
 
 

静岡大学 博士論文 

 

 

 

 

 

バイオイメージング応用のためのプラズマ処理 

酸化亜鉛ナノ材料に関する研究 

 

 

ミハイ アレクサンドル チオラン 

 

静岡大学 

大学院自然科学系教育部 

ナノビジョン工学専攻 

 

 

 

 

2014 年 6 月  



  



Doctoral Thesis 

 

 

 

 

 

Study of zinc oxide nanomaterials for bioimaging 

applications using plasma treatment 

 

 

Mihai Alexandru Ciolan 

 

Graduate School of Science and Technology 

Educational Division 

Department of Nanovision Technology 

Shizuoka University 

 

 

 

 

 

June 2014 



 
  



i 
 

Table of contents 

Table of contents 

 

Table of contents ........................................................................................................................... i 

Abstract........................................................................................................................................... v 

Chapter 1. Introduction ........................................................................................................ 1 

1.1 Background .................................................................................................................................... 1 

1.2 Objectives of the research ....................................................................................................... 2 

1.3 Synopsis of the chapters........................................................................................................... 4 

Chapter 2. Nanomaterials ................................................................................................... 5 

2.1 Zinc oxide based materials ...................................................................................................... 6 

2.2 Crystallographic structure ...................................................................................................... 6 

2.3 The lattice of zinc oxide ............................................................................................................ 8 

2.4 Zinc oxide properties and developed applications ....................................................... 9 

2.4.1 Direct and wide band gap ........................................................................................................................... 9 
2.4.2 Exciton binding energy ............................................................................................................................. 10 
2.4.3 Piezoelectric constants ............................................................................................................................. 10 
2.4.4 Surface conductivity of adsorbed species ......................................................................................... 10 
2.4.5 Optical properties ....................................................................................................................................... 11 
2.4.6 Toxicity of zinc oxide ................................................................................................................................. 15 

2.5 Zinc oxide nanostructures .................................................................................................... 15 

2.6 Synthesis methods of zinc oxide ........................................................................................ 16 

2.6.1 Bulk growth ................................................................................................................................................... 17 
2.6.2 Epitaxial growth methods ....................................................................................................................... 17 

Chapter 3. Bionanotechnology and functionalization of the nanostructured 

materials 20 

3.1 Bioimaging .................................................................................................................................. 21 

3.2 Functionalization of nanomaterials ................................................................................. 25 

3.3 Plasma processing of nanomaterials ............................................................................... 24 

3.4 Functionalization of zinc oxide nanomaterials ............................................................ 27 

3.5 Plasma functionalization of the surface of zinc oxide ............................................... 31 



Table of contents 

ii 

Chapter 4. Experimental methods ................................................................................. 32 

4.1 Methods of investigation and preparation of nanostructured materials ......... 32 

4.1.1 X-ray Photoelectron Spectroscopy (XPS) .......................................................................................... 32 
4.1.2 Transmission Electron Microscopy (TEM) ....................................................................................... 33 
4.1.3 Chemical Derivatization – Nynhidrin Assay ..................................................................................... 34 
4.1.4 Fluorescence microscopy ........................................................................................................................ 35 
4.1.5 Chemical derivatization for quantification of amine groups number grafted on the 

surface of zinc oxide by plasma processing – SPDP protocol .................................................................... 37 
4.1.6 Photoluminescence properties .............................................................................................................. 39 

4.2 Zinc oxide nanoparticle production and processing ................................................. 40 

4.2.1 Pulsed laser deposition............................................................................................................................. 40 
4.2.2 Surface wave excited plasma processing ........................................................................................... 40 
4.2.3 Characterization of the surface wave plasma .................................................................................. 43 

Chapter 5. Plasma functionalization of zinc oxide nanostructures ................... 44 

5.1 Testing the possibility of adding amine groups on zinc oxide surface .............. 44 

5.1.1 Motivation ...................................................................................................................................................... 44 
5.1.2 Experiment description ............................................................................................................................ 44 
5.1.3 Optical emission spectroscopy of the ammonia excited surface wave plasma ................... 46 
5.1.4 Results and discussion of ZnO commercial powder functionalization by plasma 

treatment ....................................................................................................................................................................... 47 

5.2 Functionalization of zinc oxide nanoparticles ............................................................. 50 

5.2.1 Motivation ...................................................................................................................................................... 50 
5.2.2 Experimental considerations ................................................................................................................. 51 
5.2.3 Results and discussions ............................................................................................................................ 53 

Chapter 6. Optimization of the plasma processing technique for amine group 

functionalization of ZnO materials .................................................................................... 59 

6.1 Optimization of plasma parameters ................................................................................. 59 

6.1.1 Motivation ...................................................................................................................................................... 59 
6.1.2 Results and discussion .............................................................................................................................. 59 
6.1.3 Optical emission spectroscopy of the argon and  ammonia gas mixture excited surface 

wave plasmas ............................................................................................................................................................... 64 
6.1.4 High-performance plasma sammpling mass spectrometry ....................................................... 66 
6.1.5 Outcome of plasma functionalization using mixtures of argon and ammonia.................... 70 

6.2 Quantification of the number of amine groups by chemical derivatization .... 74 

6.3 Biofunctionalization of zinc oxide with biomolecules .............................................. 76 

6.4 Conclusions ................................................................................................................................. 78 

Chapter 7. Conclusions....................................................................................................... 80 

References ................................................................................................................................... 82 



Table of contents 

iii 

Activity ......................................................................................................................................... 92 

Journal articles .................................................................................................................................... 92 

Conferences .......................................................................................................................................... 92 

Awards ................................................................................................................................................... 96 

Acknowledgements .................................................................................................................. 97 

 

  



Table of contents 

iv 

  



Abstract 

v 

Abstract  

Abstract 

This current study focuses on the functionalization of the zinc oxide to be 

able to put the bases for development of new bioimaging techniques that can detect 

some specific biological processes. We promote the use of zinc oxide due to his low 

toxicity compared with other semiconductor based materials and his optical 

properties, as photoluminescence, at room temperature. 

The motivation for this study relies in two aspects: one is the use of new 

materials that can fulfill specific roles when interacting with the living organism, the 

second one is the method used to prepare the interface between the nanomaterials 

and the biological medium.  

There is a lack of reports regarding the use of zinc oxide based materials for 

imaging report and thus we promote it due to its low toxicity compared with other 

semiconductor based materials and its optical properties, as photoluminescence at 

room temperature. 

Till now, reports about the functionalization of zinc oxide by wet chemical 

methods were given but these methods have some major disadvantages when 

dealing with materials that should be compatible with living organism like: 

increased toxicity due to the chemicals used for functionalization, agglomeration of 

the nanoparticles, low dispersion in aqueous media and so on.  

For the first time we promote the use of low temperature plasma as a 

functionalization method for zinc oxide trying to overcome some of the issues of the 

wet chemical methods. 

Non-equilibrium low and atmospheric pressure plasma techniques have 

been recognized for a long time as efficient surface modification techniques, and 

accordingly the plasma approach was also considered for the generation of 

biocompatible surfaces. Plasma-surface modification is an effective and economical 

surface treatment technique for many materials and of growing interests in 

biomedical engineering. The unique advantage of plasma processing is that the 

surface properties and biocompatibility can be selectively enhanced, thus enhancing 

the performance of the nanomaterials. 
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I conducted my study by first investigating the possibility of adding amine 

groups on the surface of zinc oxide commercial powder by employing ammonia 

excited surface wave plasma as a processing method. Plasma parameters were 

analyzed by optical emission spectroscopy for better understanding of how the 

functionalization can be achieved. The introduction of amine groups was analyzed 

by XPS measurements and also confirmed employing chemical derivatization. 

The next step of the research consisted in the functionalization of zinc oxide 

nanoparticles synthesized by pulsed laser ablation. Also new condition for the 

plasma were analyzed for optimization of the process. Ar feed into the discharge 

proved to enhance the introduction of amine groups on the surface of the zinc oxide 

and thus better performance for the processing was achieved. Plasma was 

investigated furthermore by optical emission spectroscopy and high-performance 

plasma sampling mass spectrometry for different ratios of Ar and NH3 used in the 

mixture to excite plasma. 

To fulfill our initial goal we checked how the photoluminescence of the zinc 

oxide changes depending on the plasma processing of the samples. Quantification of 

the number of amine groups was also performed by chemical derivatization. Finally, 

we used the amine functionalities on the surface of the zinc oxide as reactive sites to 

connect biomolecules. 
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Chapter 1. Introduction  

Introduction 

Chapter 1. Introduction 

1.1 Background 

To visualize and understand the cellular and molecular biological processes, 

it is mandatory to make use of materials that poses the same size as the 

biomolecular components of interest. Recent advances in nanomaterials and 

nanotechnology provide such tools, as quantum dots for example, used to obtain 

essential information about biological processes[1]–[4]. Disease treatment is 

reaching a turning point, with the emerging fields of molecular based medicine and 

personalized medicine. A cellular level control is not possible without 

nanotechnology to provide high sensitivity and specificity. The possibility of 

developing multifunctional nano-devices is attracting more attention.   

For biomedical applications such as imaging and drug delivery, size is one of 

the most important aspects for success because macro size materials have notable 

drawbacks (e.g. inadequate targeting and toxicity) compared with nanosize with 

respect to the cellular interactions. To understand the processes that stand at the 

basis of the biological processes, the use of nanomaterials is desirable; in the same 

time only downscaling the size of the material it is not enough. Further preparation 

of the nanoparticles is most of the time necessary, by giving them specific functions. 

This special preparation usually involves preparation of the nanomaterials surface 

as to be compatible to the biological media process called functionalization. 

Functional groups or molecules with functional ends are grafted on the surface 

creating an interface suitable for the desired aim. 

Bioimaging techniques offer the possibility of characterization and 

visualization of biological processes at nanometer scale giving precise and real time 

information. Due to the fact that most biological processes take place at nanometer 

scale, the use of nanomaterials with specific function is of great interest for ideal 

imaging resolution. By adding functional groups to the surface of nanoparticles 

(NPs), the sensitivity and selectivity for various biospecies can be improved and 

new technologies can be developed.  
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Disease treatment is reaching a turning point, with the emerging fields of 

molecular based medicine and personalized medicine. A cellular level control is not 

possible without nanotechnology to provide high sensitivity and specificity. The 

possibility of developing multifunctional nano-devices is attracting more attention.  

Biocompatibility is a necessary property of materials during their interaction 

with biological systems; scientists and engineers who are dealing with medical and 

biological problems extensively investigate this aspect. It is a complex phenomenon 

and its mechanisms are not fully understood, mainly due to the lack of detailed 

knowledge of in vivo conditions. The degree of biocompatibility sets the limits to 

engineering solutions required for biomedical problems. Conventional wet-

chemistry approaches employed for changing the physical–chemical characteristics 

of material surfaces often have application limitations owing to the complexity of 

the techniques, the requirement of environmentally non-friendly processes, and 

labor-intensive and expensive methodologies. 

Non-equilibrium low and atmospheric pressure plasma techniques have 

been recognized for a long time as efficient surface modification techniques, and 

accordingly the plasma approach was also considered for the generation of 

biocompatible surfaces. Surface functionalization processes involving non-

depositing plasma-gases, and plasma-enhanced deposition reactions have been 

investigated for the modification of biomaterial surfaces. 

Plasma-surface modification is an effective and economical surface treatment 

technique for many materials and of growing interests in biomedical engineering. 

The unique advantage of plasma processing is that the surface properties and 

biocompatibility can be selectively enhanced, thus enhancing the performance of the 

nanomaterials. 

1.2 Objectives of the research 

The novelty of this study relies in two aspects: one is the use of new 

materials that can fulfill specific roles when interacting with the living organism, the 

second one is the method used to prepare the interface between the nanomaterials 
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and the biological medium. For the first novel aspect, we focus on the 

functionalization of the zinc oxide for the development of bioimaging techniques. 

We promote the use of zinc oxide due to its low toxicity compared with other 

semiconductor based materials and its optical properties, as photoluminescence at 

room temperature. 

Until now, reports about the functionalization of zinc oxide by wet chemical 

methods were given but this methods have some major disadvantages when dealing 

with materials that should be compatible with living organism like: increased 

toxicity due to the chemicals used for functionalization, agglomeration of the 

nanoparticles, low dispersion in aqueous media and so on.  

The second novel point of this thesis is brought by the processing technique. 

To the best of our knowledge, we are the first to promote the use of low 

temperature plasma as a functionalization method for zinc oxide aiming to 

overcome some of the issues of the wet chemical methods. Microwave-excited 

surface wave plasma has been already proven suitable for the production and 

modification of several nanomaterials [5]–[8]. 

First of all we tested the possibility to functionalize the zinc oxide powder by 

plasma processing to check if this process works. Optical emission spectroscopy of 

the plasma was carried out and the influence of parameters like power and bias 

voltage were investigated.  

Going further, we changed the micrometer size powder with zinc oxide 

nanostructures obtained by pulsed laser ablation deposition technique. These 

nanostructures are characterized by considerable smaller size, improved optical 

properties and higher surface to volume ratio compared with the bulk material. 

Next step of the study was to optimize the introduction of the amine groups 

on the surface of zinc oxide by exciting the surface wave plasma in different 

mixtures of argon and ammonia. The optimization was correlated with detailed 

plasma diagnosis by high resolution plasma sampling mass measurements. 
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1.3 Synopsis of the chapters 

This thesis consists of 7 chapters. 

Chapter 1 represents the general introduction of the thesis with background 

and motivation.  

Chapter 2 is an introduction to nanomaterials with emphasis on zinc oxide. In 

this chapter zinc oxide properties, applications, and methods of obtaining are briefly 

described.  

Chapter 3 provides brief information regarding the functionalization of 

nanomaterials and current advances in bioimaging applications. Detailed 

information about zinc oxide functionalization obtained by wet chemical methods 

and possible application are also discussed. From this chapter the main motivation 

for the use of plasma processing as functionalization method arises. 

Chapter 4 presents the methods employed during this study to analyze and 

characterize the outcome of the plasma processing in term of functionalization. 

Detailed about the fabrication of the zinc oxide nanomaterials by laser ablation and 

information about the surface wave plasma and analysis by different measurements 

are also discussed.   

Chapter 5 includes original results regarding the functionalization of the zinc 

oxide materials and also about the surface wave plasma analysis by different 

measurements. These results play an important role for the understanding how 

plasma functionalization works and how can the process be optimized.  

The possibility of adding functional groups on the surface of zinc oxide is 

correlated with the plasma parameters and is presented in detailed in Chapter 6. 

Optimization of the processing techniques is achieved by investigating in detail the 

plasma parameters by optical emission spectroscopy and high-performance plasma 

sampling mass spectrometry. Alongside results about the quantification and the 

photoluminescence of the functionalized zinc oxide are presented. The possibility of 

connecting biomolecules to the functionalities is also shown. 

Chapter 7 summarizes the key points of the thesis.  
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Chapter 2. Nanomaterials  

Chapter 2. Nanomaterials 

The remarkable properties of the nanomaterials influence the modern 

technical society in many interesting aspects. Downscaling the size of the bulk 

material to reach the nanosize is very interesting from the point of view of the 

nanotechnology because the nanosystems do not behave the same as the bulk 

counterparts. The interest towards the nanoscale technology is due to the scientific 

ability to fabricate and manipulate things with a small number of atoms for the 

development of applications. 

The properties of the nanomaterials depend on the extrinsic contribution 

(the surface phenomena) and the intrinsic contribution (quantum confinement 

effects). Another interesting point of view regarding the nanostructured materials is 

the surface to volume ratio, which rapidly increases when the particle size 

decreases. This particular property of the nanomaterials determines the extent 

activity of the nanoparticulate system. 

Table 1. Examples of nanomaterials [1]. 

 

 Nanosciece and nanotechnology primarily deal with the synthesis, 

characterization, manipulation and implementation of the nanostructured 

materials. Nanostructures can assemble in many ways: clusters, quantum dots, 
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nanocrystals, nanowires, nanotubes, and, to a bigger extent, they can be arranged in 

specific arrays. Table 1 depicts some typical dimensions of the nanomaterials [9] 

2.1 Zinc oxide based materials 

Zinc oxide is a II-VI semiconductor material that attracted a big interest in 

the research community due to its interesting properties that promoted it as a 

suitable material for developing diverse applications. One of the most important is 

its large exciton binding energy (60 meV) that could lead to lasing action based on 

exciton recombination and possibly polariton/exciton interaction even above room 

temperature and with very low threshold currents. The history of zinc oxides 

research dates from many decades ago but only since the beginning of 20th century 

reports have been given on the lattice parameter [10], the Raman scattering studied 

vibrational properties [11], the first growing of epitaxial zinc oxide growing on 

sapphire by chemical vapor deposition [12]. Based on this knowledge zinc oxide 

materials applications emerged: Au Schottky barriers (1965), light-emitting diode 

(LED) (1967), and metal insulator semiconductors (MIS) with Cu2O p-type material 

(1974), ZnO/ZnTe n-p junctions (1975).  

2.2 Crystallographic structure 

Semiconductors compounds from group II-VI usually crystallize in cubic, zinc 

blende or wurtzite (Wz) structure – each anion of the material is surrounded by four 

cations at the corners of a tetrahedron and vice versa. Being part of the II-VI 

compound group zinc oxide ionicity resides at the borderline between the covalent 

and ionic semiconductors. 
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The crystallographic structure of zinc oxide can be wurzite (B4), zinc blende 

(B3), and rocksalt  (or Rochelle salt) as shown in Figure 1. 

Figure 1. Representation of the ZnO crystal structures: cubic rocksalt (left), cubic zinc 

blende (center), and hexagonal wurtzite (rigth) [10]. 

The wurtzite symmetry is one of the thermodynamically stable phases in 

normal ambient conditions.  The other phase can be stabilized like the wurtzite 

symmetry but it needs specific high pressure and temperature conditions. The ideal 

wurtzite structure is characterized by a hexagonal unit cell with two lattice 

parameters, a and c, with a ratio of 
𝑐

𝑎
= √

8

3
= 1.633, and two interpenetrating 

hexagonal closedpacked sublattices with one atom displaced with respect to the 

other along the threefold c-axis by the amount of u=0.375, which represents the 

length of the bond parallel to the c-axis (anion-cation bond length or the nearest-

neighbor distance) divided by the c lattice parameter. Figure 2 shows a detailed 

schematic of the wurtzite structure. Changing the c/a ratio or the u value, the 

wurtzite structure of the zinc oxide deviates from the ideal model.  The 

experimental values of the c/a ratio are smaller than the ideal and strongly correlate 

with the u parameter. When the ratio decreases, the long-range polar interactions 

cause a distortion of the tetrahedral angles and, thus the four tetrahedral distances 

remain constant while the u parameter increases.  
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Figure 2. Wurtzite structure of zinc oxide with lattice constants [13]. 

Zinc oxide can also crystalize in a blende structure that is metastable and can 

be stabilized only by heteroepitaxial growth on cubic substrates (as ZnS, GaAs/ZnS) 

reflecting the topological compatibility to overcome the tendency of forming 

wurtzite phase. Zinc oxide can be transformed in rocksalt structure using external 

hydrostatic pressure which reduces the lattice dimensions and causes the interionic 

Coulomb interactions favoring the ionicity over the covalent nature. 

2.3 The lattice of zinc oxide 

Lattice parameters of the zinc oxide were intensively studied, the 

experimental measurements at room temperature are in good correlation with the 

theoretical calculations for the ideal wurtzite structure as seen in Table 2. The 

slightly differences from the ideal wurtzite crystal could be attributed to lattice 

instability and ionicity. 
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Table 2. Measured and calculated lattice constants and the u parameter of wurtzite 

zinc oxide 

Wurtzite 

a (Å) c (Å) c/a u Reference 

  1.633 0.375 Ideal 

3.2496 5.2042 1.6018 0.3819 a 

3.2501 5.2071 1.6021 0.3817 b 

3.286 5.241 1.595 0.383 c 

3.2498 5.2066 1.6021  d 

3.2475 5.2075 1.6035  e 

3.2497 5.206 1.602  f 

  1.593 0.3856 g 

  1.600 0.383 h 

a Measured using XRD [13]. 

b Measured using XRD [4]. 

c Calculated using ab initio periodic LCAO method, based mainly on the Hartree–Fock Hamiltonian, 

with an all-electron Gaussian-type basis set [32]. 

d Measured using EDXD [12]. 

e Measured using XRD [9]. 

f Measured using XRD [30]. 

g Calculated using first-principles periodic Hartree–Fock LCOAO program [20]. 

h Calculated using ab initio quantum mechanical level through the Berry phase scheme applied 

delocalized crystalline orbitals and through the definition of well-localized Wannier functions 

[33]. 

2.4 Zinc oxide properties and developed applications 

2.4.1 Direct and wide band gap 

The 3.44 eV band gap at low temperatures and 3.37 eV at room temperature 

[5,6][14][15] enable the possibility to use zinc oxide in a range of optoelectronics 

applications, mainly in the blue/UV region. These include light-emitting diodes, 

laser diodes, and photodetectors [16][17]. Optically pumped lasing was achieved in 

ZnO platelets [18] [19], thin films [18],various clusters of zinc oxide 

nanocrystals[20], and nanowires[21].  p-n homojunctions were also reported [22] 

[23] [24]. 
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2.4.2 Exciton binding energy 

Zinc oxide has a 60 meV free exciton binding energy [18] which is much 

larger compared with other semiconductor based materials (GaN) [25]. Thus, zinc 

oxide has an efficient excitionic emission at room temperature and above it [18], 

[19]. This property (based on the fact that the oscillator strength of excitons is 

typically larger than of direct electron-hole transitions in direct gap semiconductors 

[26]) makes zinc oxide a promising candidate for optical devices based on excitonic 

effects. 

2.4.3 Piezoelectric constants 

Piezoelectricity is the property of a material to get a deformation in the 

crystal lattice when a voltage is applied and vice versa. These kinds of materials 

were successfully implemented in sensors, transducers, and actuators. The wurtzite 

zinc oxide is characterized by a low symmetry combined with the large 

electromechanical coupling – zinc oxide materials exhibit strong piezoelectric and 

pyroelectric properties. Reports proved the possibility to obtain piezoelectric zinc 

oxide film with uniform thickness and orientation on a variety of substrates and 

with diverse deposition techniques such as: sol-gel process, molecular beam epitaxy, 

and sputtering [27][28]–[33].   

2.4.4 Surface conductivity of adsorbed species 

Zinc oxide has a strong sensitivity towards the exposure of its surface to 

various gases, which changes its conductivity. Zinc oxide based devices can be used 

as cheap smell sensors, to detect the freshness of the food and drinks based on the 

high sensitivity to trimethylamine present in the odor [34]. Based on the gas 

sensitive behavior of zinc oxide electrical conductivity (which increases in vacuum 

and decreases in normal atmosphere) it is possible to detect gases such as 

hydrogen, oxygen, and hydrocarbon. The sensitivity of this kind of sensors can be 

improved by doping [35]–[38]. The sensing capabilities are in strong correlation 

with the thickness of the material and the size of the structures (increasing when 
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downscaling towards the nano-size[39], [40]. Table 3 presents zinc oxide based gas 

sensors, with and without dopants, and the gases detected. 

Table 3. ZnO gas sensors 

Sensor type Dopant Sensing Gas 

single crystal - CO, CH4 

thick film - CO, H2 

thick film  undoped, Pd doped NH3 

thick film Sb CH4, H2 

pellet Al H2 

thin film (CVD) - H2 

thin film (sputter) Al NH3 

nanometer Ag CO, C2H2 

nanometer grain size SF6, C2H5OH 

2.4.5 Optical properties 

Comprehensive studies about the remarkable optical properties of zinc oxide 

show the possibility to use this material for a wide range of optoelectronics devices 

due to his direct wide bandgap at room temperature (Eg~3.3 eV), large exciton 

binding energy (60 meV) and efficient radiative recombination. The optical 

properties of semiconductor based materials lies in the presence of both intrinsic 

and extrinsic effects. The intrinsic optical transition takes place between the 

electrons in the conduction band and the holes in the valence band, including the 

excitonic effects caused by the Coulomb interactions. The extrinsic properties are 

related to dopants/impurities or point defects and complexes, which usually create 

electronic states in the bandgap and therefore influence both optical absorption and 

emission processes. The electronic states of the bound excitons (BEs) strongly 

depend on the semiconductor material, in particular the band structure. In theory, 

excitons could be bound to neutral or charged donors and acceptors. Other extrinsic 

transitions could be seen in optical spectra such as free-to-bound (electron-

acceptor), bound-to-bound (donor-acceptor), and the so-called yellow/green 
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luminescence (GL). The well-known green band in ZnO luminescence spectrum 

(manifesting itself as a broad peak around 500–530 nm) is observed nearly in all 

samples regardless of growth conditions and relates to singly ionized oxygen 

vacancies. 

One of the unique properties of direct bandgap semiconductors is their 

ability to produce light emission in response to excitation mainly by means of 

electrical or optical injection of minority carriers. Light emission through any 

process other than blackbody radiation is called luminescence and requires external 

excitation, as it is a nonequilibrium process. When an external voltage is applied 

across a forward-biased p–n junction, as in the case of LEDs and lasers, electrons 

and holes injected into the medium from their respective ends recombine resulting 

in light emission called electroluminescence (EL). The emitted photon energy equals 

the difference of the energies of states occupied by electrons and holes prior to 

recombination. Another means of light emission, the photoluminescence (PL), is a 

result of incident-photon absorption that generates electron–hole pairs and 

produces emission of a photon of a different wavelength. The incident absorbed 

photons usually excite electrons from the valence band into the conduction band 

through momentum-conserving processes because the photon momentum is 

negligible. The electrons and holes thermalize to the lowest energy state of their 

respective bands via phonon emission before recombining across the fundamental 

bandgap or the defect levels within the bandgap and emitting photons of the 

corresponding energies. Photoluminescence (PL) measurements give important 

physical properties (defects of the lattice) for material characterization. Light 

emission can also be induced by raising the temperature of the semiconductor 

(thermoluminescence) and by subjecting the semiconductor to electron irradiation 

(cathodoluminescence) or other high-energy particle irradiation. Typical emission 

spectrum is rich with emission associated with intrinsic processes, meaning those 

not involving defects and impurities of any kind, and extrinsic processes meaning 

those involving impurities and defects in the form of either simple phases or 

complexes. Both intrinsic and extrinsic processes can be effectively studied by 
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analyzing the steady-state PL, time-resolved PL (TRPL), and PL excitation (PLE) 

spectra.  

For measuring the photoluminescence of zinc oxide typically a He-Cd laser is 

used. The schematic representation shown in Figure 3 depicts a typical PL 

measuring arrangement consisting from a light source (laser) for excitation, a 

dispersive element (grating monochromator), and a sensitive optical detector. 
 

 

Figure 3. Schematic representation of a typical PL setup including a laser, a grating 

monochromator, detector (PMT), filters and collecting lenses. 

Studies revealed that a high purity perfect zinc oxide crystal structure leads 

to a pure near band edge emission (NBGEE) at around 380nm [41], [42]. When the 

lattice of the zinc oxide is dominated by the presence of defects and impurities, a 

strong visible emission and a weak NBGEE can be observed. In Figure 4 a schematic 

diagram of the intrinsic defects in the lattice of zinc oxide materials is shown 

correlating the influence of oxygen vacancies (VO), interstitial zinc (Zni), interstitial 

oxygen (Oi), zinc vacancies (VZn), substitution of Zn at O position (ZnO) with the 

emission measured in the photoluminescence spectra [8] 
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Figure 4. Schematic diagram of intrinsic point defect levels in ZnO [8]. 

Generally the UV emission at 380nm is attributed to the transition from the 

conduction band (CB) to the valence band (VB), blue emission isto the transition 

from the interstitial zinc Zni to the VB and the green emission is to the transition 

from the oxygen vacancies to VB [43], [44]. In Figure 5 typical PL emission spectra 

for different types of zinc oxide nanostructures such as tetrapods, needles, different 

kind of rods, shells and ribbons are shown.  

 

Figure 5. Example of  room temperature PL spectra of various nanostructures in: (1) 

tetrapods, (2) needles, (3) nano-rods, (4) shells, (5) highly faceted rods, and (6) 

ribbons/combs [45]. 
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2.4.6 Toxicity of zinc oxide 

Zinc oxide has ceramic nature and thus can be used both as pigment and 

semiconductor. Zinc oxide exhibits antibacterial activity to a higher extent with 

Gram-positive B subtilis than towards the Gram-negative  E. coli [46]. One of the 

most remarkable commercial applications of 20–100 nm ZnO nanoparticles is as 

sunscreens and cosmetics, due to their property of blocking broad UV-A and UV-B 

rays [47]. ZnO nanoparticles are believed to be non-toxic, bio-safe, and 

biocompatible nanomaterials [48], a very important aspect when developing  

bioapplications. Different studies performed on bacteria showed that low 

concentrations of zinc oxide nanoparticles did not induce any cellular damage 

[47][49] offering a promising base to develop new biocompatible applications  

2.5  Zinc oxide nanostructures 

Zinc oxide is a unique material that exhibits semiconducting, piezoelectric, 

and pyroelectricproperties. Using various synthesis methods and growth conditions 

zinc oxide can crystalize in a wide range of shapes (i.e. nanocombs, nanorings, 

nanohelixes, nanobelts, nanowires and so on). The nanostructures have and could 

have novel applications in optoelectronics, sensor industry, transducers, and 

biomedicine own to its biocompatibility.  

Belt-like, quasi-one-dimensional nanostructures (called nanobelts) have 

been synthesized for semiconducting oxides of Zn, Sn, In, Cd, and Ga, by simply 

evaporating the desired commercial metal oxide powders at high temperatures. The 

as-synthesized oxide nanobelts were pure, structurally uniform, single-crystalline, 

and mostly free from dislocations; they have a rectangular-like cross-section with 

constant dimensions. The belt-like morphology appears to be a unique and common 

structural characteristic of this family of semiconducting oxides with cations of 

different valence states and materials of distinct crystallographic structures. Field-

effect transistors [50], ultrasensitive nano-sized gas sensors [51], nanoresonators, 

and nanocantilevers [52] have been fabricated based on individual nanobelts. 
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Nananobelts, nanosprings, and nanorings [53], [54]  with piezoelectric properties 

were synthesized for nanoscale transducers, actuators, and sensors.  

Among the functional oxides with rutile, CaF2, spinel, and wurtzite structures 

[55], zinc oxide is unique – it has semiconducting and piezoelectric properties in the 

same time. Zinc oxide is a material with diverse structures, and richer 

configurations than any known nanomaterial including carbon nanotubes. 

Controlling the growth kinetics, local growth temperature, and the chemical 

composition of the source materials, a wide range of nanostructures of zinc oxide 

have been synthesized as it can be seen in the examples in Figure 6. 

 

Figure 6. Zinc oxide nanostructures [56]. 

2.6 Synthesis methods of zinc oxide 

For most of its current applications ZnO is used in polycrystalline form, its 

crystalline quality or purity are not an issue. Advanced applications require single 

crystals in the form of bulk or thin films and a high degree of purity.  
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2.6.1 Bulk growth 

Growth of bulk zinc oxide crystals is mainly carried out by three methods: 

hydrothermal [57]–[60], seeded vapor transport (sublimation) [61], [62], and melt 

growth [63], [64]. Because of its high vapor pressure, growth of ZnO from the melt is 

difficult, while vapor-phase deposition is difficult controled. A small amount of 

supersaturation of the solution during hydrothermal reaction fuels crystal growth. 

The hydrothermal method is very well known and established for the growth of 

quartz crystals thus suitable for the large-area ZnO single. (where anisotropic 

growth rate was reported [65])   

2.6.2 Epitaxial growth methods 

Device applications are interested in thin films and multilayers. The most 

common epitaxial deposition techniques used to synthetize semiconductor based 

materials are the radio frequency (RF) magnetron sputtering, molecular beam 

epitaxy (MBE), chemical vapor deposition (CVD), and pulsed laser ablation (PLA). 

Pulsed lased deposition. The pulsed laser deposition (PLD) is a versatile 

technique to synthesize nanostructured materials.  A high-power laser pulses are 

streamed on the surface of the bulk material and evaporates material from the 

target by ablation. PLD preserves the stoichiometry of the deposited material, an 

important advantage of this technique. Intensive studies were carried out over the 

years to understand how the ablation technique works [66]. The plasma plume 

formed during the ablation process expands away from the target with a strong 

forward-directed velocity distribution of different particles. The ablated species 

condense on the substrate placed opposite to the target.  The main advantages of 

PLD are:  it creates high-energy source particles, and it permits high-quality film 

growth at low substrate temperatures (typically ranging from 200 to 800℃). The 

simple experimental setup, and the possibility to operate in high ambient gas 

pressures (i.e. ranging between 10-5 –10-1 Torr) promote it as a cheap and suitable 

method for zinc oxide nanomaterials production. For the growth of zinc oxide by 

PLD technique, usually UV excimer lasers (KrF:  λ＝248 nm, ArF λ＝193 nm) and 

Nd:YAG pulsed lasers (λ＝355 ~ 1064 nm) are used. Zinc oxide targets usually can 
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consist of pressed powder of zinc or zinc oxide, or high purity targets are 

commercially available. The temperature of the substrate, the ambient oxygen 

pressure, and the laser intensity determine the properties of the obtained films. In 

Figure 7 a typical schematic of a pulsed laser deposition system is shown [67]. 

Thin zinc oxide films can been deposited on a wide variety of substrates 

(amorphous to single crystals), by PLD employing millisecond, nanosecond or 

femtosecond lasers. The pulse duration plays an important role in the crystalline 

state of the PLD-grown ZnO films.  

 

Figure 7. Schematic diagram of pulsed laser system [67]. 

Over the years many studies regarding the ablation of semiconductors were 

perform with different types of lasers. In the first report a tunable dye laser was 

used to investigate how the process works [68].  

Zinc oxide deposited by 248 or 266 nm lasers exhibited a far superior 

morphology than films deposited with 532 or 1064 nm lasers, regardless of the 

experimental conditions as seen from the SEM images in Figure 8 where the 

structure of the thin film deposit using a 1064 nm laser consists from a high density 

of particles compared with 248 nm laser deposition which is almost featureless.  
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Figure 8. SEM images of zinc oxide films produced with lasers of wavelengths: (a) 

1064nm, (b) 532nm, (c) 248nm [69] 
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Chapter 3. Bionanotechnology and functionalization  of the nanostructured mater ials 

Chapter 3. Bionanotechnology and functionalization of the 

nanostructured materials 

As a general definition, any structure with size of less than 100 nm is a true 

nanostructure, and unique phenomena are expected to take place at this scale. 

Nanotechnology is the concept that gives the possibility to manufacture and 

engineer at nanometer scale with atomic precision. Bionanotechnology is nothing 

else than a research branch of the nanotechnology where the inspiration for 

engineering at nanoscale is given by the biological processes that can be found 

everywhere around us. 

When imaging biological processes, it is mandatory to make use of materials 

that firstly have the same size as the processes or structure to image, and secondly 

have some property that can be used for this purpose. Last but not least, they should 

be able to interact with the biological medium in such way as not to disturb the 

imaged process or structure. Therefore, special preparation of these nanomaterials 

needs to be done after their production. 

The surface to volume ratio is much higher for nanomaterials than for 

microsize particles; the number of particles available per square unit of area in nano 

system is much higher than that for micron size system. This property makes 

nanoparticles suitable to act as catalysts or drug delivery systems. On the other 

hand, they are sensitive to the environmental conditions such as temperature, 

visible light, ultraviolet (UV), infrared (IR), pH, vibration forces, and so on. When 

dealing with nanoparticles, the atom-atom interaction determines the shape, size, 

geometry and orientation of the system, greatly contributing to the self-assembly 

property. 

Gold, silver, zinc oxide, titania, and others have already been proven suitable 

for bioapplications. Even more, when these materials are functionalized with 

different structures, such as biomolecules or functional groups the nanomaterials 

can perform targeted delivery or  can be used as biomarkers for detection of tumors 
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(cancer therapy) [70], [71]. A schematic representation of a functionalized 

nanoparticle is presented in Figure 9 [72]. 

 

Figure 9. Schematic example of nanoparticles surface modification [72]. 

3.1 Bioimaging 

Biomolecular imaging (or bioimaging) is an important field for understanding 

the biological processes and for facilitating the interactions with biological targets.  

There are several noninvasive imaging techniques available for molecular imaging 

purposes, such as fluorescence imaging, computed tomography (CT), magnetic 

resonance imaging (MRI), positron emission tomography (PET), single photon 

emission computed tomography (SPECT), ultrasonography [73]. All these 

techniques differ in terms of sensitivity, resolution, complexity, acquisition time, and 

operational cost. However, they are complementary as seen from Figure 10.  

The imaging concept is used to define a variety of ways to define specific 

molecules present in living organism using externally activated agents or labeled 

particles that have the ability to sense specific molecular targets or cellular 

processes. Further studies are necessary to make a full understanding of the 

fundamental biological processes. New imaging methods could open the path for 
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better differentiation in diagnosis and detection of diseases and help better monitor 

the therapies using bioimaging markers.  

 

Figure 10. Applications of quantum dots as contrast agents in bioimaging [3]. 

Recently the research has been focusing on the unique optical properties of 

quantum dots (QDs) in biological imaging. Optical bioimaging is based on traditional 

dyes, but there are several drawbacks associated with their use. It is well known 

that cell auto-fluorescence in the visible spectrum leads to the following effects:  

 auto-fluorescence  - can mask signals from labeled organic dye molecules, 

 instability of organic dye under photo irradiation, which results in only short 

observation times,  

 conventional dye molecules have a narrow excitation window, which makes 

difficult the simultaneous excitation of multiple dyes; 

 dyes are sensitive to the environmental conditions, such as pH changes;  

 most of the organic dyes have a broad emission spectrum.  

 Quantum Dots are of interest for several reasons: 

 higher extinction coefficients,  
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 higher quantum yields,  

 less photo-bleaching, 

 absorbance and emissions can be tuned with size,  

 generally broad excitation windows but narrow emission peaks, 

 multiple quantum dots can be used in the same assay with minimal interference 

with each other,  

 toxicity may be less than conventional organic dyes,  

 quantum dots can be functionalized with different functional groups.  

In semiconductors, the electronic ground level represented by the valence 

band is completely filled with electrons. The excited quantum states lie in the 

conduction band, which is empty and a minimum energy is necessary to excite an 

electron in a semiconductor; the energy released by de-excitation is equal to the 

band gap [74]. When a semiconductor absorbs a photon, an electron can be excited 

to a higher energy quantum state. If the excited electron returns (relaxes) to a lower 

energy quantum state by radiating a photon, the process is called photoluminescence 

(PL). Impurities and defects in the lattice act as activators and perturbe the band 

structure by creating local quantum states that might lie within the band gap. The 

predominant radiative mechanism in extrinsic luminescence is electron – hole 

recombination, which can occur via transitions between conduction band and 

acceptor state, donor state and valance band, or donor state and acceptor state. 

Nanostructures possess optical properties that are highly dependent on the 

particle size or dimension. Such particles can be linked to biomolecules to form 

long-living sensitive probes for identification processes.  

Figure 11 depicts CdS quantum dots of different sizes, the size 

correspondence to a different color, and also the emission spectra of CdS when 

excited by a UV source [75].   
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Figure 11. A) Fluorescent images of CdS QDs using a 365nm source. Sizes of QDs are 

2.2nm (blue), 2.9nm (green), 4.1nm (orange) and 7.3nm (red). (B) Fluorescent 

spectra of the QDs exited with 400nm source. (C) Broad absorption spectra of the 

QDs. [75] 

Quantum dots have already been used for live imaging of animal organs 

delivered through the intravenous route, demonstrating the ability of highly specific 

targeting. Different in vivo studies evaluate the efficiency of the quantum dots for 

targeted applications. Figure 12 shows green QDs conjugated to streptavidin, 

emitting green fluorescence. The image shows F-actins of fixed fibroblasts providing 

a high selectivity.  The red fluorescent (CdSe)ZnS qunatum dots in Figure 13 were 

incubated with a monolayer of living human cancer cells. 

Bioimaging with the use of nanostructures is an emerging technology in 

medical science having the great potential to revolutionize the way of diagnosis and 

treatment of diseases. By functionalizing different quantum dots with different 

functional groups and even biomolecules, new multicolor optical techniques can be 

developed. Current reports show the possibility to employ this kind of 
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functionalized quantum dots for in vivo and in vitro imaging and diagnostic of live 

cell as it can be seen from Table 4. 

  

Figure 12. Immunocytochemical stain 

of F-actin in fixed fibroblast cells [76] 

Figure 13 Human cancer cells incubated 
with (CdSe)ZnS QDs conjugated with TAT 

peptides [76]

Table 4. In vivo and In Vitro bioimaging studies using quantum dots 

Quantum dots Purpose Imaging techniques Reference 

CdSe/Cds/SiO2 Mouse fibroblast cell 

imaging 

In vitro fluorescence [77] 

CdSe/ZnS Biological detection In vitro fluorescence [78] 

CdSe/ZnS/SiO2 Phagokenetic track imaging In vitro fluorescence [76] 

CdSe/ZnS Tumor vasculature and lung 

endothelium imaging 

In vitro and in vivo 

fluorescence 

[76] 

CdTe/CdSe Cancer cell lymph nodes 

imaging 

In vivo fluorescence [79] 

CdSe/ZnS Maltose-binding protein In vitro FRET [80] 

3.2 Functionalization of nanomaterials 

Functionalization of surfaces through direct molecule attachment or by 

functional groups grafted on the surface is an important approach to tailoring the 

chemical, physical, and electronic properties of nanoparticle surfaces. By 

incorporating new functions on nanomaterials surface it’s possible to develop 

devices and applications in different technological fields such as microelectronic 
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computing, micro- and optoelectronic devices, micro-electromechanical machines, 

three-dimensional memory chips, silicon-based nano- or biological sensors, and 

nanopatterned organic and biomaterial surfaces.  Dry reactions in vacuum and wet 

chemistry in solution are the two major strategies for functionalization.  

A key motivation for the functionalization is achieving fine-tuning of the 

electronic properties. Chemical attachment of molecules to the semiconductor 

surface enables the necessary control over electron transfer through the 

semiconductor–organic interface providing a versatile and reproducible way to 

tailor the electronic properties of semiconductor surfaces in a controllable manner. 

Functional groups are widely used for different types of materials starting 

from plastics to semiconductors. Functionalized materials exhibit unique chemical 

and physical properties and furthermore, if they are biocompatible, open new 

horizons for developing safe and accurate application for medical industry. 

Functionalization of semiconductor surfaces is driven by significant 

technological requirements in areas including micro- and nanoscale 

electromechanical devices and development of new bioimaging techniques. In the 

last decades efforts in functionalization of semiconductor surfaces with organic 

materials and the subsequent immobilization of biospecies (such as DNA) at the 

surface were made leading to new developments for the biomedical industry. Figure 

14 shows some of the recent progress of inorganic nanoparticles including their 

unique properties, surface functionalization strategies, and applications in 

biosensing and imaging therapeutics. Among them, reports describe the 

encapsulation of both magnetic nanoparticles and quantum dots within a silica shell 

to form a hybrid material denoted as SiO2/MP-QD that has potential in bioimaging, 

drug targeting, biosensing, and biolabeling applications [81]. 
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Figure 14. Surface functionalized nanoparticles: gold, quantum dots, upconversion 

nanoparticles and magnetic nanoparticles [81]–[83]. 

To use the nanoparticles in bioapplications, their surface needs to be 

functionalized to provide stability, biocompatibility, and functionality. To 

appropriately tailor the surface of nanoparticles, chemists have designed different 

strategies to introduce the desired functionality on nanoparticles via surface 

encapsulation, in situ synthesis, or self-assembly. Currently, nanoparticles are 

widely functionalized with a variety of materials such as silica, graphene, synthetic 

polymers, biopolymers, dendrimers, and small molecules. In addition to tuning the 

surface properties, nanoparticles have been conjugated with biomolecules.  
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Surface engineering can tune the colloidal properties of nanoparticles to 

render them water-soluble and stable in physiological environments. In the next 

step, the surface-functionalized nanoparticles can be conjugated with biomolecules 

like peptides, proteins, or nucleic acids for developing interactions with living 

systems to participate in biological processes. The covalent binding of biomolecules 

with reactive primary amines, carboxylic acids and thiols on nanoparticles is a 

common bioconjugation method, which is suitable for various nanoparticles 

including gold, quantum dots, and magnetic nanoparticles [84], [85], [86].  

3.3 Plasma processing of nanomaterials 

Biocompatibility is a necessary property of materials during their interaction 

with biological systems; scientists and engineers who are dealing with medical and 

biological problems extensively investigate this aspect. It is a complex phenomenon 

and its mechanisms are not fully understood, mainly due to the lack of detailed 

knowledge of in vivo conditions. The degree of biocompatibility sets the limits to 

engineering solutions required for biomedical problems. Conventional wet-

chemistry approaches employed for changing the physical–chemical characteristics 

of material surfaces often have application limitations owing to the complexity of 

the techniques, the requirement of environmentally non-friendly processes, and 

labor-intensive and expensive methodologies. 

Non-equilibrium low and atmospheric pressure plasma techniques have 

been recognized for a long time as efficient surface modification techniques, and 

accordingly the plasma approach was also considered for the generation of 

biocompatible surfaces. Surface functionalization processes involving non-

depositing plasma-gases, and plasma-enhanced deposition reactions have been 

investigated for the modification of biomaterial surfaces. 

Plasma-surface modification is an effective and economical surface treatment 

technique for many materials and of growing interests in biomedical engineering. 

The unique advantage of plasma processing is that the surface properties and 

biocompatibility can be selectively enhanced, thus enhancing the performance of the 
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nanomaterials. By altering the surface functionality using plasma processing the 

optimal surface, chemical, and physical properties can be attained. Surface 

modification by plasma, especially those biocompatible with the living tissuea, is 

becoming an increasingly popular method to improve device multifunctionality, 

tribological, and mechanical properties, as well as biocompatibility of artificial 

devices. By plasma processing, the nanomaterials can be cleaned, etched and/or 

activated. 

Plasma is regarded as the fourth state of matter and is composed of highly 

excited atomic, molecular, ionic, and radical species. It is typically obtained when 

gases are excited into energetic states by radio frequency (RF), microwave, or 

electrons from a hot filament discharge. Plasma is a highly reactive chemical 

environment; any surface introduces inside plasma will be subjected to many 

plasma-surface reactions. The high-density of ionized and excited species in the 

plasma can change the surface properties of normally inert materials. Plasma-based 

techniques combining the advantages of conventional plasma and ion beam 

technologies are effective methods for medical technologies and by changing the 

surface energetics of the nanomaterials, improvements of the adhesion strength, 

surface and coating properties and biocompatibility can be achieved. 

The key points that promote plasma technology as suitable processing 

methods for nanomaterials are as follow: 

 Since the discovery of plasma many studies were conducted for 

understanding the physics and chemistry of the process. 

 Plasma engineering already proved to be a reliable, reproducible, 

relatively inexpensive and applicable to different sample 

geometries as well different materials such as metals, 

semiconductors, polymers, ceramics and composite materials. 

 Plasma processes can be accurately and in real time monitored 

using commercially available in situ plasma diagnostic devices. 

 Plasma treatment can result in a variety of changes of the surface 

characteristics of nanomaterials: chemical, tribological, electrical, 

optical, mechanical and biological. 
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  Plasma processing is a technique that can be easily implemented in 

industrial applications. 

Plasma cleaning property already promoted this technique as an effective, 

economical, and environmentally safe method for critical surface preparation. It was 

demonstrated that plasma cleaning eliminates natural and technical oils and grease 

at the nano-scale and reduces contamination up to six fold when compared with 

traditional wet cleaning methods, including solvent cleaning residues themselves. 

Plasma cleaning produces a pristine surface, ready for bonding or further 

processing, without any harmful waste material. In this case the cleaning effect is 

due not only to the ultra-violet light generated in plasma but also to the reactive 

species able to react with the organic contaminants to form mainly water and 

carbon dioxide which are continuously removed (pumped away) from the chamber 

during processing. With plasma activation this effect is increased because reactive 

species from the plasma bind to active surface sites all over the material, creating a 

surface that is highly 'active' to bonding agents. 

Plasma polymerization is another way to modify material surfaces. In plasma 

polymerization, the transformation of low-molecular-weight molecules (monomers) 

into high-molecular-weight molecules (polymers) occurs with the assistance of 

energetic plasma species such as electrons, ions, and radicals.  

Plasma contains activated species able to initiate chemical and physical 

reactions at the solid surface of the nanomaterials and as a result changes of the 

surface properties and surface morphology occur. The species in plasma that lead to 

the process of plasma treatment are electrons, ions, and radicals and they are 

generated by the collision between electrons and the existing gas molecules  

The most important process for surface modification of the nanomaterials is 

represented by the implantation reactions. Gas molecules are activated by plasma 

and created species inside plasma interact with the surface of the materials and 

special functions such as hydroxyl, carboxyl, carbonyl and amino groups are bonded 

at the surface of the nanoparticles. The creation of these functional groups is in 

strong correlation with the mixture of gases used to ignite the plasma.  
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For biomedical and sensing fields is of great interest the development of 

nanoparticles with functional groups such as carboxyl (-COOH), amines (-NH2), 

hydroxyls (-OH), and aldehydes (-CHO).  

Aminated surfaces have been fabricated using various plasma vapors or 

mixtures (allylamines, ethylenediamine, diaminopropane, ethylamine [87]) and 

have found wide use for biointerface applications. Plasma-fabricated surfaces that 

contain carboxyl groups have also been well documented by employing acrylic acid 

[88] and vinyl acetic acid or applying CO2 plasma. 

Figure 15 depicts the process of surface functionalization of the graphite-

encapsulated iron nanoparticles using plasma treatment as an important step 

toward the immobilization of biomolecules.  Plasma processing of nanomaterials 

gained a lot of attention in the last decades due to the versatility of the method 

offering a viable alternative to the wet chemical methods widely employed. 

 

Figure 15. Plasma surface modification of graphite-encapsulated iron naoparticles 

followed by covalent immobilization of dextran [84]. 

3.4 Functionalization of zinc oxide nanomaterials 

 As a nanomaterial, zinc oxide has attracted the interest over the past several 

years and has become one of the most popular semiconductor based material. 

Moreover, due to its unique optical properties combined with antibacterial and low 
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toxicity many reports promotes it as an alternative to other materials long used in 

biomedicine field and which are toxic for the living organisms.  

Multifunctional zinc oxide and its nanostructures possess unique properties 

that are suitable for biosensor technology. Zinc oxide based sensors have 

demonstrated high sensitivity to various gases and liquids such as CH4, CO, H2O, H2, 

NH3, trimethylamine, ethanol, and NO2 [89]. Zinc oxide and its ternary alloy,  

MgxZn1-xO, are known to be the biocompatible oxides, in which Zn and Mg are 

important elements for neurotransmitter production and enzyme function [90]. Zinc 

oxide nanostructures are also employed as a coating materials for medical implants 

[91]. ZnO nanostructures are compatible with intracellular media and are highly 

sensitive to pH changes inside cellular environments [92] with MgxZn1-xO having a 

large range of pH compatibility. Zinc oxide nanorods are also used for detection of 

enzymatic reactions [93]. The biocompatibility of zinc oxide and its feasibility for 

biosensing applications were demonstrated in detections of proteins, antibodies, 

and DNA through the proper surface functionalizations [94]. The control of the 

surface wettability of zinc oxide nanotips between the superhydrophilic and 

superhydrophobic states is used to dramatically enhance the sensitivity of the 

biosensors [95].  

Intracellular pH sensing was reported by employing zinc oxide nanorods 

coated on silver coated capillary glass and Ag/AgCl microelectrodes. The Ag/AgCl 

electrode was used as reference and by measuring the electrochemical potential 

difference between the two electrodes pH was determined. The sensor is used to 

measure intracellular pH in a single human fat cell and the results demonstrated the 

capability of performing biologically relevant measurements inside living cells [96]. 

Zinc oxide can also serve as the basic sensing platform for detection of 

biophysical activity of larger biospecies such as cells, bacteria, and viruses. The 

variation in morphology of the zinc oxide nanostructured surfaces impacts the 

attachment of certain biological cell lines (for example fibroblasts, umbilical vein 

endothelial cells, and capillary endothelial cells) and control the extent of cellular 

adhesion [91]. Zinc oxide nanostructures were also used to bind with bacterial and 

viral cultures for reaction with enzymes and antibodies for applications in 
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immunosensing [97] and have been employed in intracellular measurements where 

zinc oxide nanotips were used as coatings for microprobes or served as the probes 

themselves. These intracellular probes can sense conductivity changes due to the 

zinc oxide coating reaction to various target biochemicals within the cellular 

environment. Microtubes coated with ionophore-functionalized zinc oxide nanorods 

were used as an intracellular probe to selectively sense the Ca2+ ions within the cell 

membrane [98]. Different methods were reported for determining the membrane 

potential across a human fat cell [99] 

Reports about zinc oxide nanorods being employed as fluorescence 

enhancers proved the possibility to achieve high detection sensitivity of sub-

picomolar and attomolar levels using a conventional fluorescence microscope [100]. 

Zinc oxide has also been reported to increase the detection of optical signal in 

Raman spectroscopy in the Escherichia coli when the nanoparticles were introduced 

into the cells [101]. 

The design of a smart multifunctional ZnO-based biosensing platform is due 

to three important components of ZnO’s properties:  

① reversible wettability control, 

② bi-functional biochemical binding (serves as both active biological 

attachment and optical platform, i.e., fluorescence emission),  

③ nanostructure morphology control.  

Biofunctionalization is a critical issue for ZnO nanostructured surface to 

obtain the high sensitivity and selectivity to various types of biospecies. The binding 

properties of a number of small molecules with functional groups are reported to 

form covalent bonds with metal oxides nanoparticles, including ZnO [102], COOH, 

SH, SiOMe3, SiCl3, and PO(OH)2 as depicted in Figure 16.  
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Figure 16. Different compound used for biofunctionalization of zinc oxide. 

To achieve the selective biochemical attachment to the zinc oxide 

nanostructures bifunctional linkers are employed, having one functional group that 

attaches to the zinc oxide surface while leaving other end available for further 

biological functionalization as it can be seen from Table 5 [103]. This table offers 

detailed information on how the functional group is attached on the surface of the 

zinc oxide nanostructure, how it can be detected, and also the preparation methods 

for the functionalized zinc oxide. The ability to functionalize the zinc oxide 

nanostructures would lead to numerous applications, such as ZnO-based integrated, 

multimode, and multifunctional sensor technology to achieve higher accuracy and 

selectivity than existing sensors. 

Surface functionalization of zinc oxide for development of biosensors that 

can be integrated with microelectronics was reported by employing long chain 

carboxylic acids linkers to connect single-stranded DNA with the zinc oxide [94]. 

The methods describe a stepwise functionalization of zinc oxide that allows 

sequential reactions on the surface of the nanostructures. By employing long chain 

bifunctional linkers that bind to zinc oxide, the terminal carboxylic group represents 

a reactive site that can form covalent bonds with other biomolecules.  

The process of functionalization of zinc oxide based nanostructures was 

described in many reports over the years and important breakthroughs towards the 

development of new techniques, which can deal with biological processes, can be 

nowadays achieved. 
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Table 5. Compounds bounds [b], physisorbed [p] or nonbound [nb] to zinc oxide 

nanostructures [103]. 

 

Even so there are still many challenges regarding the use of this kind of 

nanoparticles as feasible commercial applications. As shown in this chapter the 

functionalization of the materials is widely achieved by employing wet chemical 

techniques that still have huge issues such as particle agglomeration, low stability of 

the processed nanomaterials, and not to forget the toxicity that can arise from the 

use of dangerous and complex chemicals.  

3.5 Plasma functionalization of the surface of zinc oxide 

Until now, as previously stated, the functionalization of zinc oxide based 

materials in different shapes and sizes has been exclusively achieved by chemical 

methods. There is a lack of reports regarding surface preparation of zinc oxide 

nanomaterials for bioapplications.  In this study, we propose for the first time a 

novel approach to functionalize the zinc oxide nanostructure surface employing 

plasma technologies that have been proving their benefits in the materials 

processing industry for a wide range of nanomaterials. 
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Chapter 4. Methods of investigation and preparation  of nanostructured materials 

Chapter 4. Experimental methods 

4.1 Methods of investigation and preparation of nanostructured 

materials  

4.1.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as Electron 

Spectroscopy for Chemical Analysis (ESCA), is a widely used analytical technique for 

investigating the chemical composition of solid surfaces. The quantification by X-ray 

photoelectron spectroscopy (XPS or ESCA) is based on the Einstein’s explanation of 

the photoelectric effect [104].  

Surface analysis by XPS involves the irradiation of the solid with 

monoenergetic soft X-rays and sorting the emitted electrons by energy. By plotting 

the results, the obtained spectrum depicts the number of emitting electrons per 

energy interval versus their kinetic energy (or binding energy). Most common X-ray 

sources are represented by MgKα X-rays (1253.6 eV) and AlKα (1486.6 eV). Each 

element has an unique elemental spectrum, and the spectral peaks from a mixture 

are approximately the sum of the elemental peaks from the individual constituents. 

The limitation of the technique appears only from the very small mean free path of 

the electrons and thus the detected species originate only from the top atomic 

layers, more precisely from maximum 10 nanometers of the surface. Quantification 

of the data is possible through the peak heights or areas and identification of 

chemical states can often be made from the exact position and separation of the 

peaks. 

The kinetic energies of the emitted electrons due to the photoelectric effect is 

given by the equation: 

𝐾𝐸 = ℎ𝜗 − 𝐵𝐸 − 𝜙𝑠 

where ℎ𝜗 is the energy of the photon, 𝐵𝐸 is the binding energy of the atomic orbital 

from which the electron originates, and 𝜙𝑠is the spectrometer work function. 

To analyze our samples, we used Shimadzu ESCA-3400 with an Mg anode, 

system presented in Figure 17. Survey spectra along with high-resolution spectra 
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for the elements of interest (i.e. Zn 2s, Zn 2p, O 1s, N 1s) were recorded and 

subsequently interpreted with OriginLab Analysis suite. All the measurements were 

performed in ultra high vacuum (<5×10-6 Pa) to remove contamination from the 

ambient atmosphere.  

 

Figure 17. ESCA-3400 device image used for XPS measurements. 

4.1.2 Transmission Electron Microscopy (TEM) 

The fine structure of the materials was analyzed with transmission electron 

microscope (TEM), which provides information not only on the shape and size of the 

structures but also on their crystallinity. 

In the current study High Resolution Transmission Electron Microscopes 

(HRTEM) (JEOL 2100) is employed for the characterization of zinc oxide 

nanoparticles. TEM analysis provides the information necessary to optimize the 

growing mechanism in the case of our lab-made particles, and gives info about the 

other nanomaterials used in the study. 

TEM device consists of an electron gun, which produces an electron beam 

confined by condenser lens. After passing through the sample (as seen from Figure 

18) the objective lenses project the image onto the phosphorescent screen or CCD 

camera. Several apertures are located between the sample and the screen to select 

the elastically scattered electrons that form the image.  
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Figure 18. (left)Schematic drawing of a TEM device and (right) JEOL2100F 

instrument. 

4.1.3 Chemical Derivatization – Nynhidrin Assay 

Nynhidrin reactions are widely used to analyze and characterize amino acids, 

peptides, and proteins as well as numerous other ninhydrin-positive compounds in 

biomedical, clinical, food, forensic, histochemical, microbiological, nutritional, and 

plant studies. 

To confirm the fact that by plasma processing we introduce amine groups on 

the surface of our zinc oxide nanostructures, the nynhidrin assay is employed. 

Ninhydrin connects amine and amide groups; due to this reaction a purple 

compound (in the case of amines reaction) or a yellow compound (in the case of 

amine reaction) is released. Furthermore, quantification of the functional groups 

can be achieved by measuring with a spectrophotometer absorbance at 570nm, and 

440nm, respectively. The absorbance measured at 570 nm is proportional with the 

number of amine functionalities, while the absorbance at 440 nm indicates the 

number of amide functionalities. 
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The assay implies the preparation of a citrate buffer with a molar 

concentration of 0.1 M and a pH of 5.  Citrate buffer, zinc oxide sample, and the 

derivatization reagent represented by ninhydrin are mixed in a solution and then 

incubated at 100℃ for 15 minutes as schematically presented in Figure 19. 

Afterwards, the absorbance for the two abovementioned wavelengths are 

determined. 

 

Figure 19. Ninhydrin derivatization procedure. 

4.1.4 Fluorescence microscopy 

A fixed and largely featureless preparation of nanomaterial may reveal a lot 

of its structure if stained with a proper dye – a substance that recognizes specifically 

structure and absorbs light of a selected wavelength. Fluorescent materials absorb 

light in a specific wavelength range, and re-emit it with lower energy, that is, shifted 

to a longer wavelength. Today, a very large number of different dyes with 

absorption from the UV to the near-infrared region are available and the principal 

advantages of this approach are a very high contrast, sensitivity, specificity, and 

selectivity. 

The most attractive feature of fluorescence microscopy is the ability to image 

and study quantitatively not only the structure but also the function, that is, 

physiology of intact cells in vitro and in situ. 

In Figure 20 a schematic diagram of a fluorescence microscope is depicted 

with the constituent parts: halogen lamp (HL), objective lens (OB), exciting light 
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source (EXL), collector lens (CL), dichroic mirror (DM), excitation filter (EXF), 

emission filter (EM). 

 

Figure 20. Schematic diagram of a fluorescent microscope. 

Fluorescence is excited by light emitted by a mercury lamp. The exciting light 

is reflected toward the sample by a dichroic mirror that reflects the chosen exciting 

wavelength and allows the passage of the expected fluorescence as it can be seen 

from Figure 21. 

 

Figure 21. Spectral properties of a typical fluorescent label. 

The potential of fluorescence imaging is to a great extent determined by the 

physicochemical properties of the fluorophores employed, including chemical 

nature and size, optical properties, biocompatibility, and interplay between dye and 
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biological unit. In general, there is a large variety of fluorophores to choose from. In 

Table 6 a comparison of some fluorescent markers with their key properties is 

presented. 

Table 6. Fluorescent markers. 

 

In our study we used a fluorescent dye (Alexa Fluor 488) that can specifically 

connect to the ammine groups and can be visualized with the fluorescence 

microscope. Same method was involved when detecting whether labeled sugar 

chains connected the amine functionalities on the surface of the functionalized zinc 

oxide nanomaterials. 

4.1.5 Chemical derivatization for quantification of amine 

groups number grafted on the surface of zinc oxide by 

plasma processing – SPDP protocol 

Crosslinking is the process of chemically joining two or more molecules by a 

covalent bond. The technique, often called bioconjugation when referring to its use 

with proteins and other biomolecules, is an essential component of many 

quantification methods and strategies for investigating functional materials 

structure and interactions. Crosslinking reagents (or crosslinkers) are molecules 

that contain two or more reactive ends capable or chemically attaching to specific 
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functional groups (primary amines, sulfhydryls, etc.) on nanostrucrures or other 

molecules.  

A number of chemical reactive groups have been characterized and used to 

target the main functional groups as seen from Table 7. Many different crosslinking 

reagents can be synthesized when different combinations of two or more of these 

reactive groups are incorporated into one molecule. 

Table 7. Popular crosslinker ractive groups [105]. 

Reactivity Class 
 

Chemical Group 
 

Carboxyl-to-amine reactive groups Carbodiimide (e.g., EDC) 

 

Amine-reactive groups 

NHS ester 
Imidoester 

Pentafluorophenyl ester 
Hydroxymethyl phosphine 

 

Sulfhydryl-reactive groups 

Maleimide 
Haloacetyl (Bromo- or Iodo-) 

Pyridyldisulfide 
Thiosulfonate 
Vinylsulfone 

Aldehyde-reactive groups Hydrazide 
Alkoxyamine 

Photoreactive groups Diazirine 
Aryl Azide 

Hydroxyl (nonaqueous)-reactive groups Isocyanate 

For the quantification of the amino groups bonded on the surface of our zinc 

oxide nanoparticles we used Sulfo-LC-SPDP (sulfosuccinimidyl 6-[3(2-

pyridyldithio)propionamido]hexanoate) from Thermo Scientific (Figure 22).  

 

Figure 22. Chemical Sructure of Sulfo-LC-SPDP crosslinking reagent. 

The quantification of amine groups on the surface of the zinc oxide 

nanoparticles was performed as described in Figure 23. The SPDP crosslinkers 
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connect with the amine groups through a reaction performed under dark conditions 

and ultrasonication for 30 min. The new created bonds are the cleaved with the help 

of a reducing agent, in this case DTT (Dithiothreitol). In this way, one Pyridine 2-

thione molecule is released from each SPDP molecule connected to one amine group 

in the sample. Estimating the number of pyridine molecules leads to the 

quantification of amine functionalities on the surface of our samples.  

 

Figure 23. Chemical derivatization reactions involved in the procedure of amine 

group quantification for aminated zinc oxide nanoparticles. 

Pyridine is a chromofore and thus, its absorbance at 343nm can be used to 

calculate the number of amine groups in the samples. Relating with the Beer-

Lambert law the the molar concentration of the absorbing species can be calculated 

through the formula: 

∆𝐴 = 𝜀𝑙𝑐 

where ε is the molar absorptivity of the absorber, l the distance the light travels 

through the solution and c the molar concentration of absorbing species. 

4.1.6 Photoluminescence properties 

As previously described, the photoluminescence of the zinc oxide is of great 

interest and we aim to take it into consideration for the development of new 

imaging techniques. 

For the current studied, we used an experimental device schematically 

shown in Figure 3 zinc oxide is excited with a He-Cd laser having a wavelength of 
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325 nm and the photoluminescence spectrum is recorded with a photomultiplier 

(Hamamatsu Photonics). 

More details about photoluminescence measurements will be discussed in 

the results section. 
Chapter 4. Production of zinc oxide nanoparticles and plasma functionalization  

4.2 Zinc oxide nanoparticle production and processing 

4.2.1 Pulsed laser deposition 

As described in Chapter 1, pulsed laser deposition is a widely used technique 

for the production of nanostructured materials. In this study we want to make use of 

our previous experience regarding the zinc oxide fabrication and prepare 

nanostructures suitable for bioapplications using pulsed laser ablation technique. 

 

Figure 24. Schematic drawing of the  vacuum chamber used  

in the laser ablation technique[106]. 

In the experiments presented here we used Nd:YAG laser with a wavelength 

of 1064 nm to ablate commercially available pure zinc oxide targets (99.999% 

purity) with a diameter of 3 centimeters (see Figure 24). The ablation process takes 

place in a pure reactive oxygen atmosphere and the energy of the laser unit is kept 

constant at around 7 J/pulse. Surface wave excited plasma processing 

4.2.2 Surface wave excited plasma processing 

Gaseous discharges have been known as sources of electrons and other 

active species such as neutral, ionized and excited atoms and molecules as well as 
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radicals and they have been used diverse chemical processing, as ion sources and so 

on. The fastest expanding area of their application seems to be the treatment of the 

surfaces: processing of semiconductors (deposition, oxidation, etching, and 

encapsulation), nitridation of the metal surfaces and dielectric coating. 

The concept of surface waves dates since 1960s [107] but their application 

for the plasma excitation appeared several years later in 1970s when the first 

surfactron structure plasma source was designed. Over the years improvements of 

the early design were made to be able to enlarge the discharge area. This was 

possible mainly by using different microwave coupling structures [108].  

The radio frequency (RF) and microwave (MW) plasmas have some distinct 

advantages over the DC discharge plasmas. The advantages arise from the fact that 

the main electrodes or excitation source do not need to be located inside the 

vacuum chamber. Thus some common problems like electrode corrosion, gas 

contamination can be minimized. 

Surface wave plasma (SWP) is an electromagnetic excitation that propagates 

in a wave-like fashion along the planar interface between plasma and a dielectric 

medium, and whose amplitude decays exponentially with increasing distance into 

each medium from the interface. Thus, SWPs excite a surface electromagnetic wave, 

whose electromagnetic field is confined to the near vicinity of the dielectric – plasma 

interface. A model structure for the interaction between the two interfaces is 

presented in Figure 25. The plasma is produced in the area below the dielectric 

medium it is cold and homogenous with electron density 𝑛𝑒, electron-neutral 

collision frequency 𝜗and relative permittivity 

𝜀𝑝 = 1 −
𝜔𝑝
2

𝜔(𝜔 + 𝑖𝜗)
 

where 𝜔𝑝 is the electron plasma frequency. The finite surface impedance of the 

metal walls is neglected and the only losses taken into account are the collision 

losses.  
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Figure 25. Surface wave propagation described by two-interface model [109]. 

Depending on the condition used to obtain the plasma there are two distinct 

operation modes: surface wave plasma and volume wave plasma. If we are speaking 

about over - dense plasma, the electromagnetic wave is reflected from the plasma 

surface and becomes evanescent wave. On the other hand for under-dense plasma in 

addition to surface modes, volume waves modes can be obtained [109]. 

During our study we employed two similar surface-wave plasma devices. 

Both of them consist of a stainless steel chamber with diameter and heigth of 400 

mm, respectively 600 mm as seen from Figure 26. Surface wave plasma is produced 

by launching 2.45 GHz microwaves through quartz windows via slot antennas. The 

discharge is excited using ammonia gas and mixtures of ammonia and argon as it 

will be discussed in results chapter. For the 400 mm chamber the total flow of gas 

mixture was kept constant at 100s ccm and the working pressure during plasma 

processing was 13 Pa. In the case of 600 mm chamber we used 150 sccm total gas 

flow and the experiments were performed at 5 Pa. The microwave power is feed 

into the chambers using waveguides equipped with E-H tuners, water-cooled 

isolators, directional couplers, and monitor coupler. The whole system is powered 

by a 2.45 GHz magnetron generator. 
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Figure 26. Schematic draw of Surface Waves Plasma devices:  

400mm chamber (left), respectively 600mm chamber (right). 

 

The above described experimental setups were both used during my study 

due to some particularities that offered the posibility to perform specific 

measurements. Due to the configuration of the devices it was possible to measure 

exclusively on the 600mm diameter vacuum chamber the influence of the species in 

plasma on zinc oxide materials by using a grounded grid between the plasma and 

sample that allowes only the neutrals to pass from the plasma side toward the 

samples. In the case of 400mm in diameter vacuum chamber the high performance 

plasma sampling mass spectromether enables the ion mapping under all plasma 

conditions. Detailed discussion is presented in the Results section. 

4.2.3 Characterization of the surface wave plasma 

In order to understand the plasma processing and optimize it, we have 

diagnosed it in different conditions. Two methods were used: optical emission 

spectroscopy, which gives details about plasma radiative species, and mass 

spectrometry, offering information on ionic, radical, neutral components and their 

enrgy profiles. Results are discussed in detaill in Chapter 4 and 5. 

. 
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Chapter 5. Plasma functionalization of zinc oxide nanostructures 

Chapter 5. Plasma functionalization of zinc oxide nanostructures 

5.1 Testing the possibility of adding amine groups on zinc oxide 

surface 

5.1.1 Motivation 

We started our study with the idea in mind to promote zinc oxide as suitable 

material for the development of new bioimaging application. As it can be seen from 

Figure 27, we propose a two step processing technique:  

1. in the first step we plan to add amine groups on the surface of the zinc 

oxide by plasma processing and, 

2. in the second step we want to used the functionalities as reactive 

covalent sites to connect specific ligands that can further connect 

different molecules, depending on the desired outcome. 

 

Figure 27. Illustration of biofunctionalization of zinc oxide nanoparticles and 

utilization in bioapplications [106]. 

5.1.2 Experiment description 

To confirm the possibility of zinc oxide amination by plasma processing, we 

first used commercial zinc oxide powder (Nilaco Co. P-15 #137 – low-pressure use) 

NH3 plasma

treatment

Amino group

modification

ZnO

N

HH

ZnO

N
H

ZnO

NH3 plasma

(H, N, NH, NH2, 

etc.)
C

OH O

Ligand

Ligand

Immobilization 

of ligand

C

O

Target

molecule



Chapter 5. Plasma functionalization of zinc oxide nanostructures 

45 
 

with micrometer size particles pasted on silicon wafers. In Figure 28 TEM image of 

the micrometer size commercial powder is shown.  

 

Figure 28. TEM image of commercial ZnO powder [106]. 

OES measurement were preformed to prove the existence of a proper 

reactive medium for amine functionalization. We used the surface wave plasma 

(400mm chamber) to treat the zinc oxide using different conditions for the plasma 

discharge. The samples were positioned at 100 mm under the quartz plate. 

Two parameters were changerd in order to compare different conditions. 

First the value of the microwave power used to produce surface wave plasma was 

changed between 700 and 1000W. Secondly, pulsed bias of -100V and -150V at 5 

kHz was applied on a mesh electrode placed under the samples to stimulate the 

defects production on the surface of zinc oxide powder by intensified ion 

bombardment. All the results were compared to those of direct plasma processing 

without biasing.  

The outcome of the plasma functionalization was analyzed with chemical and 

physiochemical methods. To investigate the surface elemental and chemical 

composition we carried out XPS measurements of the material before and after 

plasma treatment for all the conditions. In this sense, we analyzed the atomic 

nitrogen concentation modification that can occurs during plasma treatment.  
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5.1.3 Optical emission spectroscopy of the ammonia excited 

surface wave plasma 

  Optical emission spectroscopy (OES) is an important tool for fast and 

accurate elemental analysis of elements. Optical emission spectroscopy provides a 

non-evasive probe to investigate atoms, ions and molecules within plasma. It can 

provide information about properties, such as excited state, species densities, 

electron-atom, atom-atom and ion-atom collisional effects, energy distribution of 

species, charge transfer between plasma constituents, and electric and magnetic 

fields. To better understand the plasma processing, the investigation of the plasma 

chemistry is needed. The OEM measurements performed during this study help 

developing of a precise plasma reactor able to achieve proper surface modification 

of the zinc oxide nanostructures. 

 

Figure 29. OES spectra of pure ammonia excites SWP [110]. 
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The surface modification was performed in surface wave plasma excited in 

ammonia gas. In Figure 29 the typical OES spectrum in the UV-visible range of pure 

ammonia plasma is presented.  

Ammonia excited SWP generates the necessary nitrogen containing species 

that could be responsible for sample amination: excited and ionic N, NH, NH2, and 

NH3 species, and possibly NH4. The most significant NH radical line in our 

experimental conditions is the 336.1 nm line, which corresponds to the deexcitation 

of the NH3. A NH radical can be created in plasma zone and other fractionation 

products (e.g. N, H) of the plasma might interact with the surface finally eliciting a 

surface-bound NH radical. The introduction of amine groups onto the surface of zinc 

oxide is mainly attributed to the existence of the active NH radicals. Other fraction 

products such as N, NH2 also contribute to the introduction of amine groups. The 

second positive system of N2 as well as the first negative system of the N2 were also 

observed.  

5.1.4 Results and discussion of ZnO commercial powder 

functionalization by plasma treatment 

Figure 30(a) and (b) show the N 1s XPS spectra of the untreated zinc oxide 

micro-particles and the zinc oxide samples treated by ammonia SWP at 700 W, 

respectively. N 1s components are clearly enhanced in the case of ammonia SWP 

treated sample compared with the case of untreated samples.  

N 1s peak can be deconvoluted in two components centered at 397.6 eV and 

399.7 eV, corresponding to the secondary amines (=NH) and primary amines (-

NH2), respectively, as shown in Figure 30(b).  All the spectra of the processed 

samples have a similar deconvolution structure. Thus, the results indicate that 

plasma processing is able to add not only primary amines but also secondary 

amine groups as well on the surface of commercial micro-sized zinc oxide 

particles. Considering the reactive species evidenced inside the plasma reactor, 

these results are reasonable and expectable. 
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Figure 30. XPS spectra of N 1s for a) untreated ZnO particles and b) ZnO particles 

treated by ammonia SWP at 700 W [106]. 

To examine the effect of ion bombardment on the surface modification, I 

compared the nitrogen content for three cases: no bias, biased at -100V, and -150 V, 

respectively.  Figure 31 indicates that the highest nitrogen content for the same 

processing time, 5 min, was obtained in the case of the highest bias voltage, -150V. 

This shows that increasing ion energy favors the connections between the reactive 

functionalities and ZnO materials. So it is considered that reactive sites creation 

over the surface of ZnO particles due to the strong ion bombardment promote the 

subsequent reaction of functional moieties with the reactive sites. Comparing the 

results obtained for different biases and no bias, the higher nitrogen content 

detected (for the same processing time) was found for the highest bias voltage, -

150V. This indicates that increasing ion energy the connections between the 

reactive functionalities and ZnO materials are favored.  

For a further confirmation and quantification of the amine and amide 

functionalities, I have chosen a chemical method: ninhydrin assay, that was decribed 

in detail in Chapter 2. Ninhydrin is able to connect primary and secondary amine 

groups, the reactions releasing a purple (when reacting with primary amines) or 

yellow (when reacting with secondary amines) compound. 
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Figure 31. Nitrogen percentage determined from XPS N 1s spectra for untreated and 

ammonia SWP treated ZnO samples with biased substrate at -100 V, and -150 V for 

the same treatment time (5 min) [106]. 

The quantification of the method is done using a spectrophotometer. 

According to ninhydrin assay, the absorbance determined with the 

spectrophotometer at 570 nm is proportional with the number of primary amine 

groups, while the absorption at 440 nm is proportional with the number of 

secondary amines in the sample.  

Figure 32 clearly shows the evaluation for the direct plasma processing 

without bias as a function of processing time. According to these results on, both the 

number of primary and secondary amines in the samples increase with the 

increasing of processing time. There also seems to be a saturation of functional 

group addition after the first few minutes since the values determined for 5 and 10 

minutes are not considerably different. All results determined for the SWP-

processed ZnO samples show absorbance for both wavelengths in contrast with the 

untreated ZnO which doesn’t absorb for either values, indicating that in all studied 

cases successful functionalization of the ZnO materials by SWP processing. 
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Figure 32. Ninhydrin assay results: sample absorbance as function of processing time 

[106]. 

My preliminary results about the surface modification of zinc oxide by 

plasma processing offer the premises that the functionalization of zinc oxide is 

achievable trough this technique. We are the first to propose this novel approach on 

amine functionalization of zinc oxide materials by plasma processing. 

 

5.2  Functionalization of zinc oxide nanoparticles 

5.2.1 Motivation 

As it has been already emphasized in the Intoduction of this thesis, it is 

essential to make use of nanomaterials when dealing with molecular level biological 

processes. Already having the premises that functionalization is achievable by 

ammonia excited surface wave plasma processing, in the next step of my work I 

focused on the use of zinc oxide nanoparticles obtained by pulsed laser ablation as 

raw material for our experiments. The motivation for this choice is mainly given by 

the optical properties, not to forget about the other mentioned advantages of ZnO. 



Chapter 5. Plasma functionalization of zinc oxide nanostructures 

51 
 

5.2.2 Experimental considerations 

The production of nanoparticles with controlable size and good crystalinity 

was alredy described in detail in the previous chapter. Thus, in this chapter I shall 

only emphasize on plasma surface modification of such nanoparticles. 

We were able to obtain zinc oxide nanoparticle with controllable size of a few 

nanometers and crystalline structure as it can be seen from the TEM images in 

Figure 33.  

By analizing TEM images with dedicated software (Olympus Soft Imaging 

Solutions – measureIT) , we estimated the size of the nanoparticles showing that our 

technique offers the posibility to produce nanoparticles with diameters less than 20 

nm, as it can be seen from the distribution plot in  Figure 34. 

As previously stated, our interest focuses on improving the properties of zinc 

oxide nanomaterials by plasma functionalization and thus the obtained materials by 

laser ablation will serve as support for some our experiments. 

 

  

Figure 33. TEM image of zinc oxide nanoparticles fabricated by pulsed laser ablation 

[106]. 



Chapter 5. Plasma functionalization of zinc oxide nanostructures 

52 
 

 

Figure 34. Size distribution of zinc oxide nanoparticles prepared by laser ablation. 

 

Figure 35. XPS wide spectra of PLD obtained zinc oxide nanoparticles. 
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As expected the XPS measurements of the as obtained zinc oxide 

nanoparticles with the pulsed laser deposition technique show the typical pristine 

zinc oxide spectra as seen from the Figure 35. 

In this new stage of my work I performed similar experiments as in the case 

of micrometer size zinc oxide commercial powder, trying to find the best 

functionalization parameter to be able to optimise the amine functionalization of 

our samples. In the same time, I try to understand which plasma species, neutrals or 

ions, have a role in plasma functionalization. 

 

5.2.3 Results and discussions 

 

I employed once again the XPS analysis and, as it can be seen from Figure 36, 

the nitrogen content is increasing for the processed sample in surface wave plasma 

ignited for grid power of 700 W and by biasing the substrate with a -100 V 5 kHz 

pulsed voltage. The results are in good corelation with those determined for the 

micrometer size powder.  

 

Figure 36 XPS spectrum of N 1s for ZnO nanoparticles  

treated by ammonia SWP at 700 W with -100 V biased substrate [106]. 
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After proving by XPS the succesful introduction af amine groups on the 

surface of nanoparticles, I used a complementary method to check functionalities by 

connecting them to a fluorescent dye and then imaging the sample at the fluorescent 

microscope. As a fluorescent dye I used Alexa Fluor 488 that specifically connects 

amine groups . The measuring principle is schematically shown in Figure 37.  

Figure 38 shows the images of a) pristine zinc oxide nanoparticles that were 

not exposed to ammonia SWP, and b) zinc oxide nanoparticles processed in 

ammonia SWP, both after reaction with fluorescent dye. It is clearly seen that in the 

first case there is no fluorescence so there are no amine groups, while the green 

light in the second case proves the presence of amine groups on the surface of zinc 

oxide sample. 

 

 

Figure 37. Schematic diagram of the fluorescent microscope. 
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Figure 38. Fluorescent microscope images: a) untreated, and b) SWP processed zinc 

oxide nanomaterials [106]. 

The fluorescent microscopy results and the XPS measurements confirm the 

success of this study and its applicability  to nanostructured zinc oxide. 

Already identifying from the OES measurements the presence of NH radical, I 

started to investigate in detail which other contribution from plasma could 

contribute to the addition of amine groups on the surface of the nanomaterials. To 

know exactly which plasma species are responsible for the introduction of the 

amino functionalities and to distinguish between the ionic and neutral component, I 

had conducted a new study in which 2 batches of samples were prepared: one was 

exposed directly to the plasma and for the other one most of the ions were stopped 

by a grounded grid placed between plasma and the samples.  
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Figure 39. Influence of the species from plasma reactor regarding the nitrogen 

content introduction on the samples. 

The XPS analysis presented in Figure 39 clearly shows that the nitrogen 

atomic concentration is enhanced, probably due to the presence of the energetic 

ions in plasma and only to some small extent to the neutral species since only under 

neutral treatment the number of amines introduced is considerably smaller. 

Samples were exposed to plasma for 5 minutes and 10 minutes, respectively. These 

results have a valuable meaning, and correlated with the fact that functionalization 

of the samples can be enhanced by biasing the substrate during the processing, 

provide valuable insights of the plasma functionalization. 

The point of the study is not only to provide a new approach on zinc oxide 

functionalization by adding functional amine groups, but also to check how the 

existing properties of the material are changing during the processing. It is know 

that pristine zinc oxide has a low dispersion in aqueous media and since our aim is 

to use these particles in biological media, most of the time aqueous, I also checked 

the dispersion properties before and after plasma processing.  
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Figure 40. Comparative dispersion properties of: 1) ZnO commercial powder, 2) 

nanostructured ZnO, 3) functionalized nanostructured ZnO. 

In Figure 40 a comparison is made between the dispersion of the zinc oxide 

commercial powder that we use in our initial study, the zinc oxide nanoparticles 

produced by laser ablation, and the plasma processed zinc oxide laser ablation 

nanoparticles. It is clearly seen that the zinc oxide obtained by PLD has a better 

dispersion in pure water that the commercial powder and even more, the dispersion 

of the plasma processed nanoparticles is much improved compared to the original 

one. From these results the conclusion is that plasma processing is a suitable 

method for adding amine groups on the surface of the zinc oxide and, in the same 

time, to enhance their dispersion properties. 

Plasma is a reliable dry chemical reactor that can provide the necessary 

means to functionalize zinc oxide nano and micro size materials and to enhance the 

dispersion properties in aqueous medium. Unfortunately these processing methods 

   
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need optimization for maximizing the outcome and, not to forget, for minimizing the 

cost of production. 

Even if these results are encouraging, there is some critical issue to address: 

the possibility to use the bias voltage as to enhance even more the interactions 

between ionic plasma moieties and the samples to enhance the functionalization. 

This shall be discussed in next part of my work. 
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Chapter 6. Optimization of the plasma processing technique  

Chapter 6. Optimization of the plasma processing technique for amine 

group functionalization of ZnO materials 

6.1 Optimization of plasma parameters 

6.1.1 Motivation 

In the previous sections I have proved the benefits of plasma processing for 

micro and nano size structures functionalization and also discussed the influence of 

different plasma species for the introduction of amine groups on the surface of zinc 

oxide.  In the last years different methods proved reliable and suitable for enhancing 

the energetic species in plasma. A good way to increase the effectiveness of the 

plasma processing and also to have stable plasma discharging conditions is achieved 

by feeding argon gas in the discharge.  

Since the cross-section for the three body collisions expected to enhance the 

production of plasma ions depends on the percentage of argon and ammonia in the 

mixture used to ignite plasma, I investigated different mixtures where argon and 

ammonia were introduced in different proportions. Not only the functionalization is 

evaluated but also the properties of the ZnO materials. 

6.1.2 Results and discussion 

For this part of the study I used the 600 mm chamber. I first started by 

adding only small amount of argon in the mixture (10%) to see if the 

functionalization process can be improved. This time a comparison between pure 

ammonia plasma processing and mixture of 10% argon and 90% ammonia was 

made.  

A very important aspect regarding zinc oxide and its optical properties arises 

from the defect presence in the lattice. To better understand the way amine groups 

connect to the surface of the zinc oxide, I've chosen another approach analyzing 

what happens with the oxygen vacancies in the lattice after plasma processing. In 

this sense in Figure 41 are presented spectra of oxygen O 1s for the as obtained zinc 
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oxide from laser ablation (referred here as control) and for a sample processed in 

pure ammonia SWP and 1:9 Ar:NH3 SWP. 

 By deconvolution, the O 1s peak is fitted with two peaks: one centered at 

531.3 eV (blue), representative for the fully oxidized oxygen atoms, and a second 

one centered (yellow) at 533.5 eV, corresponding to the oxygen vacancies in the zinc 

oxide lattice. It is clearly seen that pure ammonia processing increases the number 

of defects in the lattice of the zinc oxide, a trend seen for both 5 minutes and 10 min 

processing time.  

On the other hand, the mixture of 10% Ar and 90% ammonia has a different 

outcome showing a decrease of the number of vacancies in the zinc oxide lattice. 

This behavior can be related with the fact that argon supports the enhancement of 

the functionalization - required moieties in plasma. Knowing that the 

photoluminescence properties of zinc oxide nanostructures arise from the presence 

of the defects in the lattice, these measurements helped to better describe how the 

material behaves after plasma processing. 

PL measurements were carried out for the ZnO samples treated in pure NH3 

SWP and also for those processed in the Ar:NH3 gas mixture to understand the how 

the addition of the amino groups on the  surface of the nanoparticles influences the 

photoluminescence properties of the zinc oxide. In Figure 42 a comparison of PL 

spectra for untreated zinc oxide and pure ammonia processing SWP for 1.5 minutes 

and 3 minutes with and without bias voltage is presented. An increase of the green 

emission intensity centered at 560 nm appears only for the samples treated for a 

short period of time (1.5 min). For longer treatment time (3 min) the green emission 

intensity of the sample is decreasing and the intensity of the sharp peak center at 

391 nm is increasing. This can result from the way the amine groups are bound to 

the surface of the zinc oxide nanoparticles occupying the oxygen vacancies. 
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Figure 41. O1s spectra of unprocessed zinc oxide, pure ammonia SWP, and Ar:NH3 1:9 

SWP treatments. 
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Figure 42. Photoluminescence spectra of processed zinc oxide in pure ammonia SWP. 

In Figure 43 a comparison of PL spectra for untreated zinc oxide and a 

mixture of Ar and NH3 processed in SWP for 1.5 minutes and 3 minutes with and 

without bias voltage is presented. Samples processed in SWP with a mixture of 10% 

NH3 with 90% Ar show an enhancement of the green band emission due to the 

stronger ion bombardment in the latter case and also longer treatment time proved 

a higher enhancement. Even if the use of bias voltage proved to facilitate the 

introduction of amine groups on the surface of zinc nanoparticles, there is no 

obvious enhancement of the green band emission in PL measurements. 
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Figure 43. Photoluminescence spectra of processed zinc oxide in Ar:NH3 1:9 SWP. 

To optimize the functionalization process, I have studied in detail how 

different ratios of argon, starting from 10% to 90%, in mixture with ammonia 

influence the plasma treatment of the nanomaterials. 

As seen from the photoluminescence measurements the emission spectra in 

the visible range is represented by a broad peak and thus the emission it cannot be 

attributed to only the oxygen vacancies in the lattice. In this sense I deconvoluted 

the emission peak as it can be seen from Figure 44. Deconvoluting the peak, it seems 

that this visible emission is primary due to the oxygen vacancies (VO) in the zinc 

oxide lattice (green emission) and to a small extent to blue and yellow emmision 

contributions due to the interstitial zinc (Zni) in the lattice. 
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Figure 44. Deconvolution of the photoluminescence peak of the zinc oxide. 

 

6.1.3 Optical emission spectroscopy of the argon and  

ammonia gas mixture excited surface wave plasmas 

 

Previous studies regarding the modification and addition of functional 

groups on the surface of different nanostructures materials revealed an 

enhancement of some of the species present in pure ammonia plasma when argon 

was introduced in the discharge [6], [84], [111], [112].  

It is expected that the presence of argon metastables will provide a higher 

ionic density and that argon ions will bombard the surface of nanoparticles, 

facilitating further interaction of functionalization moieties (e.g., NH, and NH2 ionic 

or neutral components) with the samples. To map the plasma under different 

NH3/Ar gas mixture conditions, the emission lines of the species excited in NH3/Ar 

SWP shown in  Figure 45 were studied.  
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The analysis of the spectra clearly shows the emission peak for NH at 336.1 

nm among the second positive system (SPS) of N2 and the first negative system 

(FNS) of N2+  at 391.4 nm, which are related to the species in the plasma responsible 

for the functionalization of zinc oxide nanoparticles with amine groups. Compared 

with the case when only pure ammonia gas was used to excite the surface wave 

plasma when adding argon in to the discharge the emmision peaks for the moieties 

responsible for the functionalization are enhanced.   

 

 

Figure 45. OES spectra comparison for different  

mixtures of Ar and NH3 used to excite SWP [110]. 

Another important aspect is represented by the atomic Hβ (486.1 nm), which 

results from the fragmentation of the NH3 molecules, and it's responsible for the 

creation of NH2 species, and also for the process of etching, that might occur during 

sample processing. The latter is competitive to functionalization. A plot of these two 

is shown in Figure 46. It should be considered that the balance between 

functionalization and etching is essential in determining the ideal parameters of the 
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process. The highest intensity of NH and Hβ was attained for NH3/Ar mixtures ratios 

ranging from 30% NH3/70% Ar to 60% NH3/40% Ar.  

 

Figure 46. Comparative plotting of the emission intensity of the NH and Hβ lines for 

different mixtures of NH3/Ar used to generate the SWP [110]. 

 

6.1.4 High-performance plasma sammpling mass 

spectrometry 

 

The quadrupole mass filter is a widely used mass analyzer that has benefited 

from 30 years of continual commercial development and refinement. It consists of 

four accurately aligned parallel metal rods that are arranged symmetrically around 

a central axis that is the path of ion movement from ion source to ion detector. An 

electrical field is created around the central axis by DC and radio frequency 

potentials placed on the rods, with opposite rods connected together. The electrical 

signals placed on the rods determine the paths that low-kineticenergy ions follow 

through the rod structure. At a given DC potential and RF frequency, only ions 
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within a certain mass range follow a stable ion trajectory that allows them to reach 

the detector rather than collide with the rods themselves. The oscillating field 

applied to the rods alternately attracts and repels ions passing through the mass 

filter, inducing an ion motion that is exploited to differentiate ions on the basis of 

their mass [113]. 

To understand the machanism of plasma fucntionalization of zinc oxide 

nanostructures we used a Hidden Analitycal PMS003 high resolution quadrupole 

mass spectrometer. High-performance plasma sampling mass spectrometry 

measurements enable the ion mapping under all plasma conditions, in terms of 

species, and their densities and energy profiles. 

Figure 47 shows the densities of the ions assumed to be responsible for the 

functionalization in pure ammonia and 10% NH3/90% Ar gas mixture SWP. By 

correlating these results with the OES measurements, it was found that the most 

important ions responsible for the enrichment of zinc oxide nanoparticles with 

amine functionalities might be NH+, NH2+, NH3+, and N2+. As expected, the presence 

of Ar in the mixture facilitates the dissociation of NH3, and an enhancement of the 

formation of the H+ and H2+ ions arises.  

A comparative study of NH+, NH2+ , and NH3+ for different gas mixtures used 

to generate SWP is presented in Figure 48. It is clearly observed that, for NH3+, the 

density is one order higher than that for NH2+, and two orders higher than that for 

NH+. In the ion profiles, we can also observe the presence of H2O+ (18 amu) and NO+ 

(30 amu) due to the water vapor and residual air existing in the system prior to 

plasma ignition. 

 



Chapter 6. Optimization of the plasma processing technique 

68 
 

 

Figure 47. Comparative plotting of ion profiles in pure NH3 SWP and mixture of 10% 
NH3 and 90% Ar SWP [110]. 

 

 

The presence of N2+ in the QMS measurements directly correlates with the 

OES results, which indicated the presence of the SPS of N2 and the FNS of N2+. The 

same behavior of ion density is found for the ionic energy profiles of the studied 

mixtures, similarly for all the ions of interest (Figure 49). 
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Figure 48. Ionic densities of the NH+, NH2+, NH3+ different mixtures of NH3/Ar used to 

generate the SWP [110]. 

 

The energy profile is considerably smaller for high than for low ammonia 

content of the discharge gas mixture (all spectra are represented on the same scale). 

Moreover, in the case of 30% NH3/ 70% Ar, NH2 ions seem to have the highest 

energy. The energy profiles for the other ions are similar. From the ion density 

distribution under all studied conditions (Figure 48) as well as the ion energy 

distributions, we can deduce that for 30% NH3/ 70% Ar, the ion component of 

plasma has the highest density and energy. 
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Figure 49. Ionic energy profiles of different mixtures of NH3/Ar [110]. 

Since the ion acceleration experiments indicated that ions have a major role 

in functionalization and considering the above-mentioned results, we can assume 

that the mixture of 30% NH3/ 70% Ar would be better than pure ammonia SWP for 

amine group introduction into zinc oxide nanoparticles. 

 

6.1.5 Outcome of plasma functionalization using mixtures of 

argon and ammonia 

 

OES and QMS measurements give a clear idea of the processes taking place in 

the plasma reactor. Previously it was showed that there are two competitive 
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processes that occur in our plasma processing: one is the functionalization of the 

surface of zinc oxide due to the proper moieties present in the discharge, and the 

second is the etching effect occurring due to the hydrogen species created from the 

dissociation of the ammonia molecules. All of this been said, the best processing 

parameters is given by a mixture of argon and ammonia ranging from 30-40% NH3 

and 70-60% Ar. 

This conclusion is sustained by XPS measurements for a full set of samples 

treated for all mixtures of gases as it can be seen from Figure 50. From these results 

it's clear that the functionalization of the zinc oxide by low temperature plasma 

processing can be further enhanced using mixtures of argon and ammonia to excite 

the plasma with no further need of the biased substrate. 

 

Figure 50. N 1s atomic content of ZnO nanoparticle samples in diffrent Ar/NH3 

mixtures compared with ZnO as obtained by PLD [110]. 
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Figure 51. Zn 2p/ O 1s ratio for samples processed in different mixtures of NH3/Ar. 

 

 In the same time, the photoluminescence of the zinc oxide can be enhanced 

for nanostructures when mixtures of gases are used, mainly due to the strong 

bombardment of the lattice by the argon ions. 

Analyzing the XPS spectrums of the processed samples in different mixtures 

of NH3 and Ar gases the ratio of the Zn 2p and O 1s can be calculated as seen from 

Figure 51. In the ideal case for the perfect zinc oxide the ratio is equal with one. As 

seen from the XPS measurements the pristine zinc oxide has the ratio of zinc and 

oxygen atoms of approximately 1. Despite this after plasma processing it is shown 

that this ratio is decreasing with the increase of ammonia percentage in the mixture. 

This could be due to the creations of new defects during plasma treatment, like 

oxygen and zinc vacancies. Even if it is known that the functionalization outcome is 

enhanced when mixture of NH3/Ar is used, and mainly for high concentrations of Ar 
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in the mixture, we cannot show how the addition of the amine groups on the surface 

of the materials is done and complementary methods are needed in this sense.  

 

Figure 52. Deconvoluted O 1s peaks ratio for samples processed in different mixtures 

of NH3/Ar. 

As shown previously, the O 1s peak from the XPS measurements can be 

deconvoluted with 2 peaks centered at 531.3 eV and 533.5 eV and thus the ratio of 

fully oxidized atoms and oxygen vacancy can be calculated as seen from Figure 52. 

For pristine zinc oxide this ratio is approximately 1 and it is clearly seen that after 

processing this is changing depending on the mixture used to excite the surface 

wave plasma. For pure ammonia plasma the ratio shows a decreased compared with 

the original one suggesting that the number of defects in the lattice of the zinc oxide 

(oxygen vacancies) is increasing. For the cases when mixtures of argon and 

ammonia are used the ratios of fully oxidized atoms and oxygen vacancies are 

smaller than for the untreated zinc oxide but with the increase of the argon 

percentage, and mainly for the values for which the maximum functionalization with 

amine groups can be achieved, the ratio is almost the same like in the case of 
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untreated zinc oxide. The highest value of the ratio, even bigger than the original 

zinc oxide, is in the case of 10% Ar and 90% NH3 suggesting that the number of 

oxygen vacancies is highly reduced. 

6.2 Quantification of the number of amine groups by chemical 

derivatization 

To quantify the reactive sites, represented by the amine groups, a chemical 

derivatization method is employed. The method was described in detail in the 

previous chapter. Here only discussions about the results and the methods used to 

calculate the approximate number of bonded amine are presented in detail. 

For the quantification of the amino groups bound on the surface of the zinc 

oxide nanoparticles I used Sulfo-LC-SPDP (sulfosuccinimidyl 6-[3(2-

pyridyldithio)propionamido]hexanoate) protocol, from Thermo Scientific. 

Following the reactions in Figure 23, the absorbance (given by the Pyridine 2-thione 

molecules) at 343 nm is measured with the spectrophotometer. By calculating the 

difference in absorbance between the treated samples and control it is possible with 

the help of Beer-Lambert law to calculate the molar concentration.  

This value is used to approximate the number of amine groups per 

microgram of substance. Figure 53 shows the concentration of pyridine 2-thione 

molecules measured from the absorbance at 343 nm that is equal with the number 

of amine groups introduced on the surface of the zinc oxide by plasma processing. 

The values calculated in the same way for the nanopowder are presented in 

Figure 54. As it can be seen from the plot of amine groups number versus the 

percentage of argon and ammonia in the mixture used to excited the surface wave 

plasma, the maximum is obtained for the 30% NH3 and 70% Ar. Once again these 

results are in strong correlation with the previous ones.  
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Figure 53. Quantification of the number of amine groups per microgram introduced 

on the surface of micropowder size ZnO by plasma processing. 

 

Figure 54. Quantification of the number of amine groups per microgram introduced 

on the surface of nanopowder ZnO by plasma processing. 

control 
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6.3 Biofunctionalization of zinc oxide with biomolecules 

After the optimization of the plasma functionalization process I proceeded to 

the next step of this study: analyze the possibility of connecting biomolecules with 

the plasma functionalized zinc oxide materials. As a biomolecule, a sugar chain was 

used: dextran. Sugar chains can serve as spacing molecules, having the ability of 

further binding biomolecules, offering biocompatibility properties and higher 

stability. A fragment of fluorescent dye labeled dextran molecule is schematically 

represented in Figure 55. 

 

Figure 55. Structural representation of fragment of FITC-dextran molecule. 

To check the connection between dextran and aminated zinc oxide two types 

of dextran were used: fully oxidized dextran and already labeled with fluorescent de 

dextran, FITC-dextran. In the case of oxidized dextran is expected that it will connect 

with the amine groups on the surface of functionalized zinc oxide. After removing 

the excess of dextran by several washing procedures with pure water, a label 

molecules (6-DTAF) is used to connect with the loose hydroxyl groups of dextran. 

The outcome of this reaction can be analyzed by fluorescence microscopy. When 
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exciting with 494 nm wavelength it is possible to measure the fluorescence at 518 

nm as it can be seen from Figure 56. Visually the control sample, which was not 

subjected to plasma treatment, does not connect with labeled dextran and thus no 

fluorescence can be observed. In comparison the plasma processed zinc oxide 

strongly connects with the dextran as seen from right picture in Figure 56. 

  

Figure 56. Fluorescence microscopy: (left) unprocessed sample and (right) plasma 

processed zinc oxide connected with oxidized dextran. 

In the second case I used fluorescent dye labeled dextran and I repeated the 

process as previous described. As it can be seen from Figure 66, the unprocessed 

zinc oxide cannot connect with the dextran and thus no fluorescence can be 

observed. Despite that, plasma treated ZnO connects the biomolecules as it can be 

seen from right picture in Figure 57. The unprocessed sample still shows some weak 

fluorescence emission but that is only due to some dextran that adhered to the 

surface of the material, porous as it was due to particulate surface structure, and 

could not be removed by washing. 

These result confirm the possibility to connect biomolecules by the newly 

plasma created reactive sites represented by amine groups on the surface of the zinc 

oxide materials. New opportunities arise regarding the development of specific 

targeting and imaging applications.  
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Figure 57. Fluorescence microscopy: (left) unprocessed sample and (right) plasma 

processed zinc oxide connected with labeled FITC-dextran. 

6.4 Conclusions 

In this chapter I analyzed in detailed the possibility to functionalize the zinc 

oxide materials by plasma technologies. I was able to provide valuable insights 

about the functionalization process and its optimization. First of all, I proved that 

plasma processing is a viable and simple alternative to the wet chemical methods 

widely employed. I provided information about the functionalization of the zinc 

oxide and described the most suitable conditions to enhance the functionalization 

process.  

Surface wave plasma is produced in different mixtures of ammonia and 

argon and is used to functionalize the zinc oxide nanomaterials. To discuss the 

mechanisms, we used optical emission spectroscopy and high-resolution plasma 

sampling measurements. These two techniques offer important information on the 

creation of reactive species in the plasma that are involved in the functionalization 

of zinc oxide nanoparticles. The ions in the plasma seem to play a very important 

role in the processing. We were able to enhance the density of plasma by adding 

argon in the discharge gas mixture. Argon facilitates the dissociation of ammonia 

and the production of ionic species, responsible for the introduction of amine 
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groups. Because of the presence of H+ ions, we observed another process-plasma 

treatment that involves two competing effects: the creation of NH2 radicals, which 

are directly related to the introduction of the amine groups, and the creation of 

hydrogen radicals, which act mainly as the etchant. 

Regarding the optical properties of zinc oxide, I've proven the possibility of 

enhancing the photoluminescence of the materials after plasma processing. This is 

an important step towards the development of detection methods making use of the 

remarkable optical properties of zinc oxide.  

By chemical derivatization I quantified the number of amine groups 

introduced on the surface of the plasma processed zinc oxide materials. Last but not 

least, I shown the possibility to connect biomolecules to the zinc oxide by making 

use of the amine groups introduced on the surface by plasma processing.   
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Chapter 7. Conclusion  

Chapter 7. Conclusions 

In this thesis I propose a novel approach on functionalization of the zinc 

oxide by employing for the first time the dry plasma processing of this kind of 

material. In order to develop bioimaging techniques that can offer better insights of 

the biological processes, I propose and prove that is possible to enrich the surface or 

zinc oxide with amine groups by plasma processing. I successfully functionalized 

different types of particles ranging from commercially available nano and micro 

powder to lab-made PLD nanostructures with controllable size and shape.  

Through this thesis I provide information not only about the 

functionalization process itself but also about the optimization of the plasma 

parameters in order to achieve the best results. Optical and physical properties of 

processed zinc oxide were presented in clarifying the plasma benefit over the wet 

chemical methods widely used for functionalization of the materials. 

To summarize the study, the following key points are offered throughout the 

thesis: 

 I promote the use of low temperature surface wave plasma processing as 

an efficient method for functionalization of zinc oxide with amine groups. 

 OES and QMS investigation provide useful insights regarding the 

chemistry of the plasma reactor being useful in the optimization of the 

process. 

 A balance between two competitive processes functionalization and 

etching has to be found to be able to optimize the plasma 

functionalization. 

 XPS measurements correlated with chemical derivatization were 

employed to quantify the number of amine groups that can be bound on 

the surface of zinc oxide. 

 The photoluminescence and dispersion properties of the zinc oxide can 

be enhanced in certain cases after plasma processing. 

 Amine functional groups can be further used as reactive sites to connect 

with other biomolecules. 
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Further investigations are still need to achieve the final step of the research 

when actual devices can be developed. There are still question about how the amine 

groups are actually bound to the surface of zinc oxide and how the functionalization 

process can be further improved. This thesis gives a univocal answer regarding 

these matters and some of these aspects will be considered in the foreseeable 

future. 
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