to cells. To date, significant attention has been focused on utilizing ND 

material as a platform for biomacromolecule immobilization which is promising for biological 

applications such as biosensor. Moreover, excellent surface properties of ND might be able to 

make it a desirable adsorbent material. The present thesis work has focused on using ND for 

biomacromolecule immobilization as well as dye contaminant adsorption. 

First, the immobilization of an important biomacromolecule, carboxymethyl chitosan, onto ND 

surface as well as the properties of the product was investigated in detail. The carboxymethyl 

chitosan modified ND (NDCMCS) shows improved dispersity especially in low and high pH 

aqueous solutions. Moreover, the rich content of primary amine and hydroxyl on CMCS 

backbone would render further physical or chemical functionalization of ND more flexible and 

versatile. The following work is then focusing on the protein adsorption behaviors onto ND 

surface as well as whether protein could retain its structural features upon immobilization. To this 

end, bovine serum albumin (BSA) was chosen as a model protein for the study of protein 

conformation and the interaction between ND and protein in their complex. The results have 

demonstrated that ND is an excellent platform for protein immobilization with high affinity and 
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approximately 80% of BSA structural features could be preserved upon immobilization. 

Second, based on strong ND-protein interaction, the assembly of ND-protein complex into 

macroscale material in a Layer-by-Layer (LBL) assembly fashion has been studied. The LBL 

assembly properties of ND-BSA complex with pristine ND were investigated on glass substrates. 

The ND-BSA/ND coatings fabricated by LBL assembly method were stable and more 

densely-organized coating structures could be obtained by increasing the number of bilayers 

deposited. The LBL assembly method for ND-protein coating fabrication could be easily 

employed to prepare biomacromolecule-functionalized ND films for biosensor applications. In 

the following work, it was found that NDs could also assemble into thin films through hydrogen 

bonding on a glass substrate. The films prepared have regularly-organized nanostructures, which 

could be tuned by adjusting the number of bilayers deposited. Moreover, the oxygen-containing 

surface groups on LBL films make possible the further functionalization by chemical or physical 

approach. 

Finally, the excellent surface properties of ND have found new promising applications in 

addressing current environmental issues and ND has been demonstrated to be an effective dye 

contaminant adsorbent. In this work, the adsorption of azo dye acid orange 7 (AO7) onto ND 

surface has been investigated in order to ascertain the adsorption behavior as well as the 

interaction involved in the adsorption process, where ND has been proved to have higher capacity 

in azo dye adsorption than widely used activated carbons and carbon nanotubes. Due to strong 

π-donor-acceptor interaction between ND surface graphite layer and azo bond, ND shows high 

affinity with azo dye. Though affinity is slightly lower at high pH values, the adsorption 
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coefficients of ND with AO7 at neutral to alkaline pHs are still of the same orders of magnitude 

with those of low pH values, suggesting that ND could be a desirable candidate for textile 

wastewater treatment which is normally at alkaline pH. 

The present thesis work might potentially contribute to utilizing NDs for biological and 

environmental applications. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Research Motivation 

Recently nanodiamond particles (ND) have been attracting increasing attention in scientific 

community due to its excellent properties. ND features high specific surface area (ca. 300 m2/g) 

which results from its small crystal size (ca. 5 nm), oxygen-containing surface groups which 

could be flexibly functionalized by physical or chemical approach, optical transparency, 

physically and chemically inert diamond cores as well as desirable biocompatibility [1]. It has 

been reported that ND nearly has no cytotoxicity to a variety of cells of different origins with ND 

concentrations up to 100 μg/ml [2, 3]. While other carbon nanomaterials, for example, carbon 

nanotube (CNT) and C60 exhibit cytotoxicity to different extents [4-9]. 

The development of new platforms for the immobilization of biologically active substances has 

been a very active research area [10]. The combination of nanotechnology with life science 

techniques has given rise to a newly emerging area Nanobiotechnology [11], which is largely 

based on the biomacromolecule immobilization since the biomacromolecule especially protein 

immobilization is a crucial step in biotechnology as well as biochip developments [12-14]. The 

excellent surface properties and biocompatibility might be able to render ND a promising 

platform for biomacromolecule immobilization. 

However, the strong interaction between nanoparticles and biomacromolecules may cause 

structural changes in biomacromolecules [15, 16], which might bring about the loss of 
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biofunctionalities. Therefore it is essential to systematically study whether biomacromolecule 

could retain its structural features upon being immobilized onto ND surface. In terms of practical 

applications for biomacromolecule immobilization, it is highly desirable to have diamond 

material prepared in a thin fiber-like and/or film form [17], which suggests that it is important to 

develop techniques to assemble ND or ND-biomolecule complex into macroscale materials for 

the ease of application. In addition, the current research has been focusing on the immobilization 

of proteins [18-23], enzymes [24, 25], antibodies [26], and peptides [27] onto ND surface. Then a 

question is naturally raised: is it possible to immobilize other important biomacromolecule, such 

as polysaccharide, onto ND surface to further extend its applications? 

The excellent surface properties make ND not only a desirable platform for biomacromolecule 

immobilization but also a potential adsorbent to address the current environmental issues. Other 

carbon materials, such as activated carbon (AC) and CNT, have been reported to be an effective 

adsorbent in contaminant adsorption. Compared with CNT, ND has similar high specific surface 

area, similar surface sp2 bonded carbon, and similar flexible surface chemistry. Moreover, ND is 

lower in synthesis cost than CNT. Therefore, it is reasonable to investigate the feasibility of using 

ND as a contaminant removal adsorbent. 

 

1.2 Research Objectives 

The concerns and needs in the current and potential ND applications in the areas mentioned 

above necessitate further research to quell concerns and meet needs. The present Ph.D. project 

aims to address these concerns to meet the needs for ND applications. Specifically, the research 
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has following objectives: 

(1) Identifying the feasibility of polysaccharide immobilization onto ND surface to improve its 

dispersibility for extended applications. 

(2) Understanding ND-protein interaction mechanism as well as how this interaction affects 

the structural features of protein upon immobilization onto ND surface. 

(3) Studying the assembly properties of ND and ND-protein complex to find a facile and 

economical way to fabricate ND coatings for biological applications. 

(4) Identifying the feasibility of utilizing ND for addressing environmental issues especially 

for azo dye contaminant removal. 

 

1.3 Thesis Organization 

The present thesis comprises the following 8 Chapters: 

Chapter 1 introduces a brief overview of the present Ph.D. project. 

Chapter 2 gives a comprehensive and up-to-date literature review as well as background 

information on the related research topics. 

Chapter 3 deals with polysaccharide immobilization onto ND surface, where the ND dispersity 

in aqueous medium is improved and further functionality is extended. 

Chapter 4 focuses on protein conformation and adsorption behaviors in ND-protein complexes, 

where it is found most of protein structural features could be preserved upon immobilization onto 

ND surface. 

Chapters 5 and 6 study the possibilities of assembling ND or ND-protein complex into films 
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on glass substrates, demonstrating that ND thin films could be prepared by Layer-by-Layer 

assembly (LBL) with potentials to be applied to biosensor area. 

Chapter 7 investigates the feasibility and mechanism of utilizing ND for dye contaminant 

adsorption, where ND has been demonstrated to be an effective adsorbent for this application. 

Chapter 8 concludes the present thesis with conclusions as well as suggestions for future work. 
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CHAPTER 2 

LITERATURE REVIEW 
 

2.1 Element Carbon and Its Allotropes 

Element carbon is widely distributed in nature and of great importance, which is the basic 

constituent of all organic matter and a major element in the fixation of energy by photosynthesis 

[28]. Carbon-based products can be found everywhere in daily life: from the exhaust gas emitted 

out of vehicles to the priceless diamond jewelries. 

A unique property that sets carbon apart from other elements lies in its diversity [28]. Carbon 

is actually the most versatile element in the periodic table [29]. Depending on how the carbon 

atoms are arranged, pure carbon has different allotropes (or polymorphs) [17] including diamond, 

graphite, amorphous carbon, fullerene, carbon nanotubes, and etc. They are entirely composed of 

carbon but exhibit different properties due to different structures. A good case in point is that 

graphite is soft and black due to the layered arrangement of carbon hexagons, whereas diamond 

is hard and transparent because of the fully covalent bonding among carbon atoms in 

3-dimensional space [17]. 

 

2.2 Diamond 

The word “Diamond” is often associated with jewelries which are the symbols of value and 

eternity (Figure 2.1). However, in scientific community, the “Diamond” refers to far more than 

jewelries. 
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Figure 2.1 Diamond as jewelry [30]. 

Diamond is mainly composed of sp3 bonded carbon with a small fraction of sp2 bonded carbon 

on surface or grain boundary. Each carbon atom is tetrahedrally coordinated to four other carbon 

atoms through sigma bonds with a bonding angle of 109°28' [31] (Figure 2.2). These symmetric 

and strong bonds endow diamond with excellent chemical stabilities as well as outstanding 

mechanical properties. 

 

Figure 2.2 Diamond tetrahedron [28]. 

Originally, diamond is from nature. Even nowadays natural diamond still represents very high 

monetary value. Diamond was first synthesized from graphite by high-pressure/high-temperature 

(HPHT) methods in the 1950s, and low-pressure chemical vapor deposition (CVD) of diamond 

thin films was developed at the beginning of 1960s but not at an acceptable growth rate until 



 

 7

1981 [1]. Currently both HPHT [32, 33] and CVD [33, 34] are the major techniques for diamond 

synthesis. Diamond has many extreme properties. It is the hardest known natural material and has 

the highest thermal conductivity [28, 35]. Its sp3 bonded carbon is extremely stable in terms of 

chemical and physical stabilities, which renders diamond material biocompatible in itself [36-39]. 

Moreover, diamond possesses very high wear resistance and very low friction coefficient [40, 41], 

excellent transparency [42, 43], and outstanding semiconductor property [44]. All those 

properties make diamond materials ideal for many applications including biosensors [26, 45, 46], 

biological interfaces [36, 47], abrasives [48], cutting tools [49], heat sinks [50], semiconductor 

devices [51], and electron emission devices [52]. 

 

2.3 Nanodiamond: Synthesis, Properties and Further Treatment 

The nanotechnology has been undergoing rapidly exploding development in recent years 

which could find wide applications in a broad range of scientific areas [53-55]. Nanodiamond 

particles (ND) have recently come into focus as a new promising nanomaterial. Nanodiamond, as 

the name suggests, is diamond on nanometer scale, including nanoparticles, nanorods, nanocones, 

nanofibers, etc. Since it is diamond materials in nature, it possesses all the excellent properties as 

bulk diamond materials as well as new properties related to its nanostructure. The present 

research mainly deals with diamond nanoparticles. Therefore the term “nanodiamond” or “ND” 

will be used to refer to “diamond nanoparticle” for the sake of simplicity throughout the entire 

thesis. 
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2.3.1 Synthesis of Nanodiamond 

ND could be synthesized by several methods. The simplest one is the milling technique. It 

begins with milling of synthetic or natural microdiamond and then after sorting out the remaining 

big particles a slurry of diamonds with a size below 100nm can be obtained [56, 57]. CVD 

technique could also be employed to produce nanodiamond and Frenklach et al. have reported on 

a substrate-free CVD for nanodiamond preparation in 1989 [58]. The resulting diamond particles 

are in a size range below 500 nm. 

A large-scale alternative to produce ND is the shockwave method [59]. In this method, the 

graphitic material is mixed with copper for better heat transport. The generated shock wave 

compresses the inner tube containing the carbonaceous material, increasing pressure and 

temperature to transform graphite to diamond [59]. The resulting diamond consists of 

nanometer-scale primary crystals sintered together and covered with graphitic carbon [59]. 

Another technique for the large-scale production of ND particles is detonation synthesis 

(Figure 2.3). The first synthesis of detonation nanodiamond was reported by Titov and his 

collaborators in 1963 [60]. But the product prepared finally turned out to be extremely tight 

aggregates which was impossible to isolate and disperse. It was not until 2002 that Osawa and his 

colleagues made possible the dispersion of detonation nanodiamond in aqueous solution [61]. 

The detonation synthesis consists of placing an explosive charge into a detonation chamber and 

igniting it by another accelerator charge or electrically [62]. During this process, no additional 

carbon material is needed for the formation of diamond soot [62]. 

The detonation soot, produced by detonation process, contains up to 80% of diamond 
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nanoparticles as well as a variety of impurities, including metal and concrete debris from the 

reaction chamber and a significant amount of non-diamond carbon [62, 63]. After the first 

purification steps, the raw soot is collected and purified by acid treatment which not only further 

reduces the metal content of the material but also oxidizes the non-diamond carbon in the soot 

[62]. Due to the fact that the reactivity of sp2 carbon, especially disordered graphitic material, 

towards oxidation is much higher than that of diamond carbon, it is therefore possible to 

selectively remove the sp2 carbon so that the diamond content could be enriched [62]. The final 

nanodiamond product contains over 95% of carbon, with the rest being nitrogen (2%), hydrogen 

and oxygen as well as traces of iron and other metals [62]. 

ExplosiveExplosive

CoolantCoolant

5 nm5 nm

IgnitionIgnition

PurificationPurification

ExplosiveExplosive

CoolantCoolant

ExplosiveExplosive

CoolantCoolant

5 nm5 nm

IgnitionIgnition
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Figure 2.3 Synthesis of nanodiamond by detonation method. 

 

2.3.2 The Merits of Detonation Method 

The size of ND varies largely depending on different production methods. Among the four 

methods that produce ND, the milling technique produces ND with large size as well as widest 
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size distribution [62], and the CVD production method also generates diamond particles with 

relatively large size. For shock wave diamond, the size and size distribution depend on the 

granulometry of the original graphite material that is being compressed [62] and ND crystals are 

usually sintered together instead of forming isolated particles [62, 64]. 

For nanomaterials, the size distribution is very important factor since uniform physical and 

chemical properties of nanoparticles require narrow size distribution [65]. After oxidizing acid 

treatment to remove most of sp2 carbon during the detonation nanodiamond synthesis process, 

there is still graphitic carbon present in the sample, giving rise to strong agglomeration among 

primary particles [64]. Several methods, including stirred-media milling with micron-sized 

ceramic beads [61], have been developed to yield completely de-agglomerated primary particles 

[64]. Therefore the detonation diamond is (also known as ultradispersed diamond, UDD) usually 

credited with single crystal size of around 5 nm as well as very narrow size distribution [1, 61]. 

Compared with NDs prepared by milling, CVD and shock wave methods, detonation 

nanodiamond has smaller particle size as well as narrow size distribution, which renders 

nanodiamond high in specific surface area and thus gives full play to the surface properties of ND 

as nanomaterials. According to the above discussion, detonation nanodiamond is chosen and used 

throughout this research. 

 

2.3.3 Further Treatment of Synthesized Nanodiamond 

2.3.3.1 The Needs for Further Treatment: Surface Properties of Synthesized Nanodiamond 

The needs for the further treatment of ND originate from its surface properties after production. 
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Depending on different production methods, the surface of pristine ND particles shows 

distinctive features. The substrate-free CVD process of acetylene in a microwave-enhanced 

plasma oven produces hydrogen terminated diamond which cannot be synthesized by detonation 

or shock wave method [58]. The shockwave diamond has a graphitized surface. In case of 

detonation nanodiamond, oxygen containing groups are usually present on surface [61, 66] which 

are the results of the reaction of newly formed diamond crystallites with cooling medium in 

detonation reactor or from purification process using concentrated mineral acids [62]. Usually 

most of functional groups on detonation nanodiamond surface are carboxyls, hydroxyls, lactones, 

ketones and ethers [62], which provide possibilities for both non-covalent and covalent 

functionalization of detonation nanodiamond surface. 

Besides the surface functional groups, there is a thin layer of graphitic carbon on nanodiamond 

surface. For detonation nanodiamond, the graphite layer accounts for approximately 5% of total 

ND mass even after oxidative acid treatment and for shock wave diamond the graphite layer 

content is even much higher [62]. 

The above discussion on the surface functional groups of ND suggests that nanodiamond 

surface includes both oxygen-containing groups (mainly carboxyl, hydroxyl, and etc.) and 

graphite layer. The presence of oxygen-containing groups facilitates the dispersity of ND in 

suspension while the graphite layer would result in strong agglomeration of particles [64]. The 

content of ND surface oxygen-containing groups varies depending on different production 

methods and manufacturers. In addition, ND surface might need to be further treated for different 

applications. Accordingly, the functionalization of nanodiamond is generally focused on how to 
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enhance the dispersity by increasing the oxygen-containing group content while reducing the 

graphite layer content or how to introduce new functional groups (by physical or chemical 

approach) to the diamond surface to facilitate the dispersion of ND and endow nanodiamond with 

new functionalities. 

 

2.3.3.2 Treatment Utilizing Oxidization, Reduction, and Other Methods 

In general, the methods for further treatment of nanodiamond include oxidization, reduction 

and others. 

Oxidization is one of major approaches to modify ND surface properties. Among different 

oxidization methods, oxidizing acid treatment is one of the most frequently used and meanwhile 

very effective method giving rise to the immobilization of oxygen-containing groups (mainly 

carboxyls and hydroxyls) onto ND surface [67-72]. The oxidizing acid treatment can selectively 

oxidize the existing graphitic sp2 carbon and remove metallic impurities [1] on surface. After 

oxidizing acid treatment, the ND surface is functionalized with carboxyl groups which can be 

further modified by means of chemical or physical method. Moreover, other oxidants (KNO3 or 

KClO3) could also be used as a means of oxidizing agent for ND [62]. 

Another effective approach to modify ND surface properties is the thermal oxidization 

treatment which oxidizes ND surface so that the oxygen-containing group content can be 

increased and therefore the dispersity is improved [73-80] since the thermal oxidization treatment 

under air or oxygen environment can eliminate sp2 carbon species (mainly graphite and 

amorphous carbon) [78]. 
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The thermal oxidization in the air followed by ultrasonic treatment could give rise to desirable 

dispersity of NDs in aqueous solution, as indicated by the research conducted by Shenderova and 

her colleagues [77]. However, during the thermal treatment, the bridge-forming bonds among ND 

particle surfaces may cause some agglomeration but in general the positive effect of highly 

improved dispersivity of ND due to high temperature oxidation outweighs the negative effect of 

bridge formation among ND particles [77]. 

For the treatment using reduction method, hydrogenated diamond could be obtained by 

reacting ND with hydrogen [81] while the reaction with borane creates hydroxyl groups on ND 

surface [69]. Besides oxidization and reduction reactions, ND could also react with various 

gaseous reactants, such as fluorine [82], ammonia [81] and chlorine [83], to yield the respective 

functionalized nanodiamond. 

 

2.4 Nanodiamond for Biomacromolecule Immobilization 

The term “Macromolecule” refers to “A molecule of high relative molecular mass, the 

structure of which essentially comprises the multiple repetition of units derived, actually or 

conceptually, from molecules of low relative molecular mass” [84]. “Macromolecule” covers a 

wide range of substances normally encompassing synthetic and naturally occurring 

macromolecules. In the scope of the present thesis work, focus is given to naturally occurring 

macromolecules (which could also be referred to as biomacromolecules, including proteins, 

polysaccharides, nucleic acids, and etc.) with special attention being given to proteins and 

polysaccharides. 
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2.4.1 Nanodiamond: A Good Platform for Biomacromolecule Immobilization 

2.4.1.1 Biocompatibility of Nanodiamond 

When it comes to biological applications, the biocompatibility of the material is an important 

factor to be considered. ND material is mostly made up of element carbon which is very similar 

to human body: carbon is one of major substituent elements of human body. Actually the 

biocompatibility of ND material has already been proved by previous research [1, 25, 30, 62, 64, 

85, 86]. However, since the outermost layer of ND, as mentioned previously in Section 2.3, is 

composed of graphite layer and traces of heavy metals which might naturally cause a concern. 

The existence of heavy metal or other impurities, though in tiny amount, will pose potential risk 

for future biological applications of this material [2]. This concern is quite reasonable because it 

is not until recently people begin to realize that the thorough removal of metal (mainly iron) from 

detonation diamond is a more challenging task than thought before [62]. The metal content could 

only be removed by air oxidization followed by oxidizing acid treatment [73]. Fortunately, the 

research on the cytotoxicity of nanodiamond reveals that nanodiamond had no cytotoxicity to 

cells [2, 3] which lays a solid ground for further investigation on the biological applications of 

ND materials. On the other hand, other carbon nanomaterials, for example, carbon nanotube and 

C60 exhibit cytotoxicity to different extents according to previous research [4-9]. 

 

2.4.1.2 High Affinity with Biomacromolecules 

Up till now there has been some work reporting on the high affinity of ND with 
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biomacromolecules such as proteins [18-23], enzymes [24, 25], antibodies [26], and peptides [27]. 

In these work, the nanodiamond-biomacromolecules prepared were subjected to different tests of 

their applicability in biological systems and it was shown that these complexes largely preserve 

the activity of the adsorbed biomacromolecules and that further functionalization is possible on 

existing functional groups. 

Chang et al. [22] were among the first to investigate the affinity of ND toward protein 

biomacromolecules (cytochrome c). In their work [22], the adsorption isotherms of horse 

cytochrome c on NDs with sizes of 100 and 5 nm were studied in phosphate buffers at pH 6.5. 

They found that the cytochrome c adsorption isotherms showed very steep slope at low 

concentration ranges, indicating that the affinity between ND and cytochrome c is very strong. 

The adsorption behaviors of cytochrome c onto ND surface could be well fit by Freundlich model. 

In their following research, Chang’s group [23] employed ND to concentrate and separate protein 

from dilute solution for mass spectrometric analysis. Adsorption isotherms of horse heart 

cytochrome c (HCC), horse heart myoglobin (Mb), and bovine serum albumin (BSA) on 100-nm 

diamonds were studied at pH 10.5, 6.9, and 4.7, respectively, where they also found high 

affinities between NDs and these proteins. 

The above pioneering work on ND-protein interaction demonstrates the high affinity between 

ND material and biomacromolecules, which reveals its potentials for biomacromolecule 

immobilization applications. 

In addition, the nanodiamond, especially the detonation nanodiamond, possesses high specific 

surface areas (due to small particle size and narrow size distribution) and the concomitant high 
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adsorption capability, significant amount of oxygen-containing functional groups on the surface, 

and chemically inert diamond cores [1]. All these properties render ND an excellent platform for 

biomacromolecule immobilization, which has been receiving ever-increasing attention. 

Moreover, oxygen-containing groups on ND surface could be easily modified by physical or 

chemical method. The flexibility in the modification of oxygen-containing surface groups of ND 

might further open up more opportunities for biomacromolecule immobilization. 

To sum up, ND has exceptional properties including high specific surface area, 

oxygen-containing functional groups on the surface, optical transparency, and highly chemically 

and physically inert sp3 carbon (diamond) cores [1, 17, 30]. By virtue of its chemical and 

physical inertness, ND has excellent biocompatibility which has already been proved by many 

previous studies [30, 64, 87]. The research on the cytotoxicity of ND revealed that it has no 

cytotoxicity to cells while other carbon nanomaterials such as carbon nanotube and C60 exhibit 

cytotoxicity to different extents based on previous reports [3, 7]. All these properties make ND a 

good platform for biomacromolecule immobilization [88]. 

 

2.4.2 Nanodiamond with Biomacromolecules: Promising for Nanobiotechnology Applications 

2.4.2.1 Nanodiamond is Promising for Nanobiotechnology Applications 

The development of new platforms for the immobilization of biologically active substances has 

been a very active research area [10]. Recently, the combination of nanotechnology with life 

science techniques gives rise to a newly emerging area Nanobiotechnology [11], which is largely 

based on the biomacromolecule immobilization since the biomacromolecule especially protein 
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immobilization is a crucial step in biotechnology as well as biochip developments [12-14]. 

Presently, the platforms for biological substances immobilization have been focused on silica, 

gold, and iron oxide particles, glass surfaces, and cadmium chalcogenide quantum dots [10]. 

According to the above discussion, due to excellent properties such as high affinity and 

biocompatibility with biomacromolecules, high surface area, highly chemically and physically 

inert diamond cores, ND is promising to be new platform (substrate) material [10]. 

One previous work was led by Ushizawa et al. [68], where diamond powder (1-2 µm) surface 

was functionalized with deoxyribonucleic acid (DNA) through phosphatization of 5’-end from 

PCR products as well as hydrogen bonding between adenine and thymine residues (Figure 2.4). 

Their work demonstrated the feasibility for the immobilization of biologically active substance 

onto diamond surface which reveals the potential of utilizing diamond and ND for this 

application. 
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Figure 2.4 Immobilization of DNA onto diamond powder surface through ester linkage. 

 

2.4.2.2 Current Nanodiamond Applications: Biosensor and Biolabel 

Biosensor and biolabel applications are currently among the most studied fields in terms of ND 

applications. Chang et al. [23] employed acid-oxidized ND to concentrate protein dilute solution 

for mass spectrometric analysis. The high protein adsorption capability of ND greatly facilitates 

the detection process: proteins in dilute solution can be concentrated by NDs, and directly 

analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDITOF-MS) after a simple centrifugation process. 

The ability of ND to immobilize antibody for the purpose of detecting bacterial has been 

demonstrated in another research carried out by Tzeng et al. [26]. The immobilization of 
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anti-Salmonella and anti-Staphylococcus aureus antibodies on hydrogen or air plasma-treated ND, 

which is coated on a silicon substrate, gives rise to a greatly enhanced bacterial binding 

efficiency compared with ND samples without antibody immobilization. 

In Puzyr et al.’s work [89], an “aluminum oxide film–adhesive layer–nanodiamond–luciferase” 

supramolecular structure has been prepared on an aluminum oxide substrate (Figure 2.5). The 

loading of light-emitting protein luciferase onto ND surface was achieved by adsorption method. 

It was found that the luciferase immobilized could retain its catalytic activity. They pointed out 

that the system proposed in their work could be applied to bioluminescent analysis. 

 

Figure 2.5 The proposed “aluminum oxide film–adhesive layer–nanodiamond–luciferase” 

supramolecular structure. 

Besides the potentials to be applied in biosensor as well as related fields, ND is also a very 

promising material as biolabel. Extensive optical investigations have revealed that there are over 

100 luminescent defects on diamond [90]. Among all these defects, the N-V center is one of the 

most studied [91-93], which consists of a substitutional nitrogen atom with an adjacent carbon 

vacancy [94]. The N-V defect can endow ND with interesting luminescence properties. In 

addition, it is possible to produce ND with different emission colors [95, 96]. Fu et al. [70] have 

carried out in vitro labeling experiments with covalently modified ND particles by a 
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biomacromolecule poly-L-lysine and they found that the photophysical properties of the particles 

do not deteriorate even after coating ND surface with poly-L-lysines that interact with DNA 

molecules through electrostatic forces. All these properties make the ND material a valuable 

alternative for other fluorescence labels. 

 

2.4.3 Is It Feasible to Immobilize Polysaccharides onto Nanodiamond Surface? 

Based on the above discussion on the immobilization of biomacromolecules onto ND surface, 

it can be seen that ND is a desirable platform for biologically active substances immobilization. 

Actually it has been reported that proteins [18-23], enzymes [24, 25], antibodies [26], and 

peptides [27] could be immobilized onto ND surface. However, there has been nearly no report 

on the immobilization of polysaccharide onto ND surface to modify its surface properties for 

further applications though polysaccharide is also an important biomacromolecule with great 

potentials for further functionalization. 

 

2.4.3.1 Chitosan as a Promising Functional Biomacromolecule 

The representative polysaccharides are chitin, cellulose, starch and etc. Chitin is the second 

abundant natural polymer in the world (only second to cellulose). It is not soluble in water, weak 

acid and weak alkaline. Chitosan is the deacetylation derivative of chitin. It has excellent 

biocompatibility, good hydrophilicity as well as desirable membrane-forming ability [97]. The 

molecular structure of chitosan is given in Figure 2.6. 
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Figure 2.6 The molecular structure of chitosan. 

Normally, the higher the degree of deacetylation, the more desirable the chitosan is for the 

further functionalization through physical or chemical method since the deacetylation process can 

generate primary amine group which is very active. However, totally deacetylated chitosan is 

very hard to obtain and actually the most widely used is partially deacetylated chitosan. Due to 

the rich content in primary amine and hydroxyl groups, chitosan is a desirable platform for 

further functionalization. 

An important chitosan derivative is carboxymethyl chitosan (CMCS), which is among the most 

studied chitosan derivatives (Figure 2.7) [98]. CMCS is a water-soluble chitosan derivative which 

is biocompatible, either in vitro in fibroblast culture assays or in vivo in testing with 

intraperitoneal, oral, or subcutaneous treatments [99]. CMCS has been widely used for protein 

drug delivery [100-103] as well as surface functionalization of other materials for biological 

applications such as antibacterial coating [104, 105]. 
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Figure 2.7 The molecular structure of carboxymethyl chitosan (CMCS). 

 

2.4.3.2 Immobilization of Chitosan and Synthetic Polymers onto Carbon Nanomaterials 

Though chitosan (derivatives) might be able to improve the dispersity of ND in aqueous 

medium and open up new opportunities for further functionalization of ND surface due to its rich 

primary amine and hydroxyl groups content, up till now there has been nearly no work reporting 

on using chitosan to modify the surface properties of ND or prepare ND/chitosan 

nanocomposites. 

In contrast, for carbon nanotube (CNT), there have been several reports on the modification of 

CNT surface properties using chitosan by chemical or physical method [106, 107]. Moreover, a 

large number of work have investigated the properties of CNT/chitosan nanocomposites and 

electrodes, where mechanical and electrical properties of CNTs were applied [108, 109]. 

In Guan et al.’s work [106], low molecular weight chitosan (LMCS) was immobilized onto 

multi-walled carbon nanotube (MWNT) surface by nucleophilic substitution reaction (Figure 2.8). 

Though the synthesized product MWNT-LMCS has a LMCS content as high as ca. 58% and 

LMCS is water soluble, the MWNT-LMCS was found to be water insoluble while it is soluble in 

some organic solvents (Table 2.1) as MWNT. LMCS is insoluble in organic solvents but the 
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synthesize product MWNT-LMCS is soluble. These findings indicate that the CNT surface is not 

totally and tightly covered by biomacromolecule LMCS and MWNT-LMCS might have similar 

surface properties as CNT surface. This further suggests that the nucleophilic substitution 

reaction used in their work might not be a very effective approach for biomacromolecule 

immobilization. Moreover, the MWNT-LMCS synthesis procedure is complicated and 

time-consuming and it involved the use of thionyl chloride which is a very toxic and dangerous 

chemical (thionyl chloride could react violently with water). Therefore, the synthesis procedure is 

not environmental friendly. 
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Figure 2.8 Schematic illustration of the immobilization of low molecular weight chitosan onto 

carbon nanotube surface. 
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Table 2.1 Dispersibility of LMCS and MWNT-LMCS in Different Solvents [106]. 

Solvents LMCS MWNT-LMCS 

distilled water + — 

hydrochloric acid b + — 

acetic acid c + + 

dimethylsulfoxide — + 

N,N’-dimethylformamide — + 

N,N’-dimethylacetamide — + 

a Dispersibility: +, dispersible; —, not dispersible. b Hydrochloric acid: 1-35 wt% aqueous 

solution. 

c Acetic acid: 10-95 wt% aqueous solution. 

 

In Liu et al.’s work [107], CNT was dispersed into chitosan acetic acid solution and the 

addition of diluted ammonia into the suspension gave rise to the deposition of chitosan onto CNT 

surface due to deionization of chitosan. This is a physical method and thus the chitosan on CNT 

surface might not be very stable. Actually they used glutaraldehyde to crosslink the chitosan 

coating to make it stable but the glutaraldehyde tends to introduce high molecular weight 

aggregates into the system if its concentration is not properly controlled. 

Though no work has touched the immobilization of chitosan onto ND surface, there have been 

several reports on introducing synthetic polymers onto nanodiamond surface. Cheng et al. [110] 

anchored the ABC-type block copolymer of tert-butyl methacrylate (tBMA), glycidyl 
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methacrylate (GMA), and styrene onto the carboxylated ND surface. After the modification with 

polymer, ND with V-shaped surface polymer structure could be self-assembled on oil-water 

interface to form stable ultrathin films. In Lukehart et al.’s work [111], the hydrophobic 

poly(tert-butyl methacrylate) polymer brushes could be introduced onto ND surface through atom 

transfer radical polymerization (ATRP). After acid hydrolysis of poly(tert-butyl methacrylate), 

hydrophilic poly(methacrylic acid) polymer brush was generated on ND surface. 

 

2.4.3.3 A Facile Approach for Chitosan Immobilization 

As discussed above, in Guan et al.’s work [106], the MWNT-LMCS synthesis procedure was 

complicated and time-consuming and it involved the use of thionyl chloride which is a very toxic 

and dangerous chemical (thionyl chloride could react violently with water). Therefore, the 

synthesis procedure is not environmental friendly. Moreover, the immobilization of LMCS did 

not improve the dispersibility of CNT in aqueous medium (Table 2.1). For physical 

immobilization of chitosan as in Liu et al.’s work [107], the coating might not be stable since it is 

only physical adsorption and a further crosslinking procedure is needed which increases the risk 

of forming aggregates among modified CNTs. 

ND surface features oxygen containing groups such as carboxyls and hydroxyls. For many 

biomacromolecules such as chitosan, they possess abundant content of primary amine groups. 

Therefore, the conjugation of carboxyl/hydroxyl with primary amine might be an effective 

approach for immobilization of these biomacromolecules. The zero-length crosslinking agent 

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) is able to be applied to this 
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end. EDC is a water-soluble carbodiimide which is widely used to activate carboxyls for coupling 

with primary amines to form amide bondings [112-114]. More importantly, it is a non-toxic 

crosslinking agent and as a result its crosslinking process is biocompatible [115, 116], which is 

desirable for biological applications. 

In the present thesis work, the feasibility of using EDC chemistry to immobilize chitosan 

derivative onto ND surface has been studied. This work might contribute to enhancing the 

dispersity of ND in aqueous medium and opening up new opportunities for further 

functionalization of ND surface due to rich content of primary amine and hydroxyl on chitosan 

backbone (Chapter 3). 

 

2.4.4 Is Biomacromolecule “Safe” upon Immobilization onto Nanodiamond Surface? 

The combination of nanotechnology and biotechnology gives rise to a newly-emerging 

interdisciplinary field: nanobiotechnology [117]. The nanobiotechnology, which incorporates the 

unique properties of biomacromolecules (recognition, transport, and catalytic properties, etc.) 

with those of nanoparticles (electronic, photonic, catalytic properties, and etc.), is playing 

increasingly important role in biological applications [117]. Since the combination of 

nanomaterial and biomacromolecule needs to immobilize biomacromolecule onto nanomaterials 

surface, there might be a reasonable concern: Could biomacromolecule retain its biological 

activity or structural features upon being immobilized onto nanomaterial surface? 

Biomacromolecules have been immobilized onto nanoparticles through a variety of techniques 

including covalent coupling and physical adsorption by noncovalent interaction such as 
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hydrophobic interaction, electrostatic binding, and specific recognition [117]. The noncovalent 

method is especially applicable to ND materials whose surface could be terminated with carboxyl 

groups or other oxygen-containing groups for the interaction with the amino groups of proteins 

[22]. 

ND shows high affinity with biomacromolecules such as proteins [18-23], enzymes [24, 25], 

antibodies [26], and peptides [27], which indicates that it is an exceptional platform for 

biomacromolecule adsorption and immobilization [22]. This property makes it promising for 

many biological applications including biosensors [26] and diagnostic tools in clinical proteomics 

research [88]. However, the strong interaction between nanoparticles and biomacromolecules 

may cause structural changes in biomacromolecules [15, 16]. In order to understand the protein 

adsorption mechanism and identify optimal conditions to preserve functionality of protein 

following protein immobilization on ND surface, it is necessary to investigate the conformation 

of protein upon binding with nanodiamond [15, 118]. But there has been no systematic 

investigation in this regard so far [22]. Therefore, part of the present thesis work has been 

focused on the systematic investigation of whether protein could retain its structural features 

upon being immobilized onto ND surface (Chapter 4). 

 

2.5 Assembly of Nanodiamond-Biomacromolecule Complex 

As discussed in Section 2.4, ND has been proved to be an excellent platform for 

biomacromolecule immobilization which renders it promising for applications such as biosensor. 

However, for practical applications, it is highly desirable to have diamond material prepared in a 
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thin fiber-like and/or film form [17], which would make the material more easier to handle. 

Therefore, it is essential to assemble nanodiamond-biomacromolecule into macroscale material 

for specific application. Actually Eugenii Katz and Itamar Willner have indicated in their work 

that “The integration of biomolecule–nanoparticle hybrid systems with surfaces paves the way 

for the generation of ordered architectures with new functionalities” [117]. 

The functionalization of nanoparticles with biomacromolecules could give rise to 

nanoparticle-biomacromolecule interactions and then to self-assembly [117]. Therefore, by 

making use of this property, one could assemble nanoparticle-biomacromolecule complex into 

macroscale materials, where the ultimate control over the properties of a bulk system could be 

achieved [119, 120]. In addition, biomacromolecules (such as antibody/antigen, enzymes, and 

etc.) normally possess unique recognition and catalytic properties. Then the 

nanoparticle-biomacromolecule complex might be able to transduce biological phenomena to 

electronic or optical signal (depending on the properties of nanoparticles) which is promising for 

biosensor applications [117]. 

 

2.5.1 Merits and Demerits of Using Diamond Thin Films for Biomacromolecule Immobilization 

Recently diamond thin films have been attracting considerable attention as substrate materials 

for the immobilization of biomacromolecules. Yang et al. [121] were the first to immobilize 

DNA molecule onto nanocrystalline diamond thin film surface. They introduced a long-chain 

amine onto H-terminated diamond film surface and then thiol-modified DNA was immobilized 

through crosslinker. They have demonstrated that nanocrystalline diamond thin film as a 
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substrate for DNA immobilization has superior properties to those of other commonly used 

substrate materials such as glass, gold or silicon in terms of stability and sensitivity [121]. 

As mentioned previously, diamond material is biocompatible in itself [36-39] and diamond thin 

film is of no exception [37, 121]. Moreover, diamond thin films could possess excellent electrical 

properties by doping method [122-125]. For diamond thin film deposition, the chemical vapor 

deposition (CVD) technique is currently the most widely used approach [126], which is able to 

deposit large-area thin films of nanocrystalline diamond (NCD) on substrates [37]. Due to good 

biocompatibility, chemical inertness, and excellent electrical properties [121, 127] of 

nanocrystalline diamond thin film, in recent years an increasing research interest has been 

focused on using diamond thin film material as a substrate for biomacromolecule immobilization 

[22, 26, 37, 45, 46, 121, 128]. 

However, the CVD film deposition process requires specialized and costly instrument [17, 

129]. In addition, the substrate used for diamond thin film deposition needs to be able to resist 

high reaction temperature which limits the choice of substrates [129]. In view of these limitations 

in CVD technique, it is necessary to develop a more economic and facile alternative approach 

utilizing mild reaction conditions for biomacromolecule immobilization instead of using CVD 

diamond thin films as substrate materials. 

 

2.5.2 Layer-by-Layer (LBL) Assembly Technique for Thin Film Preparation 

A promising alternative for thin film preparation is Layer-by-Layer (LBL) assembly technique, 

which has been widely used for the preparation of polyelectrolyte multilayer thin films [130-132]. 
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The pioneering work in this field was initiated by Decher et al. for the Layer-by-Layer (LBL) 

assembly of polyelectrolyte multilayers [130, 133-135]. The LBL assembly approach they 

proposed for the preparation of polyelectrolyte multilayer thin films is given in Figure 2.9. 
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Figure 2.9 A. Steps 1 and 3 represent the adsorption of a polyanion and polycation, respectively, 

and steps 2 and 4 are washing steps; B. Simplified schematic illustration of the alternating 

adsorption of polyanion and polycation onto substrate. 

During the LBL assembly process, polyelectrolyte multilayer films are formed by the 

alternating adsorption of polycations and polyanions, through electrostatic attraction, onto 

charged substrates. The film surface charge inversion during each adsorption step limits each 

layer thickness and prepares the surface for the subsequent adsorption of the oppositely charged 

polyelectrolyte [136]. The merits of LBL assembly technique lie in its simplicity and the control 
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over coating thickness, composition, and morphology which can be obtained at nanometer length 

scale [136]. 

Moreover, Decher has pointed out in his work that “Layer-by-layer assembly by adsorption 

from solution is a general approach for the fabrication of multicomponent films on solid 

supports” [130]. The materials that could be used for LBL assembly can be extended to a pool of 

small organic molecules, polymers, natural proteins, inorganic clusters, clay particles, and 

colloids [130]. 

 

2.5.3 Assembly of Nanodiamond into Macroscale Materials 

In the family of carbon nanomaterials, LBL assembly technique has been widely applied to the 

fabrication of multilayer thin films of CNTs [119, 137-141], among which CNTs have been 

reported to be able to assemble into films on its own [137, 138] or with biomacromolecules as 

well as polyelectrolytes carrying opposite charges [119, 139-141]. For ND, up till now there has 

been some work reporting on the preparation of ND thin films through LBL assembly method. 

For instance, previous studies have demonstrated the feasibility of assembling ND with 

(bio)macromolecules into thin films [19, 142-146]. 

In Ho et al.’s work [19], ND was assembled with positively charged poly-L-lysine in an LBL 

fashion to form a packed nanodiamond multilayer films (Figure 2.10). Actually the high affinity 

between ND material and poly-L-lysine has been previously reported by Chang et al.’s work [22]. 

Chang et al. believe that the interaction involved is the electrostatic attraction between the 

surface-terminating anionic groups (-COO-) of ND and the positively charged amine groups 
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(-NH3
+) of poly-L-lysine [22]. In addition, they further indicated that ionic hydrogen bonding can 

also form between -NH3
+ and ND oxygen-containing surface groups (such as carbonyl) as 

evidenced by previous research [147]. 

 

Figure 2.10 Schematic illustration of the nanodiamond nanofilm preparation process. 

The LBL films prepared could load and then release therapeutic molecule dexamethasone (Dex) 

in a sustained manner [19]. They assessed basal cytokine secretion levels and found unchanged 

cellular inflammatory responses which proved the biocompatibility of ND as well as the 

feasibility of using ND for drug delivery applications [19]. 

There also has been some work reporting on assembling NDs into films by chemical or 

physical approach. Halas et al. [129] has assembled fluorinated ND monolayer onto glass surface 
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via wet chemistry approach but only one layer of ND could be deposited in Halas’s work. Their 

ND coating process requires high temperature (130 °C) and long reaction time (24-40 h) [129]. 

Moreover, fluorination of ND powder involves toxic reaction atmosphere (fluorine gas) [82]. In 

another work, Dai et al. [17] and Terranova et al. [148] assembled ND into macroscale materials 

by drying an ND aqueous dispersion or slurry on substrates at certain temperature. Dai et al. [17] 

suggested that the hydrogen bonding among NDs could be a major force accounting for the ND 

film assembly in their work. 

According to the above discussion, ND thin film coating could be prepared by assembling NDs 

and macromolecules or assembling NDs through physical or chemical approach. For assembling 

ND and biomacromolecule into films as in Ho et al.’s work [19], it might be necessary to further 

investigate if the biomacromolecule, such as protein, could be assembled with ND into films and 

meanwhile retain its structural features on the assembled ND films. If the answer is “yes” then 

the application of this ND/biomacromolecule film might be able to extend to other areas such as 

biosensor. For assembling NDs into films through hydrogen bonding as in Dai et al.’s work [17], 

LBL assembly technique might be able to be introduced to flexibly control the film thickness and 

morphology during film preparation process. Therefore in the present thesis work, further attempt 

has been made to study the feasibility and film growth mechanism of assembling NDs into films 

through ND-protein interaction (Chapter 5) as well as hydrogen bonding (Chapter 6). 

 

2.6 Nanodiamond for Dye Contaminant Adsorption 

In the discussions of the above sections, it could be seen that ND has excellent surface 
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properties (high specific surface area and oxygen-containing surface groups, etc.) for physical or 

chemical immobilization of biomacromolecules. Its excellent surface properties might also be 

able to be applied to addressing the current environmental issues as an effective adsorbent. 

 

2.6.1 Dye Contamination Issues and Dye Wastewater Treatment 

Recently, environmental issues have been attracting increasing attention worldwide and dye 

contamination issue is one of them. Many industries such as textile, paper and leather treatment 

are consuming a substantial amount of dyes and water, and generating a large amount of colored 

wastewater [149, 150]. Therefore, dye contamination has been a serious problem, posing health 

and environmental issues around the world [150]. The textile industry represents a major 

component of the world economy, accounting for 60% of world dye consumption and it has been 

estimated that 10~20% of water-soluble dye is lost during the dyeing process and released as an 

effluent [151]. Due to increasingly stringent restrictions on the organic content in industrial 

effluents [152], it is essential to remove dyes from wastewater. However, the dyes in wastewater 

are difficult to treat since they are recalcitrant organic molecules, resistant to aerobic digestion, 

stable to light, heat and oxidizing agents [153]. 

For dye wastewater treatment, there have been some approaches developed to this end 

including physical, chemical, and biological decoloration methods but few of them has been 

proved to be effective in textile industries [154]. With technical advancement, adsorption method 

has been standing out as an effective approach for decoloration [150, 155]. Compared with 

physical, chemical, and biological decoloration methods, adsorption gives better dye removal 
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results since it shows versatility being able to remove different types of coloring materials [150, 

155, 156]. 

 

2.6.2 Carbon Materials as Adsorbents for Environmental Applications 

Presently some adsorbents have been reported to be effective for decoloration, including 

activated carbon [157-159], biosorbent [160, 161], clay materials [162, 163], and etc. So far 

activated carbon (AC) has been demonstrated to be the most effective adsorbent for decoloration 

and actually it is currently the most widely used adsorbent for water treatment [150]. 

In recent years nanotechnology has been undergoing an exploding development which could 

find wide applications in a broad range of scientific areas [1, 164]. The large specific surface area 

of nanomaterials renders them attractive for adsorption of a variety of chemicals [165-167]. 

Correspondingly, carbon nanomaterial has been emerging as a new and promising route to 

address the current environmental issues [168], among which carbon nanotube (CNT) has been 

proved to be a desirable adsorbent for environmental applications. For instance, CNT has been 

studied for its potential application in removing organic [169, 170] and biological contaminants 

in water treatment [171, 172]. In addition, there have been reports on using CNT for metal 

contaminants removal [173, 174]. 

As adsorbents for environmental applications, carbon nanomaterials (such as ND and CNT) 

have an essential difference with AC in terms of surface area. Since both ND and CNT have 

non-porous structure, their specific surface area totally relies on the exterior surface of particles 

(or tubes) instead of the inner surface of pores. While the high specific surface area of AC is 
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mainly attributable to its inner surface area of pores. The pore structures of AC could be 

subjected to damage or blockage during adsorption or modification process if the adsorbate or the 

molecule for modification has high molecular weight [175-177]. In case the pore structure of AC 

is damaged or blocked, its efficiency as an adsorbent would be definitely compromised since 

specific surface area suffers from pore damage or blockage. Moreover, the high porous structure 

makes the mass transfer during adsorption process even longer, due to the fact that molecule has 

to move from the exterior to the inner surface of pores [178]. Therefore, ND and CNT might be 

better choices over AC as adsorbents in some environmental applications. 

Actually, in some previous work, CNT has been found to have better performance over AC in 

contaminant adsorptions such as dioxin [179], fluoride [180], and trihalomethanes [178]. The AC 

has a specific surface area of up to ca. 1000 m2/g [178] while for ND and CNT their specific area 

is normally below 500 m2/g. The better performance of CNT over AC suggests that the exterior 

surface might be able to be more fully utilized than interior surface and CNT (or ND) could be 

very efficient adsorbent materials. 

However, carbon nanomaterials, especially CNTs, are normally expensive, which hampers 

their practical applications [181]. Despite high synthesis costs, the cost effectiveness of 

single-walled and multiwalled CNTs over AC in contaminant adsorption has recently been 

demonstrated by Lu et al.’s work [182]. The synthesis cost for ND is much lower than that of 

CNT, which further suggests that ND also has potentials to be a cost-effective adsorbent material. 

 

2.6.3 Nanodiamond as a Newly-emerging Adsorbent Material 
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As a newly-emerging carbon nanomaterial, ND particles possess some exceptional properties 

including high specific surface area, oxygen-containing surface functional groups, and highly 

chemically and physically inert sp3 carbon (diamond) cores [1, 17, 64], which are desirable for 

adsorption applications. According to discussion in previous sections, the research on 

ND-biomacromolecule interaction shows that ND has high affinity with proteins [18, 19, 22, 88, 

183, 184], enzymes [24, 25], antibodies [26] and peptides [185], which indicates that ND is an 

exceptional platform for biomacromolecule immobilization [22]. The high affinity between ND 

and biomacromolecules also implies that ND holds great potentials for biological contaminant 

removal. 

Compared with the research on the adsorption of biomacromolecules onto ND surface, the 

work on adsorption of organic molecules such as dye molecules with ND is rather limited [186]. 

Gibson et al.[186] demonstrated that ND had high affinity to fluorescence dyes through 

electrostatic interaction, suggesting that ND could be a good platform for fluorescence dye 

adsorption. However, the fluorescence dye molecule adsorption in their work was largely driven 

by electrostatic force instead of other specific ND-dye interaction since they found positively 

(negatively) charged ND could only effectively adsorb anionic (cationic) dyes. Therefore, a 

question is naturally raised: could there be any other strong specific interaction(s) involved 

between ND and dye molecules? 

In the present thesis work, the mechanism accounting for the adsorption of azo dye molecules 

onto ND surface has been studied, which has demonstrated the effectiveness and potentials of 

using ND in dye wastewater treatment (Chapter 7). 
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CHAPTER 3 

FUNCTIONALIZATION OF NANODIAMOND PARTICLES WITH 

N,O-CARBOXYMETHYL CHITOSAN 

 

Part of this chapter has been published in Diamond and Related Materials: 

Wang H.D.; Yang Q.; Niu C.H. Functionalization of nanodiamond particles with 

N,O-carboxymethyl chitosan. Diamond Relat. Mater. 2010, 19, 441-444. 

 

Contribution of the Ph.D. Candidate 

Under the guidance of Prof. Yang and Prof. Niu, Hai-Dong Wang designed and conducted the 

experiment for this chapter as well as prepared manuscript for publication. 

 

3.1 Introduction 

This chapter is aiming to enhance the dispersibility of ND in aqueous medium and open up 

new opportunities for further functionalization of ND through immobilization of polysaccharide 

N,O-carboxymethyl chitosan (CMCS) onto ND surface. CMCS is a water-soluble and 

biocompatible chitosan derivative desirable for biological applications [99, 104]. It is rich in 

primary amine and hydroxyl which renders it easily modified by physical or chemical approach 

[104, 105]. 

In this work, the functionalization of ND with CMCS has been successfully achieved and the 

NDCMCS thus obtained was found to have different properties compared with its ND 
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counterpart in terms of chemical composition, surface and crystalline properties. The 

functionalization with CMCS improves the dispersity of ND especially in low and high pH 

aqueous solutions. Moreover, the rich content of primary amine and hydroxyl on CMCS 

backbone would make further physical or chemical functionalization of ND more flexible and 

versatile. The approach described in this chapter is facile and environmental friendly. To the best 

of our knowledge, this work is the first report on the functionalization of ND by polysaccharide. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Nanodiamond (ND) particles with an average crystal size of 3-5 nm were purchased from 

Nanostructured & Amorphous Materials, Inc. They were produced by detonation method. 

Chitosan (degree of deacetylation: ca. 80%, molecular weight: ca. 1.0×105 Da) was purchased 

from Sigma-Aldrich. All other chemicals and reagents are of analytical grade. 

 

3.2.2 Oxidizing Acid Treatment of ND 

For the treatment using H2SO4-HNO3 acid mixture, the ND powder (0.5 g) was dispersed into 

25 ml of concentrated H2SO4-HNO3 mixture (9:1, vol/vol) with the aid of ultrasonic treatment 

and stirred at 60 °C for 24 h. The acid mixture treated ND (NDAT) was then extensively rinsed 

with DI water until the supernatant reaches neutral. The final product (NDAT) was dried at 70 oC 

to dryness. 

For the treatment using only nitric acid, the ND powder (0.5 g) was dispersed into 25 ml of 
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concentrated HNO3 solution with the aid of ultrasonic treatment and stirred at 60 °C for 24 h. The 

nitric acid treated ND (NDNT) was then extensively rinsed with DI water until the supernatant 

reaches neutral. The final product (NDNT) was dried at 70 oC to dryness. 

 

3.2.3 Synthesis of NDCMCS 

The synthesis of CMCS was modified from literature reports [101, 187, 188] and the product 

was characterized by FT-IR to confirm the structure. The synthesis procedure is as the following: 

3.9 g of NaOH was dissolved in 30 ml of isopropyl alcohol/water (4:1, v/v) mixed solvent. After 

the total dissolution of NaOH, 3.0 g of chitosan (CS) was added with agitation. The mixture was 

then agitated at 30 oC for 8 h, which was followed by the addition of 6 g of monochloroacetic 

acid (dissolved in 7.5 ml of isopropyl alcohol) in 20 min. After that the reaction mixture was 

agitated at 30 oC for another 4 h. The white-colored product was stirred with a large amount of 

absolute ethanol overnight. The product was then dissolved in deionized water and the 

non-soluble was removed by centrifugation. After being precipitated by absolute ethanol, the 

product was repeatedly stirred with ethanol/water (4:1, v/v) mixture. The final product (CMCS) 

was precipitated by absolute ethanol and then dried at 65 oC overnight. 

The CMCS synthesized was then chemically immobilized onto the surface of the pristine ND 

particles using zero-length crosslinker 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC). The synthesis process is detailed as follows: 0.5 g of CMCS was dissolved 

in 20 ml of 2-(N-Morpholino) ethanesulfonic acid (MES) buffer (pH 6.7). 0.15 g of pristine ND 

particles was dispersed in 30 ml of MES buffer (pH 6.7). After total dispersion of ND in the 
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solution with sonication (Branson 2510), 0.345 g of N-Hydroxysuccinimide (NHS) was added 

which is followed by the addition of 0.288 g of EDC. After adjusting solution pH to 6.5 by 1.0 M 

NaOH, the solution was agitated at 4 oC for 30 min. The two solutions were then mixed and 

subjected to ultrasonic treatment for better dispersion. The reaction mixture was agitated at 4 oC 

for another 12 h and then the product NDCMCS was centrifuged and rinsed repeatedly with 

deionized water which was refreshed every 12 h until the supernatant after centrifugation 

approaches neutral. 

To confirm the introduction of CMCS onto ND surface, several techniques were used for 

characterization of samples before and after modifications. FT-IR spectrum was recorded on a 

JASCO FT/IR-4100 spectrometer by KBr method (KBr:Sample=100:1, mass ratio). The pHs of 

different ND suspensions were measured on a Schott Automatic Titrator (Schott Instruments). 

Each measurement was performed in triplicate with the data presented being the average. 

Thermogravimetric analysis (TGA) was performed on a PerkinElmer TGA instrument in argon 

atmosphere with flow rate of 60 ml/min. Samples were heated from ca. 25 oC to 520 oC at a rate 

of 10 oC/min. Raman analysis was carried out on a Renishaw inVia Raman microscope with 

excitation wavelength at 514 nm. Zeta-potential was measured on a Malvern Zetasizer Nano ZS 

instrument over a pH range approximately from ca. 7.5 to 1.5 and the pH of solutions was 

adjusted by an autotitrator using HCl and NaOH aqueous solutions. After reaching the desired pH 

by titration, the solution was left to equilibrate for 1 min before taking measurement. Each 

measurement was performed in triplicate with the data presented being the average. X-ray 

diffraction (XRD) analysis was carried out on a Rigaku Rotaflex RU-200 diffractometer with a 
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Cu Ka radiation source and the scanning rate is 2 o/min. 

 

3.3 Results and Discussion 

3.3.1 Oxidizing Acid Treatment of ND 

The ND used in the present work was produced by detonation method and the detonation soot 

is normally subjected to oxidizing acid treatment to remove metallic impurities as well as 

graphite layer on ND surface [64]. However, the composition and surface properties of ND 

products vary depending on treatment conditions, suggesting that the surface state of NDs might 

be different depending on manufacturers. Therefore, a further oxidizing acid treatment was 

carried out on pristine ND in the present work to evaluate its influence on the properties of ND 

and to determine if this further oxidizing acid treatment is necessary. 

The treatment of ND with oxidizing acid is a common way to create oxygen-containing groups 

(carboxyls and hydroxyls) on ND surface in order to improve its dispersity in aqueous solutions 

and provide reactive groups for further functionalization. Upon the strong oxidizing acid 

treatment, the graphitic sp2 carbon on ND surface is selectively oxidized and meanwhile metallic 

impurities are removed [1]. After the oxidizing acid treatment, the oxygen-containing groups thus 

generated could be further modified by means of chemical or physical approach. 

In the beginning of experiment, mixture of concentrated sulfuric acid and nitric acid was used 

to treat ND by the method similar to previous literature reports [67-72]. The pristine ND in the 

present research is gray-colored fine powder and is produced by detonation method. However, 

after the acid mixture treatment the product (NDAT) becomes dark black-colored aggregate 
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which is not as easily “soluble” in aqueous medium as pristine ND. This phenomenon might be 

explained as the following: the already-existing oxygen-containing groups on the ND surface, for 

example carboxyl and hydroxyl groups, could be dehydrated by conjugating with each other 

because of the fact that the concentrated sulfuric acid is a very strong dehydrating agent. 

Therefore, the “bridges” among ND particles are formed which could account for the aggregated 

form of the product obtained by oxidizing acid mixture treatment. Similar findings were reported 

when air oxidizing method was applied to ND in an attempt to oxidize ND surface to generate 

oxygen-containing surface [75, 77]. 

In view of the strong oxidizing and dehydrating properties of concentrated sulfuric acid, to 

improve the dispersity of the product, concentrated nitric acid was used as the only oxidizing 

agent and the product thus obtained (NDNT) is gray-colored similar to the pristine ND. After the 

nitric acid treatment, the FT-IR analysis of NDNT and NDAT, together with pristine ND, is 

performed and the results are given in Figure 3.1. 
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Figure 3.1 FT-IR spectra of NDs treated with oxidizing acids. NDAT: oxidizing acid mixture 

(sulfuric and nitric acids) treated ND. NDNT: nitric acid treated ND. 

It could be seen from the FT-IR spectra (Figure 3.1) that pristine ND is actually already rich in 

hydroxyls and carboxyls while after oxidizing acid treatment (both acid mixture and nitric acid) 

the stretch vibration of C=O (COOH, ca. 1730 cm-1) seems to be weakened to different extent for 

NDAT and NDNT in comparison with the pristine ND. 

In order to verify the results obtained from the FT-IR analysis, 0.1 wt% aqueous suspensions of 

NDs were prepared and the pHs were measured. The results are given in Figure 3.2. 
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Figure 3.2 pHs of different ND aqueous suspensions (at 0.1 wt% concentration). NDAT: 

oxidizing acid mixture treated ND. NDNT: nitric acid treated ND. The error bar represents 

standard deviation. 

The pristine ND suspension has a pH of ca. 4.7 while the acid mixture and nitric acid 

treatments bring pH up to ca. 6.3 and ca. 5.5, respectively. The increase in pH values after the 

treatment indicates that there might be a decrease in carboxyl group density on ND surface. 

Combining Figures 3.1 and 3.2, it is clear that after the acid treatment (both acid mixture and 

nitric acid) the carboxyl group density on pristine ND surface might be reduced. The aim of acid 

treatment is to oxidize and remove graphite layer to generate carboxyl groups. However, for 

detonation ND used in this work, its graphite layer content is lower than NDs prepared by other 

production methods [64] which might be due to a more extensive and complete oxidizing acid 

treatment in production process. So it is possible that the carboxyl groups anchored on the surface 
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of pristine ND might be destructed and conjugated by strong oxidizing acid treatment (upon 

oxidizing they could be conjugated by forming C-O-C and C-N-C bonds as indicated in 

literatures [75, 77]). In this case, though the oxidizing acid might generate carboxyl groups by 

oxidizing graphite layer on ND surface, the oxygen-containing groups are simultaneously 

destructed by conjugating with each other and therefore the negative effects might outweigh the 

positive ones. These results are consistent with the work reported by Loktev et al [67] where it 

was found that the sulfuric and nitric acid treatment produced ND with considerable amount of 

graphitic carbon and the product was in a highly aggregated form. 

Actually in the present work, it is reasonable to believe that the graphite layer on ND surface 

has already been greatly removed by the manufacturer because it is gray-colored fine powder, 

unlike the black-colored detonation ND powders (see Figure 3.3) as reported in previous work 

where a further oxidizing acid treatment is necessary to remove ND surface graphite layer [17]. 

 

Figure 3.3 Oxidizing Acid treated (a) and pristine NDs (b) in literature report [17] as well as 

pristine ND in this work (c) in DI water at a concentration of ca. 0.4 wt%. 

According to the above discussion, it is found that the pristine ND used in the present thesis 
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work is already high in oxygen-containing surface groups (low in surface graphite layer) and it is 

also found that a further oxidizing acid treatment gives rise to the destruction and conjugation of 

these oxygen-containing groups. Actually detonation ND surface properties might vary 

depending on different manufacturers, the ND used in the present work has already been well 

treated with oxidizing acid so that its surface is high in oxygen-containing groups and low in 

graphite which is desirable for further functionalization. Therefore, in this chapter as well as all 

other chapters throughout this thesis work, no further oxidizing acid treatment is applied. Instead, 

pristine ND is used directly for further functionalization. 

 

3.3.2 Synthesis of NDCMCS 

The synthesis of CMCS is carried out through zero-length crosslinker 

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) which is schematically 

illustrated in Figure 3.4. 
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Figure 3.4 Schematic illustration of the NDCMCS synthesis process. 

The FT-IR spectra of pristine ND, CMCS, and NDCMCS are given in Figure 3.5. 
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Figure 3.5 FT-IR spectra of pristine ND (a), CMCS (b), and NDCMCS (c). 

Pristine ND is rich in oxygen-containing surface groups such as hydroxyls and carboxyls as 

evidenced in Figure 3.5 (ca. 3460 cm-1 for hydroxyl stretching vibration and ca. 1730 cm-1 for 
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carbonyl stretching vibration). These surface groups could be conjugated with primary amines on 

CMCS with the aid of EDC. After introducing carboxyls onto chitosan, the obtained chitosan 

derivative (CMCS) is characteristic of COONa (ca. 1620 cm-1) as well as glucopyranose ring (ca. 

1080 cm-1) from chitosan. As can be seen from Figure 3.5, all the typical peaks on CMCS are 

found on the NDCMCS, indicating that CMCS has been successfully introduced onto pristine ND 

surface. The mass ratio of CMCS on NDCMCS is approximately 30 % by TGA analysis (Figure 

3.6). 
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Figure 3.6 TGA curves of Pristine ND (a), NDCMCS (b), and CMCS (c). 

Another evidence of chemical immobilization of CMCS on pristine ND surface is the 

dispersibility improvement of NDCMCS in acidic and alkaline conditions (Table 3.1). It is found 

that pristine ND is relatively difficult to be dispersed in 0.1 M HCl aqueous solution and almost 

impossible to be dispersed in 1.0 M NaOH aqueous solution. After introducing CMCS onto 
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pristine ND surface, due to the existence of polyampholyte CMCS on the ND particle surface, 

NDCMCS can be well dispersed in 0.1 M HCl, deionized water as well as 1.0 M NaOH. The 

NDCMCS shows the same dispersibility with CMCS in different solvents, indicating that the 

CMCS might dominate the NDCMCS surface after the modification process. 

 

Table 3.1 Dispersibility of CMCS, NDCMCS and pristine ND in different solvents a. 

a Dispersibility: ++ dispersible; + less dispersible; — not dispersible. 

b aqueous solution. 

 

Therefore, the findings suggest that the functionalization of ND surface with CMCS could 

improve its dispersibility in acidic and alkaline conditions, which will definitely expand its 

applications in solution system since NDCMCS possesses excellent dispersibility in both acidic 

and alkaline conditions. 

Figure 3.7 shows the Raman spectra of pristine ND and NDCMCS. The Raman spectrum of 

pristine ND is composed of two bands, approximately at 1330 cm-1 and 1600 cm-1. The 1330 cm-1 

band (D band) is the characteristic of sp3 bonded carbon of nanostructure while the 1600 cm-1 

Solvents CMCS NDCMCS Pristine ND 

0.1 M HCl b ++ ++ + 

Deionized Water ++ ++ ++ 

1.0 M NaOH b ++ ++ — 
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band (G band) corresponds to sp2 bonded carbon [17]. For both pristine ND and NDCMCS, the D 

and G bands can be clearly seen. It is noted that after immobilizing CMCS onto pristine ND 

surface, the peak intensity ratio of ID/IG almost remains the same (from ca. 0.94 for pristine ND to 

ca. 0.9 for NDCMCS), suggesting that the chemical modification of pristine ND by CMCS under 

mild conditions in the present work could keep intact the pristine ND sp3 and sp2 structure. 
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Figure 3.7 Raman spectra of NDCMCS (a) and pristine ND (b). 

Zeta-potential measurements further demonstrate the existence of CMCS on ND surface as 

given in Figure 3.8. The pristine ND shows negative zeta-potentials throughout the whole pH 

range in the measurement since the pristine ND surface is dominated by a large quantity of 

negatively charged groups, e.g. hydroxyls and carboxyls. It can also be found that the charge 

density on the ND surface is relatively low since the absolute value of zeta-potential is low over 

the whole pH range. For CMCS, due to the fact that it is polyampholyte, the zeta potential shows 
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both negative and positive values with isoelectric point (pI) being 5.37. After chemical 

immobilization of CMCS onto pristine ND surface, the surface charge property of the modified 

product NDCMCS is totally different from that of pristine ND but similar to that of CMCS 

suggesting that CMCS polymer chains dominate the ND surface after the modification. The pI of 

NDCMCS is determined as 5.51 by zeta-potential measurement. 
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Figure 3.8 Effect of pH on the zeta-potential of pristine ND, CMCS, and NDCMCS. The error 

bar represents standard deviation. 
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Figure 3.9 XRD diffraction patterns of CMCS (a), NDCMCS (b), and pristine ND (c). 

The XRD diffraction patterns are shown in Figure 3.9. Pristine ND exhibits typical peaks at 

44.2o, 75.8o, and 92.1o (2θ) which are attributable to the diffractions of (111), (220), and (311) 

planes of diamond crystal, consistent with a previous report [189]. CMCS shows typical 

semicrystalline structure with a broadened peak at around 20o. For NDCMCS, the XRD pattern 

shows all the 3 typical peaks of pristine ND and a broadened peak at around 20o, further 

confirming the immobilization of CMCS onto pristine ND to form the final product NDCMCS. 

 

3.4 Summary 

The ND used in the present work is already rich in oxygen-containing surface groups and 

therefore further oxidizing acid treatment is not necessary. Functionalization of ND with CMCS 

has been conducted by EDC chemistry and the final product NDCMCS was characterized by a 
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series of analyses including FT-IR spectroscopy, Raman spectroscopy, Zeta-potential 

measurement and X-ray diffraction. All the results obtained have clearly demonstrated that 

CMCS is successfully immobilized onto ND surfaces and the functionalization has been proved 

to be effective. The functionalization with CMCS improves the dispersity of ND especially in 

low and high pH aqueous solutions. Moreover, the rich content of primary amine and hydroxyl 

on CMCS backbone would make further physical or chemical functionalization of ND more 

flexible and versatile. 
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CHAPTER 4 

STUDY ON PROTEIN CONFORMATION AND ADSORPTION 

BEHAVIORS IN NANODIAMOND PARTICLE-PROTEIN COMPLEXES 

 

This chapter has been published in Nanotechnology: 

Wang H.D.; Niu C.H.; Yang Q.; Badea I. Study on protein conformation and adsorption behaviors 

in nanodiamond particle-protein complexes. Nanotechnology 2011, 22, 145703. 

 

Contribution of the Ph.D. Candidate 

Under the guidance of Prof. Yang and Prof. Niu, Hai-Dong Wang designed and conducted the 

experiment for this chapter as well as prepared manuscript for publication. Prof. Badea has also 

provided guidance in both experiment and manuscript revision. 

 

4.1 Introduction 

Chapter 3 deals with chemical immobilization of polysaccharide onto ND surface. In this 

chapter, the immobilization of protein, which is another important biomacromolecule, is studied 

in detail. This chapter is focusing on the protein adsorption behaviors onto ND surface as well as 

whether protein could retain its structural features upon immobilization. To this end, bovine 

serum albumin (BSA) was chosen as a model protein for the study of protein conformation and 

the interaction between ND and protein in their complex. BSA is a well-characterized protein, 

which is the so called “soft” protein with low internal stability and therefore could easily undergo 
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conformational changes upon environment changes [190]. The results have demonstrated that ND 

is an excellent platform for protein immobilization with high affinity and most of BSA structural 

features could be preserved upon immobilization, suggesting that ND holds great potential for 

biosensor applications. 

 

4.2 Materials and Methods 

4.2.1 Materials 

Detonation nanodiamond particles (NDs), which have an average crystal size of 3-5 nm, were 

purchased from Nanostructured & Amorphous Materials Inc. and used without further treatment. 

Bovine serum albumin (BSA), purchased from Bio Basic (purity>98 %), was used as received. 

All other reagents were of analytical grade and used without further purification. The water used 

in the present research is from a Milli-Q system. 

 

4.2.2 Fourier Transform Infrared (FT-IR) Studies 

To investigate the influence of ND-BSA interaction on conformational changes of BSA in 

ND-BSA complex, FT-IR spectra were recorded on a JASCO FT/IR-4100 spectrometer. 

The ND-BSA complex was obtained by mixing ND suspension (in pH 7.4 phosphate buffer, 

0.1 M) and BSA solution (in pH 7.4 phosphate buffer, 0.1 M) and then separating ND-BSA 

complex from the solution by centrifugation. The complex was repeatedly rinsed with Milli-Q 

water to remove unbound BSA. The ND-BSA complex was lyophilized to dryness. 1 mg of 

ND-BSA complex was then ground with 100 mg of dried KBr to form homogeneous powder. 
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After that approximately 25 mg of powder was made into pellets which were subjected to FT-IR 

measurement for absorbance spectrum. For each measurement, a total of 64 scans were averaged 

with a resolution of 4 cm-1. This KBr-based method has been proved not to introduce artificial 

structural change to protein in previous analyses [191, 192]. For the measurement of ND-BSA 

complex, the reference spectrum (the ND/KBr mixture possessing identical amount of ND with 

that in ND-BSA complex) was recorded in the identical manner and subtracted from that of 

ND-BSA complex. For BSA, the BSA/KBr powder used for the measurement has the same BSA 

content as that in ND-BSA/KBr powder and pure KBr was employed as reference. Baselines of 

spectra were corrected according to the criterion that a straight baseline was obtained in the 

region from 1750 to 2000 cm-1, which is critical to obtain correct structural information using the 

second-derivative analysis method [191, 193]. Second derivatives were then obtained using 

spectrum analysis software on JASCO FT-IR spectrometer. 

 

4.2.3 Ultraviolet-visible (UV-Vis) Absorption Spectra 

UV-Vis spectra were recorded on a UV-Vis spectrophotometer (Shimadzu UVmini-1240) with 

wavelength ranging from 240 to 310 nm. The contribution of light scattering from ND was 

determined by plotting log10(absorbance) as a function of log10(wavelength) above 310 nm and 

then extrapolating linearly to shorter wavelengths since BSA doesnot show absorbance at 

wavelength higher than ca. 310 nm [194]. Then the effect of light scattering from ND particles 

was removed from the UV-Vis spectra. The BSA concentration was fixed at 1.5×10-6 M in both 

ND-BSA complex solutions (buffered at pH 7.4 by 10 mM phosphate buffer) where ND 
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concentrations were 1.5×10-7 and 4.5×10-7 M, respectively. The sample solutions were prepared 

at room temperature right before the experiment. Each spectrum presented was the average of 3 

scans. All measurements were performed at 25 oC. 

 

4.2.4 Circular Dichroism (CD) Spectroscopy 

The circular dichroism (CD) spectra of BSA in the absence and presence of ND were recorded 

on a PiStar-180 Spectrometer (Applied Photophysics Ltd., UK) at 25 oC. All CD spectra were 

collected in a wavelength range from 200 to 250 nm using a rectangular quartz cell with 10 mm 

path length. Each spectrum was measured in triplicate with the data presented being the average. 

The BSA concentration was fixed at 2.5×10-7 M with ND concentration ranging from 2.5×10-9 to 

10-8 M. CD backgrounds were corrected for each measurement. All samples were buffered at pH 

7.4 by 10 mM phosphate buffer. The α-helix content of BSA is determined by Equation (4.1) [195, 

196]: 

100
)400033000(
)4000][(% 208 ×

−
−−

=
θαHelix        (4.1) 

Where ][ 208θ  is the mean residue ellipticity at 208 nm in 12deg −⋅⋅ dmolcm . 

 

4.2.5 Fluorescence Quenching Measurements 

Fluorescence measurements were performed on a fluorescence spectrophotometer (Cary 

Eclipse, Varian) at 25 oC. All the emission spectra were collected at the excitation wavelength of 

295 nm using 5 nm/10 nm (excitation/emission) slit widths and a rectangular quartz cell with 10 
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mm path length. Each spectrum presented was the average of at least 3 scans. To avoid the inner 

filter effects, highly diluted solutions ([BSA]=1.5×10-6 M and [ND]=1.2×10-8 to 8.2×10-8 M) 

were used for all measurements. Fluorescence backgrounds were corrected for blank buffer 

solutions in each measurement. 

 

4.2.6 Equilibrium Adsorption of BSA onto ND Surface 

ND was dispersed, with ultrasonic treatment (Branson 2510 Sonication Bath), in phosphate 

buffer solution (0.1 M) at a concentration of 2.0 mg/ml. After that 5 ml of ND suspension was 

mixed with 5 ml of BSA solution buffered at the same pH by phosphate buffer (0.1 M). The 

ND-BSA suspension was then mixed thoroughly with a Multitron Incubator Shaker at 25 oC and 

180 rpm for 2 hour which was confirmed to be more than adequate to establish adsorption 

equilibrium under the conditions of present research. Finally the suspension was subjected to 

centrifugation on a Beckman Coulter Allegra X-22R centrifuge (15,000 rpm, 30 min) and the 

BSA concentration in supernatant was analyzed on a UV/Vis spectrophotometer (Shimadzu 

UVmini-1240) at a wavelength of 280 nm. All the samples were run in duplicates with data 

presented being the average. Blank reference was used during adsorption experiment to confirm 

the influence of floating ND in supernatant was negligible. The BSA uptake was determined by 

the concentration difference between the initial BSA solution and final supernatant, as expressed 

in Equation (4.2): 

( )
m

VCCq ⋅−
= 0           (4.2) 

Where q  is BSA uptake (mg/g dry ND), 0C  and C  are BSA concentrations in initial solution 
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(mg/ml) and final supernatant (mg/ml), respectively. V  is the solution volume (ml) and m  the 

dry net weight of ND (g). 

 

4.2.7 Zeta-potential Measurements 

Zeta-potential measurements were carried out on a Zetasizer Nano ZS instrument (Malvern) 

over a pH range from approximately 9.0 to 3.0 at 25 oC. Zeta-potential was determined by 

measuring the electrophoretic velocity of the nanoparticles by Laser Doppler Velocimetry 

technique. The pH of the solution measured was adjusted by an autotitrator using NaOH and HCl 

solutions. After reaching the desired pH by titration, the solution was left to equilibrate for 1 min 

before taking measurement. Each measurement was performed in triplicate with the data 

presented being the average. For all measurements, the ND concentration was fixed at 0.005 

mg/ml. The BSA concentrations in ND-BSA complex solutions were 0.00125 and 0.005 mg/ml, 

respectively. The samples were prepared at room temperature right before the measurements. For 

ND-BSA samples no centrifugation was used in order to retain the original conformation of BSA 

in complex. 

 

4.3 Results and Discussion 

4.3.1 FT-IR Characterizations 

FT-IR spectroscopy is a widely used technique to study protein conformation [197-199]. 

Different amide bond orientations within peptide backbone can be attributable to various 

secondary structures such as α-helix, β-sheets, β-turns, and unordered structures (or referred to as 
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random coil) [196, 200]. Among all amide bands (amide I, II, and III), amide I region 

(1600~1700 cm-1, mainly due to C=O stretching vibration) has been proved to be helpful for 

protein conformational studies since it is the most sensitive to protein secondary structure 

changes [196]. According to previous research [191, 196, 197, 200-202], the assignment of 

secondary structures is as the following: 1695-1663 cm-1 for β-sheet or β-turn structures, 

1662-1650 cm-1 for α-helices, 1648-1644 cm-1 to random chains, 1642-1618 cm-1 for β-sheets. 

Bands at lower wavenumbers (ca. 1616 cm-1) have been assigned to side chain moieties. 
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Figure 4.1 FT-IR spectra of (a) native BSA and BSA in ND-BSA complex as well as (b) the 

corresponding second derivative spectra in amide I region. 

The FT-IR spectra of native BSA as well as BSA in ND-BSA complex are given in Figure 4.1 

(a), where the amide I and II bands are shown. From Figure 4.1 (a), both native BSA and BSA in 
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ND-BSA complex show noticeable peptide bonds indicating that BSA has been attached onto ND 

surface. Figure 4.1 (b) further shows the specific difference in secondary structures by comparing 

second derivative spectra of native BSA and BSA in ND-BSA complex. For native BSA, α-helix 

dominates the spectra at ca. 1660 cm-1 which is also true with that of ND-BSA complex where 

α-helix appears at ca. 1658 cm-1. The intensity of unordered structure (ca. 1649 cm-1) is higher in 

the complex than that in native BSA. The intensities for β-turn (1694 and 1676 cm-1) and β-sheet 

(1636 cm-1) structures in native BSA are also found to increase in ND-BSA complex. For most 

peaks, the peak position changes slightly after the formation of complex. Moreover, a new peak 

at ca. 1629 cm-1, which could be assigned to β-sheet structure, appears in the complex. All these 

changes in BSA second derivative spectra indicate the strong interaction between ND and BSA. 

 

4.3.2 UV-Vis and CD Spectroscopies 

The UV-Vis spectroscopy could provide information regarding whether there is major 

structural change occurred in proteins. The absorbance of protein in the 230~300 nm range is 

mainly attributable to aromatic residues, including tryptophan, tyrosine, and phenylalanine. The 

absorption spectra of the aromatic residues depend on their molecular environment which could 

give rise to the change in wavelength and intensity. In general, the shift in wavelength 

predominates. An evident blue-shift in the spectrum is likely to occur if the aromatic residue is 

exposed to an environment with more polarity. In the present work, as shown in Figure 4.2, BSA 

absorption spectra at ca. 278 nm (aromatic residue) nearly have no shift upon forming complex 

with ND indicating that the formation of ND-BSA complex might not result in major BSA 
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unfolding. 
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Figure 4.2 UV-Vis absorption spectra of (a) BSA in ND-BSA complex (ND concentration: 

1.5×10-7 M), (b) BSA in ND-BSA complex (ND concentration: 4.5×10-7 M), and (c) native BSA. 

The BSA concentration is fixed at 1.5×10-6 M. 

For a quantitative analysis of to what extent BSA structural features could be preserved upon 

binding to ND surface, CD spectroscopy is used to further study BSA conformation and 

conformational changes. The protein structural features determine its biological functionality so 

the study on CD spectra of protein could shed light on whether protein could retain its biological 

functionality. For albumin which features a dominant content of α-helix in its secondary structure 

actually α-helix content is a good indicative of its structural features and a major loss of α-helix 

content probably suggests the loss of protein biological functionality [203, 204]. In CD 

spectroscopy, the α-helix features negative CD signals at 208 nm and 222 nm. 
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Figure 4.3 The CD spectra of 2.5×10-7 M BSA (curve a) with the regular addition of ND at pH 

7.4. ND concentration is from 2.5×10-9 to 10-8 M (curves b~e). 

The CD spectra of native BSA in the absence or presence of ND are given in Figure 4.3. 

According to Figure 4.3, native BSA at pH 7.4 (buffered by 10 mM phosphate buffer solution) 

has an α-helix content of ca. 55% which is consistent with previous report [200]. With the regular 

addition of ND suspension (buffered at pH 7.4 by 10 mM phosphate buffer solution), the 

ellipticities of BSA at both 208 and 222 nm are gradually decreased indicating loss of BSA 

secondary structure upon forming complex with ND. However, BSA still has an α-helix content 

of ca. 43% (nearly 80% of its original α-helix content) even when ND concentration is increased 

up to 10-8 M. Obviously most of α-helix content in BSA is preserved after forming complex with 

ND even at a high ND concentration (10-8 M), which suggests it is very likely that protein could 

retain its biological functionality upon complexing with ND since its structural features are 
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preserved to a large extent. From the second derivative spectra as shown in Figure 4.1 (b), BSA 

in ND-BSA complex doesnot show a major decrease in its α-helix intensity (ca. 1660 cm-1) upon 

forming complex with ND, which agrees well with the findings from CD spectra. 

It is noteworthy that gold nanoparticles have been extensively studied in 

nanoparticle-biomolecule related work [205]. However, previous research [196] revealed that 

when gold nanoparticle concentration is increased to 1.1 nM protein BSA could only retain ca. 

75% of its original structure while in the present work BSA could retain nearly 80% of its 

structural features even when ND concentration is increased up to 10-8 M, which could probably 

attributable to the relatively less binding force involved in ND-protein than that in gold 

nanoparticle-protein complex. 

 

4.3.3 Fluorescence Quenching Studies 

Fluorescence spectroscopy could provide useful information regarding the structural changes 

of protein [206]. Normally the interaction between a fluorophore and a molecule induces 

perturbation or modification in the fluorescence parameters such as intensity, peak position, etc. 

and these perturbations in fluorescence parameters will allow to obtain the information about the 

environment of the fluorophore which enables the understanding of the nature and origin of 

interactions between the fluorophore and other molecules [206, 207]. Tryptophan, tyrosine and 

phenylalanine are three intrinsic fluorophores which are responsible for the fluorescence 

properties of proteins. The tryptophan (Trp) fluorescence is the most sensitive to the environment 

change [206]. BSA in the present work is a widely used model protein [208, 209], which 
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possesses two Trp residues [210]. By analyzing the fluorescence emission spectra of Trp in 

ND-BSA complex, the BSA structural change in the region of Trp residues can be obtained. In 

the present fluorescence analysis, 295 nm is used as excitation wavelength instead of 280 nm to 

avoid the tyrosine residue fluorescence [210, 211]. Therefore the Trp is the only fluorophore 

studied in the present work. 
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Figure 4.4 The fluorescence emission spectra of 1.5×10-6 M BSA (curve a) with the regular 

addition of ND at pH 7.4. ND concentration is from 1.2×10-8 to 8.2×10-8 M (curves b~h). 

Figure 4.4 shows the typical fluorescence emission spectra of the BSA in the absence and 

presence of ND at pH 7.4. Originally at pH 7.4 BSA emission spectrum peaks at ca. 350 nm 

while with the regular addition of ND the emission spectra undergo a considerable intensity 

decrease as well as a slight blue shift in emission maximum. Obviously the fluorescence emission 

of Trp in BSA is quenched in the presence of ND. 
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Fluorescence quenching process could be described by Stern-Volmer equation as in Equation 

(4.3) [206]: 

[ ]QKQk
F
F

SVq +=+= 1][1 0
0 τ          (4.3) 

where 0F  and F  are the maximum fluorescence intensities of BSA in the absence and 

presence of ND, respectively while SVK  the Stern-Volmer constant (M-1) which is a measure of 

quenching efficiency and Q  is the quencher (ND) concentration (M). qk  and 0τ  are the 

bimolecular quenching constant (M-1s-1) and the mean fluorescence lifetime of the fluorophore in 

the absence of quencher (s). 

Plot 
F
F0  against [ ]Q  then we have SVK  as the slope of the linear regression curves, which 

is given in Table 4.1. According to the 
F
F0 ~ [ ]Q  curve, the Stern-Volmer constant SVK  is 

determined, which shows that all the Stern-Volmer constants are in the order of 106 M-1. For BSA, 

the lifetime of fluorophore 0τ  is approximately 5×10-9 s [196, 212]. Then the bimolecular 

quenching constant qk  could be determined, from Equation (4.3), to be in the order of 1014~1015 

M-1s-1 which is much higher than the maximum bimolecular quenching constant for a 

diffusion-controlled quenching process (ca. 1010 M-1s-1). The high qk  obtained in the quenching 

process suggests that there is specific strong interaction between ND and BSA and the 

dominating quenching mechanism involved is static quenching by complex formation [213, 214]. 
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Table 4.1 The Stern-Volmer constant SVK  and the slope of the trend line in double-wavelength 

method slopeK . 

pH  SVK  [M-1] slopeK  [-] 

3.5 4.75×106 ± 0.1×106 8.51×10-3 ± 0.68×10-3 

4.7 5.5×106 ± 0.05×106 3.16×10-3 ± 0.38×10-3 

6.0 4.92×106 ± 0.1×106 2.05×10-3 ± 0.29×10-3 

7.4 4.91×106 ± 0.08×106 4.29×10-3 ± 0.68×10-3 

9.0 6.63×106 ± 0.22×106 1.06×10-2 ± 0.24×10-2 

The Stern-Volmer constant SVK , as given in Table 4.1, peaks at pH 9.0 which is followed by 

that of pH 4.7. For pHs 3.5, 6.0, and 7.4, SVK  almost has the same values. To illustrate the 

Stern-Volmer constant changes with regard to pH, the change in the position of Trp emission 

maximum is studied. Protein tertiary structure is held together primarily by hydrophobic 

interactions. The fluorescence spectroscopy could detect the hydrophobicity of the fluorophore 

buried inside the hydrophobic region of protein so that the information regarding the protein 

tertiary structural change could be revealed. Changes in protein tertiary structure (such as 

unfolding) very often lead to large change in fluorescence emission maximum. Normally, once 

protein undergoes unfolding, the emission maximum is red-shifted to a longer wavelength [194], 

which could be attributable to the exposure of fluorophore to solvent. In the present study, the 

blue shift in the position of BSA emission maximum means the complexation with ND might not 

perturb the BSA tertiary structure significantly suggesting major unfolding of BSA tertiary 
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structure is unlikely to occur. This is consistent with some previous work dealing with 

fluorescence spectroscopy study on protein tertiary structure changes [215, 216]. 

Actually the shift in the position of BSA emission maximum is small, as shown in Figure 4.4. 

In order to determine the pH effect on emission maximum more accurately, the 

double-wavelength method is employed to give quantitative evaluations as used in the previous 

research [217]. This method makes use of the ratio of fluorescence intensities at two wavelengths: 

the one on the left (FL) to the one on the right (FR) slopes of the spectrum. The wavelengths of FL 

and FR are 20 nm away from the emission maximum of native BSA at different pHs. In this study, 

to make double-wavelength method more quantitative, the slope for trend line of data points is 

used to evaluate the emission maximum shift: the greater the slope, the more the emission 

maximum shift. The trend lines obtained from double-wavelength method are given in Figure 4.5. 

The slope for each trend line is denoted as slopeK  and listed in Table 4.1, which shows noticeable 

blue shifts for all pHs. Sharp contrasts could be seen for emission maximum shift among 

different pHs with pH 9.0 the highest and pH 3.5 the second highest while for pHs 4.7, 6.0, and 

7.4 the shifts are much lower. BSA undergoes conformational changes at different pHs [214, 

218-220]. At pH lower than 4.3 BSA is in expanded form (E form, pH<2.7) and fast form (F 

form, pH 2.7~4.3) while between pH 4.3~8 it shifts to normal form (N form). As pH increases 

further, the BSA experiences basic (B form, pH 8~10) and aged forms (A form, pH >10). Among 

all these forms, the normal form is the most stable and compact. With pH shifting either up or 

down beyond normal form, the BSA undergoes structural changes becoming less stable in its 

structure. Because of the structural changes when BSA is in fast and basic forms, it is relatively 
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less compact so that the environment of Trp residue might be relatively easily influenced by ND 

which forms complex with BSA. For pHs 4.7, 6.0, and 7.4, the compact structure of BSA in 

normal form makes the environment of Trp residue not as easily influenced by ND as in case of 

pHs 3.5 and 9.0. Therefore for BSA forming complex with ND at pHs 3.5 and 9.0, its Trp 

residues are actually exposed to more hydrophobic environment than that at pHs 4.7, 6.0, and 9.0, 

which could well account for the data given in Figure 4.5 that the blue shifts for pHs 3.5 and 9.0 

are much higher than those for other pHs in normal form. 
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Figure 4.5 The influence of ND-BSA interaction on the position of emission maximum of BSA 

determined by the ratio of fluorescence intensities at two wavelengths: on the left ( LF ) and on the 

right ( RF ) slopes of the spectrum (20 nm away from emission maximum) at different pHs. Error 

bars are not shown since fluorescence intensities of different scans are highly consistent (variance 
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is within or around 1% of the average value). 
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Figure 4.5 (Continued). 

With the understanding of the emission maximum shift, the fluorescence quenching results 

given in Table 4.1 could be explained. At pH 9.0 the environment of Trp residue is relatively 

easily altered by binding with ND so the quenching is the most efficient. For pHs in normal form 

range (4.3~8), three pHs nearly have the same Stern-Volmer constants with that at pH 4.7 
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relatively higher than those at pHs 6.0 and 7.4. For pH 3.5, its Stern-Volmer constant is close to 

those in normal form but not as high as that at pH 9.0. That’s probably because at pH 3.5 NDs 

tend to form large aggregates so that the number of BSA forming complex with ND is greatly 

reduced (Figure 4.6). Therefore the quenching of the overall BSA fluorescence at pH 3.5 is not as 

efficient as those at other pHs even though at pH 3.5 the environment of Trp residue might be 

more easily influenced by ND than those at pHs 4.7, 6.0, and 7.4. 

According to the above spectroscopic studies, it is reasonable to believe that ND could provide 

sufficient affinity with protein for its immobilization and at the same time the binding force falls 

in an acceptable range in terms of preserving protein structural features. Actually there needs to 

be a trade-off between nanoparticle-biomolecule binding force and biomolecule structural 

integrity. On one hand, nanoparticles are expected to have high binding force with biomolecules; 

on the other hand, too strong binding force would definitely disrupt biomolecule structural 

features. 

The retention of original structure of proteins (albumin, lysozyme, and etc.) in the 

nanoparticle-protein complex could possibly be attributable to the high curvature of nanoparticles 

(ND in the present work), which has been evidenced by some previous research [118, 221]. The 

ND particle in the present work has a single crystal size of ca. 5 nm. Thus the ND aggregates 

consisting of ND crystals would exhibit very high local curvature, facilitating the retention of 

albumin structural features. In addition, some previous research devoted to biosensor applications 

using ND have already demonstrated that ND could preserve the biological functionality of 

biomolecules immobilized on its surface to a large extent such as α-bungarotoxin (α-BTX) [86] 



 

 74

and lysozyme [25]. 

 

4.3.4 Equilibrium Adsorption of BSA 
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Figure 4.6 Adsorption isotherms of BSA onto ND at different pHs. The solid curves are the best 

fits of the experimental data to the Freundlich adsorption model (Equation 4.4). The error bar 

represents standard deviation. 

BSA adsorption behavior on ND surface was studied by adsorption isotherms at different pHs. 

As can be seen from Figure 4.6, most adsorption isotherms for BSA onto ND surface show a 

steep slope at low BSA concentrations suggesting a strong interaction between ND and BSA. 

Obviously ND has the highest BSA uptake at the isoelectric point (pI) of BSA (ca. pH 4.7) and 

the lowest at pH 3.5. For each isotherm, the BSA uptakes of the last two points only differ by less 
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than 5% so it might be reasonable to conclude that the adsorption reaches saturation at high 

concentration range under the current adsorption conditions. Based on this fact, the maximum 

BSA uptake mq  is determined as the average of the last two BSA uptakes on each isotherm, 

which is listed in Table 4.2. 

As shown in Table 4.2, the maximum saturated BSA uptake is ca. 560.5 mg/g, which is 

obtained at pH 4.7. According to the data given by the manufacturer, the surface area of the ND is 

ca. 300 m2/g. Combining these two gives a BSA adsorption density of 1.9 mg/m2 (1.7×1016 BSA 

molecules/m2, considering that BSA molecular weight is ca. 67,000 Da [222]) for BSA adsorbed 

on the ND surface at saturation. It is known that BSA has geometric dimensions of 9.5×5.0×5.0 

nm3 [222]. Therefore for BSA adsorption onto a surface there are two possibilities: “side-on” 

adsorption mode with an adsorption area of 9.5×5.0 nm2 and “end-on” adsorption mode with an 

adsorption area of 5.0×5.0 nm2 [223]. The BSA adsorption density required for an adsorption 

monolayer on the ND surface is determined as 1.9×1016 BSA molecules/m2 for side-on mode and 

3.31×1016 BSA molecules/m2 for end-on mode, which corresponds to 2.1 mg/m2 and 3.6 mg/m2 

for side-on and end-on modes, respectively. The actual maximum BSA adsorption density in the 

present work is 1.9 mg/m2 which is very close to the minimum BSA density required for side-on 

monolayer. The proposed “side-on/end-on” adsorption mode is based on the ideal situation where 

no change occurs in terms of protein structural features so it cannot be exactly accurate since 

protein is always subjected to structural changes once adsorbed onto a surface. However, the 

spectroscopic studies in the present work have proved that most of BSA structural features are 

preserved upon being attached to the ND surface, which means the BSA structural change is not 
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significant. In addition, BSA is prone to be adsorbed in a side-on fashion to cover the whole 

nanoparticle surface according to previous research [223]. Therefore the use of side-on mode to 

determine the density of adsorbed BSA on nanoparticle surface could be a close approximate as 

demonstrated by the BSA adsorption data in the present research. 

 

Table 4.2 Maximum BSA uptake mq , Freundlich constant fK , and the affinity of ND to BSA 

n/1 . 

pH mq  [mg/g] fK  [-] n/1  [-] 

3.5 352.1 ± 5.7 310.1 ± 3.8 7.92×10-2 ± 0.78×10-2 

4.7 560.5 ± 13.3 480.2 ± 4.0 1.15×10-1 ± 0.05×10-1 

6.0 476.7 ± 8.1 427.4 ± 2.5 7.91×10-2 ± 0.29×10-2 

7.4 449.9 ± 8.1 397.9 ± 2.1 9.51×10-2 ± 0.3×10-2 

9.0 432.7 ± 5.4 390.1 ± 3.5 8.23×10-2 ± 0.49×10-2 

 

It is found that Langmuir model can not fit the adsorption data. That might be attributable to 

the interaction (such as steric hindrance) among adsorbed BSA molecules on ND surface, 

considering the relative large molecular size of BSA. In addition, the ND surface might not be 

ideally uniform. 

Freundlich model can provide desirable fit for the adsorption data, as shown in Figure 4.6. The 

Freundlich model is given in Equation (4.4): 
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( )n
efe CKq /1⋅=           (4.4) 

Where eq  and eC  are equilibrium BSA concentration on the ND surface (mg/g) and in the 

solution (mg/ml), respectively. fK  is the Freundlich constant related to the binding capacity of 

ND for BSA and n/1  the affinity of ND to BSA [224]. fK  and n/1  are determined by 

nonlinear regression of Equation (4.4). 

fK  and n/1  are then summarized in Table 4.2. Both fK  and n/1  show similar strong pH 

dependence as mq , reaching maximum at the pI of BSA and approaching minimum at pHs 3.5 

and 6.0. 
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Figure 4.7 The zeta-potentials of native BSA, ND, and ND-BSA complex (with ND:BSA mass 

ratio of 4:1 and 1:1) over the pH range of 3~9. The error bar represents standard deviation. 

The ND surface used in the present research mainly contains carboxyl and hydroxyl groups, as 

demonstrated in our previous work [225]. According to the zeta-potential measurements as 
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shown in Figure 4.7, the ND surface is always negatively charged over the whole pH range under 

investigation while BSA shows an isoelectric point (pI) at pH 4.6. These results agree well with 

previous reports [223, 226]. 

As shown in Figure 4.7, the zeta-potential of ND decreases with the decrease of pH, which 

might result from the protonation of negatively charged groups on ND surface. The interaction 

between protein and surface includes hydrophobic interaction, ionic interaction, hydrogen boding, 

and Van der Waals interaction [226, 227]. The van der Waals force is usually negligible in 

comparison with other forces as detailed in the previous research [227]. If electrostatic interaction 

is dominant in ND-BSA interaction, the highest BSA uptake would be at pH 3.5. That is because 

only at pH 3.5 BSA has electrostatic attraction with ND. The fact that the BSA uptake at pH 3.5 

is the lowest suggests that the electrostatic interaction would not be the dominating force. It is 

known that nanodiamond surface is covered by a thin layer of graphite [64], which is 

hydrophobic in nature. Due to the hydrophobic nature on nanodiamond surface, the hydrophobic 

force tends to dominate the BSA adsorption process especially when the BSA molecule contains 

less or none surface charge. Previous research [227] revealed that for surface containing low 

density of carboxyl groups the hydrophobic force is dominant in protein adsorption process 

which is pH sensitive while for the surface high in carboxyl density hydrogen bond dominates. 

Dynamic light scattering measurements show that ND particles exist in the form of aggregates 

ranging from ca. 300 to 680 nm in size as pH changes from ca. 9.0 to 3.5 (data not shown), 

suggesting that the carboxyl density on ND surface is relatively low. Actually for zeta-potential 

with absolute value lower than 30 mV, the crystals might tend to form aggregates because of the 
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relatively low surface charge [228], which is the case of the present work. Because of the 

hydrophobic nature of ND surface graphite layer and relatively low ND surface charge, 

hydrophobic force tends to dominate the BSA adsorption process. Accordingly, the BSA uptake 

and ND-BSA affinity peak approximately at the pI of BSA. 

At pH 3.5 ND has the lowest BSA uptake and lowest affinity with BSA. This could be 

attributable partly to the fact that hydrophobic force dominates the ND-BSA interaction and 

partly to the relatively larger size of ND aggregates at low pH. The size of ND aggregates is kept 

at ca. 300 nm in the pH range of 6~8.5 while increases sharply to nearly 680 nm as pH is reduced 

to ca. 3.5 (data not shown). The relatively larger particle size of ND aggregates at low pH would 

reduce the actual surface area available for the BSA adsorption, and thus reduce the BSA uptake 

and ND-BSA affinity. 

Due to low surface charge and high surface energy, ND in the solution is in the form of 

aggregates rather than single crystals. Therefore the BSA adsorption behavior on ND is more 

dependent on the properties of ND aggregates. However, the surface properties of ND single 

crystal (such as surface hydrophobicity and charge) actually affects BSA adsorption behavior 

indirectly since ND aggregate is composed of single ND crystals. 

It is interesting to find that, as shown in Figure 4.7, by adding BSA to ND suspension 

(ND:BSA=4:1, mass ratio) the zeta-potential is decreased to a lower level in comparison with 

either ND or native BSA. A further addition of BSA brings the zeta-potential even lower 

(ND:BSA=1:1, mass ratio). The addition of BSA into ND suspension gives rise to the formation 

of ND-BSA complex by virtue of high affinity of ND with BSA. For the conformation of 
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ND-BSA complex, it is possible that BSA is attached on the surface of ND aggregates but there 

must be other forms of ND-BSA complex because if BSA only exists on the ND surface the 

zeta-potential of ND-BSA should be residing between those of ND and BSA instead of 

decreasing to a lower level as shown in Figure 4.7. According to the previous research, proteins 

such as BSA could facilitate the dispersion of carbon nanotube (CNT) at the individual nanotube 

level by protein-assisted CNT exfoliation process [229-231]. The CNT aggregates were 

debundled in the presence of BSA so that CNT could be well-dispersed in solution. In view of the 

role that BSA plays in CNT dispersion, it is very likely that after attaching to BSA the strong 

binding force between ND and BSA might result in partial breakup of ND aggregates into 

relatively small ND-BSA aggregates. In case that ND aggregates break up into relatively small 

ND-BSA aggregates, more negative surface charge of ND might be exposed to the solution and 

then becomes “surface charge”. The zeta-potential measurement is performed by measuring the 

electrophoretic velocity of the nanoparticles in the solution. For ND aggregate, by binding with 

BSA to form relatively small ND-BSA aggregates, more negative surface charge exposition to the 

solution might be able to enhance the electrophoretic velocity of ND-BSA complex as compared 

with single ND aggregate. Therefore the zeta-potential of the ND-BSA is more negative. 

 

4.4 Summary 

In this chapter, the conformation of BSA in ND-BSA complex was investigated by a series of 

characterization techniques. The Fourier transform infrared spectroscopy shows an evident 

change in BSA secondary structure upon binding with ND. The UV-Vis and CD spectroscopies 
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further indicate that most BSA structural features could be preserved in ND-BSA complex. The 

fluorescence spectroscopy reveals that Trp residues in BSA are placed in a more hydrophobic 

environment in ND-BSA complex suggesting major protein unfolding is unlikely to occur. For 

the adsorption isotherms obtained at different pHs (3.5, 4.7, 6.0, 7.4, 9.0), both BSA uptake and 

the affinity between ND and BSA peak at pH 4.7 which suggests that hydrophobic force 

dominates the BSA adsorption process. The adsorption isotherms can be well fit by Freundlich 

but not Langmuir model. The zeta-potential measurements further suggest that after binding with 

BSA the strong binding force between ND and BSA might result in partial breakup of ND 

aggregates into relatively small ND-BSA aggregates. The results obtained have demonstrated that 

ND is able to preserve the albumin structural features to a large extent in ND-albumin complex 

and is very promising to be used for biosensor applications. 
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CHAPTER 5 

PROTEIN-MODIFIED NANODIAMOND PARTICLES FOR 

LAYER-BY-LAYER ASSEMBLY 

 

This chapter has been published in Diamond and Related Materials: 

Wang H.D.; Yang Q.; Niu C.H.; Badea I. Protein-modified nanodiamond particles for 

Layer-by-Layer assembly. Diamond Relat. Mater. 2011, 20, 1193-1198. 

 

Contribution of the Ph.D. Candidate 

Under the guidance of Prof. Yang and Prof. Niu, Hai-Dong Wang designed and conducted the 

experiment for this chapter as well as prepared manuscript for publication. Prof. Badea has also 

provided guidance in both experiment and manuscript revision. 

 

5.1 Introduction 

As discussed in Chapter 2, the conjugation of nanoparticles with biomacromolecules is an 

attractive area of research within nanobiotechnology [117]. In Chapter 4, it has been 

demonstrated that ND is an excellent platform for protein immobilization with high affinity and 

most of BSA structural features could be preserved upon immobilization. The 

nanoparticle-biomacromolecule complex, such as nanodiamond-biomacromolecule complex, is 

promising to be applied to the field of biosensor [26, 45, 232-234]. The assembly of 

nanoparticle-biomacromolecule on a surface could construct an ordered architecture with new 
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functionalities, which is important for bioelectronic, electronic, optobioelectronic, and photonic 

applications [117]. 

In this chapter, we report on the fabrication of ND-protein coatings on glass substrate through 

LBL assembly method. The LBL assembly technique has been widely used for thin film 

fabrication, which is convenient and economic to perform and easy to tune the film thickness 

[130]. Since ND has high affinity with biomacromolecules [24, 25], it might be possible that the 

ND-biomacromolecule complex is able to assemble on a substrate. In this work, the protein BSA 

was immobilized onto ND surface through chemical method and then the LBL assembly of 

NDBSA and ND was successfully performed on glass substrate. The work of this chapter has 

demonstrated the feasibility of using LBL assembly technique to prepare diamond coatings for 

protein immobilization, which has great potentials to be employed for biosensor applications. 

 

5.2 Materials and Methods 

5.2.1 Materials 

ND particles with an average crystal size of 3-5 nm were purchased from Nanostructured & 

Amorphous Materials, Inc. They were produced by detonation method. BSA was purchased from 

Bio Basic (purity>98 %) and used as received. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), and 2-(N-Morpholino)ethanesulfonic acid 

(MES) were purchased from Sigma-Aldrich. All other chemicals and reagents are of analytical 

grade and used as received. The microscope glass slides were purchased from VWR 

International. 
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5.2.2 Immobilization of BSA onto ND Surface 

BSA was chemically immobilized onto the surface of the pristine ND particles using 

zero-length crosslinker EDC, which is schematically illustrated in Figure 5.1. 

 

Figure 5.1 Schematic illustration of NDBSA synthesis process. 

The synthesis procedure is detailed as follows: 0.75 g of BSA was dissolved in 100 ml of MES 

buffer (50 mM, pH 5.6) with stirring. 0.15 g of pristine ND was dispersed with ultrasonic 

treatment (Branson 2510 Sonication Bath) in another 100 ml of MES buffer (50 mM, pH 5.6) and 

then 0.345 g of NHS and 0.288 g of EDC were added in. The pristine ND suspension was then 

stirred at 4 oC for 1 h. After that the EDC-activated NDs were collected by centrifugation (15,000 

rpm, 10 min) and quickly rinsed with MES buffer to remove unreacted EDC and NHS. The ND 

was finally dispersed into the BSA solution with ultrasonic treatment (Branson 2510 Sonication 

Bath) and stirred at 4 oC for 1.5 h. The as-prepared NDBSA was repeatedly centrifuged and 
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rinsed with deionized water (DI water) until the supernatant nearly has no UV-Vis absorbance at 

280 nm (BSA has typical UV absorbance at 280 nm due to its aromatic moieties). Some NDBSA 

suspension was centrifuged and lyophilized immediately before the FT-IR and elemental 

analyses. 

 

5.2.3 Layer-by-Layer Assembly of NDBSA and ND 

Prior to LBL assembly, the glass slides were thoroughly cleaned with ethanol and dried by air 

flow. Then the NDBSA suspension (ca. 0.6 mg/ml) was dropped onto a glass slide and dried at 

room temperature to form a base layer for the following process. After that the glass slide with 

NDBSA base layer was dipped into ND suspension (ca. 0.6 mg/ml) for 10 min, rinsed in DI 

water for 1 min after no solution is dripping, and air dried to form an ND layer on NDBSA base 

layer. The glass slide with an ND layer on top of NDBSA base layer was then dipped into 

NDBSA suspension (ca. 0.6 mg/ml) for 10 min, rinsed in DI water for 1 min after no solution is 

dripping, and air dried. This cycle makes one bilayer of ND and NDBSA, denoted as 

(NDBSA/ND)1 where the subscript 1 means one bilayer. The cycle was repeated until desired 

number of bilayers of coatings was reached, which is denoted as (NDBSA/ND)n. In order to 

prevent the precipitation of NDBSA and ND suspensions, mild magnetic stirring was applied 

during the overall LBL assembly process. 

The preparation of NDBSA/ND coatings is schematically illustrated in Figure 5.2. The 

NDBSA was deposited onto glass slides as base layer and then ND and NDBSA were alternately 

deposited to increase the coating thickness. The major force involved in the deposition process is 
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the hydrophobic interaction between ND and BSA [18, 88]. Please note that Figure 5.2 only 

shows one bilayer of NDBSA/ND deposited on NDBSA base layer. 

 

Figure 5.2 The schematic illustration of NDBSA/ND coating preparation process. (a) NDBSA 

base layer; (b) ND layer deposited through ND-BSA interaction; (c) NDBSA layer deposited 

through ND-BSA interaction. 

Legend:  ND     BSA     NDBSA 

 

5.2.4 Characterizations 

Fourier transform infrared spectrum (FT-IR) was recorded on a JASCO FT/IR-4100 

spectrometer by KBr method (KBr:Sample = 100:1, mass ratio). For each measurement, a total of 

64 scans were averaged with a resolution of 4 cm-1. This KBr-based method has been proved not 

to introduce artificial structural changes to protein in previous analyses [191, 192]. For the 

second derivative spectrum of BSA in NDBSA, the reference spectrum (the ND/KBr mixture 
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possessing identical amount of ND with that in NDBSA/KBr mixture) was recorded in the 

identical manner and subtracted from that of NDBSA. Then the baseline of spectrum was 

corrected according to the criterion that a straight baseline was obtained in the region from 1750 

to 2000 cm-1, which is critical to obtain correct structural information using the second-derivative 

analysis method [191, 193]. Second derivative spectra were obtained using spectrum analysis 

software on JASCO FT-IR spectrometer. 

Absorption spectra of NDBSA suspensions (ca. 0.02 mg/ml) and NDBSA/ND coatings on 

glass substrate were monitored using a UV-Vis spectrophotometer (Shimadzu UVmini-1240). For 

the spectrum of BSA in NDBSA, in order to remove the light scattering effect, the contribution of 

light scattering from ND is determined by plotting log10(absorbance) as a function of 

log10(wavelength) above 310 nm and then extrapolating linearly to shorter wavelengths since 

BSA doesnot show absorbance at wavelength higher than ca. 310 nm [235]. Since the growth of 

NDBSA/ND coatings during LBL assembly process might result in the increase in coating 

density and thickness, the absorption spectra measurement was used to characterize this coating 

growth process. Each measurement (for both solution and coating) was performed in triplicate 

and the spectrum provided was the average. For the spectra of NDBSA/ND coatings, the glass 

slide without coating was used as reference. 

Zeta-potential and size measurements of ND and NDBSA were performed on a Malvern 

Zetasizer Nano ZS instrument over a pH range approximately from 9.0 to 3.0 adjusted by an 

autotitrator using HCl and NaOH aqueous solutions. After reaching the desired pH by titration, 

the solution was left to equilibrate for 1 min before taking measurement. Each measurement was 
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performed in triplicate with the data presented being the average. 

Surface morphology of NDBSA/ND coatings was observed using a scanning electron 

microscope (SEM, Philips 505). The coatings to be observed were sputter-coated with a gold film 

prior to the SEM observation. 

 

5.3 Results and Discussion 

5.3.1 FT-IR Characterization 

The FT-IR spectra of ND and NDBSA are given in Figure 5.3 (a). Pristine ND surface 

contained oxygen-containing surface groups such as hydroxyls and carboxyls as evidenced in 

Figure 5.3 (a) (ca. 3450 cm-1 for hydroxyl stretching vibration and ca. 1730 cm-1 for carbonyl 

stretching vibration). These oxygen-containing surface groups could be easily conjugated with 

primary amines on BSA with the aid of zero-length crosslinker EDC. After the chemical 

immobilization of BSA onto pristine ND surface, NDBSA showed strong characteristic peaks of 

BSA: amide I (ca. 1660 cm-1) and amide II (ca. 1550 cm-1), which suggests that BSA was 

successfully introduced onto ND surface. According to the results of elemental analysis (Heraeus 

Vario EL III Elemental Analyzer), the mass ratio of BSA in NDBSA was approximately 42%, 

which is 20% higher than the BSA immobilized by physical adsorption in our recent work [18] 

and more than 2.5 times that of the protein immobilized on NDs using physical methods in other 

research [22, 88]. 
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Figure 5.3 (a) FT-IR spectra of NDBSA (A) and pristine ND (B); (b) Second derivative spectra of 

BSA in NDBSA (A) and native BSA (B). 

To further investigate the BSA conformational changes upon chemical immobilization onto 

ND surface, the second derivative spectra were taken and given in Figure 5.3 (b). Among all 

amide bands (amide I, II, and III), amide I region (1600~1700 cm-1, mainly due to C=O 

stretching vibration) has been proved to be helpful for protein conformational studies since it is 



 

 90

the most sensitive to protein secondary structure changes [196]. According to previous research 

[200, 202], the assignment of secondary structures in amide I region is as the following: 

1695-1663 cm-1 for β-sheet or β-turn structures, 1662-1650 cm-1 for α-helices, 1648-1644 cm-1 to 

random chains, 1642-1618 cm-1 for β-sheets. Bands at lower wavenumbers (ca. 1616 cm-1) have 

been assigned to side chain moieties. For both native BSA and NDBSA, α-helix dominated the 

spectra. Compared with native BSA, the BSA in NDBSA underwent changes in both shape and 

peak position. Peak intensities for all structures (α-helices, β-sheets, and β-turns) in NDBSA were 

found to be relatively higher than that of native BSA. Moreover, a new peak at ca. 1677 cm-1, 

which could be assigned to β-turn structure, appeared in NDBSA; while random chain structure 

(1648 cm-1) in native BSA disappeared in NDBSA. All these changes occurred in the secondary 

structure of protein after being chemically immobilized onto ND surface suggest that chemical 

immobilization of protein onto ND surface provides strong linkage between ND and protein. 

 

5.3.2 Absorption Spectra 

The absorption spectra of NDBSA and ND are given in Figure 5.4 (a). Since pure diamond is a 

wide bandgap semiconductor (5.45 eV), it should not have any optical absorption beyond 300 nm 

(4.13 eV) [19]. However, because of the existence of sp2 carbon on ND surface, its optical 

absorption actually extends from UV to near-IR range. As can be seen from Figure 5.4 (a), 

similar to pristine ND, the NDBSA showed a featureless spectrum, which might be attributable to 

the light scattering of ND particles. After removing the light scattering effect, the absorption 

spectrum of BSA in NDBSA is given in Figure 5.4 (b) where BSA showed an aromatic residue 
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absorption band at ca. 295 nm. The inset of Figure 5.4 (b) is the absorption spectrum of native 

BSA whose aromatic residue resided at ca. 280 nm. The BSA immobilized onto ND surface 

showed a red-shift for aromatic absorption in comparison with native BSA. The red-shift means 

that after the chemical immobilization of BSA on ND surface, the aromatic residue of BSA was 

located in a more hydrophobic environment due to tertiary structure changes of BSA upon 

immobilization onto ND surface. This also suggests that BSA unfolding did not occur and its 

structure remained stable because no blue-shift in aromatic absorption band was observed. This is 

of great importance when it comes to biosensor applications because preventing protein tertiary 

structure from unfolding could help retaining its functions. These findings are consistent with our 

previous research [18], where it was found that most of BSA structural features could be reserved 

upon being physically adsorbed onto ND surface. The retention of original structure of proteins 

(albumin, lysozyme, and etc.) in the nanoparticle-protein complex could possibly be attributable 

to the high curvature of nanoparticles (ND in the present work) [118, 221]. The ND particle in the 

present work had a single crystal size of ca. 5 nm. Thus the ND aggregates consisting of ND 

crystals would exhibit very high local curvature, facilitating the retention of albumin structural 

features. 
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Figure 5.4 (a) Absorption spectra of NDBSA (A) and pristine ND (B); (b) Absorption spectra of 

BSA in NDBSA (after removing the light scattering effect) and native BSA (inset). 

 

5.3.3 Zeta-potential and Size Measurements 

The results of zeta-potential measurements are shown in Figure 5.5 (a). The ND surface was 

always negatively charged over the whole pH range under investigation while BSA showed an 
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isoelectric point (pI) at pH 4.6, which is consistent with previous report [226]. The negatively 

charged ND surface was attributable to the existence of oxygen-containing surface groups such as 

carboxyls and hydroxyls. With the decrease of pH, the zeta-potential of ND increased sharply, 

which might be attributable to the protonation of negatively charged groups on ND surface. It is 

interesting to note that after immobilizing BSA onto ND surface, the NDBSA showed an even 

lower zeta-potential in comparison with pristine ND over the whole pH range under investigation. 

As shown in Figure 5.5 (b), the ND had a particle size ranging from ca. 300 to 900 nm when pH 

changed from 9.0 to 3.0 as determined by dynamic light scattering. According to manufacturer’s 

data, the single ND crystal is approximately 5 nm in diameter and therefore the size given by 

dynamic light scattering indicates that ND particles formed aggregates in suspension. According 

to the previous research [230], proteins such as BSA could facilitate the dispersion of carbon 

nanotube (CNT) at the individual nanotube level by protein-assisted CNT exfoliation process, 

where the CNT aggregates were debundled in the presence of BSA. Similarly, in the present work, 

the chemically immobilized BSA might be able to break up the ND aggregates and then more 

negative ND surface charge was released. As a result, the electrophoretic velocity of NDBSA in 

the solution increased so that the zeta-potential of the NDBSA was more negative. 
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Figure 5.5 (a) Zeta-potentials of BSA, pristine ND, and NDBSA; (b) Particle sizes of NDBSA 

and pristine ND. The error bar represents standard deviation. 

 

5.3.4 NDBSA Self-assembly in Solution and Layer-by-Layer Assembly on Glass Substrate 

The functionalization of nanoparticles with biomolecules could lead to 

biomolecule-nanoparticle recognition interactions and thus to self-assembly [117] as shown in 
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Figure 5.5 (b). For a single BSA molecule, it has geometric dimensions of 9.5×5.0×5.0 nm3 [222]. 

Previous research indicated that BSA could be adsorbed onto a surface in a side-on fashion 

(adsorption area: 9.5×5.0 nm2) or end-on fashion (adsorption area: 5.0×5.0 nm2) [223]. 

Considering a specific surface area of ca. 300 m2/g for ND (given by manufacturer), the BSA 

adsorption density required for an adsorption monolayer on the ND surface was determined as 

2.1 mg/m2 and 3.6 mg/m2 for side-on and end-on modes, respectively. The BSA packing density 

on ND surface in this work was determined to be ca. 2.3 mg/m2, which means it might be a mix 

of side-on and end-on modes, leaving part of ND surface unoccupied. The unoccupied ND 

surface could interact with BSA due to strong ND-protein interaction [18, 88]. Therefore, the 

NDBSA particle size was ca. 470 nm at around neutral pH, which is much higher than that of 

pristine ND (ca. 280 nm) at the same pH (Figure 5.5 b), suggesting the occurrence of 

self-assembly among different NDBSA particles through ND-protein interactions. It is known 

that BSA has the most compact structure in normal form (ca. pH 4.3~8.0) while as pH shifts 

higher or lower the BSA molecule would experience less compact conformation till unfolding 

[219, 220]. In the present work, as pH shifted higher than ca. 7.5 or lower than ca. 4.5, the 

NDBSA particle size increased rapidly to approximately 600 nm. This size change agreed very 

well with pH-dependence of BSA conformational changes, suggesting that the pH-induced BSA 

conformational changes were able to affect the NDBSA assembly. 

Though NDBSA could assemble by itself through ND-BSA interaction, in the present work 

pristine ND was used to perform LBL assembly with NDBSA because pristine ND has 

unoccupied surface, which would enhance the ND-protein interaction and facilitate the coating 



 

 96

fabrication by LBL assembly. 
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Figure 5.6 Absorption spectra of NDBSA base layer and NDBSA/ND LBL assembled coatings 

with 4, 6, 8, 10, and 12 bilayers of NDBSA/ND deposited on NDBSA base layer (from bottom to 

top as indicated by arrow). Inset: the absorbance of coating increases linearly with the increase of 

bilayers at 400 nm (the NDBSA base layer absorbance is subtracted from each measurement). 

The growth of coating by LBL assembly is evidenced by UV-Vis absorption spectra (Figure 

5.6). The NDBSA/ND coatings showed sharp absorption band extending until ca. 300 nm, which 

was mainly attributable to ND absorption in UV range. The absorption above 300 nm was mostly 

from sp2 carbon present on ND surface since BSA nearly has no absorption in this range. The 

glass slide with only NDBSA base layer had the lowest absorbance while with the increase of 

coating thickness to 4, 6, 8, 10, and 12 bilayers of ND and NDBSA, the absorbance increased 

obviously. The absorbance of coating was found to increase linearly at 400 nm with the increase 

of bilayers (inset in Figure 5.6), suggesting that a constant amount of NDBSA/ND was deposited 
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for each bilayer deposition. Moreover, the coatings produced by this method could resist repeated 

washing by DI water, suggesting that the coatings were stable and the non-covalent interaction 

between NDBSA and ND was strong. 

The surface morphology of the fabricated coatings by LBL assembly is shown in Figure 5.7. 

The coating with only NDBSA base layer featured loose structures with interconnected narrow 

pores. After 12 bilayers of NDBSA/ND being deposited onto the base layer, the number of 

interconnected pores was reduced to a large extent so that the coating becomes denser. Since the 

increase of coating thickness resulted in a denser structure, more densely-organized coatings 

could be obtained by increasing the number of bilayers deposited. Cross-sectional SEM 

observation showed that the NDBSA base layer had a thickness of ca. 1.0 µm while the thickness 

for (NDBSA/ND)12 was approximately 3 µm. Therefore each bilayer had an average thickness of 

ca. 170 nm, which was much smaller than the size of aggregates for NDBSA and pristine ND as 

shown in Figure 5.5 (b). It is likely that the large aggregates of NDBSA and pristine ND could be 

easily washed away and only small aggregates could stay on the coating in LBL assembly 

process. In addition, the NDBSA base layer was loosely-organized with interconnected pores 

(pore areas were less covered or even uncovered by NDBSA base layer), thus some of NDBSA or 

pristine ND aggregates were able to be deposited into the pores instead of on top of the NDBSA 

base layer during the following LBL assembly process, resulting in smaller thickness increase for 

each bilayer. 
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Figure 5.7 The surface SEM images of NDBSA base layer (a) and NDBSA/ND coatings with 12 

bilayers of NDBSA/ND plus NDBSA base layer (b). The scale bar is 10 µm. 

 

5.4 Summary 

In this chapter, the protein BSA has been chemically immobilized onto pristine ND surface, 

which was evidenced by FT-IR and UV-Vis spectroscopies. The LBL assembly properties of 

NDBSA with pristine ND were investigated on glass substrates. The NDBSA/ND coatings 
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fabricated by LBL assembly method were stable and more densely-organized coating structures 

could be obtained by increasing the number of bilayers deposited. The present LBL assembly 

method for ND-protein coating fabrication could be easily employed to prepare 

biomacromolecule-functionalized ND films for biosensor applications. This work has 

demonstrated that the LBL assembly is a facile approach to fabricate ND coatings and it could be 

a desirable substitute for the traditional CVD process to prepare diamond coatings for biological 

applications. 
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CHAPTER 6 

PREPARATION OF NANODIAMOND THIN FILMS BY 

LAYER-BY-LAYER ASSEMBLY 

 

This chapter has been submitted as: 

Wang H.D.; Yang Q.; Niu C.H. Preparation of nanodiamond thin films by Layer-by-Layer 

assembly. 2011. 

 

Contribution of the Ph.D. Candidate 

Under the guidance of Prof. Yang and Prof. Niu, Hai-Dong Wang designed and conducted the 

experiment for this chapter as well as prepared manuscript for publication. 

 

6.1 Introduction 

In Chapter 5, the ND-protein complexes were successfully assembled, in an LBL assembly 

fashion, into films on glass substrate through strong ND-protein interaction. In Dai et al.’s work 

[17], ND films were prepared on glass substrates by simply drying ND aqueous dispersion and 

they suggested that the hydrogen bonding among NDs could be a major force accounting for the 

ND assembly into films. Since NDs have strong hydrogen bonding for assembly, it might be 

feasible to combine hydrogen bonding among NDs with LBL assembly technique to prepare ND 

thin films. 

In this chapter, we report on the preparation of ND thin films by LBL assembly technique. The 
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ND thin films were deposited on glass slide mainly by virtue of hydrogen bonding among ND 

particles (Figure 6.1), where the film morphology could be tuned by changing the number of 

bilayers deposited. In addition, the film growth mechanism and morphology with different 

preparation conditions were discussed in detail. 

 

6.2 Materials and Methods 

6.2.1 Materials 

Detonation nanodiamond particles (NDs), which have an average crystal size of 3-5 nm, were 

purchased from Nanostructured & Amorphous Materials Inc. and used without further treatment. 

The microscope glass slides were purchased from VWR International and used as substrate 

materials. All other reagents are of analytical grade and used as received. The water used 

throughout the experiment is from a Milli-Q system. 

 

6.2.2 Preparation of ND Thin Films by Layer-by-Layer (LBL) Assembly 

Prior to LBL assembly, the glass slides were cleaned by piranha solution using method similar 

to previous reports [236, 237]. The microscope glass slides were dipped into piranha solution 

(concentrated sulfuric acid and 30% hydrogen peroxide, 3:1 by volume) and then boiled for 90 

min. After reaction the glass slides were rinsed with a large amount of Milli-Q water and then 

dried by nitrogen gas. 

LBL assembly of NDs was performed on piranha-solution-treated glass slides. First, ND 

aqueous dispersions (ca. 0.45 mg/ml) were prepared with ultrasonic treatment using Milli-Q 
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water and the dispersion pH was adjusted by HCl or NaOH solution. Second, the treated glass 

slide was dipped into ND dispersion (pH 3.5) for 10 min and dried at ambient condition, which 

was then rinsed with Milli-Q water for 1 min and dried by nitrogen gas. Third, the glass slide was 

then exposed to ND dispersion (pH 4.0 or pH 7.5) again for 10 min and dried at ambient 

condition, which was then rinsed with Milli-Q water for 1 min and dried by nitrogen gas. The 

second and third steps make one bilayer of NDs. These two steps were repeated until the desired 

number of bilayers was reached. The films prepared were denoted as ND (3.5/4.0)n and ND 

(3.5/7.5)n, respectively where subscript n represents the number of bilayers deposited while two 

numbers denote two successive dispersion pHs in the preparation of one bilayer. In order to 

prevent the precipitation of ND dispersions, mild magnetic stirring was applied throughout the 

LBL assembly process. The ND thin film formation through LBL assembly is schematically 

illustrated in Figure 6.1, where hydrogen bonding might be the major force involved in the LBL 

assembly process. 
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Figure 6.1 The ND thin film formation through LBL assembly, where the hydrogen bonding 

might mainly account for the LBL assembly process. 

As control group, ND aqueous dispersions (ca. 0.45 mg/ml) at pHs 3.5, 4.0 and 7.5 were also 

made into cast films on piranha-solution-treated glass slides at ambient condition, respectively. 

They are denoted as ND (3.5), ND (4.0), and ND (7.5). 

 

6.2.3 Characterizations 

FT-IR spectrum of ND was recorded on a JASCO FT/IR-4100 spectrometer. 1 mg of sample 

was ground with 100 mg of dried KBr to form homogeneous powder. After that approximately 25 

mg of powder was made into pellet which was subjected to FT-IR measurement. For each 

measurement, a total of 32 scans were averaged with a resolution of 4 cm-1. Raman analysis of 

ND was carried out on a Renishaw inVia Raman spectroscope with excitation wavelength at 514 

nm. The UV-Vis spectra of the ND LBL films and cast films were recorded on a UV-Vis 
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spectrophotometer (Shimadzu UVmini-1240). Before measurement, the baseline was corrected 

for glass slide to guarantee that the glass slide has no interference with absorption spectra of ND 

LBL films and cast films in the entire wavelength range under investigation. Each spectrum was 

measured in triplicate with the data presented being the average. The size and zeta-potential 

measurements were performed on a Zetasizer Nano ZS instrument (Malvern) over a pH range 

from approximately 7.5 to 3.5 at 25 oC. Each data point is the average of 3 measurements. The 

morphologies of ND LBL thin films and cast films prepared were observed on a scanning 

electron microscope (JEOL JSM 840A). The morphology of ND particles was observed on a 

transmission electron microscope (Philips CM10). 

 

6.3 Results and Discussion 

6.3.1 Chemical and Physical Characterizations on ND 

The FT-IR spectrum of ND is given in Figure 6.2 (a). The surface of detonation ND was 

functionalized with oxygen containing groups in the process of strong oxidizing acid treatment 

by manufacturer. As a result, the ND in this work is rich in oxygen-containing surface groups 

such as hydroxyls and carboxyls as evidenced in Figure 6.2 (a) (ca. 3460 cm-1 for hydroxyl 

stretching vibration and ca. 1730 cm-1 for carbonyl stretching vibration). The carboxyl and 

hydroxyl could participate in hydrogen bonding formation which might be the major force 

involved in the LBL assembly of ND films. In Raman spectrum as shown in Figure 6.2 (b), the 

spectrum is composed of two bands, approximately at 1330 cm-1 and 1600 cm-1. The 1330 cm-1 

band (D band) is the characteristic of sp3 bonded carbon while the 1600 cm-1 band (G band) 
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corresponds to sp2 bonded carbon [17]. The existence of sp2 bonded carbon could give rise to π-π 

interaction among NDs, which might also contribute to ND-ND interaction during LBL assembly 

process to some extent. In addition, there might be a certain extent of van der Waals force 

contributing to ND-ND interaction for LBL assembly process. 
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Figure 6.2 FT-IR spectrum (a) and Raman spectrum (b) of ND. 
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Figure 6.2 (Continued). 

In the present work, the ND surface is terminated by carboxyls and hydroxyls which render its 

surface negatively charged over the entire pH range under investigation as shown in Figure 6.3 

(a). 
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Figure 6.3 Zeta-potential (a) and particle size (b) of ND with pH changes. The inset in (b) is TEM 

image of NDs. The error bar represents standard deviation. 

With decrease of pH, the ND surface zeta potential becomes less negative due to the 

protonation of carboxyls (Figure 6.3 a). The ND has a near spherical morphology as clearly 
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shown in TEM images (inset, Figure 6.3 b). The single ND crystal size from TEM image (inset, 

Figure 6.3 b) is smaller than 10 nm which is reasonably consistent with the data provided by ND 

manufacturer (average crystal size: 3-5 nm). The small crystal size of NDs would give rise to a 

strong tendency to form aggregates by interactions among NDs such as hydrogen bonding, π-π 

interaction, and van der Waals force, as indicated by size measurement (Figure 6.3 b). It could be 

seen from Figure 6.3 (b) that with pH decrease ND gradually forms aggregates, suggesting the 

importance of surface charge state in stabilizing ND crystals. As pH shifts to ca. 3.5, the zeta 

potential drops down to as low as ca. -5 mV resulting in large ND aggregates with average size of 

ca. 700 nm while at around neutral pH (ca. 7.5) highly negatively charged ND crystal (ca. -30 

mV) is relatively well dispersed with average size of ca. 280 nm. 

 

6.3.2 Preparation of ND Thin Films by Layer-by-Layer (LBL) Assembly 

In the preparation of ND thin films by LBL assembly, three pHs were used for ND dispersions: 

pHs 3.5, 4.0, and 7.5. At pHs 3.5 and 4.0, ND surface negative charge is relatively low with 

larger aggregates while at pH 7.5 relatively high surface negative charge results in smaller ND 

aggregates. To investigate the influence of ND surface charge state on ND LBL assembly process, 

one ND dispersion was kept at pH 3.5 while the second one had a pH of 4.0 or 7.5. 

The surface morphologies of two LBL films with 3 and 15 bilayers are given in Figure 6.4. 



 

 109

 

Figure 6.4 Surface SEM images for ND (3.5/4.0)3 (a), ND (3.5/4.0)15 (b), ND (3.5/7.5)3 (c), and 

ND (3.5/7.5)15 (d). Size bar represents 1 micron in length. 

The ND (3.5/4.0) films have relatively higher particle density than ND (3.5/7.5) films of the 

same number of bilayers. For ND (3.5/4.0) LBL assembly, the two ND dispersions were kept at 

pHs 3.5 and 4.0, rendering electrostatic repulsion among NDs very low so that hydrogen bonding 

is given full play. As a result, relatively more ND could be deposited in LBL assembly by 

hydrogen bonding compared with ND (3.5/7.5). In addition, it can be seen from morphologies of 

ND thin films with 3 and 15 bilayers that ND LBL films have nanostructures which could be 

tuned by adjusting the number of bilayers deposited. The high surface curvature of nanostructure 

has been reported to be able to retain the structural features of biomacromolecules attached on the 

surface [18, 118, 221]. Therefore it is reasonable to believe that the ND LBL film could be a 

promising candidate for biomacromolecule immobilization. As control group, the surface 
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morphologies of cast films are given in Figure 6.5, which all feature micron-sized aggregates due 

to strong interactions among NDs. 

 

 

 

Figure 6.5 Surface SEM images for cast films ND (3.5) (a), ND (4.0) (b), and ND (7.5) (c). Size 

bar represents 1 micron in length. 

Figure 6.6 shows cross-sectional image of ND (3.5/4.0) LBL film with 15 bilayers. The film 

shows densely-organized cross-sectional structures with a film thickness of ca. 2 µm. ND 
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(3.5/7.5)15 film shows similar cross-sectional structure and thickness. Based on this, averagely, 

each bilayer deposition contributes to an increment of ca. 130 nm in film thickness. As given in 

Figure 6.3 (b), the average size of ND aggregates is in the range of hundreds of nanometers 

which indicates that only small ND aggregates could be deposited onto the film during LBL 

assembly. 

 

Figure 6.6 Cross-sectional SEM image for ND LBL film ND (3.5/4.0)15. Size bar represents 1 

micron in length. 

The ND thin film growth during the LBL assembly process is demonstrated by UV-Vis 

absorption spectra as illustrated in Figure 6.7. Since pure diamond is a wide bandgap 

semiconductor (5.45 eV), it should not have any optical absorption beyond 300 nm (4.13 eV) 

[19]. However, because of the existence of sp2 carbon on ND surface, its optical absorption 

actually extends from UV to near-IR range. For ND (3.5/4.0) films, there is a broad band ranging 

from 275~340 nm while for ND (3.5/7.5) films all spectra feature absorption bands at 295~300 

nm, which might be assigned to π-π* transition of ND surface graphite layer [238]. The broader 

ND (3.5/4.0) absorption bands, in comparison with those of ND (3.5/7.5), might be attributable to 

more densely distributed particles in ND (3.5/4.0) structure as illustrated and discussed in Figure 
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6.4. Due to relatively higher particle density, a higher level of conjugation renders the π-π* 

transition of ND surface graphite layer in ND (3.5/4.0) films lower in energy than that of ND 

(3.5/7.5) films. Therefore, the ND (3.5/4.0) films show a broader absorption band. The above 

observations are consistent with previous work dealing with UV absorption spectra of gold 

nanoparticles [239]. For cast films, the absorption band of ND (7.5) film (ca. 273 nm) has a slight 

red shift compared with that of ND (3.5) and ND (4.0) films (ca. 270 nm), which could be 

explained in the same manner taking into the consideration that ND (7.5) has a relatively higher 

particle density than those of ND (3.5) and ND (4.0) (see Figure 6.5). 

In order to have an understanding of the film growth rate for two LBL film preparation 

conditions during the LBL assembly process, the absorbance for two LBL films at 300 nm in 

Figure 6.7 is plotted against number of bilayers in LBL films (see Figure 6.8), using the similar 

method as employed by previous work dealing with LBL films of carbon nanotube and 

polyelectrolyte [141, 240, 241]. 
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Figure 6.7 Absorption spectra of ND (3.5/4.0) (a), ND (3.5/7.5) (b), and ND cast films (c). The 

curves from bottom to top are 3, 6, 9, 12, and 15 bilayers of ND LBL films in (a) and (b); the 

curves from bottom to top are cast films ND (4.0), ND (3.5), and ND (7.5) in (c). 
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Figure 6.7 (Continued). 
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Figure 6.8 Absorbance for ND (3.5/4.0) (a) and ND (3.5/7.5) (b) at 300 nm with different 

bilayers. 
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Figure 6.8 (Continued). 

It is interesting to find that both two LBL films have a two-step film growth mode with each 

step having good absorbance-number of bilayers lineality. This probably means the way the LBL 

films grow for the first 6 bilayers might be different from that of the rest of bilayers. During the 

LBL assembly, the very first layer was deposited from ND dispersion at pH 3.5 which is able to 

interact with piranha-solution-treated glass slide through hydrogen bonding. The second layer 

was deposited from ND dispersion at pH 4.0 or 7.5. After the deposition of the first bilayer, the 

following bilayers were deposited in a similar manner. However, as the LBL film grows, the NDs 

gradually form relatively larger aggregates due to intra-layer and/or inter-layer interactions 

among NDs through hydrogen bonding, π-π interaction, and van der Waals forces (Figure 6.4, 

difference in the sizes of aggregates for LBL films with 3 and 15 bilayers). In addition, the 

surface coverage of the film is also increased as ND LBL film grows. Accordingly, the ND LBL 
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film morphologies actually experience some subtle changes in LBL assembly: in the deposition 

of the first few bilayers, the ND LBL film is high in effective surface area (low surface coverage) 

that is available for the deposition of following NDs to continue LBL assembly due to small ND 

aggregate size; but as the film grows in LBL assembly process, the NDs deposited tend to grow 

larger in size by growing aggregates and meanwhile surface coverage is increased so that the 

effective film surface area left for the following ND deposition is decreased. Consequently, the 

number of NDs that could be deposited at each time of deposition is correspondingly reduced as 

the number of bilayers increases. Finally, as the number of bilayers continues increasing to an 

upper limit (corresponding to a high surface coverage of film), the number of NDs that could be 

deposited at each time of deposition could no longer be kept up at a high level and as a result the 

LBL film growth rate is reduced to a lower level (second step as opposed to the first step where 

film grows at a faster rate due to relatively larger effective surface area available for the 

following ND deposition). This is different from existing LBL assembly based on 

polyelectrolytes or nano/polyelectrolyte systems which features linear or exponential film growth 

[241, 242]. In case of LBL assembly involving polyelectrolytes, the polyions are able to adsorb 

on a larger number of surface sites to yield conformal coatings more readily than nanoscale 

objects [240]; while for the assembly of nanoscale objects such as NDs in the present work, it 

takes multiple cycles in the first step of film growth to reach a high (or complete) surface 

coverage for the film growth of the second step. Therefore, the present work shows two distinct 

film growth steps, which is different from linear film growth commonly seen in polyelectrolyte 

LBL assembly. 
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The film growth rate observed in the present work suggests that ND LBL film might be able to 

retain good nanostructures until 6 bilayers. For films with more than 6 bilayers, the large ND 

aggregate size might be retarding the film growth, which is consistent with the work by Fermin et 

al. dealing with LBL assembly of diamond particle/polyelectrolyte [142]. In Fermin et al.’s work 

[142], the LBL films began to slow down growth rate or lose already deposited diamond particles 

after 4 bilayers’ deposition of diamond particle/polyelectrolyte. Some previous research also 

reported on a similar two-step film growth during LBL assembly of polyelectrolytes or carbon 

nanotube/gold nanoparticle [141, 240, 242]. However, in these work dealing with 

polyelectrolytes or carbon nanotube/gold nanoparticle LBL films, the second step showed higher 

film growth rates, which might be attributable to the increased film thickness after full surface 

coverage is reached [240]. On the contrary, the present work shows that for the assembly of NDs, 

the higher film surface coverage would give rise to a lower film growth rate, which might result 

from the growth of ND aggregates during LBL assembly as detailed previously. Actually the 

proposed two-step film growth mode could be further evidenced from Figure 6.7 (b). The ND 

(3.5/7.5) films with 3 and 6 bilayers have absorption bands located at ca. 295 nm while those 

with 9~15 bilayers reside at ca. 300 nm, indicating an evident increase in the size of ND 

aggregates after 6 bilayers of deposition. In Hammond et al.’s work [240], they also found 

noticeable aggregation in LBL assembly after full surface coverage is reached, which agrees well 

with our findings. 

It is also interesting to note that for the first step of deposition, ND (3.5/4.0) LBL films grow 

more quickly than ND (3.5/7.5) films, as indicated by the slope of their respective trend lines 
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(Figure 6.8). One major reason might be that in ND (3.5/4.0) LBL film deposition, ND surface 

negative charge is rather limited compared with that in ND (3.5/7.5) film deposition process. 

Because of limited surface negative charge, NDs in dispersion could have relatively easy access 

to the ND films through hydrogen boding while for ND (3.5/7.5) films both NDs in dispersion 

and on the films are relatively more negatively charged so NDs in the dispersion could not have 

easy access to the ND films. However, in the second step of deposition, two LBL films nearly 

exhibit the same growth rate, which could be attributable to the following: during ND (3.5/4.0) 

preparation process its film growth rate is higher than ND (3.5/7.5) due to less surface negative 

charge of ND. Accordingly, its effective surface area for deposition is decreased more quickly 

than that of ND (3.5/7.5). Therefore, in the second step of deposition, the growth rate of ND 

(3.5/7.5) might be able to “catch up” with that of ND (3.5/4.0). 

Through the above discussion, it can be clearly seen that ND thin film could be prepared in an 

LBL fashion, which could have a flexible control over film morphology. Moreover, the further 

functionalization of LBL films prepared is also flexible because of the presence of 

oxygen-containing surface groups. The LBL assembly process for ND thin film preparation could 

be a promising substitute for traditional CVD technique for biomacromolecule immobilization 

because of high curvature of nanostructures on the film as well as ease and low cost in film 

preparation. 

 

6.4 Summary 

In this chapter, the ND thin films have been prepared by LBL assembly of NDs on glass slides 
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mainly by hydrogen bonding. For the LBL assembly of ND thin films, the film growth 

mechanism was studied and discussed in detail. The observed two-step growth mode of ND films 

was attributable to the increase of ND aggregate size and film surface coverage as the film 

thickness gains. The LBL films feature regularly-organized nanostructures, which could be tuned 

by adjusting the number of bilayers deposited as demonstrated in the present work. Moreover, the 

oxygen-containing surface groups on LBL films make possible the further functionalization by 

chemical or physical approach. 
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CHAPTER 7 

ADSORPTION OF AZO DYE ONTO NANODIAMOND SURFACE 

 

This chapter has been submitted as: 

Wang H.D.; Yang Q.; Niu C.H.; Badea I. Adsorption of Azo Dye onto Nanodiamond Surface. 

2011. 

 

Contribution of the Ph.D. Candidate 

Under the guidance of Prof. Yang and Prof. Niu, Hai-Dong Wang designed and conducted the 

experiment for this chapter as well as prepared manuscript for publication. Prof. Badea has also 

provided guidance in both experiment and manuscript revision. 

 

7.1 Introduction 

Through the discussion of the above chapters, it could be clearly seen that large specific 

surface area, oxygen-containing surface groups as well as chemical and physical inertness endow 

ND with excellent surface properties promising for many applications such as biomacromolecule 

immobilization. In this chapter, the application of surface properties of ND is further extended to 

azo dye contaminant adsorption. 

The main objective of this chapter is to investigate the mechanism accounting for the 

adsorption of dye molecule onto ND surface. To this end, acid orange 7 (AO7) was chosen as a 

model textile azo dye (azo dyes have been extensively used worldwide in textile industry) to 
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study its adsorption behaviors and mechanism on ND surface. As control groups, another azo 

compound sulfasalazine (SSZ), together with 5-aminosalicylic acid (5-ASA) and sulfapyridine 

(SPY), were studied for their adsorption behaviors on ND surface, respectively. SSZ is a widely 

used azo antibiotic and it has been detected in various bodies of water throughout the world [243, 

244] so the study of SSZ adsorption behavior on ND also facilitates this antibiotic removal from 

aquatic environment. More importantly, the study on the adsorption of SSZ, 5-ASA and SPY on 

ND might help ascertain whether or to what extent the azo bond contributes to the azo dye 

adsorption process since 5-ASA and SPY could be obtained through the cleavage of azo bond in 

SSZ molecule using colonic bacteria (Azoreductases) [245]. Detailed discussion is then given on 

specific adsorption behavior and mechanism for azo dye adsorption onto ND surface. 

 

7.2 Materials and Methods 

7.2.1 Materials 

Detonation nanodiamond particles (NDs), which have an average crystal size of 3-5 nm, were 

purchased from Nanostructured & Amorphous Materials Inc. and used without further treatment. 

AO7 (dye content > 85%) and 5-ASA (purity > 99%) were purchased from Sigma-Aldrich. SSZ 

(purity > 98%) and SPY (purity > 99%) were from Fluka. All other reagents are of analytical 

grade and used without further purification. The water used in the present research is from a 

Milli-Q system. 

 

7.2.2 Adsorption Isotherms 
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ND was dispersed at a concentration of 1.0 mg/ml, with ultrasonic treatment (Branson 2510 

Sonication Bath), in adsorbate solutions buffered by phosphate buffer (0.1 M) or 0.1 M HCl. The 

phosphate buffer was used for the pH range of ca. 3 to 11 while 0.1 M HCl for ca. pH 1.0. The 

ND-adsorbate suspension was then mixed thoroughly on a Multitron Incubator Shaker in the dark 

at 25 oC and 180 rpm for 4 h (AO7 and SSZ) or 12 h (5-ASA and SPY) which was confirmed to 

be adequate to establish adsorption equilibrium for each adsorbate under the conditions of present 

research. Finally the suspension was subjected to centrifugation on a Beckman Coulter Allegra 

X-22R centrifuge (15,000 rpm, 30 min) and the adsorbate concentration in the supernatant was 

analyzed on a UV/Vis spectrophotometer (Shimadzu UVmini-1240). The detecting wavelengths 

used are as the following: AO7 (485 nm), SSZ (360 nm), 5-ASA (296 nm for pHs 1.0, 3.0, 5.0; 

330 nm for pHs 7.0 and 9.0; 320 nm for pH 11.0), and SPY (310 nm for pHs 1.0, 3.0, 5.0, and 7.0; 

280 nm for pHs 9.0 and 11.0). All samples were run in duplicates with data presented as the 

average. Blank reference (ND dispersed in buffers) was used during adsorption experiment to 

confirm the influence of floating ND in supernatant was negligible. The uptake of adsorbate was 

determined by adsorbate concentration difference between the initial solution and final 

supernatant, as expressed in Equation (7.1): 

( )
m

VCCq ⋅−
= 0           (7.1) 

Where q  is adsorbate uptake (mmol/kg dry ND), 0C  and C  are adsorbate concentrations in 

initial solution (mmol/ml) and final supernatant (mmol/ml), respectively. V  is the solution 

volume (ml) and m  the dry net weight of ND (kg). 
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7.2.3 Fourier Transform Infrared (FT-IR) Studies 

FT-IR spectra of ND-AO7 and ND-SSZ complexes were recorded on a JASCO FT/IR-4100 

spectrometer. The complex was obtained by dispersing ND in AO7 or SSZ solution (ca. 7.5 

mmol in pH 7.0 phosphate buffer, 0.1 M) at a concentration of 1 mg/ml and then separating the 

solid from the solution by centrifugation. The unbound adsorbate was removed by repeatedly 

rinsing the complex with Milli-Q water. The ND-AO7 or ND-SSZ complex was then lyophilized 

to dryness in the dark. For FT-IR sample preparation, 1 mg of ND-AO7 or ND-SSZ complex was 

ground with 100 mg of dried KBr to form homogeneous powder. The powder (ca. 25 mg) was 

made into pellet which was subjected to FT-IR measurement for transmittance spectrum. For each 

measurement, a total of 64 scans were averaged with a resolution of 4 cm-1. For free AO7 and 

SSZ FT-IR spectra, the sample powders were used directly for measurements, using the identical 

manner as described above. 

 

7.2.4 Zeta-potential Measurements 

Zeta-potential measurements were performed on a Zetasizer Nano ZS instrument (Malvern) 

over a pH range from approximately 9.0 to 2.0 at 25 oC. Zeta-potential was determined by 

measuring the electrophoretic velocity of the nanoparticles by Laser Doppler Velocimetry 

technique. The pH of the solution was adjusted by an autotitrator using NaOH and HCl solutions. 

After reaching the desired pH by titration, the solution was left to equilibrate for 1 min before 

taking measurement. Each measurement was performed in triplicate with the data presented as an 

average. For sample preparation, the ND concentration was fixed at 0.005 mg/ml while both AO7 



 

 124

and SSZ had a concentration of 30 µM. The ND/AO7 and ND/SSZ dispersions were then stirred 

at room temperature in the dark for at least 4 h before the measurements. 

 

7.3 Results and Discussion 

7.3.1 FT-IR Characterizations 

The molecular structures of adsorbates used in this work are schematically illustrated in Figure 

7.1. 
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Figure 7.1 Molecular structure of adsorbates. 

To illustrate the interaction of ND with AO7 and SSZ, the FT-IR analysis was performed on 

AO7/ND-AO7 and SSZ/ND-SSZ. These measurements could also facilitate the analysis of 
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adsorption behaviors of the AO7 and SSZ (as well as the 5-ASA and SPY) in adsorption isotherm 

studies. In the FT-IR measurements, the ND-AO7 and ND-SSZ complexes were first rinsed with 

Milli-Q water to remove any loosely-bound/unbound AO7 or SSZ on ND surface so that the AO7 

or SSZ left in the complex is bound onto ND surface through strong specific interactions. In 

order to accurately reflect the changes in IR bands of AO7 and SSZ after forming complex with 

ND, no ND FT-IR background was deducted from the spectra since any error in the determination 

of AO7/ND or SSZ/ND ratio might give rise to inaccuracy in background deduction. Fortunately, 

the characteristic bands of AO7 and SSZ do not interfere with those of ND in the IR spectra of 

complexes, giving a clear illustration of how AO7 and SSZ interact with ND surface. 

The FT-IR spectrum of AO7 (Figure 7.2 a) features azo bands at 1509 and 1563 cm-1 which 

can be assigned to vibration mode δ(N–H) of the H form of the azo bond (N=N) and a 

combination of vibrations involving N–H bending and –N=C stretching [246, 247]. The sulfonate 

group (SO3
-) has intense bands at 1042 and 1126 cm-1 due to coupling between benzene and 

νs(SO3
-) while the 1192 and 1212 cm-1 bands can be assigned to νas(SO3

-) [246]. After being 

adsorbed onto ND surface, both azo and sulfonate IR bands have undergone noticeable changes. 

For azo bond, the 1509 and 1563 cm-1 bands in AO7 down-shift to 1503 and 1552 cm-1 in 

ND-AO7 complex. For sulfonate, 1042 and 1126 cm-1 bands also have a shift to lower 

wavenumbers (1038 and 1117 cm-1, respectively) upon forming ND-AO7 complex while the 

1192 and 1212 cm-1 bands in AO7 remains unchanged in wavenumbers for ND-AO7 complex. 

All these down-shifts of wavenumbers in IR bands clearly indicate that azo and sulfonate might 

account for the interaction between ND and AO7. The participation of sulfonate in the adsorption 
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of AO7 onto titanium dioxide surface has been evidenced by previous work [246, 247], wherein 

the two oxygen atoms of AO7 form bidentate surface complex with titanium dioxide. In our 

previous work, it was found that ND surface is rich in oxygen containing groups (carboxyl and 

hydroxyl) [18]. Therefore, it might be possible that the sulfonate could form hydrogen bonding 

with oxygen containing groups on ND surface which could partly account for ND-AO7 

interaction. 
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Figure 7.2 FT-IR spectra of (a) AO7 and ND-AO7; (b) SSZ and ND-SSZ. 
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Figure 7.2 (Continued). 

The FT-IR spectra of SSZ and ND-SSZ are presented in Figure 7.2 (b). SSZ also has strong 

azo band which is situated at 1538 cm-1 and can be assigned to vibration mode δ(N–H) of the H 

form of the azo bond. After being adsorbed onto ND surface, the band has an obvious downshift 

to 1530 cm-1. The ν(C-O) in SSZ (1282 cm-1) nearly disappears in ND-SSZ complex, suggesting 

that phenolic group might be also involved in the ND-SSZ interaction by forming hydrogen 

bonding with ND surface oxygen containing groups. Another notable change in SSZ IR spectra is 

the carbonyl group, which is located at 1680 cm-1 for pure SSZ but nearly disappears in ND-SSZ 

complex. The disappearance of carbonyl bands indicates its participation in the SSZ adsorption 

onto ND surface, which might occur through forming hydrogen bonding with ND surface 

hydroxyl and/or carboxyl groups. 

Clearly, the FT-IR spectra for both AO7/ND-AO7 and SSZ/ND-SSZ suggest that azo bond 
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might play an important role in the adsorption process. It has been well documented that the azo 

bond could act as strong π electron acceptor [248, 249]. On the other hand, it is known that the 

ND surface is covered by a thin layer of graphite [64] and the graphite has been reported to have 

π-donor capability [250, 251]. Therefore it is likely that the π-donor-acceptor interaction is built 

up between electron-rich surface graphite of ND and azo bonds of AO7 and SSZ during the 

adsorption process. 

 

7.3.2 Adsorption Isotherms 

The adsorption isotherm quantitatively investigates the adsorption behaviors of AO7 and SSZ 

onto ND surface. From the above discussion on the FT-IR spectra of complexes formed between 

ND and AO7/SSZ, it was concluded that the azo bond might participate in the strong 

π-donor-acceptor interaction with the graphite layer on the ND surface. To have a clear 

understanding of whether the above mentioned π-donor-acceptor interaction does exist and how 

strong this interaction is, 5-ASA and SPY were also studied for adsorption behaviors in addition 

to AO7 and SSZ. In fact, SSZ could be cleaved from azo bond using colonic bacteria 

(Azoreductases) into two compounds: 5-ASA and SPY (Figures 7.1 a, b and c) [245]. The pKa 

values of all four adsorbates are listed in Table 7.1. 
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Table 7.1 The pKa values of AO7, SSZ, 5-ASA, and SPY. 

Compounds pKa References 

AO7 pKa1 1.0 (Sulfonate)  pKa2 11.4 (Naphthalene OH) [252] 

SSZ 
pKa1 2.9 (Carboxyl)  pKa2 7.0 (Sulfonamide) 

pKa3 12.5 (Phenol) 
[253] 

5-ASA 
pKa1 2.3 (Carboxyl)  pKa2 5.7 (Amino) 

pKa3 12.0 (Phenol) 
[254, 255] 

SPY pKa1 2.3 (Anilinium)  pKa2 8.4 (Sulfonamide) [256] 

 

The ND used in the present research has a surface area of ca. 300 m2/g and average crystal size 

of 3-5 nm (data provided by Nanostructured & Amorphous Materials Inc.), which is desirable for 

adsorption applications. The ND surface is rich in oxygen containing groups (carboxyl and 

hydroxyl) according to FT-IR spectra in our previous studies [18]. In addition, its surface 

possesses a graphite layer as evidenced in our previous study [225] as well as other research [64]. 

Therefore the ND used in this work features large surface area, surface graphite layer as well as 

surface oxygen containing groups. 

The adsorption isotherms of all adsorbates are given in Figure 7.3. 
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Figure 7.3 Adsorption isotherms of (a) AO7, (b) SSZ, (c) 5-ASA, and (d) SPY. The 5-ASA and 

SPY isotherms were obtained at pH 7.0. The error bar represents standard deviation. 
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Figure 7.3 (Continued). 

All isotherms could be well fit by Freundlich adsorption model with R2 higher than 0.97: 

( )n
efe CKq /1⋅=           (7.2) 

Where eq  and eC  are equilibrium adsorbate concentration on the ND surface (mmol/kg) and in 
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the solution (mmol/L), respectively. fK  is the Freundlich constant and n/1  the measure of 

nonlinearity [256, 257]. fK  and n/1  are determined by nonlinear regression of Equation (7.2). 

To compare the adsorption coefficients dK  (L/kg) among all four adsorbates with pH changes, 

the exponent n/1  is set to one and the adsorption coefficient is determined as: 

e

e
d C

qK =            (7.3) 

For the determination of adsorption coefficient dK , the initial concentration for all adsorbates 

are kept at 30 μM with ND concentration fixed at 1 mg/ml. Then dK  could be determined 

through Equation (7.3). 

Since the solubility of SSZ becomes extremely low as pH drops below ca. 5.0 (saturated SSZ 

aqueous solution nearly has no detectable UV absorbance as pH drops below ca. 5.0), the present 

work only studied its adsorption behavior at and above pH 5.0. AO7, used in the form of 

sulfonate salt which renders the whole molecule more hydrophilic than SSZ, is quite soluble in 

water throughout the entire pH range under investigation (pH values of 1 to 11). Due to the very 

low solubility of SPY in water, only a narrow concentration range was investigated for adsorption 

isotherm. 

As shown in Figure 7.3, most adsorption isotherms for AO7 and SSZ (especially those at low 

pH values) show a steep slope at low concentration ranges, suggesting a strong interaction 

between ND and AO7/SSZ. The maximum uptakes for AO7 and SSZ, in the experimental 

conditions of the present work, are 1288 mmol/kg and 925 mmol/kg, respectively. Considering 

that the ND in this work has not reached its maximum capacity for AO7 and SSZ adsorptions 
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(see Figures 7.3 a and b), the actual maximum uptakes should be even higher if ND surface is 

totally saturated with AO7 of higher initial concentration. In Liu et al. and Li et al.’s work [157, 

159], where granular activated carbons (AC) were used for AO7 adsorption, both of their 

maximum uptakes for AO7 were well below 280 mmol/kg. In Gercel et al.’s work [158], the 

maximum AO7 uptake on activated carbon was close to 1100 mmol/kg. In these work [157-159], 

the specific surface areas for ACs were ca. 605-982 m2/g [159], ca. 459-864 m2/g [157], and ca. 

1048 m2/g [158] while the ND in this work only has a specific surface area of ca. 300 m2/g, 

suggesting that ND is a more effective adsorbent over AC in dye adsorption due to its 

easily-accessed exterior surface. For using CNT in AO7 adsorption, Rodriguez et al. [258] have 

reported the maximum AO7 uptakes on CNT at pHs 3.0, 5.0, 7.0, and 9.0 were all below 280 

mmol/kg, which is significantly lower than the findings in this work. The above comparisons 

positively indicate that ND has higher capacity for azo dye adsorption than AC and CNT. 

Compared with titanium dioxide nano particle which is often used for dye adsorption [247], 

ND shows considerably higher AO7 uptake (titanium dioxide only has maximum AO7 uptakes of 

ca. 200 and 50 mmol/kg at pHs 2.0 and 5.7, respectively [247]). The AO7 uptake on ND is also 

comparable with those on hematite and goethite [252] (ca. 800 mmol/kg and 100 mmol/kg 

respectively at equilibrium dye concentration of 3.5 mM at pH 3.5). ND in this work has AO7 

uptakes of ca. 1100 mmol/kg (at pH 1.0) and ca. 780 mmol/kg (at pH 7.0) with the same 

equilibrium dye concentration (3.5 mM). It is noteworthy that titanium dioxide, hematite, and 

goethite have the maximum AO7 uptake at very acidic operating conditions and nearly no uptake 

at pH values close to and higher than 7.0. However, the textile wastewater is generally at a pH of 
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ca. 8.0 [160], thus to increase the efficiency of the dye removal the pH of the wastewater needs to 

be adjusted from alkaline to acid, giving rise to additional processing cost. Moreover, the 

acidification process would definitely increase the salinity which is another serious 

environmental issue. In stark contrast, in the present work, ND has high affinity with AO7 from 

acid to mild alkaline conditions, suggesting that ND could be used directly for textile wastewater 

treatment without adding additional cost and posing additional environmental issues. Other 

adsorbents used for dye-removal such as spent brewery grain [259] only has an AO7 uptake of ca. 

28 mmol/kg with initial AO7 concentration of 0.1 g/L while ND in the present work has an AO7 

uptake of over 200 mmol/kg at acid (pH 1.0), neutral (pH 7.0), and alkaline (pH 11.0) conditions 

with the same initial dye concentration. 

As a control group, ND also shows high affinity and uptake with azo compound SSZ which 

might be mainly due to strong π-donor-acceptor interaction between ND surface graphite layer 

and azo bond of SSZ. The adsorption data (Figure 7.3 b) suggest that ND could also be a 

potential desirable adsorbent for removing the antibiotic SSZ from the aquatic environment. 

In comparison with AO7 and SSZ, ND interacts with 5-ASA at a relatively lower level which 

is evidenced by lower uptake as well as mild slope at low concentration range (Figure 7.3 c). For 

SPY, its affinity with ND is considerably lower compared with the other three adsorbates. The 

relatively lower interactions between ND and 5-ASA/SPY, as compared with those between ND 

and AO7/SSZ, demonstrate the significance of the proposed π-donor-acceptor interaction in the 

adsorption of azo dye AO7 and azo antibiotic SSZ onto ND surface. 

The Freundlich constants fK  as well as the measure of nonlinearity n/1  for each adsorption 



 

 135

isotherm in Figure 7.3 are listed in Table 7.2. 

 

Table 7.2 Freundlich constant fK  and Freundlich exponent n/1 . 

Adsorbate pH [-] fK  [mmol1-1/nL1/nkg-1] n/1  [-] 

1.0 714.44± 28.99 0.29 ± 0.02 

7.0 526.72 ± 18.00 0.30 ± 0.02 AO7 

11.0 448.16 ± 15.02 0.29 ± 0.02 

7.0 412.20 ± 12.81 0.41 ± 0.02 

9.0 159.68 ± 4.57 0.54 ± 0.02 SSZ 

11.0 111.41 ± 3.21 0.48 ± 0.02 

5-ASA 7.0 162.37 ± 8.75 0.50 ± 0.03 

SPY 7.0 0.16 ± 0.07 0.90 ± 0.10 

 

At pH 7.0, both AO7 and SSZ show much higher fK  than those of 5-ASA and SPY. The 

Freundlich exponent n/1  of AO7 and SSZ varies in the range of ca. 0.3 to 0.5, suggesting very 

strong nonlinearity in adsorption isotherms. Similarly, the 5-ASA adsorption isotherm at pH 7.0 

also shows a relatively strong nonlinearity ( n/1 : ca. 0.5). On the contrary, the adsorption 

isotherm of SPY is nearly linear ( n/1 : ca. 0.9), implying that the affinity between ND and SPY is 

rather weak. The strong ND-AO7 and ND-SSZ interactions are consistent with the FT-IR 

measurements (Figures 7.2 a and b) which suggest a remarkable π-donor-acceptor interaction in 
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ND-AO7 and ND-SSZ complexes. According to FT-IR spectrum of SSZ (Figure 7.2 b), the 

carbonyl and phenolic groups have strong interaction with ND surface which might be able to 

account for the fact that 5-ASA also has a relatively high affinity with ND, though not as strong 

as those of AO7 and SSZ. 

Taking the pH effect into consideration, the adsorption coefficients ( dK ) of the four adsorbates 

were also calculated (Figure 7.4). Both AO7 and SSZ have high adsorption coefficients, 

considerably higher than those of 5-ASA and SPY. For AO7, the dK  only decreases slightly as 

pH increases from 1.0 to 11.0 while SSZ has a more pH-sensitive adsorption coefficient which is 

lowered by 2 orders of magnitude as pH shifts from 5.0 to 11.0. The high adsorption coefficient 

of ND toward SSZ is comparable with Zhu et al.’s work on the affinity between carbon 

nanotube/graphite and sulfonamide antibiotics [256]. However, dK  of SPY in this work is 

around two orders of magnitude lower than that in Zhu’s work [256], suggesting that the π-π 

electron coupling and/or stacking between aromatic compounds and graphene surface of the 

carbon nanotube as proposed by some previous researchers [260] might not apply to the surface 

graphite of ND in this work. This suggests that the high dK  of SSZ might be largely attributable 

to the strong π-donor-acceptor interaction between the azo bond of SSZ and surface graphite of 

ND (together with the participation of carbonyl and phenolic groups in adsorption) as proposed 

from the FT-IR measurements. Both sulfonate on AO7 and sulfonamide on SSZ are known to be 

electron-attracting groups [256, 261]. As a result, the electron density of azo bonds on both AO7 

and SSZ tends to decrease, which enhances the π-electron acceptor capability of the azo bond, 

thus the π-donor-acceptor interaction between AO7/SSZ and ND might be further strengthened. 
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Figure 7.4 Adsorption coefficients with pH variations. The initial adsorbate concentration is fixed 

at 30 µM for all pH values. The error bar represents standard deviation. 

SPY does not have strong specific interaction with ND, which might be adsorbed onto ND 

surface through weak hydrophobic interaction. In this work, it was found that SPY only has 

appreciable solubility in acid or alkaline environment (solubility at neutral and weak acid pH 

values is rather low: below 150 µmol/L). As pH is increased from 1.0, SPY is gradually 

deprotonated (pKa1 2.3 for anilinium) with less positive charge becoming more hydrophobic, so 

dK  is kept at relatively higher level considering that SPY might interact with ND surface 

through weak hydrophobic interaction. However, as pH shifts higher than 7.0 where a substantial 

amount of sulfonamide is deprotonated (pKa2 8.4 for sulfonamide), a more hydrophilic SPY 

renders dK  drop back to a lower level. 

The decrease of dK  for AO7 and SSZ as pH is increased might also be explained in the 
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similar manner. AO7 has pKa values of 1.0 (sulfonate) and 11.4 (naphthalene OH) while SSZ has 

similar pKa values (2.9 for carboxyl, 7.0 for sulfonamide, and 12.5 for phenol). Thus, in highly 

acidic conditions both AO7 and SSZ exist largely in the neutral form of molecules and is less 

hydrophilic. As the pH increases, sulfonate (pKa 1.0) in AO7 and carboxyl (pKa 2.9) in SSZ 

begin to be deprotonated so that hydrophilicity increases correspondingly. In this work, it was 

found that at pH lower than 5.0 SSZ solubility in water is rather limited and then is considerably 

enhanced in near neutral to alkaline region, which might be corresponding to the deprotonation of 

sulfonamide (pKa: 7.0). This is a good reflection of considerable increase in hydrophilicity of the 

SSZ as pH increases. Moreover, with pH increase the deprotonated sulfonate and sulfonamide 

gradually become less electron-attracting and thus the π-electron acceptor capability of azo bond 

suffers correspondingly. The joint effect of increased hydrophilicity and deprotonation of 

sulfonate and sulfonamide tends to counteract the strong π-donor-acceptor interaction between 

AO7/SSZ and ND by redistributing more AO7 and SSZ into solution instead of onto ND surface. 

Therefore, the increased pH finally gives rise to a decrease of dK . As pH is approaching neutral, 

sulfonamide of SSZ (pKa 7.0) is subjected to major deprotonation which brings about a 

substantial increase in hydrophilicity, resulting in major decrease of dK . Compared with SSZ, 

the more hydrophilic AO7 does not change hydrophilicity drastically as pH increases therefore its 

dK  only experiences a slight decrease. In addition, the increased surface negative charge of AO7 

and SSZ as pH increases might be partly contributing to the decrease of dK  because the ND 

surface is also more negatively charged at high pH values (Figure 7.6). 

The 5-ASA has lowest solubility from ca. pH 2 to 6 which might be due to its isoelectric point 
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(pI) of ca. 4.0 [254, 262, 263]. Below pI the positively charged 5-ASA shows a decreased dK  

which might be attributable to the increased solubility of 5-ASA (increase of hydrophilicity) with 

pH decrease. The low dK  of 5-ASA at high pH (pH values of 9 and 11) might be due to the 

increase in solubility and hydrophilicity of 5-ASA as well as charge repulsion from both 

negatively charged 5-ASA and ND. 
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Figure 7.5 Percentage of adsorbate adsorbed onto ND surface at equilibrium. The initial 

adsorbate concentration is fixed at 30 µM for all pH values. The error bar represents standard 

deviation. 

Converting dK  to the percentage of adsorbates adsorbed, Figure 7.4 is transformed into 

Figure 7.5 to show how much adsorbate could be removed at different pH conditions with initial 

adsorbate concentration fixed at 30 µM. As high as ca. 98% of AO7 could be removed from 

solution phase from pH 1.0 to 11.0. For SSZ this value is also as high as ca. 98% in near neutral 
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to neutral pH ranges but drops to 30% in alkaline environment. The highest adsorbed amounts of 

5-ASA and SPY are only 36% and 12%, respectively. Thereby, Figure 7.5 further demonstrates 

the efficiency of ND in azo dye and azo antibiotic adsorption. 

 

7.3.3 Zeta-potential Measurements 

The zeta-potentials of ND, ND-AO7, and ND-SSZ are given in Figure 7.6, which gives 

evidence of the presence of AO7 and SSZ on ND surface through adsorption. Due to the 

formation of complexes introducing more negative charge onto ND surface, the zeta potentials of 

both ND-AO7 and ND-SSZ are noticeably lower than that of ND. This down-shift is consistent 

with previous reports on particle-AO7 complex where AO7 was adsorbed onto hematite and 

titanium dioxide, respectively [247, 252]. However, for ND-SSZ there is an increase of 

zeta-potential as pH shifts lower than ca. pH 5.0. As mentioned above, SSZ has extremely low 

solubility at pH lower than 5.0. Therefore, in zeta-potential measurements it was found that a 

large amount of SSZ precipitates from the solution as pH drops below 5.0 which might reduce the 

SSZ density on ND surface and thus decrease the surface negative charge. As a result, reduced 

surface negative charge would give rise to a larger increase in zeta-potential compared with 

ND-AO7 complex as pH is decreased. 
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Figure 7.6 Zeta-potentials of ND, ND-AO7, and ND-SSZ with pH variations. The error bar 

represents standard deviation. 

 

7.4 Summary 

In this chapter, the adsorption of azo dye AO7 onto ND surface has been investigated in order 

to ascertain the adsorption behavior as well as the interaction involved in the adsorption process, 

where ND has been proved to have higher capacity in azo dye adsorption than widely used 

activated carbons and carbon nanotubes. As control groups, SSZ, together with 5-ASA and SPY 

(which could be cleaved from azo bond of SSZ), was also studied for the adsorption behavior. 

Due to strong π-donor-acceptor interaction between ND surface graphite layer and azo bond, ND 

shows considerably higher affinity with AO7 and SSZ than that with 5-ASA and SPY. Without 

azo bond participating in π-donor-acceptor interaction, ND only shows moderate and weak 
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interaction with 5-ASA and SPY, respectively. In addition, the interaction between ND and 

AO7/SSZ was found to be decreased as pH shifts from 1.0 to 11.0 which could be attributable to 

the increase in hydrophilicity and negative charges of AO7 and SSZ as the pH increases. Though 

affinity is slightly lower at high pH values, the adsorption coefficients of ND with AO7 at neutral 

to alkaline pHs are still of the same orders of magnitude with those of low pH values, suggesting 

that ND could be a desirable candidate for textile wastewater treatment which is normally at 

alkaline pH. The work in this chapter has demonstrated the great potential of using ND for textile 

wastewater treatment as well as azo antibiotic wastewater treatment. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusions 

The major findings of the present thesis work are as the following: 

(1) The ND used in the present work is already rich in oxygen-containing surface groups and 

therefore further oxidizing acid treatment is not necessary. Functionalization of ND with 

CMCS has been conducted by EDC chemistry and the final product NDCMCS has been 

characterized by a series of analyses including FT-IR spectroscopy, Raman spectroscopy, 

Zeta-potential measurement and X-ray diffraction. All the results obtained have clearly 

demonstrated that CMCS is successfully immobilized onto ND surfaces and the 

functionalization has been proved to be effective. The functionalization with CMCS 

improves the dispersity of ND especially in low and high pH aqueous solutions. Moreover, 

the rich content of primary amine and hydroxyl on CMCS backbone would make further 

physical or chemical functionalization of ND more flexible and versatile. 

(2) The conformation of BSA in ND-BSA complex was investigated by a series of 

characterization techniques. The Fourier transform infrared spectroscopy shows an evident 

change in BSA secondary structure upon binding with ND. The UV-Vis and CD 

spectroscopies further indicate that most BSA structural features could be preserved in 

ND-BSA complex. The fluorescence spectroscopy reveals that Trp residues in BSA are 

placed in a more hydrophobic environment in ND-BSA complex suggesting major protein 



 

 144

unfolding is unlikely to occur. For the adsorption isotherms obtained at different pHs (3.5, 

4.7, 6.0, 7.4, 9.0), both BSA uptake and the affinity between ND and BSA peak at pH 4.7 

which suggests that hydrophobic force dominates the BSA adsorption process. The 

adsorption isotherms can be well fit by Freundlich but not Langmuir model. The 

zeta-potential measurements further suggest that after binding with BSA the strong 

binding force between ND and BSA might result in partial breakup of ND aggregates into 

relatively small ND-BSA aggregates. The results obtained have demonstrated that ND is 

able to preserve the albumin structural features to a large extent in ND-albumin complex 

and is very promising to be used for biosensor applications. 

(3) The protein BSA has been chemically immobilized onto pristine ND surface, which was 

evidenced by FT-IR and UV-Vis spectroscopies. The LBL assembly properties of NDBSA 

with pristine ND were investigated on glass substrates. The NDBSA/ND coatings 

fabricated by LBL assembly method were stable and more densely-organized coating 

structures could be obtained by increasing the number of bilayers deposited. The present 

LBL assembly method for ND-protein coating fabrication could be easily employed to 

prepare biomacromolecule-functionalized ND films for biosensor applications. This work 

has demonstrated that the LBL assembly is a facile approach to fabricate ND coatings and 

it could be a desirable substitute for the traditional CVD process to prepare diamond 

coatings for biological applications. 

(4) The ND thin films have been prepared by LBL assembly of NDs on glass slides mainly by 

hydrogen bonding. For the LBL assembly of ND thin films, the film growth mechanism 
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was studied and discussed in detail. The observed two-step growth mode of ND films was 

attributable to the increase of ND aggregate size and film surface coverage as the film 

thickness gains. The LBL films feature regularly-organized nanostructures, which could be 

tuned by adjusting the number of bilayers deposited as demonstrated in the present work. 

Moreover, the oxygen-containing surface groups on LBL films make possible the further 

functionalization by chemical or physical approach. 

(5) The adsorption of azo dye AO7 onto ND surface has been investigated in order to 

ascertain the adsorption behavior as well as the interaction involved in the adsorption 

process, where ND has been proved to have higher capacity in azo dye adsorption than 

widely used activated carbons and carbon nanotubes. As control groups, SSZ, together 

with 5-ASA and SPY (which could be cleaved from azo bond of SSZ), was also studied 

for the adsorption behavior. Due to strong π-donor-acceptor interaction between the ND 

surface graphite layer and azo bond, ND shows considerably higher affinity with AO7 and 

SSZ than that with 5-ASA and SPY. Without azo bond participating in π-donor-acceptor 

interaction, ND only shows moderate and weak interaction with 5-ASA and SPY, 

respectively. In addition, the interaction between ND and AO7/SSZ was found to be 

decreased as pH shifts from 1.0 to 11.0 which could be attributable to the increase in 

hydrophilicity and negative charges of AO7 and SSZ as the pH increases. Though affinity 

is slightly lower at high pH values, the adsorption coefficients of ND with AO7 at neutral 

to alkaline pHs are still of the same orders of magnitude with those of low pH values, 

suggesting that ND could be a desirable candidate for textile wastewater treatment which 
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is normally at alkaline pH. The present work has demonstrated the great potential of using 

ND for textile wastewater treatment as well as azo antibiotic wastewater treatment. 

 

8.2 Suggestions for Future Work 

(1) In the present thesis work, it has been demonstrated that ND is an excellent platform for 

the immobilization of biomacromolecules such as protein and polysaccharide. The protein 

introduced onto ND surface could retain most of its structural features. Moreover, previous 

research has pointed out that ND has desirable biocompatibility with biomacromolecules. 

According to the above findings, it might be feasible to fabricate a biosensor system based 

on piezoelectric crystal. In a piezoelectric biosensor, the antibody is immobilized onto the 

sensor transducer surface (quartz crystal microbalance) to detect the analyte. This 

analytical method has been proved to have extremely high detection sensitivity [264]. For 

this type of biosensor, the high loading of biomolecules with reserved bioactivities is 

important for practical application [265]. Nano-structured surface on one hand could 

significantly increase the surface area and on the other hand could facilitate the retention 

of structural features of biomolecules. Therefore, to introduce ND onto piezoelectric 

crystal surface might be an effective way to enhance the loading of biomolecules and thus 

enhance the detection sensitivity. ND surface is negatively charged so it could be 

assembled onto positively charged amine-terminated piezoelectric crystal using similar 

approach as reported in previous study [266]. Then antibody could be immobilized onto 

ND surface for the detection of analyte (antigen) from the environment. The merits for the 
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use of ND in this biosensor system consist in that both high specific area (for high loading 

of antibody) and desirable biocompatibility of ND could be given full play. 

(2) For the application of ND in azo dye contaminant adsorption, the present thesis work 

mainly focuses on the adsorption behaviors and mechanism of azo dye onto ND surface 

and has demonstrated that ND is an effective adsorbent for azo dye contaminant. Future 

work might need to further investigate the desorption of azo dye from ND surface, which 

is of great importance for practical use. The alkaline solution treatment, which is effective 

for desorption of azo dye from biomass [267], might not work on carbon materials [158]. 

The microwave irradiation has been proved to be effective in regeneration of dye 

exhausted activated carbon [159, 268] and it might be worth of trying this or similar 

approach for ND regeneration. 

(3) For carbon nanomaterial application, their relatively high cost might be another concern. 

Though cheaper than CNT, it might still be necessary to seek more cost-effective way to 

apply ND to azo dye adsorption. A feasible approach might be doping ND into other 

adsorbent for dye removal, such as chitosan, to enhance the performance of this material. 

In this regard, a good case in point is that Lee et al. [269, 270] found that even chitosan 

hydrogel slightly doped with CNT (0.01wt%) has a significant increase in congo red 

uptake over undoped ones. Due to very small amount of doped CNT, the synthesis cost for 

the adsorbent actually doesnot change significantly. The present thesis work has 

demonstrated high affinity of ND with azo dye which is even higher than that of CNT. 

Moreover, the synthesis cost of ND is lower than that of CNT. Therefore it is reasonable to 
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believe that ND might be a promising candidate to be doped into other cost-effective 

adsorbents to enhance their performance in azo dye adsorption. 
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