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Abstract  

The semi-conductor zinc oxide (ZnO), a representative of group II-VI has gained 

substantial interest in the research community due to its novel properties and 

characteristics. ZnO a direct band gap (3.4eV) semi-conductor has a stable wurtzite 

structure. Recently ZnO have attracted much interest because of its unique piezoelectric, 

semiconducting, catalytic properties and being biosafe and biocompatible morphology 

combined with the easiness of growth. This implies that ZnO has a wide range of 

applications in optoelectronics, sensors, transducers, energy conversion and medical 

sciences. This thesis relates specifically to biosensor technology and pertains more 

particularly to novel biosensors based on multifunctional ZnO nanorods for biological, 

biochemical and chemical applications. 

The nanoscale science and engineering have found great promise in the fabrication of 

novel nano-biosensors with faster response and higher sensitivity than of planar sensor 

configurations. This thesis aims to highlight recent developments in materials and 

techniques for electrochemical biosensing, design, operation and fabrication. Rapid 

research growths in biomaterials, especially the availability and applications of a vast 

range of polymers and copolymers associated with new sensing techniques have led to 

remarkable innovation in the design and fabrication of biosensors. Specially 

nanowires/nanorods and  due to their small dimensions combined with dramatically 

increased contact surface and strong binding with biological and chemical reagents will 

have important applications in biological and biochemical research. The diameter of these 

nanostructures is usually comparable to the size of the biological and chemical species 

being sensed, which intuitively makes them represent excellent primary transducers for 

producing electrical signals. ZnO nanostructures have unique advantages including high 

surface to volume ratio, nontoxicity, chemical stability, electrochemical activity, and high 

electron communication features. In addition, ZnO can be grown as vertical nanorods and 

has high ionic bonding (60%), and they are not very soluble at biological pH-values. All 

these facts open up for possible sensitive extra/intracellular ion measurements. New 

developments in biosensor design are appearing at a high rate as these devices play 

increasingly important roles in daily life. In this thesis we have studied calcium ion 
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selectivity of ZnO nanorods sensors using ionophore membrane coatings in two research 

directions: first, we have adjusted the sensor with sufficient selectivity especially for 

Ca2+, and the second is to have enough sensitivity for measuring Ca2+ concentrations in 

extra and intracellular media. The sensor in this study was used to detect and monitor real 

changes of Ca2+ across human fat cells and frog cells using changes in the 

electrochemical potential at the interface in the intracellular microenvironment. 

The first part of the thesis presents extracellular studies on calcium ions selectively by 

using ZnO nanorods grown on the surface of a silver wire (250 µm in diameter) with the 

aim to produce proto-type electrochemical biosensors. The ZnO nanorods exhibited a 

Ca2+-dependent electrochemical potentiometric behavior in an aqueous solution. The 

potential difference was found to be linear over a large logarithmic concentration range 

(1µM to 0.1M) using Ag/AgCl as a reference electrode. To make the sensors selective for 

calcium ions with sufficient selectivity and stability, plastic membrane coatings 

containing ionophores were applied. These functionalized ZnO nanorods sensors showed 

a high sensitivity (26.55 mV/decade) and good stability.   

In the second part, the intracellular determination of Ca2+ was performed in two types 

of cells. For that we have reported functionalized ZnO nanorods grown on the tip of a 

borosilicate glass capillary (0.7 µm in diameter) used to selectively measure the 

intracellular free Ca2+ concentration in single human adipocytes and frog oocytes. The 

sensor exhibited a Ca2+ linear electrochemical potential over a wide Ca2+ concentration 

range (100 nM to 10 mM). The measurement of the Ca2+ concentration using our ZnO 

nanorods based sensor in living cells were consistent with values of Ca2+ concentration 

reported in the literature. 

The third and final part, presents the calcium ion detection functionalized ZnO 

nanorods coupled as an extended gate metal oxide semiconductor field effect transistor 

(MOSFET). The electrochemical response from the interaction between the ZnO 

nanorods and Ca2+ in an aqueous solution was coupled directly to the gate of a MOSFET. 

The sensor exhibited a linear response within the range of interest from 1 µM to 1 mM. 

Here we demonstrated that ZnO nanorods grown on a silver wire can be combined with 

conventional electronic component to produce a sensitive and selective biosensor.  
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1. Introduction 

The continual increase in the rate of advancement is astounding as we approach a 

global industrial revolution. In this modern age of technology, advancements are constant 

and with these advancements some further demand for a higher level of technology. 

Every industry is looking for the next breakthrough that will propel it forward and open 

new ways of possibilities. It seems that everyone today is waiting for nanotechnology to 

provide a new breakthrough. A breakthrough that will allow us for a better management 

of diseases and medicine and drug deliveries are the opens that are highly appreciated by 

the society. The rapid development of science and technology has created an 

overwhelming stream of opportunities for improving and enhancing the quality of human 

life.  

1.1 Biosensors  

The history of biosensors started in 1962 with the development of enzyme 

electrodes by Leland C. Clark [1]. Since then, research communities from various fields 

such as very large scale integration, physics, chemistry and material science have come 

together to develop more sophisticated, reliable and mature biosensing devices. 

Biosensors development and production are currently expanding due to the recent 

application of several new techniques, including some derived from physical chemistry, 

biochemistry, thick- and thin-film physics, materials science and electronics. Biochemical 

sensors are often simple and can offer real-time analysis of human body analytes. They 

represent a broad area of emerging technologies ideally suited for human health care 

analysis. All human beings have natural sensing specific systems such as skin as a 

feelings sensor, ears are hearing sensor, eyes are light (colors) sensor, nose is olfaction 
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and tonge is gustation sensor.  Traditional chemical and biological analytical techniques 

used in various fields involve reactions that take place in solutions on addition of reagents 

or other bio-reactive species. In some systems these reactions take place at an electrode 

and they are commonly called sensors [2]. By definition, sensor is a device that detects or 

measures a physical property and records it; indicate its presence or responds to it in 

some other way [3]. Usually sensors are composed of an analyte-selective interface, 

which is connected to or close to a transducer. A transducer is a device that converts an 

observed change (physical or chemical) into a measureable signal [3]. The word 

transducer is derived from the Latin verb traduco, which means a device that transfers 

energy from one system to another in the same or another form. Transducers can be 

optical, electrochemical, mass sensitive or mechanical thermal. The distance between the 

recognition element and the physicochemical transducer should be short and the sensing 

volume small in order to create a fast and accurate flow analysis system. The small 

distance would allow rapid diffusion of the analytes to the transducer and could thus 

enable rapid analysis to be carried out. The transduction mechanism relies on the 

interaction between the surface and the analyte directly or through mediators [4]. The 

analyte selective interface can be a membrane, gas, a bioactive substance, a protein etc. 

These interfaces can be very capable of recognizing, sensing, and regulating sensitivity 

and specificity with respect to the analyte. Today the sensor science and technology 

require a multi-disciplinary environment, where biology, chemistry, physics, electronics 

and technology are walking hand in hand to achieve the ultimate goal of a time domain 

small size selective and sensitive sensor. The modern sensor concept started from 1956, 

when Clark demonstrated the oxygen electrode sensor [5]. Since then, the sensor science 
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and technology have developed dramatically and become multi-disciplinary. The 

operating principle of a biosensor tells us how the biological process being monitored is 

converted and transduced to obtain a detectable electrical, optical or other physical signal.  

In its modern concept which begins in 1962, a biosensor is based on the fact that enzymes 

could be immobilized at an electrochemical detector to form enzymatic detectors which 

could be utilized for sensing [1]. 

The main biosensor classifications are divided into optical, calorimetric, 

piezoelectric, acoustic and electrochemical biosensors. Electrochemical biosensors 

respond to electron transfer, electron consumption, or electron generation during a 

chem/bio-interaction process. This class of sensors is of major importance and they are 

more flexible to miniaturization than most other biosensors. They are further divided into 

conductometric, potentiometric, and amperometric devices. In the conductometric 

biosensor, the change of conductance between two metal electrodes due to the biological 

reaction is measured [6], whereas in potentiometric sensors the potential change due to 

the accumulation of charge (electrons) on the working electrode is measured relative to a 

reference electrode when no current is flowing [7]. The working electrode potential must 

depend on the concentration of the analyte in the solution. The reference electrode is 

needed to provide a defined reference potential. The sensors developed and presented in 

this thesis are belonging to potentiometric devices. A determination by direct 

potentiometric measurement is accomplished either by calibrating the electrode with 

solutions of known concentration or by using the techniques of standard addition or 

standard subtraction. Amperometric biosensors are based on the current change due to 

electron transfer in the chemical reactions at the electrodes at a certain applied voltage. 
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The principle of operation of this class of sensors is of great importance to miniaturized 

sensors. Miniaturization of Ca2+ nano-sensors is very important since a large surface to 

volume ratio leads to a short diffusion distance of the ananlyte towards the electrode 

surface, thereby providing an improved signal to noise ratio, faster response time, 

enhanced analytical performance and increased sensitivity. This results in the sensitive 

and rapid detection of biochemical and physiological process, which is essential for basic 

biomedical research applications. 

1.2 Zinc oxide 

Zinc Oxide (ZnO) is a direct wide band gap from group II-VI semiconductors 

with band gap energy of 3.37eV at room temperature and has a large excitonic binding 

energy of 60meV. In addition, it is a piezoelectric, bio-safe and biocompatible material. 

Zinc Oxide is a polar semiconductor with two crystallographic planes with opposite 

polarity and different surface relaxation energies. This leads to a higher growth rate along 

the c-axis. The crystal structures formed by ZnO are wurtzite, zinc blende, and rocksalt. 

ZnO is an important multifunctional material which has wide applications in 

telecommunications, chemical, biochemical sensors and optical devices. In this thesis 

ZnO nanorods are used as electrochemical biosensors to detect bio/chemical species in 

extra and intracellular measurements. 

 

1.3 Biosensors based on functionalized zinc oxide nanorods 

In recent years, semiconducting nanomaterials have been the subject of 

considerable research due to their unique properties that can be applied to various 

functional nanodevices. Among them, zinc oxide (ZnO) nanomaterials such as nanowires 
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and nanorods have been receiving particular attention because not only do they show 

many valuable properties, but also various shapes of ZnO nanostructures can relatively 

easily be synthesized by diverse methods [8,9]. Chemical sensors, one of the important 

potential applications of ZnO nanorods are of great commercial interest in environmental 

and bio-industries. A relevant literature survey reveals that ZnO nanorods show n-type 

semiconducting property and that their electrical transport is highly dependant on the 

adsorption/desorption nature of chemical species [10-14].  ZnO has generated keen 

interest in biosensors due to its enormous properties; some of them are described below.  

 The advantages of ZnO nanorod sensors are their small size, being bio-safe, 

possesses polar surface and many other properties that facilitate chemical sensing. 

Moreover, ZnO nontoxicity, chemical stability, electrochemical activity, and high 

electron communication features. These features make ZnO one of the most promising 

materials for chemical and biological applications [15]. In addition, zinc oxide can be 

grown as vertical nanowires; ZnO has high ionic bonding (60%), and is not very soluble 

at biological pH-values. The diameters of these nanostructures are comparable to the size 

of the biological and chemical species being sensed, which intuitively makes them 

represent excellent primary transducers for producing electrical signals. All these facts 

open up for possible sensitive extra and intracellular ion measurements. The sensor in this 

study was used to detect and monitor real changes in cell behaviour using changes in the 

electrochemical potential at the single cell/ZnO nanorod surface interface in the 

intracellular microenvironment. In the past it was demonstrated that the pH inside cells 

can be monitored without damaging the cell by the use of our grown ZnO nanowires. [16, 
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17]. Here we present new robust proto-type electrochemical nano-sensors for intracellular 

calcium ion detection. 

       The detection of biological and chemical species is central to many areas of 

healthcare and life sciences [18]. Of major importance to detection is the signal 

transduction associated with selective recognition of a biological or chemical species of 

interest. Nanostructures, such as nanowires [19-23] and nanocrystals [24-29], offer new 

and sometimes unique opportunities in this rich and interdisciplinary area of science and 

technology. ZnO nanorods, nanowires and nanotubes have recently attracted considerable 

attention for the detection of chemical and biological species [30-35]. The focus of the 

current study is the fabrication and demonstration of ZnO nanorods based sensor suitable 

for extra and intracellular selective Ca2+ detection. Our main effort has been directed 

towards the construction of tips selective for Ca2+ and capable of penetrating the cell 

membrane as well as the optimization of the electrochemical potential properties. Silver 

wire and glass tips with grown ZnO nanorods have proven to be a convenient and 

practical choice as we have demonstrated in this thesis.  

The expected qualities and properties to be considered for an excellent chemical 

sensor are: 

i Biocompatibility and Biosafety                                       ii   Sensitivity  

iii Stability                                                                           iv  Selectivity  

v Minimum hardware requirements                                 vi  Good reversibility  

vii Identification and quantification of multiple species viii quick response 

 

 

 6



1.4 Biocompatibility and biosafety of ZnO nanorods 

 It is important to study the biocompatibility and biosafety of ZnO nanorods in 

biofluids. The viability of the penetrated cells depended strongly on the size of the ZnO 

nanorods. By reducing the size of ZnO nanorods, the total diameter of the sample will be 

reduced, which in turn increases the cell viability and the sensitivity of the device will 

increase. However increasing the size of the ZnO nanorods caused the cells to die 

immediately. It is reported that the ZnO nanorods are biocompatible and biosafe at the 

cellular level [36]. Two different cell lines from different origins of tissues were utilized 

in that study. Hela cell line showed a complete biocompatibility to ZnO nanostructures 

from low to high nanorods concentrations beyond a couple of production periods. The 

L929 cell line showed good reproduction behavior at lower nanorods concentration. In 

general, ZnO nanorods showed good biocompatibility and biosafety when they are 

applied in biological applications at normal concentration range. This is an important 

conclusion for their applications in vivo biomedical science and engineering. 

 

1.5 Solubility and stability of ZnO nanorods in biofluids 

 Studying the solubility of ZnO nanowires in biofluids has important implications 

for its applications in biomedical science. Firstly, ZnO has the potential to be used for 

biosensor, where it requires a reasonable time to function in biological systems and 

perform a device function. Few hours of survival life time would be good. Secondly, if 

the ZnO nanorods are lost in the body or in a blood vessel, it can be dissolve by the 

biofluid into ions that can be absorbed by the body and become part of the nutrition 

without forming a blockage. Zn ions are needed by each one of us every day. Finally the 
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slow solubility and high compatibility of ZnO in biofluid is required for its application in 

biology. It has been investigated the interaction of ZnO nanorods with different solutions, 

including deionized water, Ammonia, NaOH solution and horse blood serum. The results 

showed that ZnO can be dissolved by deionized water (pH ≈ 4.5-5), ammonia ((pH ≈ 7.0-

7.1, 8.7-9.0) and NaOH solution ((pH ≈ 7.0-7.1, 8.7-9.0). The study of the interaction of 

ZnO nanorods with horse blood serum showed that the ZnO nanorods can survive in the 

fluid for a few hours, after which they degrade into mineral ions [37].  The ZnO solubility 

decreases as the solution pH increases from acidic to neutral condition. The reduction of 

the dimensions of the nanorods is probably related to the ZnO solubility [38]. In our case 

we have neutral pH (around 7) indicated that we have minimum possibility for ZnO 

solubility.  

 

1.6 Membrane materials for selectivity 

 Biosensors are usually covered with a thin membrane that has several functions, 

including diffusion control, reduction of interference and mechanical protection of the 

sensing probe. Commercially available polymers, such as polyvinyl chloride (PVC), 

polyethylene, polymethacrylate and polyurethane are commonly used for the preparation 

of the functionalization interface due to their suitable physical and chemical properties. 

Biosensors with polymer membranes have been successfully applied in many fields such 

as the monitoring of food production, environmental pollution and pathological 

specimens. Polymeric membranes are mainly made of polymer, which can selectively 

transfer certain chemical species over others. Therefore, membranes are the key 

component of all potentiometric ion sensors [39-41]. In fact the vast majority of 
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membranes used commercially are polymer-based. Analogous to biological ion channels, 

in analytical technology there are the so called ionophores and neutral carriers 

incorporated into synthetic membranes or biomolecule membranes in order to achieve the 

desired selectivity or detection of ionic species in complex samples. 

 

1.7 Sample size effect 
Now we proceed to the detail effect of the sample size and sensitivity issues 

[42]. Miniaturization here is a related to all sensor parts and also concerns the analyte. 

According to the classical theory the sample volume (V) required for detecting a given 

analyte with a certain concentration is given by [43]: 

iACN
V

φ
1

=       (1) 

where φ is the sensor efficiency (between 1 and 0), NA is Avogadro’s number (6.02x1023 

mol-1), and Ci is the concentration of analyte i (mol/L). The above equation clearly 

indicates that it is the analyte concentration which fundamentally determines the sample 

needed volume. It has been noted that numerous chemicals and other biological species 

are routinely present with concentrations ranging from 100 to 107 units-copies/mL [44]. 

As a result of this equation, large volumes are required to sense and detect almost most of 

the natural analyte concentrations. An example of this is the relatively large volume of 

about 100 µL required when an accurate DNA assays is performed. Hence if the sensor 

sensitivity doesn’t scale with its size, there is no benefit in reducing the size of our 

sensors. Moreover, new engineered materials are needed, fortunately such materials are 

today available and they help in shifting the detection for low analyte concentration and 

hence reduce the sample volume size required for sensing low concentrations. Such 
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interesting materials have the capability to produce enhanced signals which can easily be 

detected. An example of this is the colloidal particles, as well as nano-crystals or 

quantum dots also play an important role due to their ability to approximate the ideal 

fluorophores, i.e. nonphotobleaching, narrow emission, and symmetric with multiple 

resolvable colors that can be excited simultaneously using single excitation wavelength. 

By changing the quantum dots size is that their color, for both emission and absorption, 

can be tuned to any color. This will improve and increase the sensitivity to a better level. 

However, as our knowledge at the moment, even the most sensitive ‘’exotic’’ particle, 

will slightly improve the sensitivity. At least not to the level we require [45]. Detecting 

‘’single’’ molecules can be achieved by either trapping, which technically means that the 

concentration of the molecule is infinity, or by interrogate ultra small (≈ fL) volumes as 

performed in fluorescence correlation spectroscopy [46]. Nevertheless, according to 

recent experiments still excellent sensitivity can be achieved by using nano-probes. Even 

single ion placed near a single electron transistor (SET) can cause observable modulation 

of the current. The above discussion ended dealing with a critical issue, namely the 

miniaturized sensor sensitivity, which will be discussed in the next section. 

 

1.8 Sensitivity issues  
We start the discussion of miniaturized sensor sensitivity by choosing a special 

type of sensors, namely electrochemical sensors, which are the class of sensors of interest 

to this thesis. It is important to mention that electrochemical sensors are more flexible to 

miniaturization, i.e. their sensitivity scales with their size. Electrochemical sensors are 

further divided into conductometric, potentiometric, and amperometric. It is important to 

mention that, measuring a voltage in a potentiometric sensor, such as the ISFET or ISE, is 
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scaling invariant; amperometric sensors on the other hand measures currents and they are 

affected by miniaturization. Most of the research efforts in miniaturization were focused 

on potentiometric sensors, although more benefit can be achieved from amperometric 

effect. Another interesting property is that, potentiometric sensors do not consume any 

energy and they are easy to construct in that respect.  

Electrochemical reactions are governed by the electrode size with respect to the 

diffusion layer of the analyte to be recognized. If the diffusion layer of the analyte is of 

the order of the sensor electrode size, then the laws of classical macro-scale 

electrochemistry breaks down [45]. This will leave us with un-expected effects; 

fortunately some can turn to be beneficial to miniaturization. The total diffusion-limited 

current Il on a large substrate of an area A based on diffusion-limited current il, is given 

by:  

δ
CnFi Dl

0
0

∞=       (2) 

 

where n is the number of electrons, F is the Faraday constant, Do is the diffusion 

coefficient of the reactant species, δ is the diffusion layer thickness, and C is the 

concentration of the bulk of the solution. This implies that the total diffusion current is Il 

= ilAx, with x being the diffusion length. By reducing the size of the sensing electrodes to 

sizes comparable to the thickness of the diffusion layer, and keeping them isolated, non-

linear diffusion caused by curvature effects ‘’as the electrodes are isolated’’, is important 

to consider. Analyzing this situation showed that as the non linear curvature effects 

become more and more pronounced, more diffusion takes place, i.e. diffusion occurs 

from all directions and ion collection increases. This will lead to more ions supply to the 
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electrode. This is a beneficial un-expected effect resulting form the miniaturization. The 

diffusion layer thickness δ due to the linear effects is given by [47]: 

 ( )2
1

0tDπδ =                                                             (3)   

 

Substitution of this into the above expression we obtain the so called ‘’Cottrell 

equations’’ which reads: 

  
2
1

00
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∞ t

CnFACI l π                                            (4) 

 

This equation represents the current-versus time for an electrode subjected to potential 

step large enough to cause surface concentration of electro-active species to reach zero. 

This expression is even appropriate regardless of the electrode geometry or the solution 

stirring conditions, as long as the diffusion layer thickness is much less than the 

hydrodynamic boundary layer thickness. This is applicable to stirred aqueous solutions. 

For un-stirred (i.e. pure solutions) the thickness of the diffusion layer is not well defined 

and all types of disturbances can affect the transport. Hence to prevent random 

connective motion from affecting the transport to and from the electrode we have the 

choice of keeping the diffusion layer thickness smaller than the hydrodynamic boundary 

layer thickness and that the hydrodynamic layer thickness to be regular. Fortunately, 

stirring can enable us to achieve this desired goal, a fact that was also necessary to avoid 

other un-wanted effects, e.g. to avoid fast evaporation of small volumes of ejected 

aqueous, mixing for long self storage etc. Nonlinear diffusion at the edges of a 
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’’microelectrode’’ results in deviation from the simple Cottrell equation at longer 

collection times. The corrected equation will then read: 

   

 r
D

DAnF
t

CnFACI l
0

02
1

00 ∞
∞ +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

π                         (5)    

 

In the case of longer times and small size electrodes, the correction term can become 

significant (note the electrode surface area A is divided by radius of the collected 

species). It is also important to note that the charge transfer is located at the outer edge of 

the electrode. This is actually a very favorable scaling. The correction term is 

proportional to (A/r ≈ r1), while the background current Ic (associated with the Helmholtz 

capacitance) is proportional to (≈ r2). Hence the ratio of the Faradic current (charging 

current) to the background current should decrease with decreasing the electrode radius. 

The emphasis here is that, with single small microelectrode, the analytical current is still 

small to easily be exploited. 

As a summary, several advantages that could be achieved by scaling 

electrochemical sensors have been presented. However, we conclude by the following: 

(1) higher mass transfer rates at ultra-small electrodes makes it possible to experiment 

with shorter time scale (faster dynamics), (2) an array of closely spaced ultra-small 

electrodes can lead to collect sufficient electro-generated species with high efficiency if 

designed appropriately, and finally (3) according to the above discussion, electrochemical 

measurements (sensing) is possible even in highly resistive media.  
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1.9 Size and sensitivity 
In this section we would like to clarify the advantages of nano-structures in 

chemical sensing. The key issue is due to simple thermodynamic reasons. It is not 

straightforward to detect a single bio-analytes, the reason is due to the fact that the net 

charge of the analyte is protected by a double layer. However, there are two options, 

where we can still get high sensitivity and be able to observe an immunological reaction. 

The first is when working at low ionic conductivity. Here, we try to increase the Debye 

length as much as possible. In this case we can measure the Donnan potentials. The 

Donnan potentials are small electrostatic surface potentials occurring due to the 

formation of gradients of diffusible ions. The second case of high ionic concentrations; in 

this case the strong electrostatics will be by far dominating potential changes on the 

surface. Here, the only way of observing an immunological reaction in this case is to do 

dynamic measurements. We can change the analyte concentration of our solution and for 

a short period of time we can observe a transient signal due to the rearrangement of the 

double layer. Now, why do nano-wires make a difference when used as electrodes for 

sensing? The answer is that at low concentrations small surface potential changes become 

more and more visible with decreasing the nano-wire dimensions. The question is now 

the following; can we actually ’’observe’’ the net charge of our bio-molecule since the 

dimensions of the wire is smaller than the Debye length? There is no clear answer yet. 

However, from experimental point of view, it seems that there are more than the only the 

Donnan potentials or streaming potentials (electro kinetic) which lead to the observed 

effects. If we have high analyte concentrations we end up at the problem as for planar 

sensors. 
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1.10 Techniques for the preparation of biosensors 

Design and construction technology and materials science are closely linked in 

biosensor development. Therefore, discussions of biosensor design and fabrication should 

always involve the selection of materials. An electrochemical biosensor usually consists 

of a transducer such as a pair of electrodes or FET, an interface layer incorporating the 

biological recognition molecules and a protective coating. Sensor design, including 

materials, size, shape and methods of construction, are largely dependent upon the 

principle of operation of the transducer, the parameters to be detected and the working 

environment. Traditional electrode systems for measurements of the concentrations of 

ions in liquids and dissolved gas partial pressures contain only a working electrode and 

an electrical stable reference electrode, such as Ag/AgCl, though a counter electrode is 

sometimes included. Methods for the preparation of electrochemical electrodes are well 

established. Some of these techniques are used to prepare the conductive supporting 

substrate, while others are employed to achieve an efficient electron communication 

between the chemical reaction site and the electrode surface, high level of integration, 

sensor miniaturization, measurement stability, selectivity, accuracy and precision. In 

addition, the technique used to immobilize the biological recognition components of the 

sensor can affect biosensor performance significantly [48]. 
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2. Experimental work 

2.1 Sample preparation 

Zinc oxide nanorods can be grown in a variety of types of different nanostructures 

by using low temperature approaches. ZnO nanorods used in this research work were 

grown on the surface of a silver wire (0.25 mm in diameter) and on the tip of a 

borosilicate glass capillary (0.7µm in diameter), respectively. Before growing the 

nanorods, the tip of a borosilicate glass capillary was coated with silver (Ag) by using 

evaporation. 

 

2.2 Evaporation 

Borosilicate glass capillaries (sterile Femtotip® II with tip inner diameter of 0.5 

µm, outer diameter of 0.7 µm, and length of 49 mm, Eppendorf AG, Hamburg-Germany) 

were fixed on a flat support in the vacuum chamber of an evaporation system (Evaporator 

Satis CR725), so that a chromium and silver films with a thickness of 10 nm and 125 nm, 

respectively, were uniformly deposited onto their outer surface. 

 

2.3 Growth method 

In this research work the ZnO nanorods were grown using a low temperature 

growth approach.  The low temperature approach used is based on the aqueous chemical 

growth (ACG) method. The ZnO nanorods were grown in 150 mL of aqueous solution of 

0.025 M zinc nitrate (Zn (NO3)2) and 0.025 M hexamethylenetetramine (HMT, C6H12N4) 

in a conventional flask. The reaction temperature was kept at 95 0C. Before the samples 
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were placed inside the solution for growth, they were coated with a ZnO seed layer by 

using technique develop by Green et al. [49].  The samples were put inside the solution 

until they completely covered with seed layer. The whole procedure was repeated three 

times in order to ensure a uniform ZnO seed layer. This seed solution was used to 

facilitate aligned nanorods growth. After the growth the samples were cleaned in de-

ionized water and left to dry in air inside a closed beaker. 

 

2.4 Scanning electron microscope (SEM) 

SEM images of the ZnO nanorods grown on the silver wires and on the tip of a 

borosilicate glass capillary were made with a Field Emission Scanning Electron 

Microscope (JEOL JSM-6335F Scanning Electron Microscope). The results revealed that 

the diameter of the nanorods was 100-150 nm and the length was 900 – 1000 nm as 

shown in Figure 1 and Figure 2 respectively. The nanorods were rather uniform in size. 

The ZnO nanorod covers 3 mm of the silver-coated film. The sensing electrode with ZnO 

hexagonal nanorods is shown in figure 2. The nanostructure has a rodlike shape with a 

hexagonal cross section and primarily aligned along the perpendicular direction. The 

samples were checked in SEM after intracellular measurements at different magnification 

is shown in figure 3. 
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Figure 1: SEM images of ZnO nanorods on silver wire that is 0.25 mm in diameter. The 

nanorods are 100 to 150 nm in diameter and 900–1000 nm long.  
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Figure 2: A typical scanning electron microscopy image of the ZnO nanorods grown on 

Ag-coated glass tip using low temperature growth. The figures shows ZnO nanorods 

coated tip at different magnifications. 
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Figure 3: Scanning electron microscopy images (SEM) showing the working electrode 

after intracellular measurements at different magnification. 
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2.5 Membrane coating  

 The ZnO layer on the silver wires and tip of borosilicate glass capillaries were 

coated with ionophore membrane by a manual procedure. Powdered PVC, 120 mg was 

dissolved in 5 mL tetrahydrofuran together with 10 mg of a plasticizer (dibutyl phtalate, 

DBP) and 10 mg of Ca2+-specific ionophore (DB18C6). All chemicals were from Sigma-

Aldrich-Fluka. After preparing the solution, the ZnO-coated wires and glass tip were 

dipped two times into the ionophore solution until thin film of membrane were attached 

to the surface of ZnO coated wires and glass tip and then let them to dry at room 

temperature. After this the probes were conditioned in 10 mM CaCl2 solution. 

 

2.6 Extended gate MOSFET 

N-channel enhancement mode commercial MOSFET with low threshold voltage 

was integrated with the ZnO electrode. By adding the potentiometric response of the 

electrode to the gate voltage of the FET the drain current will respond as a function of the 

Ca2+ concentration. I-V curves for the integrated system were recorded by an Agilent hp 

4155B semiconductor Parameter analyzer. In an extended gate field effect transistor 

(EGFET), as in other FETs, the amount of current flowing between the source and drain 

dependents on the gate potential. The potential generated at the surface of the reference 

electrode is added to the gate voltage and thus the current flowing between the source and 

drain will be directly related to the activity of the ion of interest in the sample solution. 

The EGFET was introduced as an alternative for the fabrication of ISFETs [50]. 

The EGFET has several advantages when compared to the ISFET, mostly because metal 
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oxide semiconductor field effect transistors (MOSFETs) are commercially available and 

easy way to connect the analyte to the gate of the FET.  
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3. Results 

3.1 Zinc oxide nanorods with ionophore-membrane coating as an 

extracellular Ca2+ selective sensor  
First of all we used our sample to study calcium ion selectivity of ZnO nanowire 

sensors using ionophore membrane coatings. The potentiometric response of the Ca2+-

electrode was studied in aqueous solutions of CaCl2 with concentration ranging from 

1 μM to 0.1 M. The experimental setup is shown in figure 4. 

The electrochemical cell voltage (electromotive force) changes when the 

composition of the test electrolyte is changed. These changes can be related to the 

concentration of ions in the test solution via a calibration procedure. The actual 

electrochemical potential cell can be described by the diagram below: 

Ag |ZnO | CaCl2 || Cl- |AgCl | Ag 

Figure 5 shows a typical induced voltage of our potentiometric sensor for 

different concentrations of Ca2+ ions. As clearly seen it present a linear dependence, 

which implies that such sensor configuration can provide a large dynamic range. The 

results show that the electrode is highly sensitive to calcium ions with a slope around 

26.5 mV/decade. 

In summary, this part demonstrated a study on the use of ZnO nanorods as 

electrochemical nanosensor for Ca2+
 in water solutions. We have achieved good 

performance in stability and selectivity by coating the sensor surface with a plastic 

ionophore membrane. The potential difference was linear over a wide logarithmic 

concentration range (1µM to 0.1M). These results demonstrated the capability of 
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performing biologically relevant measurements inside a solution of CaCl2 using 

functionalized ZnO nanorods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Experimental setup for extracellular Potentiometric measurements. 
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Figure 5: Calibration curve showing the electrochemical potential difference, for the  

ZnO nanorod as potentiometric electrode with Ag/AgCl reference electrode versus 

Logarithmic concentration range for Ca2+ change for buffer solution. 
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3.2 Zinc oxide nanorods with ionophore-membrane coating as an 

intracellular Ca2+ selective sensor  
After the success of the extracellular measurements, the samples were prepared 

for intracellular Ca2+ detection. For that we have grown ZnO nanorods on tip of 

borosilicate glass capillaries (sterile Femtotip® II with tip inner diameter of 0.5 µm, tip 

outer diameter of 0.7 µm, and length of 49 mm, Eppendorf AG, Hamburg-Germany) is 

shown in figure 2. The main effort has been directed to make the tip geometry small 

enough. Intracellular electrodes must have extremely sharp tips (sub micrometer 

dimensions) and they must be long (>10µm in length). These characteristics are 

necessary for effective bending and gentle penetration of the flexible cell membrane. In 

this thesis we describe a new Ca2+-selective biosensor probe possible to insert inside cells 

to measure intracellular Ca2+ concentrations and other bio/chemical species.  

A two electrode configuration was employed for micro-liter volumes in 

electrochemical studies consisting of ZnO nanorod Ca2+ sensor as the working electrode 

and Ag/AgCl as a reference microelectrode. The experimental setup for the intracellular 

measurements is shown in figure 6. The response of the electrochemical potential 

difference of the ZnO nanorods to the changes in buffer electrolyte Ca2+ was measured 

for a range of 100 nM to 10 mM and shows that this Ca2+ dependence is linear and has 

sensitivity equal to 29.67mV/decade at around 23°C (figure 7). This linear dependence 

implies that such sensor configuration can provide a large dynamical range.  

First we used the nanosensor to measure free concentration of intracellular Ca2+ in 

a single human adipocyte. The Ca2+ selective nanoelectrode, mounted on a 

micromanipulator, was moved into position in the same plane as the cells. The ZnO 

nanoelectrode and the reference microelectrode were then gently micromanipulated a 
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short way into the cell (figure 6). Once the ZnO nanorod working electrode and the 

Ag/AgCl reference microelectrode were inside the cell, i.e. isolated from the buffer 

solution surroundings, an electrochemical potential difference signal was detected and 

identified the activity of Ca2+. The intracellular Ca2+ concentration was 123±23 nM, 

corresponding closely with the intracellular concentration determined after loading 

human adipocytes with the Ca2+-binding fluorophore fura-2 [51]. In a Second experiment 

we used the nanosensor to measure intracellular Ca2+ concentration in single frog 

oocytes. The intracellular Ca2+ concentration was 250± 50 nM which also is close to 

previous report [52]. 

Figure 7 shows a schematic diagram of the working electrode with the ZnO 

nanorods grown on silver coated glass pipette. To test the sensitivity of our constructed 

biosensor we performed measurements while changing the Ca2+ concentration in the 

buffer solution around the cell. The Ca2+ was varied from 100 nM to 10 mM. These 

measurements were performed for two cases; the first was for a configuration where half 

of the working functionalized ZnO nanorods were inserted inside the cell and the other 

half was in contact with the surrounding buffer solution. The second configuration was 

when all the functionalized ZnO nanorods were inserted inside the cell. Significantly, as 

illustrated in fig. 7, the functionalized ZnO nanorods exhibited a stepwise decrease in the 

induced electrochemical potential only in the first case of the configuration. Once the 

functionalized ZnO nanorod working electrode was totally inserted inside the cell, (i.e. 

isolated from the buffer solution surrounding the cell), the electrochemical potential 

difference signal detected was stable even when the Ca2+ concentration was varied in the 

buffer solution. No response to the externally induced Ca2+ concentration change was 

 27



observed, and only stable signal was measured (which corresponds to the actual 

intracellular Ca2+ concentration). This implies that the constructed electrode is sensing 

with good sensitivity. In addition, this observation confirms that the values of the 

potentiometric response when the whole sensing electrode was inserted inside the cell 

membrane is the signal corresponding to the value Ca2+ concentration inside the cell.   

        When the functionalized working electrode was removed outside the cells 

after measurements, it was monitored by microscopy (fig. 3a-d). Figure 3a-d shows 

different magnification SEM images from the working electrode after measurements. The 

ZnO nanorods were not dissolved. This result was expected because the functionalization 

provided protection for the surface of the nanorods.  

        In summary we have used functionalized hexagonal ZnO nanorods, grown 

on the silver-coated capillary glass tip, as a selective intracellular sensor for the free Ca2+ 

concentration in single human adipocytes and frog oocytes. The functionalization was 

achieved through the use of PVC polymeric membrane. The potential difference was 

found to be linear over a wide concentration range (100 nM to 10 mM). The measured 

intracellular Ca2+ concentrations using our ZnO nanorods sensor in human fat cells or in 

frog egg cells were consistent with values reported in the literature. These results 

demonstrate the capability to perform biological relevant measurements inside living 

cells. The ZnO nanorod Ca2+ electrode thus holds promise for minimally invasive 

dynamic analyses of single cells. 
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Figure 6: Experimental setup for intracellular Potentiometric measurements 
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Figure 7: (a) Schematic diagram showing potentiometric response versus time as the 

concentrations of Ca2+ solutions is changed in the buffer solution surrounding the cell  the 

Ca2+ concentration was varied from 100 nM to 10 mM. Inset a typical calibration curve 

showing the electrochemical potential difference versus the Ca2+ concentration using the  

functionalized ZnO nanorods as working electrode and the Ag/AgCl as reference 

electrode. 
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3.3 Zinc oxide nanorods as extended gated MOSFET for Ca2+ detection 
 

     Here we used another technique to detect selectively Ca2+ ions by using 

functionalized ZnO nanorods as an extended gate of a commercial MOSFET. We report 

the use of a ZnO nanorod-gated MOSFET for electrochemical detection of Ca2+ ions that 

gives a nearly linear current response to the concentration. This is related to the available 

size of the sample. As we some times have very small amounts of the analyte to be 

detected, it will not be practical to apply the small available sample volume directly on 

the gate. Instead a small part of the wire (with functionalized ZnO nanorods) can be 

inserted into the available analyte volume. ZnO nanorods were grown on the surface of a 

0.25 mm thick silver wire.  

      We connected the developed ZnO nanorod sensor externally at the gate 

terminal of a MOSFET in series with the DC biasing voltages supply that was set so that 

the total voltage exceeded the minimum threshold voltage. The Ca2+ signal was thereby 

amplified by the MOSFET and measured through the drain current using the 

experimental setup shown in Figure 8. The current response of the Ca2+ -electrode 

connected to the MOSFET was studied in aqueous solutions of CaCl2 in the concentration 

range of 1-1000 µM. The I-V output characteristics with (triangles) and without (dots) 

Ca2+ is shown in figure 9. We found that the drain current is enhanced by 135 nA due to 

the induced voltage from our sensor. To check the operation window of the presented 

sensor, we have performed detection experiments in a range from 1μM and up to 1000 

μM of Ca2+ concentrations. The results are shown in Figure 10. As can be seen from this 

figure, the sensor setup possesses good linearity in the tested range. 
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      In summary we have shown that the functionalized ZnO nanorods on the 

surface of a silver wire connected as an extended gate area of an ordinary MOSFET can 

be used for the electrochemical detection of Ca2+ ions. The electrochemical response 

from the interaction between the ZnO nanorods and Ca2+ ions solution is coupled directly 

to the extended gate of the MOSFET. A fast linear current response due to the induced 

voltage change on the gate of a MOSFET was observed for Ca2+ concentrations ranging 

from 1µM to 1mM. The presented approach is practical robust and can be used for cases 

where the available sample to be detected is relatively small. 
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Figure 8: Experimental setup for the Ca2+ detection used in the present study. 
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Figure 9: I-V characteristics of the extended gate MOSFET with (triangles) and without 

(dots) Ca2+. 
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             4. Conclusions and future considerations 

     The main theme of this research work was to develop and study a simple and 

robust sensing technique based on ZnO nanorods suitable for both extra- as well as intra-

cellular biological environments.  ZnO nanostructures have recently attracted 

considerable attention for the detection of chemical/biological species. Among a variety 

of biosensor based on nanostructure system, ZnO nano

t offers high sensitivity and real time detection. 

     We have used functionalized ZnO nanorods as electrochemical nanobiosensor 

to measure extra and intracellular free Ca2+ concentration. A convenient sensor design 

was realized by growing the ZnO nanorods on thin silver wire and on the silver-coated 

capillary glass tip that could be readily inserted into a low-volume flow cell. For 

extracellular measurements, we have good performance in stability and selectivity was 

achieved by coating the sensor surface with a plastic ionophore membrane. The potential 

difference was linear over a wide logarithmic concentration range (1µM to 0.1M). After 

that we used electrochemical nanobiosensor, the ZnO nanorods grown on the silver-

coated capillary glass tip coated with an ionophore-containing plastic membrane, to 

measure the intracellular free concentration of Ca2+ in single human adipocytes and frog 

oocytes. The potential difference was linear over a concentration range of interest (100 

nM to 10 mM). The measured intracellular Ca2+ concentrations using our ZnO nanorods 

sensor in human fat cells or in frog egg cells were consistent with values reported in the 

literature. These results demons
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Finally we have shown that the functionalized ZnO nanorods on the surface of a 

silver wire connected as an extended gate area of an ordinary MOSFET can be used for 

the electrochemical detection of Ca2+ ions. The electrochemical response from the 

interaction between the ZnO nanorods and Ca2+ ions solution is coupled directly to the 

extended gate of the MOSFET. A fast linear current response due to the induced voltage 

change on the gate of a MOSFET was observed for Ca2+ concentrations ranging from 

1µM to 1mM. The presented approach is practical robust and can be used for cases where 

the available sample to be detected is relatively small. Moreover, the use of a 

conventional MOSFET with a more sensitive gate would lead to even stronger detection 

signal.  

     The future research work is to design and make reliable ZnO nanostructures 

based LED on the capillary glass tip for cancer cell treatment, i.e. photodynamic therapy 

element. Secondly single ZnO nanorod will be used to measure bio/chemical species 

inside the cell. ZnO nanorods will be used for other bio/chemical species inside the cell 

such as Glucose Magnesium etc 
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