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Abstract 

The attachment of cells onto solid surfaces is a fundamental pedestal in the field of biosensors 

and biochips development. In this work we investigate the adhesion and survival of rat cortical 

neurons on positively charged surface. We bind amino-functionalized thiol (Amino-EG6-

undecanethiol) on Au nanoparticles that are immobilized on surfaces with varying density. The 

neural cell survival and adhesion is studied on the Au nanoparticles that work as carriers for 

positive charges. The Au nanoparticles attachment is done by silanizing a Si/SiO2 surface with 

amino terminated silane (APTES) and on gold substrate by 11-MUA (11-Mercaptoundecanoic acid).  

Different number of positive charge on Au nanoparticles is obtained by tuning the number of 

density of Au nanoparticles. A comparison is made between two types of surfaces for cell 

survival and attachment. The neural cells are cultured on positively charged gold nanoparticles 

as well as on PLL (Poly-Lysine) coated surfaces. The Characterization of the neuronal cell 

adhesion and endurance is done with the help of fluorescence optical light microscopy. 

Fabricaion of discrete purely chemical gradients of precursor molecules and nanoparticle by means of 

Nanoimprint Lithography (NIL) was performed. This technique facilitated the transfer of 3D patterns 

from micro and nanofabricated molds into a deformable resist. The generated resist structure could be 

used to apply locally chemical agents to target substrates. The nanoparticles patterns which were 

made by Nanoimprint lithography had the same shape and size like the structures on Master 

stamp and the mold which were made from the master stamp.  
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1. Introduction 

The development of non-invasive approaches for the interaction of cell activities with 

materials is very important for enabling of vast class of hybrid microsystems [1], [2]. The 

biological systems have such type of ability that they can sense the specifically designed features 

on molecular scale which could be utilize for the improvement of new strategies to determine the 

orientation and control of surface active species. The creation of such model systems which 

involve a simplified, controllable and reproducible geometry have potential applications in cell-

based biosensors, neuroelectronic circuits, neurological implants, and pharmaceutical biological 

questions [3], [4], [5]. For that purpose the close and stable contact between the device and the 

cell is important to ensure the communication between them.   

For many cell types, including neurons, it has been studied that the cell survival is 

persuaded by many factors like soluble survival/growth factors, cell-cell interactions and most 

important the cell-extracellular matrix signals [6]. In addition to these biochemical signals, the 

survival of the cells depends upon adhere of the cells with surface. It plays important role for the 

survival, proliferation and differentiation of the cell [7-8]. It has been studied that the cell are 

persuaded by the substrate factors like surface charge [9], adhesive ligands [10] topography [11], 

rigidity [12], anisotropy [13], and wettability [14]. At the beginning of the cells surface 

interaction research, the cell material interaction was tackled only due to the chemical point of 

view because of the cellular receptors and ECM ligands bindings. To promote the cell adhesion 

on the solid substrates involves the coating of the substrates with different type of bioactive 

molecules like peptids, i.e PLL (poly-L- lysine) [15] or proteins like laminin [16]. But there is 

another option which seems to be very appropriate due to its simplicity and that, is construction 

of positive charges on the surface could enhance the cell surface interaction [16]. Also the 

construction of non-homogenous positively charged surfaces could enhance the surface cell 

interaction [17]. It is because of the glycol proteins in the cell membrane of the cells. The glycol 

proteins have negative charge. So the production of positive charge on the surface could attach 

the cell with surface by electrostatic interaction.  
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The interaction between cell and the nanostructure materials has attracted very much 

intention due to the possible gate ways for the novel concepts of the development of nano-

biomaterial. The nonmaterial found to trigger the cellular responses like interfaces and activation 

of predefined ways [18-20]. Furthermore the attachment of gold nanoparticles on surface could 

be use as anchoring points for the study of cell surface adhesion and for the neurite growth of the 

cells on the surface [21-24]. It has been studied that certain amount of positive charge in the form 

of amino terminated molecule can promote the cell adhesion of the neurons with surface [18]. 

The gold nanoparticles can be modified easily by thiol terminated molecules [21-23]. The 

immobilization of the gold nanoparticles is modified by using the materials having terminal 

groups which are attractive for particles [25-29]. The density of gold nanoparticles can also be 

tune on the surface by some parameters like, density of attractive groups on the surface, 

Immobilization time, changing the ionic strengths of the gold colloid solution and concentration 

of the AuNPs [21, 23, 25, 30].  

 In the master thesis work we demonstrate the effect of non-homogenous positive 

surface charge on neurons cell survival by surface bound gold nanoparticles over gold and 

silicon substrates. The gold nanoparticles are attached on silicon and gold substrates with the 

help on self-assembled monolayers (SAM). Two of the most widely studied systems of the 

SAM’s are alkylsilane and gold-alkylthiolate self-assembled monolayers. In our case the 

alkylsilane and alkylthiolate monolayers are deposited to attach the gold nanoparticles on silicon 

substrate and on gold substrate respectively. The density of gold nanoparticles is varied on 

silicon substrates by varying the immobilization time and the ionic strength of the gold colloid. 

The varied number of gold nanoparticles is not only created on the different substrates but also a 

gradient of gold nanoparticles density is produced on single substrate. The advantages of using 

the AuNP are the tuning the density without lithography and in-situ variations in the surface 

chemistry for the adhesion of the adhesive molecules. These nanoparticles are modified with 

amino terminated ligands, which found to be attractive for neurons. The different densities of 

gold nanoparticles silicon substrates created the non-homogenous positively charged surfaces for 

the adhesion of neurons on the substrates. Similarly on gold substrate the gold nanoparticles 

were attached by SAMs of 11-MUA. Three types of surfaces are made like positively charged 

surface, mixed charge surface and without any charge to know the effect of surface on the 

neuron cell adhesion. The gold nanoparticles which are functionalized with Amine terminated 
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monolayers to have positive charge on surface after the cell culture on them. Cortical neurons 

were cultivated on both types of substrates having surface bound gold nanoparticles. The cells 

viability are checked after (DIV-9) on silicon surface bound gold nanoparticles and after (DIV-3, 

9) on gold surface bound gold nanoparticles by staining them. The quantifications give an idea 

about the viability of the neurons on non-homogenous surface bound gold nanoparticles 

functionalized wit positive charges. The dependence of cell adhesion and neurite outgrowth on 

the density of the AuNPs associated positive charge will be investigated. 
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2. Fundamentals  

2.1. The cell 

Cell is the basic structural as well as the functional unit of human body. Robert Hooke 

showed that living things contain empty room-like compartments which he named "cells".  

 Each of the 100 trillion cells in a human is living structure that survives for months and years 

provided the surrounding environment contains appropriate nutrients. Different basic substances 

that make up the cell are: water, carbohydrates, lipids, proteins and electrolytes. Major parts of 

cell are nucleus, cytoplasm, endoplasmic reticulum, golgi apparatus, mitochondria, ribosomes, 

lysosomes, cell membrane Figure 1. 

 

Figure 1: Cell structure: Major parts of cell are nucleus, cytoplasm, endoplasmic reticulum, golgi apparatus, mitochondria, 

ribosome, lisosome, cell membrane [31]. 

Mitochondria are the energy generator of cell. It is self replicating organelle of the cell.The inner 

membrane has various folds called Cristea. Inside mitochondria an important form of energy 

called adenosine triphosphate (ATP) forms via pathway called Kreb’s cycle.  Nucleus has an 

outer nuclear envelope; it contains cell chromosomes and DNA replication as well as RNA 

synthesis occurs here. Ribosome is a complex organelle that takes part in the formation of 

proteins. Protein formation is important phenomena in cell. Cell membrane is outer covering of 
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cell consisting of lipids, fats and proteins. It has different embedded molecules and channels that 

controls movement of different elements into and out of the cell. Golgi apparatus are involved in 

packaging, transporting and processing different molecules in cell like proteins. Endoplasmic 

reticulum is a network for transportation of molecules. It is of two types “smooth and rough.”  

Cytoplasm is large fluid filled space of cell. It contains nutrients, salts and different waste 

products. 

2.2. Nervous system cell Types 

Nervous system is one of the important systems present in human body. It is divided into central 

and the peripheral system. Nervous tissue is composed of two cell types: 

 Neurons 

 glia cells 

2.2.1. Glia cell 

The central nervous system consists of neurons and glia cells.  Although there are about 

100 billion neurons in brain, there may be about 10 to 50 times that many glia cells in brain.  

Glia cells provide support and protection for neurons.  They are thus known as the "supporting 

cells" of the nervous system.  The four main functions of glia cells are: to surround neurons and 

hold them in place, to supply nutrients and oxygen to neurons, to insulate one neuron from 

another, and to destroy and remove the carcasses of dead neurons (clean up). 

 

Figure 2: Three main types of glia cells [32] 
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Oligodendrocytes send projections that wrap axons and speed signal conduction. Microglia are 

essentially the brain’s immune cells, but they also monitor neighboring brain cells for damage 

and gobble up debris, and they probably have other functions, too. Astrocytes carry on a host of 

activities. Their long extensions can monitor levels of neuronal activity either along axons at 

synapses. Astrocytes also produce and secrete substances that have a major influence on the 

formation and elimination of synapses. 

2.2.2. Neuron Cell 

A neuron is a nerve cell that is the basic building block of the nervous system. Neurons 

consist of three major components axons, dendrites and cell body as shown in the Figure 3. 

These highly specialized nerve cells are responsible for communicating information in both 

chemical and electrical forms. There are also several different types of neurons responsible for 

different tasks in the human body. Neurons are similar to other cells in the human body in a 

number of ways, but there is one key difference between neurons and other cells that is neurons 

are specialized to transmit information throughout the body. Three types of neurons occur. 

Sensory neurons typically have a long dendrite and short axon, and carry messages from sensory 

receptors to the central nervous system. Motor neurons have a long axon and short dendrites and 

transmit messages from the central nervous system to the muscles (or to glands). Inter-neuron is 

found only in the central nervous system where they connect neuron to neuron. 

 

 

 

 

 

 

 

Figure 3: The neuron cell having three major components axons, dendrites and cell body [33] 

http://www.emc.maricopa.edu/faculty/farabee/biobk/BioBookglossS.html#sensory neurons
http://www.emc.maricopa.edu/faculty/farabee/biobk/BioBookglossC.html#central nervous system (CNS)
http://www.emc.maricopa.edu/faculty/farabee/biobk/BioBookglossM.html#motor neurons
http://www.emc.maricopa.edu/faculty/farabee/biobk/BioBookglossI.html#interneurons
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Difference in neuron and glia cell 

 Neurons have synapses that use neurotransmitters whereas glia cells do not have 

chemical synapses. 

 Neuron can generate action potential but glia cells have only resting potential. 

 Neurons have two "processes" called axons and dendrites meanwhile glia cells have only 

one. 

 There are many more (10-50 times more) glia cells in the brain compared to the number 

of neurons. 

2.3. Focal Adhesion 

In biology the focal adhesions are large macromolecular assembles. Through the focal 

adhesions the mechanical and regulatory signals are transmitted by them. They provide 

mechanical linkage to extra cellular Matrix (ECM). It is also called an anchoring of the cell to 

substrate. Focal adhesion can contain over 100 different proteins. The focal adhesion not only 

anchoring the cell but also acts as a function beyond that the signal carrier which is in fact 

information about the condition of the ECM. The focal adhesion and ECM proteins are generally 

linked via intergins as shown in the Figure 4. Focal adhesions are discrete protein assemblies on 

the cytoplasmic side of the cell membrane where integrin receptors mechanically link the 

extracellular matrix to the actin cytoskeleton. They also transduce signals for cell locomotion, 

cell attachment and detachment as well as gene expression. A range of cellular responses depend 

critically on the composition and regulation of focal adhesions. Figure 4 shows an example of 

two focal adhesions of differing composition. Many proteins involved in focal adhesion 

signaling have overlapping interaction sites for other ligands. Understanding the molecular 

nature of these interactions is important for understanding how focal adhesions carry out their 

role. In the cell migration the focal adhesion also play very important role. Cells modify focal 

adhesions in response to changes in the molecular composition, two-dimensional (2D) vs. three-

dimensional (3D) structure, and physical forces present in their extracellular matrix environment. 

Cell-matrix adhesions play essential roles in important biological processes including cell 

motility, cell proliferation, cell differentiation, regulation of gene expression and cell survival. At 

the cell-extracellular matrix contact points, specialized structures are formed and termed focal 

adhesions, where bundles of actin filaments are anchored to transmembrane receptors of the 

integrin family through a multi-molecular complex of junctional plaque proteins.  
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Figure 4: Two focal adhesions. A: Focal adhesion connection to the ECM via integrin (red), receptors (purple) links the integrins 

to the actin cytoskeleton (yellow).  B:  Different intra- and extra-cellular signals, the focal adhesion can contain other signaling 

molecules such as paxillin (pink), vinculin (Vh & Vt, blue & magenta), focal adhesion kinase (FAK, green) and a-actinin 

(orange).  [34] 

2.4. Nanoparticles 

In nanotechnology the particles are defined as small objects which behave as a whole one entity 

in terms of different properties and its transport. If these particles are in the range of 1nm to 

100nm in size then they are called nanoparticles. Nanoparticles have fascinated the scientist form 

more than centuries and are utilized in the chemistry, biology, engineering and medicine very 

heavily. Now in these days these materials are synthesized, modified apparently with large 

number of chemicals for different type of applications and characterized at atomic scale accuracy 

[35]. The gold nanoparticles have history behind its synthesis and applications. In the ancient 

Roman era they were used to stain glasses for decorate purposes. The first person who realized 

the properties of AuNPs differ from the bulk gold was Michael Faraday. From last 50 years, very 

efficient reliable methods have been proposed for the synthesis of AuNPs [35]. The gold 

nanoparticles have very unique properties such as size, shape dependent optical and electronic 

properties.  Due to very high surface to volume ratio make them very effective for different 
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applications. These surfaces can be used for the modification of different type of functional 

molecules like thiols, Phosphines, and amine for different type of applications [36]. When we 

talk about the applications of the gold nanoparticles in biology then a list of application come 

into the mind. The AuNPs could be used in fluorescent biological labeling, drug and gene 

delivery, bio detection of pathogens, detections of proteins, probing the DNA Structure, Tissue 

engineering, Tumor destruction via heating, Separation and purification of biological molecules 

and cells, SPR ( Surface Plasmon Resonance) Application. The interesting feature of gold 

nanoparticles is the biocompatibility of gold nanoparticles with Bio organs. The approaches 

which are used to modify the nanoparticles to make feasible for biological use are schematically 

presented in the Figure 5. 

 

Figure 5: Typical illustrations which are utilized in nano-biomaterials applied to medical and biological problems. The coating of 

linkers (functional molecules) (black  lines) with gold nanoparticles core by covalent or electrostatic interaction (thiol) for 

different fluorescent dyes (green), antigens (yellow), shape recongination (white) and biocompatible molecules on gold 

nanoparticles. [36] 

2.5. Self-assembled Monolayers (SAMs) 

SAMs are well ordered way of arranging the molecules by adsorption of active surfactant 

molecules on the solid surface as shown the Figure 6.  The simple way of producing the SAMs 

make them re-producible and attractive form technological point of view for surface engineering. 

The two of the most widely studied systems of SAMs are alkylsilane monolayers and 
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alkylthiolate monolayers.  Both alkylsilane and alkythiolate are generally divided into three 

major portions, the head groups, alkyl chain and surface groups as shown in the Figure 6. The 

head groups form the covalent interaction (bonds) with the substrate i.e. gold or silicon. The 

surface groups are the terminal groups which could replace with other type of end groups 

according to the functionality of the surface for different applications like molecular electronics, 

surface modification of Si substrate for biological purposes. The alky chains provide the well 

aligned SAMs on the substrate by the interaction like van-der Waals interactions etc between the 

SAMs molecule on the surface.  

 

Figure 6: The schematic diagram showing the different parts of the Self-assembled monolayers [37] 

The first gold-alkylthiolate monolayer was made by Allara and Nuzo [38] in Bell Lab. It 

was in fact the study of interaction of gold surface with organic molecules in well ordered, 

regularly oriented array. The self assembling process of alkylthiols on gold is initiated by strong 

chemical interaction between the sulfur and gold surface. The interaction is chemisorptions that 

force the thiolate molecule to adsorb on gold surface. The interactions (van- dar Waals, steric 

hindrance, repulsive and electrostatic forces) between the molecules having alkyl groups (tail-to 

tail) in between the end groups of the SAMs are enough to make them align the parallel on the 

gold surfaces and create crystalline films [39]. There are different types of alkylthiolate 

(aminoalkanethiols, carboxyalkanethiols, and hydroxyalkanethiols) used for different 

applications like electrochemical sensing surface plasmon resonance (SPR).  
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The SAMs of alkylsilane are deposited on silicon substrates. The formation of silane on 

Si basically needs to have hydroxyl groups on its surface for the attachment of silane molecules 

on it. These are usually formed spontaneously by putting the Si substrates into active solutions, 

e.g. Surfactant molecules R-(CH2)n-SiX3. There are some techniques by which the SAMs of 

silane are deposited on Si like vapor deposition, immersing the substrates in the surfactant active 

solution etc. The immersing technique is illustrated in the Figure 7.     

Figure 7: Typical illustrations of the formation of the self-assembled monolayer (A): by simply immersing the substrate (gold or 

silicon) (B): into the surface active material solution (thiolate of silane) for specific time. [37] 

2.6. Characterization Techniques 

2.6.1. SEM  

 The SEM (Scanning Electron Microscope) is a type of microscope which uses high 

energy electronic beam for imaging the samples by raster scan patters. The first SEM image was 

taken by Max Knoll in 1935. After that Manfred Van Aredenne in 1937 produced a British 

patent of SEM but did not make the practical instrument. But in 1965 Prof Sir Charles Oatley 

and his postgraduate student Gary Stewart marketed the first SEM by the Cambridge Scientific 

Instrument company as the steroscan [40]. 

  A 
  B 
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Figure 8: The SEM with electron gun filament (electrons producing unit-on top), electromagnetic lenses (electromagnetic 

optics), sample stage (at bottom), electromagnetic coils (magnification control unit), detectors and computer hardware and 

software [41] 

SEM has allowed the researchers to look at the large variety of specimens. SEM has many 

advantages over light microscopes. The major advantage of SEM is its depth of field, higher 

resolution, and good control over magnification as compared to light microscope as well as 

actual strikingly clear image make the SEM one of the most useful instrument in modern era of 

science. A beam of electrons is produced at the top of microscope with the help of electron gun. 

The electron beam follows the vertical way under the vacuum condition as shown in the Figure 

8. The electron beam covers the distance through the electromagnetic lenses in vacuum. The 

electromagnetic lenses focus the beam onto the sample and as a result of collisions different 

types of signals are generated from the sample. The generated signals are recorded and images 

are formed pixel by pixel. Valuable information about morphology, surface topology and 

composition can be obtained. SEM microscopes achieving resolutions below 1 nm are available 
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now. The different types of signals like secondary electrons, back-scattered electrons, auger 

electrons and x-rays after striking with sample by electron beam are generated and are shown in 

the Figure 9. These different signals give different information about the sample. The secondary 

electrons are generated from the collision between the incoming electrons and the loosely 

bonded outer electrons. Low energy electrons (~10-50 eV) only SE generated close to surface 

escape (topographic information is obtained). Number of SE is greater than the number of 

incoming electrons. When the electrons of the beam colloids with the nucleus of the sample’s 

atoms they deflected back from its path due to the coulomb forces (Rutherford elastic scattering). 

Sometimes, the electrons are completely scattered back and leave the surface of the sample. 

Since heavy atoms with a high atomic number are much stronger scattering of electrons than 

light ones, they cause a higher signal. Therefore, images with back-scattered electron give atomic 

number information about the sample. The auger electrons give the information about the surface 

sensitivity and compositional information. Similarly the x-ray signals give information about the 

thickness and compositional information as well. Over all there are three types of signals are 

mostly used for ample analysis, Secondary electrons, backscattered electrons and x-ray. There 

are different types of detectors which collect these x-rays, back-scattered electrons, and 

secondary electrons and convert them into a signal like secondary electron detector and in-lens 

detector etc. 

  

 

 

http://www.microscopy.ethz.ch/elast.htm
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Figure 9: The types of signals, secondary electron signal, Back-scattered electron signal, x-ray signals, and auger electron signals 

which are emitted from the sample [41] 

2.6.3. Ellipsometry 

 An ellipsometry is a versatile way to examine the dielectric properties and the thickness 

of thin films, in semiconductor physics, microelectronics, and biology. The basic idea of an 

ellipsometer is that the reflection at a dielectric interface depends upon the polarization of light 

while the transmission of light through a transparent layer changes the phase of the incoming 

wave depending upon the refractive index of the material [42]. Ellipsometry can measure film 

thicknesses below the wavelength of the light used in the measurement by using phase and 

polarization information. Efficient ellipsometers are capable of achieving resolutions down to a 

few  . Although modern ellipsometers can measure various parameters of a sample, but here 

only the layer thickness measurement technique by it will be describe. The setup for a basic 

ellipsometry measurement is depicted in Figure 10. Light is emitted from the light source (laser) 

and polarized in a polarizer. This light is then reflected on the sample, passed through a second 

polarizer (Analyzer) and detected by the detector. The incident and the reflected beam define the 

plane of incidence. As is common in reflection experiments, light with a polarization parallel to 

the plane is referred to as (p-polarized), while light with a polarization perpendicular to the plane 

of incidence is referred to as(s-polarized). The information about the sample is obtained by 

measuring the reflectance ratio  . This ratio can be expressed as: 
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      e         (1) 

where    and    are the amplitudes of the p- and s-polarized components of the beam, 

respectively, after reflection and normalization to their initial values. As   is a complex number, 

it can be extended as shown in (1). Here,      is the amplitude of  , while   is its phase.   and 

  are the parameters determined in an ellipsometry measurement.  

 

Figure10: Basic ellipsometry setup. Light is emitted from a light source, polarized, and impinges on the sample under the 

incident angle . The reflected beam passes through the analyzer, to the detector [42]. 

These parameters are then compared to a model that comprises the optical properties and 

thicknesses of the individual layers. If an appropriate model for the system to measure is known, 

ellipsometry is a very firm, consistent, and reproducible method, as it measures a ratio instead of 

an absolute value. Hence, for each system models involving the structure and the optical 

properties of the system have to be developed and verified by other measurement techniques. 

However, advanced ellipsometry methods can also be used to obtain information about the 

density, mobility, and effective mass of charge carriers in a sample, or live images of samples 

including information about layer thicknesses. 

2.6.4. Fluorescent Microscope 

 Fluorescence microscope is similar to light microscope with some additional features of 

higher intensity light source which illuminate the fluorescent species on a sample interest. The 

fluorescent species emit the lower energy light with larger wave length which produces the 

magnified image instead of the original light source. It gives also the 3-D features at small scale. 



FUNDAMENTALS 16 

 

 

The 3-D features are accomplished by attaching the fluorescent tags to anti-bodies that in turn 

attach to targeted features or by staining in a less specific manner. This ability of fluorescent 

microscope helped to investigate the parts of desired organelles or unique surface features of a 

sample of interest. The working principle is shown in the Figure 11 which is given below. The 

sample of interest is labeled with fluorescent substance known as fluophores and then 

illumination by lens with the higher energy source. The illumination light is absorbed by the 

flurophores (attached with sample). The fluorescent light is separated by using appropriate filters 

(Excitation Filter) from surrounding radiations and let them only which match the specific wave 

length of flurophore. The radiation through the filter strikes with atoms of the specimen and 

electrons are excited to a higher energy level. When the electrons come back they emit light 

which helps to see the image. The fluorescence emitted from the sample is separated from the 

much brighter excitation light by a second filter (Emission Filter) [43].  

 

Figure 11:  The schematic overview of the Fluorescent light microscope [43] 
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3. Materials and Methods 

3.1. Chemicals and Materials 

The chemicals used in the experiments without any further purification are given below: 

2-propanol, 99.8%, Sigma-Aldrich; acetone, 99%, Sigma-Aldrich; ethanol (Absolute), 

99.8%, Sigma-Aldrich; 3-Aminopropyltriethoxysilane (APTES), 99%, Sigma-Aldrich; gold 

Colloid, 0.01% wt, 20nm in diameter, Sigma- Aldrich; Amino-PEGylated gold nanopartilces, 

20 nm in diameter, Polyscience Inc;  amino- EG6- undecanethiol, Dojondo Laboratories; 11-

amino-1-undecanethiol hydrochloride, Sigma-Aldrich; 11-mercaptoundecanoic acid (11-

MUA), Sigma-Aldrich; PLL (Poly-L-Lysine), Invitrogen; Gibb’s balance salt solution 

(GBSS), Sigma- Aldrich; GFAP, ( 2
nd

 antibody fluorescence anti rabbit ), (488nm), 

Invitrogen; MAP2, (2
nd

 antibody fluorescence anti mouse ), (546nm), Invitrogen; 

paraformaldehyde (PFA), Sigma-Aldrich; Bovine Serum Albumin (BSA), Sigma- Aldrich; 

Goat Serum, Invitrogen; Triton X, Sigma-Aldrich; Ethidium Homodimer (EtHD), 

Invitrogen; Calcein AM, (Invitrogen;  MAP2 (1
st
 antibody), Sigma-Aldrich; GFAP (1

st
 

antibody), Thermo Scientific; paraffin Oil (PO), 99%, Sigma-Aldrich. 

3.2. Devices and Methods 

The instruments used during the characterization experiments are given below: 

 SEM (Scanning Electron Microscope) imaging was performed with a GEMINI (LEO 

1550VP) electron microscope. 

 Optical Microscopy was done with Carl Zeiss (ApoTome) microscope. The images were 

processed by Axiocam MRm.  

 The contact angle measurements were performed using a Data Physics OCA instrument. 

Water was always used as measuring liquid. The focused drops of water on the surface 

were analyzed with the Data Physics SCA 202 software. 

 Plasma treatment of the surfaces was performed in a 100E plasma oven from Technics 

Plasma GmbH. 
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 The silanization experiments were executed under an inert atmosphere using Argon as 

protective gas in a MBRAUN MB200B glove box. 

 Layer thicknesses of self assembled monolayers were determined using an Ellipsometer 

from Nanofilm EP
3
 with a Nd: YAG Laser (λ=532nm) and EP

3
 view 2.05 software. The 

thicknesses of the SAMs were analyzed on a SiO2 surface on a Si substrate with a 

thickness of 100 nm.  

3.3. Experimental Section 

The major aspect of this work was the surface modification of silicon and gold substrates 

by SAMs of silanes and thiols, respectively, for the attachment of gold nanoparticles, the surface 

modification of surface bound gold nanoparticles and the neuron cell cultivation on these gold 

colloid deposited substrates. So the whole work was divided into three major portions. The 

immobilization of gold nanoparticles on Silicon and gold substrate, the surface modification of 

surface bound gold nanoparticles with amino terminated molecules for neuronal cell culturing 

and quantification of neurons. 

3.3.1. Immobilization of gold nanoparticles 

3.3.1.1. Immobilization of gold nanoparticles on silicon substrate 

The monodispersed spherical gold nanoparticles of about 20 nm in diameter, suspended 

in water stabilized with a citrate shell, were immobilized on silicon substrates. The gold 

nanoparticles with citrate shell purchased from Sigma-Aldrich beared negative charges due to the 

surrounding citrate ions (C3H5O(COO)3
3−

). To attach these gold nanopartilces on silicon a 

positive charge was necessary. The solution of this question was a monolayer of molecules 

having the (-NH2) as end group deposited on the silicon substrate. 

3.3.1.1.1. Self assembled monolayer of APTES on silicon substrate 

To attach the negatively charged gold nanoparticles on the substrate’s surface, a self-

assembled monolayer of 3-Aminopropyltriethoxysilane (APTES) was deposited on the substrates 

using the vapor deposition technique in a glove box under inert atmosphere [44].  The self-

assembled monolayer of APTES was needed to have hydroxylated surface on substrate for its 
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attachment. For this purpose, the silicon substrates were oxidized to create a SiO2 layer on top of 

the silicon surface. The oxidation was achieved by CVD in a clean room. This process gave a 

100 nm thick layer of SiO2 on the surface of the p-doped Silicon wafer of <100> orientation. The 

oxidized 4 inch silicon wafers were cut into (1×1) cm
2
 pieces. 

Each piece of (1×1) cm
2
 was cleaned with 99.8% acetone (Sigma-Aldrich) at least 3 

times to remove all organic and inorganic contaminations from the wafer. Although this 

treatment removed some of the contamination from the wafer but still some residue remained on 

the wafer like a thin film. To remove the thin film of organic contaminations from the wafer it 

was cleaned with 99% 2-propanol (Sigma-Aldrich) after acetone treatment at least 3 times.  

Subsequently, the substrates were dried with N2 gas. After cleaning the substrate, it was treated 

with an O2 Plasma at 200 W, 1.4 mbar for 3 min in a plasma oven (100E, Technics plasma, 

GmbH Germany). The purpose of the plasma treatment was not only the surface activation of the 

Si/SiO2 surface by adding (-OH) groups, but also removing traces of organic contamination left 

after Acetone and 2-Proponol washing. After plasma treatment of Si/SiO2 substrate the surface 

was supposed to be hydrophilic due to (-OH) groups on the surface. Hence, the hydrophilicity of 

the surface was evaluated by contact angle measurement with a DataPhysics instrument. A water 

droplet of 5 µL was placed on the substrate before and after the oxygen plasma treatment. The 

shape of the water droplet was analyzed after 15 seconds with the help of DataPhysics SCA 202 

software as shown in the Figure 12. The contact angles of plasma treated and non-treated 

substrates are given in Table 1.  

Figure 12: Contact Angle (a) Before Plasma Treatment (b) After Plasma Treatment 

 



MATERIALS AND METHODS 20 

 

 

Table 1: Contact angles before and after oxygen plasma treatment 

 Before Plasma treatment After Plasma treatment 

Contact Angle [
0
] 40.10 10.20 

After oxygen plasma treatment the substrates were silanized with APTES molecule. The 

silanization was performed in a glove box under inert condition by vapor deposition technique to 

avoid the exposure of the water sensitive silane (APTES) to air humidity. The APTES was stored 

inside the glove box to avoid hydroxylation and polymerization. The silanization setup is shown 

schematically in the Figure 13. The sample was fixed on the sample holder situated inside the 

desiccators. Approximately 100 µL of APTES was put into the dish covered with a splash guard 

to avoid drops of APTES contaminating the sample during evaporation. The desiccator was 

connected to vacuum pump and the pressure inside the desiccators was adjusted with a dosing 

valve. 

 

Figure 13: The schematic view of the silanization set up in glove box [60] 
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The sample was silanized at a pressure of 5 mbar for 1h in glove box. The surface modification 

of Si/SiO2 by APTES is shown in Figure14. 

 

Figure 14: The schematic overview of the Silanization of the Si/SiO2 substrate by APTES molecule 

After silanization, the sample was characterized by contact angle measurements and ellipsometry 

to ensure the deposition of self assembled monolayer of APTES before and after the silanization 

of the substrate. The corresponding data is summarized in Table 2. Figure 15 shows the 

difference in the shape of the water droplet on APTES modified substrate (b) and without 

APTES modified (a) substrate. 

 

Figure 15: Contact angle (a) Before Silanization (b) After Silanization 

The layer thickness of the SAM was determined by Nanofilm EP
3
. The layer thickness was 

increased approximately 4.02 nm as compared to the substrate before the silanization. The 

increment in the thickness of the substrate gave indication that APTES was deposited on the 

substrate.  

 

Si/SiO2 
Si/SiO2 Si/SiO2 
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Table 2: Results of Contact angle before and after silanization. 

 Contact Angle [
0
] Layer Thickness (nm) 

Before Silanization 44.60 102 

After Silanization 65.80 106.02 

 

3.3.1.1.2. Immobilization of gold nanoparticles on APTES modified surface 

The citrate stabilized gold nanoparticles of 20nm in diameter were immobilized on 

APTES modified substrate. 200 µL of gold nanoparticles was put onto the sample for 1 hour. 

After 1 h the sample was washed with deionized water (DI) and dried with N2 gas. The 

attachment process of gold nanoparticles on an APTES modified surface is shown in Figure 16. 

 

Figure 16: The immobilization of the citrate stabilized gold nanoparticles over SAM of APTES attached electrically. 

The density of gold nanoparticles was determined using the SCOIN Image software. 

Higher densities of gold nanoparticles were acquired by optimizing the immobilization time of 

gold colloid, the silanization time of APTES, and plasma treatment time of Si/SiO2 substrate.  

For that purpose, 21 substrates of (1×1) cm
2
 were cleaned with acetone and 2-propanol to 

remove organic and inorganic contaminations from the samples. After cleaning the substrates, 

they were dried with N2 gas. To evaluate the effect of the plasma treatment’s length, the 

activation times 1 min, 5min, and 10min were tested with 7 samples each. The power 200 W and 

pressure 1.40 mbar of plasma device was set for each sample. After plasma treatment the 

samples were silanized in glove box for 1 h at 5 mbar as described in section 2.3.1.1.2. The 

Si/SiO2 Si/SiO2 Si/SiO2 

Si/SiO2 
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samples activated by oxygen plasma for 1 min were immobilized by gold nanoparticles for 1, 4, 

6, 8, 10, 12 and 24 h. Similarly the samples treated by plasma for 5 min and 10 min were  also 

immobilized with gold colloid for 1, 4, 6, 8, 10, 12, 24 h.  

3.3.1.1.3. Tune the density of gold nanoparticles on silicon substrates 

After getting the higher density of gold nanopartilces the density of gold nanoparticles 

were tuned on different number of Si/SiO2 substrates form higher density to low density. In this 

way one could get gradient of gold nanopartilces on different substrates. The deferent density of 

gold colloid was obtained by immobilizing the diluted gold colloid on APTES modified 

substrates. The original solution of gold colloid of 0.01% wt form Sigma-Aldrich were diluted by 

adding deionizer water (DI) water into it. The 0.01% wt gold colloid solution were diluted into 

0.006, 0.005, 0.004, 0.003 and 0.0016%wt by adding water into gold colloid with the ratios of 

(450µL:150µL, 1:0.5) v/v, (300µL:300µL, 1:1) v/v, (150µL:450µL, 1:1.5) v/v, (200µL:400µL; 

1:2) v/v and (100µL:500µL, 1:5) v/v respectively. All the samples were cleaned with acetone, 2-

proponol and dried with N2 gas. After cleaning they were activated by oxygen plasma to have 

hydroxyl groups onto the substrates for the attachment of APTES at 200 W and 1.40 mbar for 5 

min.  The samples were silanized simultaneously into glove box for 1 h at 5 mbar. After 

silanization they were immobilized by 0.01%wt gold colloid and diluted ones which were made 

above form the original solution. The immobilization time of gold nanoparticles were 8 h.  

3.3.1.1.4. Gradient of gold nanoparticles density 

In the previous section the density of gold nanopartilces was tuned on different 

substrates. In addition to that continues gradient of gold nanopartilces were performed. In these 

experiments the gradients of adsorbed gold nanopartilces obtained by forming the one-

dimensional molecular gradient of amino groups (-NH2) on the substrate by vapor deposition of 

amino terminated 3-aminopropyltriethoxysilane (APTES) followed by attachment of gold 

nanoparticles with (-NH2) functional groups of APTES. The silicon wafer having a 100 nm thick 

layer of SiO2 on top of it was cut into rectangular piece of (1×4) cm
2
. This piece of silicon wafer 

was cleaned by acetone, 2-propanol and then dried with N2 gas. After cleaning the substrate was 

exposed by oxygen plasma at 200 W and 1.40 mbar for 5 min.  Mixtures of APTES and PO 

(Paraffin Oil) (Sigma- Aldrich) were prepared with the ratio of (APTES: PO; 1:1, 5g: 5g) wt/wt 
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in a small rectangular container inside the glove box to avoid the polymerization of APTES. The 

container with solution was placed near the shorter edge of the plasma treated substrate at the 

distance of 2 mm for the container. The whole set up was enclosed in a Petri dish. The 

schematically the setup is shown in the Figure 17. After 2 min the wafer was taken out form the 

Petri dish. After silanization the substrate was washed with absolute ethanol to remove the 

physisrobed silane.  After silanization, citrate stabilized gold nanoparticles were immobilized 

on the substrate for 8 h and washed with DI water. The sample was dried with N2 gas. The 

flanking edge of substrate contains the higher density of gold nanoparticles.  

 

Figure 17: The experimental arrangment set up for getting the gradient of gold nanoparticles on single substrate. 

3.3.1.2. Immobilization of gold nanoparticles on gold substrate 

In this section the gold nanopartilces were attached with gold substrate by Thiol SAMs.  

3.3.1.2.1. Self assembled monolayer of 11-MUA on gold substrate 

The SAMs of 11-MUA (Sigma- Aldrich) were formed on gold substrate. The Au 

(111)/Silicon was made by depositing a layer of gold of 50 nm on a 4 inch Silicon substrate by 

Pfeiffer PLS 500 physical vapor deposition system in clean room. Before gold deposition on 

silicon substrate a very thin adhesion layer of Ti of 5 nm was also evaporated on silicon. The 4 

inch wafer was cut into (1×1) cm
2
. The 1 mM solution of 11-MUA were prepared form 5 ml of 

absolute ethanol. The substrate was washed before depositing the SAMs with acetone and 2-
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proponol. The substrate was also treated with Oxygen plasma to get rid even the traces of 

organic contamination after washing with acetone and 2-propanol. After cleaning the gold 

substrate it was immersed into the 1 mM ethanolic solution of 11-MUA. After 24 h the substrate 

was rinsed with Ethanol and dried with N2. The whole process is shown schematically in Figure 

18.       

  

Figure 18:  The process of depositing the 11-MUA self-assembled monolayer on gold surface 

3.3.1.2.2. Immobilization of gold nanoparticles on 11-MUA modified gold substrate 

The amino-PEGylated gold nanoparticles bought form Polyscinece, Inc. with diameter of 

20 nm were immobilized on 11-MUA deposited gold substrate. The gold nanoparticles were 

immobilized on 11-MUA coated substrate for 8 h and then rinsed with DI (deionized) water and 

dried with N2 gas. The Figure 19 shows the interaction between the gold nanoparticles and 11-

MUA. The immobilization time for the gold nanoparticles were kept I h.  

3.3.1.2.3. Variation of gold nanoparticles density on gold substrate 

To change the density of gold nanoparticles on gold substrate the two parameters were 

varied, first the immobilization time of gold nanoparticles and second the concentration of 

ethanolic solution of 11-MUA (11-Mercaptoundecanoic Acid). Six samples of Au (111) 

substrates were cleaned with acetone and 2-propanol and dried with N2 gas. The 2 mM and 1 

mM solution of 11-MUA in 10ml of ethanol of each concentration were prepared. Out of six 

samples three samples were engrossed into 1 mM and rest of three were immersed into 2 mM 

solutions of 11-MUA for 24 h. After 24 h the samples were rinsed with DI water and dried with 
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N2 gas.  The samples which were modified with 1mM solution of 11-MUA were immersed in 

amino-PEGylated gold nanoparticle solution for 1h, 3h and 6 h. Similarly the other three samples 

which were modified by 2 mM solution of 11-MUA ethanolic solution were inserted into gold 

nanoparticle solution for 1h, 3h and 6h as well.  

 

Figure 19: The immobilization of amino-PEGylated gold nanoparticles after the deposition of SAM of 11-MUA on 

gold substrate. 

3.4. Preparation of PLL (Poly-Lysine) sample 

 The PLL (poly-lysine) was deposited on the Si/SiO2 substrate in the following way. The 

Si/SiO2 was treated with oxygen plasma for 2 min at 200W. Then the substrate was put into petri 

dish and under the sterilized bench. Took 1 ml of PLL (10µg/ml) in HBSS and put into the petri 

dish containing the substrate for 20min. After that all the solution was sucked form the dish and 

filled with PBS. The sample was washed two times with PBS and dried with N2. The same 

process was performed in the case of Gold substrate.  
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3.5. Surface modification of surface bound gold nanoparticles for 

neuron cell culturing over silicon and gold substrate  

For cell culturing the cortical neurons form (dissertation of A. Vogt, 2003) 18 days old 

rat embryos taken from pregnant wistar rats were removed from uterus and amnion. These cells 

were cultivated on surface bound gold nanoparticles on silicon and gold substrates. The cells 

were prepared by Ritha.Frickle (Biologist) in the IBN-2 institute.  

3.5.1. Neurons on surface bound gold nanoparticles over silicon 

substrate 

The substrates which were prepared as described in sections 3.3.1.1.4 and 3.3.1.1.5 were 

cultivated by neurons to know the viability of neurons on these substrates after some surface 

modification of surface bound gold nanoparticles. The surface bound gold nanoparticles on 

silicon substrates were functionalized by an amino-EG6-Undecanethiol (Dojondo, Inc) molecule. 

For that purpose the surfaces of the surface bound gold nanopartilces were treated with oxygen 

plasma in plasma oven for 2 min at 1.40 mbar and 200 W. After plasma treatment the surface 

gold nanopartilces substrates on silicon surface were immersed into the 1mM solution of amino-

EG6-Undecanethiol in 10 ml of Ethanol for 24 h to obtain a very dense layer of SAM. The 

schematic overview of the whole process is shown in the Figure 20. The 6 samples prepared, 

were functionalized with amino-EG6-Undecanthiol molecule. After preparing these samples they 

were sterilized with 70% ethanol under sterilized bench and washed with sterilized water.  To 

compare the cells viability over gold nanoparticles substrates a control sample was also prepared. 

The poly-Lysine (PLL), an artificial biopolymer mostly used for cell culture, was also made. The 

PLL with concentration of 10mg/ml was coated on two of (1×1) cm
2 

and one (1×4) cm
2
 sterilized 

Si/SiO2 substrates for 1 hour. Before coating the PLL on Substrates they were freshly 

hydrophilizd by pulling them through the blue flame of a Bunsen burner and coated immediately.  

The polystyrene dishes of 24-well plate and two (8 cm
2
) were also coated with PLL in which the 

cells were supposed to grow with PLL to increase the number of neurons in cell culture by 

providing the larger adherence area for the plated neurons. The (1×1) cm
2
 substrates were put 

into the 24 well polystyrene plates and (1×4)cm
2
 were placed into 8 cm

2
 Petri dish. The density 
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of 20000cells/cm
2
 was placed on each sample of (1×1) cm

2
 samples and 80000cells/cm

2
 on 

(1×4) cm
2
 substrate. 

 

Figure 20: The functionalization of citrate stabilized gold nanoparticles with Amino-EG6-Undecanethiol after 

removing the citrate shell with Oxygen plasma. 

3.5.2. Neurons on surface bound gold nanoparticles over gold 

substrate 

For neurons cell cultivation on surface bond gold nanoparticles on gold substrates total 6 

samples of 3 different types of were prepared.  The types of samples are shown in the Figure 21. 

Figure 21 shows the types of samples which were made for cell culture. The sample (B) has 

amino.PEGylated gold nanoparticles (Polyscince, Inc) shell which was immobilized as described 

in section 3.3.1.2.2. The sample (A) with gold nanoparticles but amino-thiol functionalized was 
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made by first removing amino-PEGylated shell form the gold nanoparticles by treating the 

sample with oxygen plasma at 200 W, 1.40 mbar for 2 min and then immersing the sample in 1 

mM solution of Amino-Thiol in 5 ml of absolute ethanol for 1 h. After 1 h the sample was rinsed 

with absolute ethanol and dried with N2. The sample (C) was prepared by just treating the 

Amino-PEGylated gold nanoparticles deposited sample in oxygen at 200 W, I.40 mbar for 2 min. 

The oxygen plasma removed the Amino-PEGylated shell from the gold nanoparticle. The two 

samples with 10µg/ml PLL in GBSS with ratio of (1:100) v/v coated was also prepared by 

coating on the gold substrates of (1×1) cm
2
 as a control sample. The gold substrate was cleaned 

first with acetone and then 2-propanol. After cleaning the substrate, it was sterilized by 70% 

ethanol before depositing the PLL for 1 h. After 1 h the samples were rinsed with sterilized water 

under the sterilized bench. The gold nanoparticles coated substrates were also sterilized with 

70% ethanol under sterilized bench before putting the cells on them. All the samples of gold 

nanoparticles and PLL coating were put into the 24 well polystyrene dishes coated with PLL for 

1 h before putting the samples into the polystyrene dish as described in section 3.4.1. The cell 

density of 20000cells/cm
2
 was placed onto each and every sample. After putting the cells on 

them the samples were put into the incubator at 37
o
C under sterilized condition for 3 and 11 

days.  
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Figure 21:  The gold nanoparticles on gold substrates on SAM of 11-MUA functionalized (A) with Amino-Thiol molecule after 

removing the Amino-EG6-Undecanethiol shell from the gold nanoparticles (B) with Amino-EG6-Undecanethiol  molecule (C) 

After removing the Amino-EG6-Undecanethiol shell. 

3.6. Staining of neurons for quantification  

To characterize the cultivated neurons onto the gold nanopareticles substrates they were 

stained with different fluorescent dyes. Two types of analysis were performed, Live and dead 

staining and Immunostaining. The live and dead staining provided information about the 

A 

B 

C 
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viability of the neurons and Immunostaining about the difference between Glia and neurons 

among the neuronal cells.  

3.6.1. Live and dead staining of cells 

The cells viability for all the experiments was checked by using the live and dead staining 

of the cells after (DIV-9) in the case of gold nanoparticles over silicon substrate and(DIV-11) in 

the case gold nanoparticles over gold substrate of cell culture. The gold nanoparticles samples 

and PLL coated substrates with cells were stained by Calcein AM (Invitrogen) for live cells and 

Ethiduim Homodimer (EtHD) (Invitrogen) for dead cells differentiation.  The Calcein AM and 

Ethidium Homodimer (EthD) were first dissolved into 10% PBS solution with the ratio of 

(1:1000) v/v. After making the solution of Calcein AM and Ethidium Homodimer (EthD) in 

1%PBS and the probes were put into this solution for 10 to 15 minutes. Then the samples were 

brought to ApoTome light microscope for Imaging. The pictures were taken by Axiocam MRm 

by using X10 objective lens.  

3.6.2. Immunostaining of cells 

For antibody staining, the cultures were prepared at (DIV 9) for gold nanoparticles over 

silicon substrate and (DIV-3 and DIV-11) for gold nanoparticles over gold substrate.  The 

immunostaining was performed to know about the neurons and glia cells difference. In all 

experiments the all the samples were stained first by washing the samples with pre warmed 

(37
0
C) of 1% PBS for 2×5 minutes. The samples were put into 4% PFA solution for 7 minutes. 

Later than PFA treatment the samples were washed with 1% PBS for 3×5 minutes. To fix the 

cells they were immersed into blocking solution over night at 4
o
C. The blocking solution was 

made by mixing the 2% BSA and 2% goat serum and deposited over samples.  After 24 hours 

the cells were premeabilized with the solution of blocking buffer mix with 0.1% Triton X for 15 

min.  Prior to first antibody the samples were rinsed with 1% PBS three times each for 3×5 

minutes. The primary antibodies GFPA (Thermo Scientific), (Glia Specific) from mouse and 

MAP2 (Sigma-Aldrich), (Neuron Specific) form Rabbit were mixed separately with blocking 

solution with ratio of (1:500) v/v and (1:5000) respectively. The antibody solutions were put 

onto parafilm at least 1µl for each antibody solution. The samples were placed upside down on 

the drops of antibody solutions for 1.5 hour. After that the samples were washed again with 
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1%PBS for 3×5 minutes. The secondary antibodies MAP2 (Invitrogen), (Anti mouse, 546nm) 

and GFPA (Invitrogen), (Anti Rabbit, 488nm) solutions were made into blocking solution as 

well with the ratio of (1:1000) v/v and (1:1000) v/v respectively in darkness. The drops of 1µl of 

secondary antibodies solution were placed onto parafilm for each probe. The samples put onto 

the drops of antibodies solution upside down for 1 hour in darkness. At the end the samples were 

rinsed with 1%PBS at least 3×5 minutes.  The samples were visualized with Cral Ziess 

(ApoTom) Light microscope by using (×10) objective and appropriate filter set. The pictures 

were taken by Axiocam MRm.  Table 3 and 4 shows the antibodies used for quantification. In 

the thesis the following antibodies were used 

Table 3:     Primary antibodies 

Antibody Specifity Host Dilution  Distributor 

MAP2 Neuron specific Mouse 1:500 Polyconal Sigma-Aldrich 

GFPA Glia Specific Rabbit 1:5000 Polyconal Thermo Scintific 

 

Table 4:     Secondary antibodies 

Antibody Fluorophor Host Dilution  Distributor 

MAP2 Alexa 564 Anti mouse 1:1000 Polyconal Invitrogen 

GFPA Alexa 488 Anti rabbit 1:1000 Polyconal Invitrogen 
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4. Results and Discussion 

4.1. Neurons Response Quantification 

4.1.1. Quantification of neurons on gold nanoparticles over Silicon 

Substrate 

4.1.1.1. Neurons on gold nanoparticles on different density  

Survival of neurons on the solid surface depends upon the adhesion, neuronal out growth 

and polarity of the cells [45-47]. It has been studied that the optimal amount of positive charge 

helps neurons to adhere on the solid surface [17].  The effect of certain amount of positive 

charges on neuron survival could be determined by tuning the amount of positive charges on the 

surface. To know the effect of certain amount of positive charge on neuron survival need to have 

certain way of tuning the charges. The amino terminatd ligands [48] were found as positive 

charge entities for neuron adhesion. The gold nanoparticles were used as anchoring entities for 

the amino terminated ligands. By tuning the density of AuNPs on the surface could tune the 

amino terminated ligand on the surface.  

The deposition of the gold nanoparticles was described in section 3.3.1.1.2. The Au 

nanoparticles which were used had diameter of 20nm with citrate as a stabilizing shell. The 

nanoparticles were attached on the Si/SiO2 surface by APTES (3-Aminopropyltriethoxy silane). 

The APTES was attached in the Si/SiO2 surface (section 3.3.1.1.1) after oxygen plasma 

treatment by silanol groups via silxane bonds (Si-O-Si) [49]. The Au nanopartilces solution with 

pH   6.5 (approximately) protonated the amine groups (-NH2) of APTES self-assembled 

monolayer on the substrate [50-51]. The reason of using the APTES as anchoring points for 

deposition of the citrate stabilized nanoparticles was the amines as end groups of APTES 

molecules to have an electrostatic interaction between gold nanoparticles and APTES [51]. The 

amines became protonated at pH   7.4. So the buffer protonates the amines (-NH3
+
) of APTES 

and deprotonates the citrate shell (-COO
-
) of Au nanoparticles. The deposition of AuNPs is 

shown in the Figure 22. 
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Figure 22: The attachment of citrate stabilized gold nanoparticles on APTES modified surface 

From Figure 22 it is clear that the surface coverage of Au nanoparticles was low for given set of 

parameters. It has been studied that the density of AuNPs was tunable by parameters like the 

number of attractive groups on the surface, immobilization time of AuNPs, pH and the 

concentration of the Au nanoparticles. 

Table 5: Particles density vs. surface activation time and immobilization time 

Particles Density vs. surface 

activation time and immobilization 

time 

Surface activation time 

(1 min) 

Surface activation time 

(5 min) 

Surface activation time 

(10 min) 

Immobilization time (1h) 180 (Particles/µm
2
) 201(Particles/µm

2
) 228(Particles/µm

2
) 

Immobilization time (4h) 270(Particles/µm
2
) 390(Particles/µm

2
) 265(Particles/µm

2
) 

Immobilization time ( 6h) 396(Particles/µm
2
) 401(Particles/µm

2
) 432(Particles/µm

2
) 

Immobilization time ( 8h) 479(Particles/µm
2
) 516(Particles/µm

2
) 510(Particles/µm

2
) 

Immobilization time (10h) 467(Particles/µm
2
) 502(Particles/µm

2
) 497(Particles/µm

2
) 

Immobilization time (12h) 408(Particles/µm
2
) 492(Particles/µm

2
) 415(Particles/µm

2
) 

Immobilization time( 24h) 483(Particles/µm
2
) 451(Particles/µm

2
) 407(Particles/µm

2
) 

 

 In our case we tuned the density of gold nanoparticles by varying the immobilization time of 

nanoparticles and concentration of AuNPs. In case of immobilization time the density of 

nanoparticles was varied by tuning the three parameters, the silanization time, the surface 

activation time and immobilization time of gold nanoparticles. For that purpose different 
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substrates were prepared as mentioned in the section 3.3.1.1.3. The surface activation and 

immobilization time were changed against the fixed silanization time. The surface activation 

time means variations in the number of (-OH) groups on the Si/SiO2 surface by varying the 

oxygen plasma treatment time for hosting the APTES molecules. Similarly the variation in the 

silanization time changes the number of APTES molecules on the surface for hosting the AuNPs 

on the surface. Figure 23 shows the influence on the density of the gold nanoparticles due to the 

surface activation time and immobilization time on the different substrates silanized only for 1h. 

The density of gold nanoparticles against the activation time and immobilization time is shown 

in the Table 5. The maximum density 516(particles/µm
2
) were got after 8h of immobilization 

time and 5 min of surface activation time (Oxygen plasma treatment time). The factor which 

seems to be affecting the particles density was only immobilization time of Au nanoparticles. 

From the Figure 23 it appeared as the sharp increase in the density of AuNPs was observed 

below 8h of immobilization time of the nanoparticles. After 8h the saturation in the density of 

gold nanoparticles was examined. It has been studied that the surface coverage of the citrate 

stabilized Au nanoparticles depends upon the pH of the Au nanoparticles solution [52]. At 8h of 

immobilization time and after it the saturation in the density of gold nanoparticles was due to the 

evaporation of the water of the Au colloid which caused the decrease in the pH of the Au colloid. 

The decrease in the pH decreased the strength of buffer of AuNPs colloid for further protonation 

of amino groups of the APTES monolayer.  

 

Figure 23: Immobilization time vs. the surface activation time by oxygen plasma time of the Si/SiO2 substrate at fixed 

silanization time. 
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The density of nanoparticles could also be changed by diluting the Au nanopaticles 

solution describing in Section 3.3.1.1.4. Change in the concentration of Au colloid changes the 

ionic strength in the Au colloid solution [30]. Change in ionic strength influence the Debye-

length k
-1

 in solution according to the following relation: 

     
       

        
   

                     

 with    =dielectric constent of the water,    = permittivity of the caccume, K= Boltzman 

constent, T= absolute temperature,   =elementary charge,    = Avogadro constant, zi = charge on 

ions, Ci = concentration of ions  

From the above relation it is clear that the ionic strength    
 

 
    

    is inversely proportional 

to the Debye-length. The Debye length can be used to know the hydrodynamic diameter dh of the 

particles in the ionic solution. The hydrodynamic diameter of radius is directly proportional to 

the Debye-length and inversely proportional to the ionic strength. Hence by adding water into 

gold colloid reduced the ionic strength, increased the interparticles distance and hydrodynamic 

diameter. Table 6 shows the interparticles with increased ionic strength. 

Table 6: Increment in the interparticles distance with the decrement in the ionic strength 

Concentration (%wt) Ionic strength (mmol/L) Interparticles distance (nm) 

0.01 7.83 38.8±0.36 

.006 4.67 40.8±0.58 

.005 3.9 41.08±0.49 

.004 3.11 46.4±0.66 

.003 2.31 51±1.0 

.0016 0.78 57±1.5 

Such a relation between the ionic strength and interparticles distance was observed in our 

experiment and shown in the Figure 24 given below. 



RESULTS AND DISCUSSION 37 

 

 

 

 

Figure 24: The interpartilces distance between the Au nanoparticles against the Ionic strengths (a) 7.83mmol/L, (b) 4.67mmol/L 

(c) 3.9mmol/L (d) 3.11mmol/L (e) 2.31mmol/L (f) 0.78mmol/L 

The interparticles distance was calculated by using the Matlab program [53]. The particles 

spacing on these surfaces with randomly generated particle distributions supports the 

a b 

c d 

e f 
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interparticles spacing which determines the surface converge. More over it can also be 

considered that the particles distribution in particle sizes artificially broadness nearest- neighbor 

histograms. So the broadening in the histograms with decreased ionic strength implied that the 

interparticles repulsion was due to the larger hydrodynamic particle diameter. So the Au 

nanoparticles densities against different ionic strengths for different dilutions of the Au colloid 

solution are summarized in the Table 7 and shown in the Figure 25 

Table 7: Particles densities against the Ionic strengths 

Concentration (%wt) Ionic strength (mmol/L) Interparticles distance (nm) Particles density/µm2 

0.01 7.83 38.8±0.36 408 

.006 4.67 40.8±0.58 331 

.005 3.9 41.08±0.49 266 

.004 3.11 46.4±0.66 255 

.003 2.31 51±1.0 152 

.0016 0.78 57±1.5 76 

 

 

Figure 25: Variations in the densities of AuNPs (red bars) against the variation of ionic strengths of Au colloid solutions. The 

solid lines represent the calculated values of Au nanoparticles densities against single k-1 (blue) and double k-1(black) values 
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Figure 26: SEM images of the fabrication of the AuNPs against the different dilutions of Ionic strengths (a) 7.83mmol/L (b) 

4.67mmol/L (c) 3.9mmol/L (d) 3.11mmol/L (e) 2.31mmol/L (f) 0.78mmol/L 

The particles densities were calculated by software SCION Image. From the Figure 25 it is clear 

that the nanoparticles densities increased with increasing the ionic strengths of the solution. It 

could be because the particles with smaller hydrodynamic diameter packed closely as compared 

to the particles with larger hydrodynamic diameter. It is also clear the SEM images shown in 



RESULTS AND DISCUSSION 40 

 

 

Figure 26. Almost linear behavior was observed in Figure 25 for particles density against the 

ionic strength. The debye-lenghts of the AuNPs were calculated by Eq (2).  The debye-lenghts 

rang from 3.47nm for Au colloid solution with I= 7.83mmol/L to 10.99nm for I=0.78mmol/L. 

The hydrodynamic diameter of nanoparticles was calculated using the single k
-1

 and double k
-1 

values. The hydrodynamic diameter was calculated as dh= 20nm2k
-1

 and dh= 20nm4k
-1

 

respectively. For the theoretical particles density calculations these values were used by 

assuming the two dimensional projection of the particles with diameter dh at close packing (30% 

occupancy). All calculated and measured values are tabulated in the Table 8 which is given 

below in the graphed in Figure 25 

Table 8: The values of the hydrodynamic particle diameter dh and particle density using the single k-1 and double k-1 of Debye 

length 

Ionic strength 

( mmol/L ) 

K
-1

(nm) Calc.dh 

(Singlek
1
)(nm) 

Calc.dh 

(Double k
-1

)(nm) 

Calc. density 

(Single k
-1

)µm
-2 

Calc. density 

(Double k
-1

)µm
-2

 

Meas. Density 

(µm
-2

) 

7.83 3.47 26.94 33.88 526 332 408 

4.67 4.52 29.04 38.08 454 265 331 

3.9 4.91 29.82 39.64 434 243 266 

3.11 5.51 31.02 42.04 397 217 255 

2.31 6.4 32.8 45.6 357 188 152 

0.78 10.99 41.98 63.96 230 93 76 

 

From the Figure 25 it is observed that the measured particles densities are smaller than the 

particles densities calculated theoretically using the single k
-1

 values. For double k
-1

 length the 

particle densities are similar to the experimental values. 

4.1.1.2. Live and dead staining quantification of Neurons: 

The cortical neurons were cultivated on Amino-EG6-Undecanethiol modified Au nanoparticle 

and PLL coated substrates as described in the section 3.4.1. The neuronal cell’s survival was 

determined by live and dead staining of cells on the substrates Section 3.5.1. By counting the 

number of live cells and dead cells on the Au nanoparticles and PLL coated substrates, the 
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survival of the cells, was analyzed. The PLL modified substrate is widely accepted as a control 

sample for much type of neurons in culture [40]. The live and dead analysis was done after the 

DIV 9 (Days in Vitro). The live cells were stained with green fluorescence dye called Calcine 

AM and the dead cells were recognized by the yellow fluorescence of ethidium homodimer 

(EthD-1). The green fluorescence is due to the enzymatic conversion of the non-fluorescent dye 

Calcine AM to fluorescent Calcine AM. The yellow fluorescentwas caused by the entering of 

EthD-1 onto the damaged membrane and upon binding to the nuclic acid. The images were taken 

by ApoTome   fluorescence light microscopy. The live and dead obsession of the cells is shown 

in the Figure 28. The different number of gold nanoparticles modified with amino-terminated 

ligand (NH2-EG6-Undecanthiol) on the silicon substrate gave varied number of surface charges 

on the surface. The SAM of Amino-EG6-Undecanethiol was attached onto the gold nanoparticles 

by alkyl thiolate interaction. It not only gave hydrophilic and highly oriented monolayer but also 

the amino functionalized end groups which worked as positive charge after protonation. These 

positively charged entities allowed the neurons to fasten with them. The cell and tissue surfaces 

generally carry net negative charge due to the glycol proteins [54].  The positive charge on the 

surface could enhance the cell adhesion with the solid surface.  The AuNPs were functionalized 

with Amino-EG6- Undecanethiol ligands. At pH =7.4 the amino groups of the amino terminated 

SAMs of the Amino-EG6- Undecanethiol molecule become protonated and get positively 

charged. The varied number of gold nanoparticles gave different number of positive charges on 

the gold nanoparticles surfaces. The advantage of this technique was the achievement of the 

tunable number of positive charge. It was assumed that the positive charge was only present on 

the gold nanoparticles. Positive electrical charges attracted negatively buffer counter ions which 

form double electrical layer when neurons come in contact with the surface covered by amino-

terminated SAMs, the libel nature of the negative counter ions. The double electrical layer of the 

buffer allowed the efficient neuron cell binding to the amino groups [48]. This is usually 

considered to be main reason for successful cell attachment. The results which we got for the 

survival of neuronal cells on amino-terminated gold nanoparticles are shown in the Figure 27. 

The percentage of live cells seems to be independent form the density of gold nanoparticles. But 

a little bit more (  10%) live cells were found as compared to the PLL coated surface. The idea 

was to know the effect of homogenous and non-homogenous positive charge effect on the 

survival of neuronal cells. In case of PLL the high amount of amino terminated (-NH2) made the 
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homogenous positively charged surface. And it was supposed that the Amino-EG6-

Undecanethiol attached gold nanoparticles would give non-homogenous positively charged 

surface. So in our case we had varied non-homogenous positively charged surfaces. That is why 

it could be the reason we had a little bit more cells as compared to the PLL surface (Control 

sample).    

 

Figure 27: The percentage of live cells (Red Line) shows the independency of the cells from the number density of gold 

nanoparticles and (blue line) shows the percentage of live cells on PLL (Poly-L-lysine) substrate. 
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Figure 28: (a) The schematic overview of the cells on the Amino-EG6-Undecanethiol deposited gold nanoparticles and the live 
cells green and dead cells on (b) PLL Control sample (c) 0.01% (d) 0.006% (e) 0.005% (f) 0.004% (g) 0.003% (h) 0.0016% on 

gold nanoparticles substrate modified with Amino-EG6-Undecanethiol molecule. 
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4.1.1.3. Immunostaining quantification 

In the previous section the live and dead staining gave information only about the 

neuronal cells (neuron and glia) not about the neurons alone. The neuronal cells having different 

types also composed of neurons and glia cells. To know the number of neurons the 

immunostaining was performed to distinguish between the neuron and glia cell described in 

section 3.5.2. The immunostaining is biochemical method to use an antibody to detect the 

specific proteins in the sample. The cells on the Amino-EG6-Undecanethiol modified AuNPs, 

carried the different positive charge due to the varied densities of Au nanopartilces, and on PLL 

(control sample) were fixed for immunostaining. The quantification was performed after the 

DIV-9. The Figure 29 shows the neuron (green) and glia (yellow) cells on the PLL and Au 

modified surbstrate with different densities. The two antibodies were used to distinguish between 

neuron and glia. MAP2 antibody (neuron specific) and GFPA (glia specific) were used for 

immunostaining quantification.  These were the primary antibodies bound with the antigen of 

neuron and glia. With these antibodies the secondry antibodies were attached MAP2 and GFPA 

with fluorescence dyes to distinguish the neuron and glis cells. The secondary antibodies like 

MAP2 (Alexa 546) (green) attached with MAP2 and GFPA (Alexa 488) (yellow) fastened to 

GFPA. The images were taken by ApoTom light microscope. 

In the case of live/dead quantification we did not see the trend along the varied density of 

gold nanoparticles with amino terminated end groups. But here we found the trend in neuron 

quantification. We found more neurons on high density of Au nanoparticles as compared to low 

density as shown in the Figure 30. If we compare the live/dead quantification and 

immunostaining quantification we came to assume that the neuron liked the surface and 

condition as compared to glia cell. It seems from the data that neurons selectivity dominates over 

the glia cells on highly dens packed of Au nanoparticles surface as compared to low dense 

nanoparticles containing substrate. Although we had slightly varied non-homogenous surface 

due to the very small variation in the density of the gold nanoparticles but it is liked by the 

neurons. It gave small variations in the concentration of the positive charges on the surface 

which implies that a slight variation in the ligands (in our case positive charge containing 

molecules) on the surface is liked by the cells as compared to very big variations [55]. It was 

observed control sample had a little bit less neurons as compared to highly dense AuNPs. 
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Figure 29: The neurons (green) and glia (yellow) on (a) PLL and (b) 0.01 %( c) 0.006 %( d) 0.005% (e) 0.004 %( f) 0.003%           

(g) 0.00016% on Amino-EG6-Undecanethiol modified Au nanoparticles 

The neuron proliferation and growth was determined on the Au coated substrates by counting the 

number of neuritis against the varied densities of nanoparticles carrying the positive charge.  The 

trend was also observed in this case as well shown in the Figure 31. 
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Figure 30: The number of neurons (red line) shows the trend along the varied number of gold nanoparticles carrying the Amino-

EG6-Undecanethiol molecules and the (blue line) shows the number of neurons on PLL (control sample) modified surface 

It is found that the neuritis out growth is lower where the density of gold nanoparticle is high and 

vice versa.  

 

Figure 31: The number of primary neuritis per neuron (red line) shows trend on the Au nanoparticles coated surfaces and on the 

PLL (blue line) deposited substrate. 

It is assumed that in case of high number of Au nanoparticles the more neurons were found and 

they made the synaptic connections easily with each other. It has been studied the synaptic 
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connection increased the neuron cell survival [56]. The synaptic connection helped the neurons 

to sit and stick the neurons on the higher density of Au nanoparticles as compared to the low 

dense AuNPs. In case of neuritis out growth at high density of neurons the neurons do not go far 

away for making the synaptic connections so that we had low number of neuritis at this end. On 

the other hand the neuritis growth is higher due to the low number of neurons. The control 

sample has also low number of neuritis per cell as compared to the Au nanoparticles coated 

surfaces.  

But the question arises why the neuronal cells did not follow the varied charged density 

(non-homogenous) on the surface by varied density of anchoring points (AuNPs) on the surface. 

It seems that the way by which we tried to create the non-homogenous positively charged surface 

did not achieved. The method which we used to create the non-homogenous charge got by 

removing the citrate shell of surface bound gold nanoparticles with oxygen plasma and 

immobilizing the Amino-EG6-Undecanethiol molecule on the surface of gold nanoparticles 

surfaces. It was assumed that the amino terminated ligand would attach only on the gold 

nanopartilces dua to thiol. But it looks as during the plasma treatment e not only eradicate the 

citrate shell but also created the (-OH, -O
-
) groups on the surface of the Si/SiO2.  So during the 

deposition of the Amino-EG6-Undecnethiol molecule it could be possible the amines end groups 

of the molecules electrostatically attached with (-O
-
) on the surface. By this we had a 

homogenous surface but slightly less than the PLL surface. 

4.1.2. Neurons on a substrate with a density gradient of gold 

nanoparticles 

 In the previous section 4.1.1 the neuron’s quantification was performed on the different 

substrates having different number of Au nanoparticles. In that section the varied number of non-

homogenous positively charged surfaces were fabricated by tuning the number of Au 

nanopartilces (anchoring entities) on the Si/SiO2. The effect of these non-homogenous positively 

charged surfaces on neuron survival were studied in that section. So overall we can say it was the 

variation in the positive charges but on different surfaces.  In this section fabrication of the 

gradient of Au nanoparticles modified with Amino-EG6-Undecanethiol and its effect on neurons 

survival would be discuss. The reason of having this gradient was to really know the survival of 
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neurons on the single substrate having the gradient of positive charge. Density of particles does 

not influence cell survival but has slight effect on neuron density and neuritis out growth. The 

single gradient may lead to the gradient of cells on single sample. Eventually it supposed to be 

useful for creating the artificial neuronal networks on solid surface.  

The fabrication technique of this type of gradient, to vary the number of immobilized 

particles per unit area of the substrate (i.e., number density) continuously along the substrate was 

reported already [57]. In this technique a mixture of APTES and low vapor pressure PO (paraffin 

oil) was mixed with each other. The paraffin oil (PO) acted as a diffusing source [58] due to the 

very low vapor pressure for the deposition of APTES on Si/SiO2. In fact this experiment gave a 

choice to vary the flux of evaporating the silane molecules by simply varying the concentration 

of APTES molecule. The variation in the number of APTES molecules along the substrate gave 

the divers number of anchoring sites for gold nanopartilces. The edge near the APTES and PO 

solution had more molecules of APTES as compared to the other end of the substrate. The 

function of PO was to decrease the vapour pressure of APTES and let it evaporate form the 

solution. Figure 32 shows the number density of gold nanoparticles vs. distance from the 

solution of APTES and PO mixture. But one thing was very important in this experiment the 

silanization time. It has been noted that a long time silanization gave saturated amount of APTES 

molecules in the petri dish which could influence the formation of the gradient of nanopartilces 

dua to the saturation of anchoring points for gold nanopartilces on Si/SiO2. The two parameters 

are very important for making the steeper gradient of gold nanoparticles, silanization time and 

the ratio of mixture of APTES and PO in solution. Table 9 depicts the number of gold 

nanopartilces along the distance from the APTES and PO solution. As the distance from the 

solution increased the number of AuNPs decreasd along the substrate. Figure 33 shows the SEM 

images of the AuNPs along the sample. The pictures were taken at six different places along the 

sample form nearest edge of the solution to the edge far away from the solution 
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Table 9: The number of gold nanoparticles along the distance from the APTES and PO solution 

Distance from the solution (cm) Particles/µm2 

0.56 493 

1.23 437 

2.15 263 

2.75 128 

3.20 38 

3.86 5 

 

 

Figure 32: The variation in the number of the gold nanoparticles on substrate Placed near the APTES and PO solution at the 

distance of (a) .56 cm (b) 1.23 cm (c) 2.75 cm (e) 3.20 cm (f) 3.86 cm form the solution after the silanization time of 2 min. 

.    
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Figure 33: The number density gradient of Au colloid on substrate placed near the APTES and PO solution at the 

distance (a) 0.56cm (b) 1.23cm (c) 2.15cm (d) 2.75cm (e) 3.20cm (f) 3.86cm   from the solution after silanization 
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4.1.2.1. Live and dead staining quantification 

The neuron cells were cultivated on the single gradient substrate of gold nanoparticles as 

mentioned in the section 3.4.1.  On the single substrate with gradient of gold nanoparticles it was 

supposed that may be the neurons could sense the continuous variation in charge produced by 

gold nanoparticles on gold substrate. For quantification of neurons they were stained by Calcine 

AM (live cells-green) and Ethdium homodime (dead cells-yellow) as performed in the section 

3.1.5. The percentage of live cells were found along the substrate first at 1.5cm form the solution 

and then at 2.5cm and 3.5 as shown in the Figure 34-a, b, c respectively after DIV 9. 

 

 

Figure 34: The live cells (green) and dead cells (yellow) at a distance from the APTES and PO solution (a) 1.5 cm (b) 2.5 cm and 

(c) 3.5 cm along the gradient of gold nanoparticles 

The neurons were found everywhere almost equaly along the substrate without any feelings of 

gold nanoparticles gradient by neurons. The trend is shown in the Figure 34-d given below. 
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Figure 35: The live cells( Green) and dead cells( Yellow) at distance (a) 1.5 cm (b) 2.5 cm (c) 3.5 cm along the PLL coated 

substrate 

The graph shows that there is no trend found in viability of neurons along the substrate. At the 

nearest edge of the substrate from the solution almost the same number of neurons as compared 

to the neurons at 2.5cm and 3.5cm form the solution. The analysis was done after the days 9 of 

cell culture. The comparison of neurons on gold nanoparticles modified with amino-EG6-

Undecanethiol substrate was done with PLL coated substrate as a control sample. The neurons 

on PLL coated substrate were also stained with Calcine AM and Ethidium Homodimer for live 

and dead cells respectively as performed in the case of gold nanoparticles substrate. The PLL on 

(1×4) cm
2 

was homogenously deposited and had high content of positive charge due to amine 

groups along the substrate. Whereas the Au nanopariticles modified Amino-EG6- Undecanthiol 

molecule supposed to have a gradient of positive charge due to variation in number of gold 

a b 

c d 
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m 

100µm
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nanoparticles along the surface. The Figure 35-a, b, c shows the cells on the PLL coated 

substrate at distance of 1.5cm, 2.5cm and 3.5cm respectively. The number of live cells which 

were found on the PLL coated substrate was less as 50% compared to the gold nanoparticles 

coated substrate. No trend was found for the number of live cells along the PLL coated substrate.  

It was because of the large contents of amino groups equally spread along the PLL coated 

substrate as shown in the Figure 35-d.  At least 19% more live cells were present on gold 

nanoparticles coated substrate as compared to the PLL coated substrate but no trend along the 

substrate. It looks as although we had the varied number of AuNPs and we were expecting the 

variation in the positive charge but we did not get. So it seems the same reason which has been 

described in the last section for neuronal survival on different substrates with varied number of 

positive charges. In this case we had also almost homogenous positively charged substrate but 

little bit less as compared to PLL.  

4.1.3. Quantification of neurons on gold nanoparticles over gold 

substrate 

4.1.3.1. Neurons on gold nanoprticles over gold substrate 

In the previous section the neurons on gold nanoparticles carrying positive charge over Si/SiO2 

substrate were discussed. Incase if we have gold substrate for some applications like gold MEAs 

chips and we want to have gold nanoparticles on it carrying positive charge then this section 

would give some idea for neurons on gold substrate with gold nanoparticles. In the section 

3.3.1.2.2 the gold nanoparticles were attached on gold substrate by SAM’s of 11-MUA 

(Mercaptoundecanoic Acid). First of all we wanted to have gold nanoparticles with amine end 

groups for positive charge on the surface and second the molecule which we wanted on the 

surface of gold nanoparticles was amino-EG6-Undecanthiol molecule. We found the gold 

nanoparticles of having amino-EG6-Undecanthiol molecule as a capping of gold nanoparticles. 

These amino stabilized gold nanoparticles were 20 nm in diameter, same as the citrate stabilized 

gold nanoparticles. The stabilizing shell of AuNPs was the same molecule which we used for the 

functionalization of surface bound gold nanoparticles over silicon substrate after attachment of 

gold nanoparticles with APTES. These gold nanoparticles were bought form Polyscince,Inc.  

The amino-PEGylated gold nanoparticles are frequently used for biological application. As the 
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end group of amino-PEGylated gold nanoparticles was (-NH2), we need to have (-COOH) groups 

on the surface to attach them with gold surface. For that purpose the SAM’s of 11-MUA were 

deposited on gold substrate [59] as described in section 3.3.1.2.1. The SAM’s of 11-MUA not 

only formed well ordered SAM’s but also provided the  opportunity to modify the acid end group 

of 11-MUA [60].  The end group (-COOH) of 11-MUA was deprotonated and the end group (-

NH2) of amino-PEGylated gold nanoparticles was protonated by buffer. So the electrostatic 

interaction between (-COO
-
) and (-NH3

+
) helped the attachment of AuNPs on the surface.  The 

attachment is shown in the Figure 36 given below:        

 

Figure 36: The SEM image of the amino-PEGylated gold nanoparticles on SAM of 11-MU 

 In section 4.1.1.1 the variation in the density of Au nanopartilces was discussed over 

Si/SiO2. The variation in the density of Au nanoparticles on Au substrate was also demonstrated 

and studied to know the dominate factor for getting higher density of Au nanoparticles. For that 

purpose two factors were analyzed, immobilization time of AuNPs and concentration of 11-

MUA solution for dense monolayer of SAM. We have already seen in section 4.1.1.1 the 

immobilization time of nanoparticles played a role for getting high number of nanoparticles on 

Si/SiO2 substrate. It was assumed that higher concentration of 11-MUA solution could give 

dense monolayer and we could get high anchoring points (-COOH) for Au nanoparticles to sit on 

the substrate. For those reason two concentrations, 1mM and 2mM, of 11-MUA solution were  
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Figure 37: SEM images of the varied number of gold nanoparticles over 11-MUA modified gold substrate 

prepared and deposited on the Au substrate. After that the Au nanopartilces were immobilized on 

these substrates for 1h, 3h, and 6h as shown in the Figure 37 given above. The particles density 

11-MUA Solution=1mM, Immobilization Time= 1h 

 

 

 

11-MUA Solution=2mM, Immobilization Time= 1h 

 

 

 

11-MUA Solution=1mM, Immobilization Time= 3h 
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was analyzed by software SCION Image. It was supposed if we have high number of anchoring 

sites for the attachment of Au nanopartilces we could get high density of Au particles. But here 

no influence of higher concentration of 11-MUA was observed. If we look at the Figure 38 we 

came to conclusion that in this case immobilization of Au nanoparticles was dominant factor. 

 

Figure 38: Density of Au nanoparticles. vs Immobilization time of AuNPs against two different concentrations of 11-MUA 

solution in Ethanol during 11-MUA SAM formation 

So we concluded that 1mM solution of 11-MUA was enough to have monolayer of 11-MUA for 

the attachment of Au nanoparticles. The variation in the nanopartilces seems to be dependent on 

the immobilization time of the gold nanoparticles instead of higher concentration of SAM 

solution. 

4.1.3.2. Live and dead staining Quantification 

The neuron cells were cultivated on gold nanoparticles modified gold substrate as 

described in section 3.4.2. Four types of gold substrates were prepared on which neuronal cells 

were cultivated. The three substrates out of four contained (substrate-1) Amino-PEGylated gold 

nanoparticles Figure: 24-b, (substrate-2) gold nanoparticles without amino-PEG shell after 

removing of amino-PEG shell form surface bound gold nanoparticles by oxygen plasma 

treatment Figure: 24-c and (substrate-3) gold nanoparticles modified with amino-Thiol (NH2-

(CH2)11-SH) molecule Figure: 24-a after removing of amino-PEG shell form surface bound gold 

nanoparticles as described in section 3.4.2. The fourth sample out of three was PLL coated gold 
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substrate as a control sample. The sample of gold nanoparticles without amino-PEG shell would 

give a surface without charge. Similarly the substrates of gold nanoparticles with amino-PEG 

shell and modified amino-thiol (NH2-(CH2)11-SH) shell after removing the amino-PEG shell of 

gold nanoparticles would offer a mixed and positively charged surfaces respectively. So we had 

three types of surfaces positively charged surface, mixed charged surface and the surface without 

any charge. This agreement gave an idea to understand the effect of surface charges on survival 

of neurons. The Figure 40-41 shows the neuronal cells on three substrates and also on the control 

sample PLL (Poly-Lysine) to have a comparison for neuronal viability after DIV 3 and DIV 11 

respectively.  

The PLL coated surface had high content of amino groups homogenously distributed on 

the substrate. Substrate-3 depicted the same type of surface due to homogenously distribute –

NH3
+
 end groups of amino-thiol on Au susbtrae as well as on AuNPs. So the number of neuronal 

cells on both type of surfaces supposed to have same number of cells after DIV-3 and DIV-11. 

But on substrate-3 a little bit more cells were found as compared to PLL after DIV3 as well as 

DIV-11 shown in the Figure 41. Since the whole surface is decorated   homogenously with 

positively charged -NH3
+
 groups we have very high concentration of –NH2 as compared to PLL 

surface. Since amino-thiol binds everywhere, Au substrate and Au substrate bound AuNPs,  and 

made good well align and densely packed SAM therefore we have so many cells on substrate-3 

as compared to PLL surface.   

In the case of mixed charge surface substrate-1 had some unfastened (-COOH) groups of 

11-MUA molecule after immobilization of Amino-PEGylated nanoparticles. This type of 

arrangement gave mixed charge (positive (-NH3
+
) and negative (-COO

-
) type surface. The 

sample had both amino end groups (-NH3) on Amino-PEGylated nanoparticles and unfastened 

carboxylic end groups (-COOH) of 11-MUA on the substrate. After DIV-3 the number of cells 

was same as on PLL surface but after DIV-11 it decreased Figure 39.  The carboxylic group 

could decrease the cell viability because of negative charge on the surface [48]. One reason could 

be the detachment of cells from the surface due to negative charge and during changing the 

neurobasal medium they washed form the surface. That is why the number of the neuronal cells 

decreased after DIV-11. Substrate-2 had no charge on the surface but only the Au nanoparticles. 

As it has been described that the sample was prepared by removing the Amio-PEG shell form the 
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surface after treating the nanoparticles immobilization by oxygen plasma. The oxygen plasma 

not only removed the Amino-PEG shell from the gold nanoparticles but also erased the (-COOH) 

form the surface of gold to get rid charge form the surface. The quantification analysis showed 

that after DIV-3 neuronal cells were present less than charged surfaces but after DIV-11 a very 

few cells were there as presenting by Figure 39-40. So again the surface charge affects the 

neuronal cell viability due to the cell attachment with surface. The positive charge dominated for 

cell survival as compared to mixed charge surface and without charge surface. It rather turns out 

that bare gold surface is strongly repulsive. 

   

                 

 Figure 39: The Live cells (green) and dead (yellow) after DIV-3 on (a) PLL (Poly-L-lysine) coated substrate (b) Amino-Thiol 

functionalized gold nanoparticles deposited on gold substrate  (c) Amino-PEGylated functionalized gold nanoparticles (d) The 

gold nanoparticles on gold substrate without any functionalization 
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Figure 40: The Live cell (green) and dead cells (yellow) after DIV-11 on (a) PLL (Poly-L-lysine) coated substrate (b) Amino-

Thiol functionalized gold nanoparticles deposited on gold substrate  (c) Amino-PEGylated functionalized gold nanoparticles (d) 

The gold nanoparticles on gold substrate without any functionalization 

           

Figure 41: The neuronal cell quantification on the PLL (Poly-L-lysine), sample -3 (positively charged), sample -2 (mixed 

charged) and sample -1 (without charge) surfaces after Days 3 and 11 
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4.1.3.3. Immunostaining Quantification 

To distinguish between neuron (red) cell and glia (green) cell on gold nanoparticles over 

gold substrate was performed by immunostaining after DIV-3 and DIV-11 Figure 42-44 

respectively.  The same types of surfaces mentioned in the section 4.1.3.2 were also cultivated 

by cortical neurons for immunostaining as well. The antibodies which were used for neuron and 

glia cell distinguish are mentioned in section 3.6.2. The immunostaining was performed on PLL 

(control sample), positively charged surface (Amino-thiol coated AuNPs gold substrate), mixed 

charge surface ( only Amino-PEGylated AuNPs deposited surface) and without any charged 

containing Au nanoparticles surface as discussed in the section 4.1.3.2 are shown in the Figure 

42-a, b, c, d after DIV-3 and Figure 44-a, b, c, d after DIV-11 respectively. We wanted to 

analyze the effect of positive charges on neuron’s survival. The immunostaining quantification 

confirmed that more neurons were found on positively charged surfaces PLL (control sample) 

and substrate-3 Amino-Thiol coated substrate after DIV-3 and DIV-11 as compared to mixed 

charged surface subsrate-1 and sample without any charge substrate-2 as depicted in the Figure 

43. If we compare positively charged surfaces (PLL and substrate-3) then we came to conclusion 

that after DIV-3 and DIV-11, the number of neurons on both surfaces found to be same. A little 

bit more neurons were found on substrate-3 as compared to PLL. It could be due to the higher 

density of positive charges on substrate-3 due to AuNPs. Another thing is notable that substrate-

3 has more neuritis as compared to neuron on the PLL sample Figure 42-a, b 44-a, b. That is a 

hint that, the neurons proliferated more on substrate-3 as compared to PLL [66-10]. It could be 

another reason of more number of neurons on the substrate-3. On mixed charged surface, 

substrate-1, less neurons were found as compared to the positively charged surface gave a hint 

that positive charges supported the cell adhesion [48]. The surface without any charge had some 

neurons after DIV-3 but after DIV-11 no single neuron were found on the surface. It is implies 

that the surface charge plays important role for the adhesion of neurons for survival of cells. If 

we compare live/dead quantification with immunostaining quantification we can see that there 

were some cells after DIV-11on the non-charged surface but did not found in the 

immunostaining quantification. It would be possible that the cells which were found in live/dead 

staining after DIV-11 but not appeared in Immuostaining were glia cells but not neurons. So we 

observed that the surface also plays important role for the neuron adhesion for long time 

survival. 
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Figure 43: The neurons cell quantification on the PLL (Poly-L-lysine) and gold nanoparticles with and with functionalization on 

gold substrate after Days 3 and 11 
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Figure 42: The neuron cells after DIV-3 on (a) PLL (Poly-L-lysine) coated substrate (b) Amino-Thiol functionalized 

gold nanoparticles deposited on gold substrates (c) Amino-PEGylated functionalized gold nanoparticles (d) The gold 

nanoparticles on gold susbtrate without any functionalization 
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Figure 44: The neuron cells after DIV-11 on (a) PLL (Poly-L-lysine) coated substrate (b) Amino-Thiol functionalized 

gold nanoparticles deposited on gold substrates (c) Amino-PEGylated functionalized gold nanoparticles (d) The gold 

nanoparticles on gold susbtrate without any functionalization 
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5. Summary  

 In the master thesis the basic idea was to find out the neuron cell survival on non-

homogenous positively charged surface bound gold nanoparticles on silicon and gold substrates. 

For that reason the gold nanoparticels were deposited on silicon and gold substrates by self-

assembled monolayer. The gold nanoparticles on silicon substrates were anchored by APTES 

self assembled monolayer. The citrate stabilized gold nanoparticles carrying negative charge 

electrostatically after deprotonation of with APTES. The density of gold nanoparticles on 

different substrates was varied by varying the immobilization time and ionic strength of the gold 

colloid. A steep gradient of AuNPs was produced on Silicon substrate by creating the gradient of 

APTES molecules on the surface. To have non-homogenous positively charged surface the Au 

NPs were functionalized by amino- terminated ligand. So surface bound gold nanoparticles acted 

as anchoring points for amino-terminated SAM. So the varied densities on different substrates 

and the gradient of gold nanopartcles density on single substrate functionalized with amio-

terminated ligand shell were cultivated by cortical neurons for DIV-9. The neuronal cell in 

formation was got by live/dead staining after DIV-9. No effect of particles density was observed 

in both cases. Almost same amount of live cell percentage was found on the control sample 

(PLL). To know the survival information about the neurons the cells on different substrates were 

stained by immunostaining and quantified after DIV-9. From immunostaining quantification it 

was known that us that more neurons were found on the higher density of gold nanoparticles 

substrate as compared to low density containing substrate. So there was a trend in the case of 

number of neurons on non-homogenous positively charged surfaces. Similarly the neuritis 

quantification on same substrates followed the inverse trend as compared to number of neurons. 

It was somehow true due to the ability of neurons to make synaptic connections with the other 

neurons. The lack of trend in the case of live dead staining was because of not too steep non-

homogenous positive charge effects during the immobilization of amino-terminated shell on gold 

nanoparticles. It gave almost homogenous positive charge sense for cell on all substrates.  

 Similarly the gold nanoparticles with amino-PEGylated shell were deposited on gold 

substrates. Three types of samples of AuNPs on gold substrate containing (1) positive charge (2) 

mixed charged (3) without any charge on gold colloid. The cortical neurons were cultivated on 

these substrates to check the charging effects on cell survival after DIV-3 and DIV-11. The live 
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and dead staining quantification gave information about the percentage of live cells after DIV-3 

and DIV-11. For comparison the control samples (PLL) coated substrate was also cultivated by 

cortical neurons. The same amount of cells was found on the positively charged substrate as on 

PLL coated substrate but more than the mixed charge surface and surface without charge. It gave 

a hint that cells liked the positive charge for adhesion. But slightly larger number of positively 

charged surface as compared to PLL provoked more neurons for adhesion. The immunostatining 

was also performed on these samples after DIV-3 and DIV-11. Same trend was observed in the 

case of live/dead staining. From this experiment it was observed that positive charge enhanced 

the cell adhesion with surface which is good for long time survival of the cells. And also the 

steeper non-homogeneity could enhance the cell survival. Nanoparticles on both silicon and Au 

can be tune and the surface chemistry can also be altered to make them neuron friendly. The 

density of the nanoparticles was tunned without the lithography and dependence of the neuron 

cell adhesion and out growth on the density of the AuNPs associated with positive charge was 

observed.   
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6. Appendix 

A:   Nanoimprint Lithography and Nanoparticles Patterning  

Nanoimprint Lithography: 

Nanoimprint Lithography (NIL) is a non-conventional technique of making nanostructures of 

polymers at very low cost and at very high throughput. NIL is different as compared to the photo 

lithography and E-beam lithography, which used the electrons or photons to make the 

nanostructures or microstructures but NIL defines nano or microstructures by direct mechanical 

deformation of the resist material. In this way the conventional lithography (E-beam, 

Photolithography) limitations like light scattering and diffraction could be set by NIL. The 

process of NIL is shown in the Figure 45.  

 

Figure 45: The process of stamp making by NIL. The master stamp which is made by E-beam Lithography on Silicon and mold 

(Stamp) made of Surlyn (Polymer) [61] 

Stamp (Mold) making process by NIL:    

The master stamp, having the structures, was made by E-beam lithography. And the mold was a 

polymer called Surlyn which was used for stamp making and found very well due to very good 

structural comparability with the master stamp. The NIL (NX 2000) was used in the process 

which had both hot embossing and UV-Curable functions.  The hot embossing function of the 

NIL was used for making the mold form the master stamp. The mold always has the replica of 

the master stamp. 
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Figure 46: The process of the Mold (stamp) making form the Master stamp by hot embossing technique of NIL 

Protocols:  

The following parameters which were used for making the mold stamp form the master stamp: 

Materials: 

Stamp Mold Material: Surlyn, Thickness of the Surlyn:  25µm, Master Stamp:  Si 

Processing Parameters: 

Pre Imprint Values: 

Pre Imprint Pressure: 30 psi, Pre Imprint Temperature: 100
o 
C 

Main Imprint Values: 

Main Imprint Pressure: 60 psi, Main Imprint Temperature: 120
o 
C, Processing Time: 5 min, Vent 

Temperature: 45
o
 C 

Process: 

The Surlyn before imprint was rinsed with 2-propanol in clean room at least 3 times and dried 

with N2 gas. The master stamp was also cleaned in clean room before imprint first with acetone 

and then with 2-propanol at least 2 times each and dried with N2 gas. The arrangement of the 
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process is shown in the Figure 24. A dummy wafer was silanized on which the polymer was 

placed for imprint having non sticking layer to remove of mold form the dummy wafer.  The 

dummy wafer was silanized in glove box for 1 h, 45 mbar and 200 µl with.  The Surlyn little bit 

bigger than master stamp was put onto the dummy wafer and on top of the surlyn the master 

stamp was placed and closed the stage of the NIL. The parameters and material is mentioned 

above. After imprint the stamp look like as shown in the Figure 47 (b) replica of master stamp 

Figure 47 (a). 

 

Figure 47: (a) Master stamp having structures made by E- beam lithography (b) Mold (Surlyn) made from the Master stamp 

replica of Master stamp 

Nanoimprint Lithography Process: 

After making the stamp the UV- imprint was performed for making the structures  

Protocols:  

The following steps involved which were used for making nanostructures by UV- Nanoimprint 

Lithography.   

Materials: 

Stamp Mold Material: Surlyn  

Thickness of the Surlyn:  25µm 

UV- Resist: NXR-2010 
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Under layer:  PMMA 

Processing Parameters: 

(Pre Imprint Values) 

Pump Time: 10 sec 

Pre Imprint Pressure: 100 psi 

Pre Imprint Temperature: 20
o 
C 

Spin coating of UV resist: 3000 rpm 

Spin coating of PMMA: 2000 rmp 

Hot plate temperature: 150
o
C for 2 min 

 

(Main Imprint Values) 

Main Imprint Pressure: 550 psi 

Main Imprint Temperature: 20
o 
C 

Processing Time: 2 min 

UV-Imprint Time: 6 min 

Vent Temperature: 55
o
 C 

The samples having Si/SiO2 surface of size (2×2) cm
2
 first cleaned first Acetone and then 

Isopropanol in clean room. After that they were spin coated first by PMMA (Under layer) at 

2000 rpm and baked on hot plate at 150
o
C for 2 min. The UV resist NXR-2010 were spin coated 

after PMMA coating at 3000 rpm and brought to NIL for imprint. Figure 48 depicts the all 

process of UV-NIL. The process parameters are given above.  
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Figure 48: Process of forming structures by the UV- nanoimprint lithography 

Figure 49 shows the UV-resist and PMMA (Under layer) beneeth the UV-resist (NXR-2010) 

after UV-NIL. 

 

Figure 49:  The UV-resist and PMMA after UV-NIL 

Nanoparticles patterns:  

There are lot of applications of NIL in nano and micro fabrication. The patterning of 

nanoparticles is one of its applications. This will be combined with cells to know the neuron out 

growth along the nanoparticles patterns functionalized with positively charged ligands. We need 
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to etch the samples after NIL process. Before etching the etching rates of the UV-resist and 

PMMA was found. 

Etching Rates: 

Etching Rate of PMMA: 

The 2 inch wafer of p-type Silicon wafer was spin coated by PMMA resist at 2000 rpm. After 

spin coating the wafer was baked at 150
0
 C for 2 minutes and cut into small pieces. These small 

pieces were etched at different time intervals in RIE (Reactive Ion Etching) by O2 plasma.    

 

Figure 50: The process of spin coating of PMMA and its etching in RIE 

The etching data of the PMMA coated samples 
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The thickness of the samples was measured after etching by ellipsomter EPL3 and the date was 

fitted linearly to get the etching rate of the PMMA 50K after spin coating. The following etching 

rate was found form the graph which is shown in the Figure 51. 

 

Figure 51: The etched thickness vs. etching time gave the etching rate of PMMA 

 

Etching Rate of UV-Resist NXR-2010: 

The etching rate of NXR-2010 UV-resist is shown in the Figure 52 

 

Figure 52: The process of spin coating of NXR-2010 UV resist and its etching in RIE 
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The etching data of the PMMA coated samples: 

 

 

Figure 53: The etched thickness vs. etching time gave the etching rate of NXR- 2010 
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Nanoparticles patterns by NIL:  

The gold nanoparticles with citrate shell was deposited on the Si/SiO2 after NIL and etching 

(RIE) in the following as depicted in the Figure 54 given below. 

 

Figure 54: The process of pattering the gold nanoparticles after NIL and Etching by (RIE) [61] 

After RIE process the substrate was silanized by APTES in glove box at 5 mbar for 1 h. After 

silanization the PMMA and UV-Resist (Residuals) was removed by lift-off in chemical lab. 

Protocols for Lift-Off Process 

After silanization the sample was rinsed with first acetone in sonicator 3 times in 3 different 

bakers at 80
0
 C for 5 min and put the samples in the acetone for whole night. After that the 

sample was rinsed with fresh acetone at 80
0
C for 5 min. Then the samples was rinsed with 2-

propanol at 80
0
 C for 5 min 3 times in the 3 different bakers and dried with N2 gas. 

Immobilization of Gold Nanoparticles 

After lift-off the gold nanoparticles were immobilized for 8 h, rinsed with Milli Q water and 

dried with N2 gas. Figure 55 shows the patterned nanoparticles on Si/SiO2 substrate. 
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Figure 55: The patterns of gold nanoparticles over SiO2/Si substrate 
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B. Abbreviations 

 EtHD: Ethidium Homodimer 

 

 

 BSA: Bovine Serum Albumin 

 

 

 GBSS: Gibb’s balance salt solution 

 

 

 11-MUA: 11-Mercaptoundecanoic acid 

 

 

 PFA: Paraformaldehyde 

 

 

 APTES: 3-Aminopropyltriethoxysilane 

 

 

 NIL: Nanoimpint Lithography 

 

 

 PO: Paraffin Oil 

 

 

 RIE: Reactive Ion etching 

 

 

 SAM: Self assembled monolayer 

 

 

 SEM: Scanning electron microscope 

 

 

 DI: Dionized Water 
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