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Abstract: The present paper reports pellets of NaCl/TiO2 and NaCl/Al2O3 powder used as resistive and 
capacitive humidity sensors. Pellets of NaCl mixed with 10 %, 50 % and 80 % of TiO2 and Al2O3 powder have 
been made by hydraulic pressing machine under a load of 4 tons and were exposed to the humidity in a two 
pressures humidity generator. It is observed that as %rh increases, there is a decrease in the resistance and an 
increase in the capacitance for the range of humidity from 45 % to 80 %. The results show that the resistance 
value decrease and the capacitance value increases with increasing concentration of TiO2 and Al2O3 for the 
range from 45 % to 80 %RH. The NaCl/TiO2 has a very good scope for developing resistance humidity sensors 
and the NaCl/Al2O3 for capacitance type humidity sensors for the entire range of humidity. Data obtained by 
simulation showed reasonable match with the experimental results. Copyright © 2013 IFSA. 
 
Keywords: Resistance, Capacitance, Humidity sensors, Pellets.  
 
 
 
1. Introduction 

 
Humidity is an important environmental 

characteristic, therefore the monitoring and control of 
humidity is essential for the development of 
industrial processes and comfortable life [1]. The 
importance of humidity sensing has been focused on 
the development of humidity sensitive materials  
[2-4]. 

The relative humidity (rh), which is the ratio of 
actual vapor pressure to the saturated vapour pressure 
at a given temperature, is the most frequently used 
parameter to specify humidity (equation 1) [5]. 

 

s

e
%rh .100

e

 
  
 

, (1) 

 
where e is the effective vapor pressure and es is the 
saturation vapor pressure. 

The materials used frequently for the fabrication 
of humidity sensors are hygroscopic salts, oxides and 
ceramics [6]. The latter show advantages in 
performance because of its high chemical stability, 
wide operating range and fast response to humidity 
change [7]. Especially TiO2 has high absorption 
capacity of water molecules and its porosity is easily 
controlled [8, 9]. Humidity sensors have different 
categories based on their measuring principles, which 
include capacitive, resistive, optical and integrated 
types [10]. Various mechanisms have been proposed 
to explain the variations of resistance and the 
capacitance with humidity. They consider the 
chemisorbed and physisorbed layers of water 

 
Article number P_1119 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 1-5 

 
 
2 

molecules and the capillary condensation of water 
inside tiny pores. The performance of a humidity 
sensor is determined by the properties of the sensing 
medium including porosity, pore size distribution and 
the reactivity of the water surface [11]. The presence 
of large pore volume with a suitable pore size 
distribution is critical to achieving high sensitivity in 
the measurement of humidity [12]. 

The fabrication of humidity sensors has been the 
subject of research for many years [13-14]. 
Consequently, various methods, such as Sol-gel, 
thermal evaporation, spinning, spin-coating, and 
different sensing materials have been reported in the 
fabrication of capacitive and resistive sensors  
[15-18]. 

In this work, the fabrication and investigation of 
NaCl/TiO2 and NaCl/Al2O3 capacitive and resistive 
humidity sensors is reported. The pellets were made 
using a hydraulic press with a load of 4 tons. 
Measurements of the resistance and capacitance were 
carried out in the range of 45 to 80 %rh.  

The morphology of the sensitive element used in 
the fabrication of sensors determines the humidity 
absorption and desorption of water vapor. The 
behavior of the condensation of water vapor is a 
function of pore size and distribution [19, 20]. 

In resistive type sensors, absorption of water 
vapor causes the dissociation of ionic functional 
groups, leading to increased electrical conductivity. 
The conductivity varies with the amount of water 
vapor adsorbed by the material [20]. This principle is 
employed for the measurement of humidity in 
resistive humidity sensors. Water is a polar molecule, 
the negatively charged oxygen of the water molecule, 
is electrostatically attracted to the positively charged 
cationic side of the material surface. If the charge 
density of the cationic side is low then water remains 
physically adsorbed at the surface, this process is 
called chemi-sorption. When the cationic charge 
density is high, as in the case of alkali salts, the 
electrostatic force is high enough to form a chemical 
bond between hydrogen and oxygen of the water 
molecule, breaking the bond between oxygen and one 
of the hydrogen atoms (Grotthuss chain) [19, 21-22]. 
In most cases the force is high enough to break the 
bond on the first adsorbed water vapor layer. 

For capacitive humidity sensors, the capacitance 
depends on a number of parameters such as 
polarizability of the material, dielectric permittivity 
constant of the sensing material and electrode 
geometry [10]. The relative capacitance increase with 
increasing humidity can be explained by taking into 
account the different types of polarizabilities. 
Polarization is caused by dipoles, ionic and electronic 
polarizability. Dipoles and ions form due to charge 
transfer and dissociation of molecules contributes to 
the ionic polarizability. Electronic polarizability is 
the most universal and it arises due to relative 
displacement of electrons. The dielectric constant of 
the material increases the absorption of water 
molecules thus increasing the capacitance [23]. 

 

2. Experimental 
 
The materials used in the fabrication of the 

capacitive and resistive humidity sensors were NaCl, 
TiO2 and Al2O3 powder (99.9 % purity). Pellets were 
fabricated of NaCl mixed with 10 %, 50 % and 80 % 
of TiO2 powder by weight. NaCl/Al2O3 sensors were 
prepared by following the same procedure as 
NaCl/TiO2, where TiO2 was replaced by Al2O3. 
Pellets have been made by hydraulic pressing 
machine under a load of 4 tons for 5 minutes to form 
pellets of 5 mm diameter and thickness from 0.1 to  
7 mm. Each pellet was exposed to the humidity in a 
two pressures humidity generator (ETS Brand Model 
5518). The resistance measurements were performed 
with a multimeter (HP 34401A). The capacitance is 
measured by using LCR meter (BK Precision Modelo 
875A). Relative humidity was measured by standard 
hygrometer (Visala M170). All the measurements 
were taken at room temperature. 

 
 
3. Results and Discussion 
 

Fig. 1 and Fig. 2 show the variation of resistance 
with the relative humidity for the NaCl/TiO2 and 
NaCl/Al2O3 sensors at room temperature. It is 
observed that the resistance value decreases 
nonlinearly with increase of humidity level from 45 
to 80 %rh. Additionally the resistance of the sensors 
slightly decreases with increasing the concentration 
of TiO2 and Al2O3. Fig. 1 also shows that the 
resistance decreases on increasing humidity 
drastically up to 65 % and then decreases gradually 
up to entire range of humidity. The NaCl/TiO2 sensor 

with 10 % TiO2 has the highest sensitivity in 
comparison with the 50 % y 80 % TiO2 sensors. 
Curve for the NaCl/Al2O3 sensor with 50%Al2O3 and 
80`%Al2O3 of Fig.2 show that the resistance 
decreases drastically up 70% and then decreases 
more slowly up to %80. The highest sensitivity is 
exhibited by the sensor with 10 % Al2O3. The 
increased conduction phenomenon is due to an 
increase in the number of adsorbed water molecules 
in the nanostructured sensor with the capillary 
nanopores of wide distribution [14]. 

Fig. 3 and Fig. 4 show the variation of 
capacitance with the relative humidity for the 
NaCl/TiO2 and NaCl/Al2O3 sensors. Is it observed 
that the capacitance value increases with increase of 
humidity. The capacitance of the sensor slightly 
increases with increasing the concentration of TiO2 
and Al2O3 in the humidity level from 45 to 80 %. The 
NaCl/Al2O3 sensor exhibits the highest sensitivity in 
comparison with the NaCl/TiO2 in the same relative 
humidity range. The increase in capacitance of these 
sensors can be explained due to absorption of water 
molecules in the pore of sensing material and 
formation of charge transfer complexes. We know 
that the capacitance is directly proportional to the 
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dielectric permittivity, with the increase of humidity 
the value of dielectric permittivity increases and 
hence the capacitance value increases [24]. 
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Fig. 1. Variation of resistance with %rh for a 
NaCl/TiO2 sensor with different TiO2 concentration. 
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Fig. 2. Variation of resistance with %rh for a 
NaCl/Al2O3 sensor with different Al2O3 concentration. 
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Fig. 3. Variation of capacitance with %rh for a 
NaCl/TiO2 sensor with different TiO2 concentration. 
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Fig. 4. Variation of capacitance with %rh for a 
NaCl/Al2O3 sensor with different Al2O3 concentration. 

 
 

In general, the relationship between relative 
dielectric constant, molecular concentration, and 
polarizability of the molecules is determined by 
Clausius - Mosotti Equation [25]. The simulation of 
capacitance to relative humidity relationship is done 
with equation 2 [24]: 
 

dry dry dry

dry 0

1 N

2 3

  


  
 (2) 

 
where dry  is the relative permittivity of material, 

dryN is the concentration of water molecules, 
dry  is 

the polarizability material and  is the permittivity 

of free space. 
 

The relation between the capacitance and 
dielectric constant of the humidity sensor can be 
written as: 
 

 

 

n

H H

H 0

H Hdry
dry

0

N 1 KH
1

C 3
2N 1 KHC

1 .
3

  
  

     

 
(3) 

 
where H is relative humidity and  is humidity 

capacitive factor. In this case the value of  is 

0.00356 (RH-1) for NaCl/TiO2 and 0.00864 for 
NaCl/Al2O3. Fig. 5 and 6 show a comparison 
between the simulated values obtained by the 
equation 3 and the experimental results of the 
capacitance in the range from 45 to 80 %rh for 
NaCl/TiO2 and NaCl/Al2O3 sensors. The simulated 
values shows reasonable match with experimental 
results. 
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Fig. 5. Relative capacitance-humidity relationship for a 
NaCl/Al2O3 capacitive sensor with 80 % of Al2O3  
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Fig. 6. Relative capacitance-humidity relationship for a 
NaCl/TiO2 capacitive sensor with 80 % of TiO2. 

 
 
4. Conclusions 
 

Resistive and capacitive sensors have been 
fabricated and investigated using NaCl/TiO2 and 
NaCl/Al2O3 as the humidity sensitive material. The 
variations of capacitance and resistance with the 
relative humidity were evaluated from 45 to 80%rh. 
It was observed that the capacitance increased and 
resistance decreased with increasing humidity level. 
Results revealed that with increase the TiO2 and 
Al2O3 concentration, capacitance increases and 
resistance decreases over the same range of humidity. 
It is assumed that the capacitive sensor response is 
associated to bipolar polarization due to the absorbed 
water molecules and polarization due transfer of 
charge carriers. The decreasing resistance with 
relative humidity observed is due to the increased of 
water molecules concentration and consequently a 
displacement of the current and the concentration of 
charge carriers doped by water molecules. These 
materials were found to have suitable properties to be 
applied as a capacitive and resistive humidity sensor. 

These sensors are very simple, inexpensive and easy 
to fabricate. 
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Abstract: Present paper reports the applications of NaCl/TiO2 and NaCl/Al2O3 as capacitive and resistive 
humidity sensors. The pellets are prepared with the addition of TiO2 and Al203 of different molar ratios  
(0.10, 0.50 and 0.80) to NaCl and annealed at 60, 80, 100 and 120 °C for 4 days. After of annealing, the pellets 
were exposed to humidity under controlled condition. Variations in resistance and capacitance with the relative 
humidity were recorded. Results show that the capacitance and resistance increase with the annealing 
temperature. From the Scanning Electron Microscopic studies, it is observed that as annealing temperature 
increases the porosity of samples increases and particle size decreases with concentration of TiO2 and Al2O3. 
XRD pattern shows that addition of TiO2 and Al2O3 to NaCl affects crystallite size. Results show that 
NaCl/TiO2 has a better scope for developed resistive sensors and NaCl/Al2O3 for capacitive sensors.  
Copyright © 2013 IFSA. 
 
Keywords: Resistance, Capacitance, Humidity sensors, Pellets.  
 
 
 
1. Introduction 
 

Humidity is an important environmental 
characteristic which must be monitored and 
controlled either to maintain a comfortable living 
atmosphere in building or to improve the quality of 
products in industry and in medical care [1]. The 
water content in surrounding air is an important 
factor for the well-being of humans and animals. The 
level of comfort is determined by a combination of 
two factors: relative humidity and ambient 
temperature. In general industry, humidity sensors 
are used for humidity control in chemical gas 
purification, dryers, ovens, film desiccation, paper 
and textile production and food processing [2]. 

The Construction of good sensor humidity is a 
complex matter [3]. Although many oxides such as 
SnO2, ZnO, TiO2, ZrO2, Al2O3 and SiO2 are being 
studied for the development of humidity sensors, the 
research for newer methods and the materials is 
unending because of specific requirements of various 
applications in terms of sensitivity, selectivity, 
response time, low cost of manufacture and 
microprocessor compatibility. Moreover, it is almost 
impossible to develop an ideal universal humidity 
sensor for all applications [4-6]. Especially TiO2 has 
high absorption capacity of water molecules and its 
porosity is easily controlled [7, 8] and Al2O3 is one of 
the most favorable ceramic sensing materials due to 
its independence of temperature at nearly all range of 
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relative humidity from 25 ºC to 80 ºC [2]. Various 
mechanisms have been proposed to explain the 
variations of resistance and the capacitance with 
humidity. They consider the chemisorbed and 
physisorbed layers of water molecules and the 
capillary condensation of water inside tiny pores. The 
performance of a humidity sensor is determined by 
the properties of the sensing medium including 
porosity, pore size distribution and the reactivity of 
the water surface [9]. The presence of large pore 
volume with a suitable pore size distribution is 
critical to achieving high sensitivity in the 
measurement of humidity [10]. 

In the present work, the effect of annealing 
temperature on Ag-NaCl/TiO2-Ag and Ag-
NaCl/Al2O3–Ag capacitive and resistive humidity 
sensors are investigated. The sensors were fabricated 
in pellets form using a hydraulic press with a load of 
4 tons and have been annealed at different 
temperatures. Measurements of the resistance and 
capacitance were carried out in the range of 45 to  
80 %rh. Characterizations of NaCl/TiO2 and 

NaCl/Al2O3 materials have been studied by mean X-
ray diffraction (XRD) and scanning electron 
microscopy (SEM).  

 
 

2. Experimental 
 

The materials used in the fabrication of the 
capacitive and resistive humidity sensors were NaCl, 
TiO2 and Al2O3 powder (99.9 % purity). Pellets were 
fabricated of NaCl mixed with 10 %, 50 % and 80 % 
of TiO2 powder by weight. NaCl/Al2O3 sensors were 
prepared by following the same procedure as 
NaCl/TiO2, where TiO2 was replaced by Al2O3. 
Pellets have been made by hydraulic pressing 
machine under a load of 4 tons for 5 minutes to form 
pellets of 5 mm diameter and thickness from 0.1 to  
7 mm.  

Each pellet was annealed at temperatures 150, 
300, 450 and 550 °C for 4 days and has been exposed 
to humidity in a two pressures humidity generator 
(ETS Brand Model 5518). The resistance 
measurements were performed with a multimeter (HP 
34401A). The capacitance is measured by using LCR 
meter (BK Precision Modelo 875A). Relative 
humidity was measured by standard hygrometer 
(Visala M170). Surface morphology of sensing 
material has been studied using Scanning Electron 
Microscope (SEM, Philips, model XL 30) and 
crystalline size was calculated using X-Ray 
diffraction (XRD system, STOI STADI P). 
 
 
3. Results and Discussion 
 
3.1. Humidity Sensing Properties 

 
Fig. 1 and Fig. 2 show the variation of resistance 

of the sensing materials NaCl/TiO2 and NaCl/Al2O3 

with change in the value of relative humidity after the 
pellets have been annealed at 60 ºC, 80 ºC, 100 ºC 
and 120 ºC. There is continuous increase in the value 
of resistance for all the annealing temperatures. It is 
understood that the decrease in the resistance of the 
pellet with the relative humidity is due to the 
adsorption of the water molecules on the pellet 
surface with capillary nanopores [11]. Is it observed 
that the resistance value decreases nonlinearly with 
increase of humidity level in the range from 50 to  
85 %rh. The sensitivity of sensors increases with 
annealing temperature. Sensors annealed at 120 °C 
showed higher sensitivity compared with the sensors 
annealed at 60 ºC, 80 ºC and 100 ºC.  
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Fig. 1. Variation of resistance with %rh for NaCl/TiO2 

annealed at different temperature 
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Fig. 2. Variation of resistance with %rh for NaCl/Al2O3 

annealed at different temperature. 
 
 
It is seen that the resistance decreases drastically 

up 80%rh and then decreases more slowly up to 
90%rh for the NaCl/TiO2 sensors while that for 
NaCl/Al203 sensors the resistance decreases 
drastically up 65%rh and then decreases more slowly 
up to 80%rh.  
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Fig. 3 and Fig. 4 show the variation of 
capacitance with the relative humidity for the 
NaCl/TiO2 and NaCl/Al2O3 sensors annealed at 60 ºC 
and 80 ºC in range from 45 to 80 %rh. It is observed 
that the capacitance value increases with the 
annealing temperature. Sensors annealed at 80 °C 
showed higher sensitivity compared with the sensors 
annealed at 60 ºC. 
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Fig. 3. Variation of capacitance with %rh for a 
NaCl/TiO2 sensor annealed at 60 ºC and 80 ºC. 
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Fig. 4. Variation of capacitance with %rh for  
a NaCl/Al2O3 sensor annealed at 60 ºC and 80 ºC. 

 
 
3.2. Scanning Electron Microscopy 
 

Fig. 5 and Fig. 6 show a scanning electron 
micrograph of sensing material NaCl/TiO2 and 
NaCl/Al2O3 at room temperature and annealing 
temperature of 120 ºC respectively. Clusters of 
particles can be seen. The porosity of sensitive 
material increase as the annealing temperature 
increases. High porosity increases surface to volume 
ratio of the material and therefore, helps in obtaining 
good sensitivity when the material is used for 
humidity measurement [12]. 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 5. Scanning electron micrograph of NaCl/TiO2:  
(a) at room temperature 25 ºC, and (b) annealed at 120 ºC. 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 6. Scanning electron micrograph of NaCl/Al2O3: (a)  
at room temperature 25 ºC, and (b) annealed at 120 ºC. 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 6-12 

 9

Fig. 7 and Fig. 8, show the SEM micrographs of 
sensing materials NaCl/TiO2 and NaCl/Al2O3 with  
10 %, 50 % and 80 % TiO2 and Al2O3 concentration. 
SEM micrograph of NaCl/TiO2, show a non-uniform 
accumulation of the particles on the surface, showing 
a highly porous structure. As the concentration of 
TiO2 increases, it is observed that the sensitive 
element having tendency to agglomerate, resulting in 
the formation of spaces between particles that 
adsorbing water. A uniform distribution in the pore 
size with increasing the concentration of Al2O3 is 
shown in Fig. 8. This structure provided the 
absorption process of water molecules on the surface.  
 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 7. Scanning electron micrograph of NaCl/TiO2  
at room temperature 25 ºC with: (a) 10 %t TiO2,  

(b) 50 % TiO2 and (c) 80 % TiO2 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 8. Scanning electron micrograph of NaCl/Al2O3  
at room temperature 25 ºC with (a) 10%t Al2O3,  

(b) 50 % Al2O3 and (c) 80%t Al2O3  
 
 
3.3. X-Ray Diffraction  
 

X-ray diffraction pattern of NaCl/TiO2 and 
NaCl/Al2O3 with different TiO2 and Al2O3 
concentration (10 %, 50 % and 80 %) are presented n 
in Fig. 9 and Fig. 10. The crystalline size of the 
samples has been calculated using Debye Scherer’s 
formula 
 
  D = /Bcos  , (1) 
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where, D is the crystalline size, k is a fixed number 
of 0.9,  is the X-ray wavelength,  is the Bragg 
angle and B is the full width at half maximum of the 
peak. 

The range of the crystalline size for sensing 
elements is shown in Table 1. It is showed in the 
diffraction pattern corresponding to NaCl/TiO2 that 
the diffraction angle for the three concentrations was 
31.67°, while for NaCl/Al2O3 was 38.36°. Both 
materials show a decrease in peak intensity with 
increased concentration of the TiO2 and Al2O3. 
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Fig. 9. X-ray diffraction pattern of: (a) 10 % TiO2,  
(b) 50 % TiO2 and (c) 80 % TiO2. 
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Fig. 10. X-ray diffraction pattern of: (a) 10% Al2O3,  
(b) 50% Al2O3 and (c) 80% Al2O3. 

 
 

Table 1. Crystallites size by XRD (nm). 
 

Material FWHM (rad) 2ϴ (°) D(nm) 

10%TiO2 2.44E-03 36.05 62.2 
50%TiO2 2.40E-03 36.07 63.2 
80%TiO2 2.09E-03 36.06 72.7 
50%Al2O3 3.25E-03 47.1 
80%Al2O3 5.52E-03 

38.36 
26.3 

 
 

The results show an increase in crystallite size 
with increasing concentration of TiO2 in NaCl/TiO2 

samples. A decrease of the crystallite size was 
obtained for the NaCl/Al2O3 material when increases 
the concentration of Al2O3. These results show that 
the porous structure is dependent on the composition 
and the material 
 
 
3.4. Sensitivity 
 

The morphology of the sensing element 
influences water vapour adsorption and desorption 
[13]. Adsorption of water is totally responsible for 
changes in conductivity of sensing material [14]. 
Adsorption is the process in which gas molecules or 
rarely liquid molecules accumulate on the surface to 
affect physical property of that material. Greater is 
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the change in physical property of sensing element 
under consideration; greater will be the sensitivity of 
sensor [13]. Sensitivity of resistive humidity sensor 
has been defined as the change in resistance (R) of 
sensing element per unit change in relative humidity 
(%rh) 
 
  

 
 

(2) 

 
The sensitivities of sensors NaCl/TiO2 and 

NaCl/Al2O3 were studied at different annealing 
temperatures. Fig. 11 shows that the annealing 
temperature of the sample increases the average 
sensitivity for the NaCl/TiO2 sensor increases. 
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Fig. 11. Variation of sensitivity with annealing 
temperature for a NaCl/TiO2  

and NaCl/Al2O3 sensors. 
 
 

Sensitivity of capacitance humidity sensor has 
been defined as the change in capacitance (C) of 
sensing element per unit change in %rh  
 
  

 
 

(3) 

 
Sensitivity values for the sensing elements for 60° 

and 80° annealing temperatures have been calculated 
and shown in Table 2.  

 
 

Table 2. Sensitivity of NaCl/Al2O3  
and NaCl/TiO2 capacitive sensors. 

 
Sensitivity (pF/%rh) Sensing 

material 60 °C 80 °C 
NaCl/TiO2 0.16 1.20 
NaCl/Al2O3 0.20 1.34 

 
 

The results show that the sensitivity in capacitive 
and resistive humidity sensors increases when 
increases the annealing temperature. 

4. Conclusions 
 

Resistive and capacitive humidity sensors were 
fabricated using NaCl/TiO2 and NaCl/Al2O3 as 
sensing material. NaCl/TiO2 and NaCl/Al2O3 were 
investigated for their humidity sensing 
characteristics. Sensing material NaCl/TiO2 annealed 
at 120 °C proves to be the best sensing element with 
sensitivity of 8 M/%rh. The capacitance and 
resistance values of the samples increase with the 
annealing temperature. These materials were found to 
have suitable properties to be applied as capacitive 
and resistive humidity sensors. These sensors are 
very simple, inexpensive and easy to fabricate. 
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Abstract. The characterization and ethanol gas sensing properties of nanoporous LaFeO3 thick films were 
investigated. Thick films of LaFeO3 were prepared by the screen printing technique. Thick films of nanoporous 
LaFeO3 were observed to be highly sensitive to ethanol vapours at 300 °C. Upon exposure of ethanol vapours, 
the barrier height would decrease greatly leading to drastic increase in conductance. It is reported that the 
surface misfits and operating temperature can affect the microstructure and gas sensing performance of the 
sensor. The quick response and fast recovery are the main features of this sensor. The effects of microstructure 
and additive concentration on the gas response, selectivity, response time and recovery time of the sensor in the 
presence of ethanol vapours were studied and discussed. 
 
Keywords: Nanoporous LaFeO3, XRD, SEM, TEM, Gas response. 
 
 
 

1. Introduction 
 
There has been much interest in perovskite-

structured compounds (of general formula ABO3) 
because of their unique catalytic action [1], colossal 
magneto resistance effects [2, 3], and gas-sensing 
properties [4–12]. The materials are highly defective 
and have oxygen deficient structures, in which the 
valence state of metal ions may be controlled by 
temperature; oxygen partial pressure and dopants 
[13]. Actuators based on ABO3-type oxide materials 
of rare-earth elements have an excellent stability.  

Environmental safety is one of the serious 
concerns for the scientific community because of 
rapid increase in the use of organic pollutants in 
agriculture and various industries which caused 
severe adverse effects on the environment. Among 
various organic pollutants, ethanol, a colorless liquid, 
is one of the pollutants which is widely used as an 
industrial solvent for the preparation of various 
materials [14, 15]. It easily mixed with water and 
hence causes oxidative damage of brain, stomach, 

liver, erythrocyte, etc. [16, 17]. Due to its high-toxic 
nature, it is highly needed to detect efficiently the 
presence of ethanol in the environment. In this 
regard, various methods have been developed for the 
efficient detection of ethanol in environment and are 
reported in the literature [18–24]. Amongst various 
detection methods, the electro analytical technique is 
one of the most important methods for the detection 
of ethanol as it provides direct, sensitive and reliable 
analytical results just by utilizing conventional and 
easily available laboratory electrodes. For the 
fabrication of efficient electrochemical sensors, 
mostly artificial mediators are used which helps to 
transfer the electrons from the electrodes to the 
detection species. Recently, biocompatible 
nanomaterials, especially metal oxide nanomaterials, 
are utilized as artificial mediators for the fabrication 
of efficient electrochemical sensors [20–24]. LaFeO3 
is considered as one of the promising artificial 
mediators due to its own properties and 
functionalities [25, 26]. It is a p-type metal oxide 
semiconductor with narrow band gap (1.2 eV) and 
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demonstrated a versatile range of applications. Due to 
the good electrical conductivity of LaFeO3, it is 
widely used in the fabrication of various efficient 
electrical, optical, photovoltaic, sensing and other 
devices and is reported in the literature [25]. 

In this work, a successful synthesis of LaFeO3 
nano sheet via combustion process was done and 
characterized in terms of their structural and optical 
properties. Importantly, as-synthesized LaFeO3 
nanosheets were efficiently utilized as redox 
mediator for the fabrication of efficient ethanol 
chemi-sensor which exhibits good sensor 
performance, specifically in terms of its sensitivity 
and detection limit.  

 
 

2. Experimental 
 

Analytical grade La(NO3)3·6H2O, Fe(NO3)3·9H2O 
and C2H5NO2 were used as raw materials to prepare 
LaCrO3. According to the stoichiometric preparation 
of the reactants, the specified amounts of  
Fe(NO3)3·9H2O and Fe(NO3)3·6H2O were first 
dissolved in glycine solution to form the sol. The 
molar amount of glycine was double to total molar 
amount of metal nitrates in the solution. A small 
amount of ammonia aqueous was slowly added to 
adjust the pH to 7. During this procedure, the solution 
was continuously stirred and kept at a temperature of 
60-70 C. Then, the stabilized nitrate–glycine sol was 
poured into a tray and heated slowly to  
140-150 C. Viscosity and color changed as the sol 
turned into a green, puffy, porous dry gel. When 
ignited at any point of the dried gel in air at room 
temperature, the dried gel simultaneously burnt in a 
self-propagating combustion manner until they were 
completely transformed into loose powders, known 
as as-synthesis powder. The entire combustion 
process would last a few seconds. The as-synthesis 
powder was the nanocrystalline LaFeO3 with fine 
crystal structure.  

 
 

2.1. Thick Film Preparation 
 
The thixotropic paste was screen printed on a 

glass substrate in desired patterns [21]. The films 
prepared were fired at 550 C for 24 h. These films 
were surface modified by dipping them into a 0.01 M 
aqueous solution of cupric chloride for different 
intervals of time and were dried at 80 C followed by 
firing at 550 C for 24 h in air ambient. The CuCl2 
dispersed on the films was oxidized in firing process, 
and sensor elements with different mass% of LaCrO3 

were obtained. Silver contacts were made by vacuum 
evaporation for electrical measurements. [13, 25] 

 
 

2.2. Characterization 
 
X-ray diffraction (CrKα, Philips analytical XRD 

B.V.PW-1710) was used for confirming the phase 

and structural study. Infrared spectra (IR) for the 
synthesis powder were performed on a Perkin-Elmer 
883 spectrophotometer from 450 to 4000 cm−1. The 
surface morphological features were observed by 
using scanning electron microscopy (JSM-6360A). 
Transmission electron microscopy (TEM) of the 
powder was carried out by Make Philips CM-200 
superwinster spectrometer at 200 kV. The specific 
surface area of the powders was measured by BET 
isotherm technique with nitrogen absorption. 
Thickness measurements were carried out using a 
Taylor- Hobson (Talystep, UK) system. Electrical 
and gas sensing characteristics were measured using 
a static gas sensing system. The I-V character and 
thermoelectric measurement of nanocrystalline 
LaFeO3 .re carried out. The dc resistivity was 
measured by the two probe method as a function of 
temperature (room temperature to 550 °C.) 

 
 

2.3 Details of the Gas Sensing System 
 

The sensing performance of the sensors was 
examined using a static gas sensing system. There 
were electrical feeds through the base plate. The 
heater was fixed on the base plate to heat the sample 
under test up to required operating temperatures. The 
current passing through the heating element was 
monitored using a relay with adjustable ON and OFF 
time intervals. A Cr–Al thermocouple was used to 
sense the operating temperature of the sensor. The 
output of the thermocouple was connected to a digital 
temperature indicator. A gas inlet valve was fitted at 
one of the ports of the base plate. The required gas 
concentration inside the static system was achieved 
by injecting a known volume of test gas using a gas-
injecting syringe. A constant voltage was applied to 
the sensor, and current was measured by a digital 
picoammeter. Air was allowed to pass into the glass 
dome after every ethanol gas exposure cycle. 
 
 
3. Results and Discussion 

 
When reactants were heated at 180 oC the reaction 

proceeded by the mechanism indicated in equation 
number 1 and 2 give the final product LaFeO3. 

 
2C2NH5O2 + (9/2) O2 → N2 + 4CO2 ↑+ 5H2O ↑ (1) 

 
La(NO3)3 + Fe(NO3)3 + 4 C2H5NO2 → LaFeO3 + 

+ 8CO2 ↑ + 10H2O↑ +5 N2 ↑ 
(2) 

 
The XRD measurement (Fig. 1) shows that the 

product is pure perovskite oxide LaFeO3 with an 
orthorhombic structure, the diffraction data are in 
good agreement with JCPDS card of LaFeO3 (JCPDS 
no: 15-0148). The average crystalline size of LaFeO3 
perovskite powder is determine with the help of 
Scherrer’s equation t=0.9λ/βcosθ , where t is the 
average size of the particles, λ is wavelength of X-ray 
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radiation, β the full width at half maximum of the 
diffracted peak and θ is the angle of diffraction  
[27-28]. The average crystalline size obtained for 
nanocrystalline LaFeO3 calcinated at 1000 C is 
found to be 28-63 nm. LaFeO3 nanocrystals are more 
attractive in the field of catalytic application. Glycine 
nitrate was used as organic fuel for combustion.  
Fig.1 shows desired and expected peaks of 
nanoporous LaFeO3. No extra peaks are seen. Fuel 
plays an important role in the combustion of gel. At 
the combustion point organic fuel formed NOx, CO2, 
N2 gases and they tried to come out from the gel by 
breaking the gel into nanoporous and nanosized 
particles of LaFeO3. 
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Fig. 1. XRD pattern of nanoporous LaFeO3. 
 
 

The SEM technique was employed for finding 
morphology of LaFeO3 powder heated at 1000 C 
Fig. 2 (a-d).  One can notice the presence of macro-
agglomerations of very fine particles having size less 
than 1 μm. The particle shapes are not well defined. 
Many large and small pores are present in the whole 
material. We assumed that the pores are mainly 
intergranular because intragranular pores are not seen 
on the SEM photograph.  

 
 

3.1. TEM Analysis 
 
The TEM specimens were prepared by placing 

microdrops of colloid solutions on a carbon film 
supported by a copper grid. The TEM images of the 
nanocrystalline LaFeO3 calcinated at 1000 C in air 
for 5 h are shown in Fig. 3 (a) it indicates the 
presence of LaFeO3 nanoparticles with 28-63 nm size 
which form spherical type of oriental aggregation, 
agglomeration and polymeric linkage throughout the 
region. The HRTEM image Fig. 3 (b-c) shows the 
porous nature of the material .The pores are well 
developed spherical shape with diameter from  
9-13 nm size. The results are correlated with the 
XRD. The selected area diffraction (SAED) pattern 
Fig. 3 (d) shows the spot type pattern which is 
indicative of single crystalline particles. No evidence 

was found for more than one pattern, suggesting the 
single phase nature of the material. The BET surface 
area is measured on a Benchman coulter SA 3100 
plus instrument using nitrogen adsorption at 200 C. 
The surface area of the synthesized powder  
is 15.5 m2/g. 
 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d)  
 

Fig. 2. SEM micrographs for LaFeO3 at 1000 C. 
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Fig. 3. TEM image of LaFeO3 calcinated at 1000 C (a), high resolution transmission electron microscopy image  
of nanocrystalline LaFeO3 (b-c), selected area electron diffraction pattern (d). 

 
 
3.2. Thickness Measurement 

 
The thicknesses of the films were observed to be 

in the range from 30 to 40 µm. The reproducibility of 
the film thickness was achieved by maintaining the 
proper rheology and thixotropy of the paste.  

 
 

3.3. Thermoelectric Power Measurements 
 

The p-type semiconductivity of thick films of 
LaFeO3 was confirmed by measuring 
thermoelectromotive force of the thick film samples. 
The LaFeO3 was observed to be p-type material. 
 
 
4. Electrical Properties 
 
4.1. I-V characteristics 

 
Fig. 4 depicts the I–V characteristics of the 

LaFeO3 films at room temperature. It was clear from 
the I–V characteristics that the sliver contacts 
fabricated on the film were ohmic in nature. The 
voltage applied was in the range 1–30 V. 

 
 

4.2 Electrical Conductivity 
 
The semiconducting nature of LaFeO3 is observed 

from the measurements of resistivity with 
temperature. The semiconductivity in LaFeO3 must 
be due to large oxygen deficiency in it. The material 

would then adsorb the oxygen species at higher 
temperatures (O2

- →2O- → O2-). The increase in 
conductivity with increasing temperature could be 
attributed to negative temperature coefficient of 
resistance and semiconducting nature of the LaFeO3. 
It is observed from Fig. 5 that the electrical 
conductivity of the LaFeO3 in air is nearly linear in 
the temperature range from 300–575 °K in air 
ambient.  

 
 

5. Sensing Performance 
 
5.1. Sensing Characteristics 
 
The relative response to a target gas is defined as the 
ratio of the change in conductance of a sample upon 
exposure of the gas to the original conductance in air. 
The gas response can be written as: 
 

, 
 
where Ga is the conductance in air and Gg is the 
conductance in a sample gas. Specificity or 
selectivity can be defined as the ability of a sensor to 
respond to a certain gas in the presence of different 
gases. Response time (RST) was defined as the time 
required for a sensor to aLaFeO3ain the 90 % of the 
maximum increase in conductance after the exposure 
of test gas on the sensor surface, while recovery time 
(RCT) as the time taken to get back 90 % of the 
maximum conductance in air. 

(a) (b) 

(c) (d) 

21 nm 20 nm

200 nm 50 nm 
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Fig. 4. I-V characteristics OF LaFeO3. 
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Fig. 5. Electrical conductivity of LaFeO3 sample in air. 
 
 
5.3. Gas Response of LaFeO3 at Various 

Temperatures 
 
5.3.1. Gas Response and Ethanol Gas 

Concentration 
 
The variation of response of LaFeO3 sample with 

ethanol gas concentration is represented in Fig. 6. It 
is clear from the figure that the gas response goes on 
increasing with gas concentration up to 100 ppm at 
300 C. The rate of increase in response was 
relatively larger up to 100 ppm and smaller beyond 
100 ppm. Thus, the active region of the sensor would 
be up to 100 ppm.  

 
 

5.3.2. Gas Response and Operating 
Temperature 

 
Fig. 7 represents the variation of ethanol gas response 
with the operating temperature of the LaFeO3 film. It 
is clear from the figure that the gas response increase 
with operating temperature reaches to the maximum 
(100 ppm) at 300 C, and falls with further increasing 

the in operating temperature. The ethanol may burn 
before reaching the surface of the film at higher 
temperatures (>300 C). Hence, the gas response 
would have been decreased above 300 C. A larger 
amount of oxygen-adsorption would have occurred 
on the surface of the film at 300 C and have 
facilitated the sensor to oxidize the ethanol gas 
immediately, giving faster and larger gas response. 
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Fig. 6. Variation of response with operating temperature. 
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Fig. 7. Variation of gas response with operating 
temperature. 

 
 
5.3.3. Ethanol Gas Response and Gas 

Concentration 
 
Fig. 8 represents the variation of ethanol gas 

response with the gas concentration of LaFeO3 film. 
For LaFeO3 film, the response values were observed 
to increase continuously with increasing the gas 
concentration up to 100 ppm at 300 C. The rate of 
increase in response was relatively larger up to  
100 ppm, and then saturated after 100 ppm. Thus, the 
active region of the sensor would be between 50 and 
100 ppm. 
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Fig. 8. Variation of gas response with gas concentration. 
 
 
5.3.5. Selectivity for Ethanol Against  

Various Gases 
 
Fig. 9 depicts the selectivity of LaFeO3 to  

100 ppm of ethanol gas against various gases at  
300 C. It is clear from Fig. 9 that, in contrast to pure 
LaFeO3; the sample shows not only enhanced 
response towards ethanol but also very high 
selectivity. 
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Fig. 9. Gas responses among various gases. 
 
 
5.3.6. Response and Recovery of the Sensor 

 
The response and recovery of the LaFeO3 sensor 

are represented in Fig. 10. The response was quick  
(5 s) to 100 ppm of ethanol. Recovery was also very 
fast (35 s). The fast response may be due to the fast 
oxidation of ethanol into H2O (gas). After 
sevaporating water molecules, the film recovery was 
obtained. 

 
 

7. Summary 
 

The following statements can be made for the 
sensing performance of LaFeO3 sensors: 

(1) Pure LaFeO3 thick film is the most sensitive 
element to ethanol gas; 

(2) The optimum operating temperature for ethanol 
gas sensing is 300 C; 

(3) LaFeO3 has the potential of fabricating ethanol 
sensor; 

(4) Surface properties of the films could be 
conveniently customized (without affecting the 
bulk properties) by the surface modification using 
dipping technique; 

(5) The LaFeO3 thick film sensor showed very rapid 
response and recovery to ethanol gas; 

(6) The sensor showed good selectivity to ethanol gas 
against LPG, NH3, CO2 and H2 gases. 
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Fig.10. The response and recovery  
of the LaFeO3 sensor. 
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Abstract: Porous poly(dimethylsiloxan) (PDMS) membranes have been fabricated by using sodium 
bicarbonate powder and polystyrene microspheres to generate the pores. Large gold nanostars (AuNSs) have 
been synthesized by a one-pot surfactant-free method by using gold seeds, and the stars have been embedded 
into the porous material by immersing the samples in the nanostars’ (NSs) aqueous solution. Sensitivity tests 
performed with samples prepared with the two porogens demonstrated the very high sensitivity toward the 
surrounding environment of gold nanostars embedded into the polymer. The sensitivity is found to be in the 
range of 400-550 nm/RIU, compared to approximately only 100 nm/ refractive index unit (RIU) for PDMS with 
embedded nanospheres. Absorbance spectra of nanostars embedded in the polymer are simulated by using the 
Finite Difference Time Domain (FDTD) method. A good agreement is found between the calculated and 
experimental spectra. Copyright © 2013 IFSA. 
 
Keywords: Nanocomposite, Gold nanostars, FDTD, Porous PDMS, Refractive index sensibility. 
 

 
 
1. Introduction 
 

Nanometal-polymer composite films are hybrid 
materials, consisting of metal nanoparticles 
immobilized, integrated into, and stabilized by a 
polymer matrix. The interest in these hybrid 
materials, especially, in those based on Au and Ag, 
stems from their potential applications in optical 
devices (color filters, optical sensors), Surface-
enhanced Raman scattering (SERS) substrates, 
microfluidics, etc. [1-4]. Applications of gold and 

silver polymer and copolymer composites for water 
purification, antimicrobial coatings and targeted drug 
release have also been reported [5]. 

Poly(dimethylsiloxane) (PDMS) and its gold and 
silver nanocomposites are of considerable interest, 
due to the simplicity of their preparation, low cost, 
good transparency, oxidative stability, and non-
toxicity to cells. In addition, PDMS, the host 
polymer, has a low glass transition temperature, 
excellent flexibility, high thermal and oxidative 
stability, good hemo- and biocompatibility. The 
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nanocomposites can be synthesized through different 
approaches, basically, either by incorporating pre-
made nanoparticles into a polymer matrix by using a 
common solvent, or using in-situ methods, when this 
is possible. Gold and silver – PDMS composites with 
well-dispersed metal nanoparticles have been 
prepared by our group and by others, using the 
reducing properties of the curing (cross-linking) 
agent used in the fabrication of PDMS [6-8]. 
Microwave-assisted reduction of gold ions on the 
surface of PDMS has also been reported by our group 
[9]. Because of their strong plasmon band in the 
visible spectrum, gold and silver nanoparticles are 
very well suited for sensing and biosensing 
applications. Due to the sensitivity of Localized 
Surface Plasmon Resonance (LSPR) to the local 
dielectric environment, gold nanoparticles act as 
transducers that convert changes in the local 
refractive index into the spectral shift of the band. 
When gold nanoparticles are embedded deep into the 
PDMS matrix, a post-synthesis treatment is necessary 
to improve the distribution of nanoparticles within 
the matrix and to bring more particles to the surface. 
However, in spite of the annealing process, the bio-
sensing properties of the nanocomposite films based 
on PDMS have been found to be quite poor (around 
70 nm/RIU for the annealed and, subsequently, 
swollen samples) [6]. In general, PDMS films and 
membranes show a non-porous or nano-porous 
morphology. It seems reasonable to think that the 
porous nanocomposite would show an enhanced 
sensitivity, compared to the non-porous material. 

Macroporous PDMS membranes have been 
prepared and characterized for a variety of 
applications [10-12]. Porogens such as water, ethanol 
and sodium bicarbonate have been introduced into 
the material by mixing them with the prepolymer, 
before curing the mixture. Other methods such as 
hydrosilylation in the presence of 2-methoxyethanol 
have also been reported [13].  

Sensing experiments with gold-PDMS platforms 
have been performed so far by using mostly spherical 
gold nanoparticles. However, it has been predicted 
that the sensitivity toward the environment of non-
spherical gold nanoparticles may be considerable 
higher because of the presence of tips and of sharp 
edges that act as ‘lightning rods’ enhancing the local 
EM field. [14-18]. Gold nanostars (multipod, 
branched morphologies) are a relatively new class of 
nanoparticles with very interesting properties and a 
wide range of potential applications due to the 
possibility of tuning of plasmon resonances through 
the entire visible to near-IR spectral region. To 
synthesize nanostars, seed-mediated approaches as 
well as seedless methods, in an aqueous or organic 
environment, have been reported [19-25].  

In an attempt to fabricate Au – PDMS 
nanocomposite platforms with strong dielectric 
sensitivities, in this work, gold nanostars have been 
synthesized and immobilized into a porous PDMS 
matrix. In order to increase the free volume of the 
polymer network available for sensing, porous 

materials have been prepared by using sodium 
bicarbonate and polystyrene microspheres as 
porogens. The aim of this work is the study of the 
optical and mechanical properties as well as the 
sensing capabilities of gold nanostar – porous PDMS 
composites, prepared under various conditions, by 
using sodium bicarbonate and polystyrene 
microspheres as porogens. The use of polystyrene 
microspheres is particularly promising because of 
their small and uniform sizes. The morphological 
features and the mechanical and sensing properties of 
the porous Au nanostar – PDMS composites are 
investigated by optical microscopy, AFM, SEM, and 
UV-Visible spectroscopy and the results are 
compared to those corresponding to gold nanosphere 
– PDMS composites. The optical properties of gold 
nanostars embedded into a PDMS matrix have been 
simulated by using the FDTD method. 

 
 

2. Experimental 
 
2.1 Material 
 
Silicone elastomer Sylgard® 184 and Silicone 
elastomer curing agent were purchased from Dow 
Corning Corporation. Polystyrene microspheres were 
purchased from Spherotech Inc. Sodium bicarbonate, 
hydrochloric acid solution, Tween solution (0.05 % 
in PBS), toluene, silver nitrate, sodium citrate, 
ascorbic acid were purchased from Sigma-Aldrich 
and used without further purification. Gold chloride 
(hydrogen tetrachloroaurate) was purchased from 
Alfa Aesar Chemicals. 
 
 
2.2. Fabrication  
 
2.2.1. Fabrication of Porous PDMS 
 

Sodium bicarbonate is added to the base-curing 
agent mixture and the mixture is cured in an oven 
during the night. The sample is peeled off from the 
Petri-dish mold and cut into small pieces of 1 cm ×  
3 cm. A Tween solution (0.05 % in PBS) is used as 
surfactant. The sample is kept immersed in a solution 
of concentrated hydrochloric acid for at least  
12 hours. The surfactant renders the PDMS more 
hydrophilic, helping the absorption of the acid in the 
depth of the sample. Afterward, the samples are 
rinsed with de-ionised water and air-dried. 

50 µl of suspension of polystyrene microspheres 
are added to a calculated amount of a mixture of 
base-curing agent precursor and mixed well 
manually. The viscous solution is poured into a Petri-
dish mold, degasified and cured in the oven during 
the night. The sample is peeled off from the mold and 
kept immersed in toluene for 2 hours to remove the 
polystyrene microspheres by dissolution. The 
porogens, sodium bicarbonate and polystyrene 
microspheres (0.25 μm) were added in two 
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concentrations: 0.25 and 2.0 % for sodium 
bicarbonate and 0.04 and 0.08 % for the polystyrene 
microspheres. All the samples were cured at 700 C 
overnight. 

 
 

2.2.2. Synthesis of the Gold Nanostars 
 

Gold nanostars are synthesized by a seed-
mediated method [22]. The seed solution is prepared 
by adding 15 ml of sodium citrate solution (1 %) to 
100 ml of boiling 1 mM HAuCl4 solution. The 
solution turns from the original yellow, first to deep 
blue, and finally to purple. Further, for the synthesis 
of nanostars, 10 ml 0.25 mM gold precursor 
HAuCl4.3H2O, 10 µl of 1 M HCl, 100 µl of seed 
solution are mixed in an Erlenmeyer flask and stirred. 
50 µl of 100 mM ascorbic acid and 100 µl of AgNO3 
solution of various concentrations (0.5 mM-2 mM) 
are added simultaneously and stirred for another 30 s. 
The color of the solution turns almost immediately 
from light pink to Prussian blue or greenish black, 
depending on the concentration of the AgNO3 

solution used for the synthesis. 
 
 
2.2.3. Preparation of Gold Nanostars-

Embedded Porous PDMS  
 

The non-porous and porous samples of PDMS are 
kept immersed vertically in test tubes containing the 
gold nanostar solution, for 2 to 3 days, until the 
samples become colored (medium to dark blue). The 
samples are then washed, air-dried and covered with 
an aluminum foil for storage. Gold nanostars 
synthesized in the presence of silver nitrate solution 
of a concentration of 1.00 mM have been used in all 
experiments. 

 
 

2.3. Characterization  
 
2.3.1. Porosity Measurements 
 

The porosity was assessed by using an image 
thresholding method for image processing (Fig.1). 
The method is based on the threshold value for 
converting a color or a grayscale image to a binary 
image. Optical microscopy images are used for image 
thresholding. A threshold value is selected based on 
the relative contrast method, to create a binary image 
separating the voids from the polymer [26, 27]. The 
method is based on the difference between the 
average pixel value of the image background and that 
of the pores. The porosity is evaluated from the pixel 
ratio: 

 
 = Number of pixels present in pores/Total 

pixels in the image 

 
 

Fig. 1. (a) Original image of a porous PDMS sample,  
and (b) Thresholded image. 

 
 

2.3.2. Elasticity Measurements 
 

A cantilever setup using a precision balance is 
adapted to measure the stiffness and determine the 
elasticity of the porous and non-porous PDMS 
samples [28, 29]. The sample is suspended from the 
bench post mounted on the three axis positioner 
(ULTRAlign™ Metric Linear 3 Axis Stag, resolution 
of 1 µm) as shown in Fig. 2. 

 
 

 
 

Fig. 2. Cantilever setup for measuring the stiffness  
of the porous PDMS and of the corresponding 
nanocomposites. The inset shows the enlarged image  
of the sample suspended from the bench post. 

 
 

The suspended sample is sandwiched between 
two pieces of polycarbonate in order to ensure rigid 
clamping and accuracy in the measurement. The 
displacement (δ) is varied using the positioner and 
the weight is measured with an analytical balance. 
The force (F) is computed from the measured weight. 
The variation of force is plotted against the 
displacement and the slope of the graph gives the 
value of the stiffness (K). The modulus of elasticity 
(E) is computed from the deflection equation of the 
beam K= (3EI/L3). 

The modulus of elasticity for the porous and 
nonporous samples with embedded gold nanospheres 
and gold nanostars was measured. The experiments 
were repeated three times for each sample and the 
average elasticity was considered. 
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2.3.3. Sensitivity Measurements 
 

The samples prepared with different porogens are 
introduced into dielectric media of varying refractive 
indices (Table 1) The sensitivity of the 
nanocomposite to the surrounding dielectric medium 
is calculated as a ratio of the Au-LSPR band shift 
(Δλ) between the solvent and DI water to the change 
in the refractive index of the solvent to DI water 
(Δn):  

 
Sensitivity = Δλ/Δn 

 
 

Table 1. Refractive indices of dielectric media used  
for sensitivity tests. 

 

 
 
 

A Perkin Elmer Lambda 650 UV-Vis 
Spectrometer was used for all of the spectral 
measurements. 
 
 
2.3.4. Simulation of the optical properties 

of Au nanostar-PDMS composite 
 
In order to simulate the optical properties of 

nanostars, their complex structures were 
deconstructed into solids of simpler shapes [30, 31]. 
The shapes were chosen for their geometrical 
similarity to the specific features of the nanostars, 
namely, core, branch and branch tip, respectively. 
The simulation was based on the assumption that the 
superposition of spectra of these elementary solids 
would generate the experimental spectrum of the 
AuNS – PDMS composite. The FDTD method is 
used to solve the relevant electrodynamics equations. 
The model reached convergence for a grid size of  
5 nm for the bulk region and a size of 1 nm for the 
edge grid. The dispersive optical properties of gold 
were described by its measured dielectric function,  
as given in [32]. For the polymer matrix consisting  
of PDMS an average value of 1.42 was considered 
for the refractive index, which took into account the 
temperature and duration of its thermal  
treatment [33]. 

3. Results and Discussion 
 
3.1. Formation and Morphology of the Pores  
 
The morphology of the pores was studied by optical 
microscopy and SEM. Typical optical micrographs of 
the materials prepared with the two porogens are 
shown in Fig. 3 (a-d). 
 
 

 
 

Fig. 3. Surface and cross-section low-magnification optical 
micrographs of porous PDMS fabricated with polystyrene 
microspheres (a, c) and sodium bicarbonate (b, d). The 
magnification is shown for each image. 

 
 

The low-magnification optical micrographs 
(cross-section) show the presence of pores through 
the whole material. In the samples fabricated with 
sodium bicarbonate, the pores appear to be non-
uniform, their dimensions varying between 1.5 and 
10 m. It has been suggested that, in this case, the 
porosity originates from the in-situ reaction between 
the sodium bicarbonate and the concentrated 
hydrochloric acid, reaction which produces CO2 
[11]. However, pores may also be generated as a 
result of the thermal decomposition of sodium 
bicarbonate during the curing process of the polymer, 
reaction which produces carbon dioxide as well: 

 
2 NaHCO3  Na2CO3 + H2O + CO2 
 
In both cases, the broad size distribution of pores 

is due to the non-uniformity of the sodium 
bicarbonate particles. The porous samples, prepared 
by using the polystyrene microspheres show a much 
better uniformity in terms of size and the distribution 
of pores. This is accounted for by the uniformity in 
size of the porogen, the polystyrene microspheres. 
When they are removed from the polymer by 
dissolution in toluene, they leave behind quite 
uniform pores as shown more clearly in the SEM 
image (Fig. 4). The pores have approximately the 
same size as that of the microspheres (0.25 m) and 
they can be seen in the cross-section image as well 
(Fig. 3 c). 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 20-28 

 24 

 
 

Fig. 4. SEM image of a porous PDMS sample fabricated  
by using polystyrene microspheres as a porogen (0.04 %). 

 
 

The results show that, in spite of the low 
concentration of the porogen, the value of porosity is 
considerably higher in the samples prepared with 
polystyrene microspheres (12-13 %) compared to 
those prepared with sodium bicarbonate (3-4 %). A 
possible explanation for the low value of porosity 
would be the incomplete removal of sodium 
bicarbonate particles, because of the strong 
hydrophobicity of PDMS, precluding the transport of 
the hydrochloric acid through the whole sample. To 
the contrary, it is well known that PDMS has a strong 
affinity toward toluene that penetrates easily in 
the polymer network. In spite of the marked 
difference in porosity, we have used both porous 
materials for the synthesis of gold (nanosphere and 
nanostar) – PDMS composites. 

Fig. 5 shows an AFM image for the nanostars 
prepared in an aqueous solution and deposited on a 
glass substrate. As shown in the image, not all the 
stars have a regular shape but the length of the spikes 
for all of them is in the range of 100-200 nm. 
 
 

 
 

Fig. 5. Gold nanostars from an aqueous solution, 
deposited on a glass slide. 

The number of branches and their lengths differ; 
stars with two, three and four branches (spikes) can 
be clearly seen in the image. 

Fig. 6 shows the spectra of gold nanostar 
solutions prepared in the presence of silver nitrate 
solutions of different concentrations. 
 
 

 
 

Fig. 6. Tuning the absorption of nanostars in the presence 
of different concentrations of silver nitrate (red – 0.6 mM, 

green- 1 mM, pink- 1.6 mM, blue-2 mM.) 
 
 

The figure shows that, by increasing the 
concentration of AgNO3 from 0.5 mM to 2 mM, the 
position of the nanostar’s absorption band can be 
shifted gradually, from 619 to 758 nm, respectively. 
It can also be seen that the red shift of the band is 
accompanied by a significant broadening of the band. 
The possibility of tuning the position of the band by 
simply changing the concentration of a reagent is 
important for a great number of applications. When 
nanostars are embedded in a porous PDMS 
(Fig. 7), only the spikes and part of the nanostars can 
be seen in the surface image. The length of the spikes 
varies between 100 and 250 nm. 
 
 

 
 

Fig. 7. AFM image of Au nanostars embedded into the 
surface of PDMS (porogen: polystyrene.). 
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The AFM image in Fig. 8 shows an area where 
gold nanostars are embedded in the pores. The pores 
appear darker in the image and they are quite 
uniformly distributed on the surface of the 
nanocomposite.  
 
 

 
 

Fig. 8. AFM image of gold nanostars embedded in the 
surface pores of the polymer. 

 
 

The image shows that the pores are privileged 
sites for receiving the gold nanostars. As the pores 
may be smaller than the stars (around 300-500 nm, 
depending on the number and length of spikes), in 
most cases, only a part of the star (or spike) can be 
embedded. It is also possible that some of the 
nanostars are damaged during the transfer process 
from the aqueous solution to the polymer host 
material. 
 
 
3.2. Optical Properties of Porous PDMS Gold 

Composites 
 
Transmittance measurements of the porous 

samples were necessary in view of their sensing 
applications. The transmittance of the porous samples 
corresponding to the two concentrations of the 
porogens are shown in Fig. 9. It can be seen that, 
generally, the transmittance of all the samples is 
increasing from the visible to the near-infrared region 
of the spectra. It can also be observed that the 
transmittance of samples having higher porosities is 
lower, probably, because of the strong diffusion of 
the light by the pores. 

The nanostars embedded porous samples are 
bluish and show a good transparency. Fig. 10 shows 
the normalized spectra of the gold nanostar – porous 
PDMS nanocomposites prepared by using the two 
porogens.  

It can be seen that the position of the Au LSPR 
bands is different in the two materials: 622 nm for 
Au-PDMS prepared with sodium bicarbonate and 
681nm for the porous material fabricated with the 
polystyrene microspheres. In addition, in the case of 
polystyrene, the band is much broader and it extends 

more toward the near-IR. A possible rationalization 
of this significant difference may be a deformation of 
the shape of the stars inside the pores. The position of 
the Au LSPR band strongly depends on the number 
of spikes and their length and any change in the 
dimensions or shape of the stars is reflected in the 
position and the width of the corresponding band. 

 
 

 
 

Fig. 9. Transmittance of the porous PDMS fabricated with 
different concentrations of porogens (thickness: 0.25 cm). 

 
 

 
 

Fig. 10. Visible – near IR spectra of Au nanostars – PDMS 
composite prepared with the two porogens. 

 
 
3.3. Simulation of the Optical Properties  

of AuNS – PDMS Composite 
 

As shown in section 2.3.4, our goal in simulating 
the absorbance of a NS has not been to model the 
exact optical response of an actual AuNS, but only of 
an idealized structure of the average AuNS. Thus, the 
core of the AuNS was approximated by a sphere of 
diameter “D” with radially oriented branches. Each 
branch was approximated by a truncated right 
circular cone described by its length “L” measured 
between its bases, the half angle aperture “α” and a 
hemi-spherical tip of radius “r” as shown in Fig. 11. 

In a first stage of the simulation, all models had 
coplanar branches, lying in the plane of the paper. 
Within this plane, the orientation of each branch was 
then fully described by the angle “φ” with respect to 
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the vertical axis Oz of the {x,y,z} reference system. 
Furthermore, the contribution of the constituent 
elements to the overall absorbance spectrum of an 
AuNS model was analyzed by using their dimensions 
estimated from SEM micrographs. However, in order 
to reduce the large number of the parameters and 
analyses required by the large polydispersity of the 
AuNSs, the diameter of the sphere simulating the NS 
core was held constant at a value of D = 100 nm. 
Table 2 and Fig. 11 summarize the definitions and 
the values given to all the parameters used in 
describing an average AuNS. 
 
 

 
 

Fig. 11. Components and definition of parameters used  
for the numerical model of an average AuNS. 

 
 

Table 2. Key parameters and their values defining the 
morphology of an AuNS simulation model. 

 

 
 
 

The spherical core alone is isotropic and has a 
single dipolar LSPR mode, irrespective of the 
polarization of the incident light wave. Therefore, the 
absorbance spectrum of the sphere is represented by 
the black short-dashed curve of Fig. 12. Its FDTD-
calculated plasmon band is situated around 550 nm. 

The attachment of a branch to the sphere reduces 
the order of symmetry of the structure and its 
absorbance spectrum becomes dependent on 
polarization. When the incident light beam is 
polarized parallelly to the axis of the branch, as 
sketched in the inset of Fig. 12, a longitudinal LSPR 
mode is excited in the branch and its plasmon band is 
red-shifted with respect to that of the sphere. The 
results show that keeping the half angle aperture of 
the branch at the constant value of α=3° and varying 
only the branch length, the wavelength shift with 
respect to the plasmon band of the sphere strongly 
depends on the branch length. The absorbance curves 
corresponding to the branch lengths of 100, 125 and 
150 nm have plasmon bands located at 794 nm, 870 
nm and 960 nm, respectively. 

Increasing the aperture of a branch drastically 
increases the second LSPR absorbance, but only 

slightly red-shifts its plasmon band, compared to the 
spectra of the model with the same branch lengths but 
of unchanged aperture. The spectra of the upper part 
of Fig. 12 correspond to the S1B models with half-
angle aperture α = 10° and illuminated by light 
polarized parallelly to the axis of the branch. The 
curves of the lower part of the figure present, for 
comparison, the spectra of the S1B model with half 
angle aperture of α=3° and unchanged lengths. Both 
spectral location and absorbance of the second LSPR 
are highly dependent on the length and the aperture 
of the branches. This feature is useful for 
understanding the variable location and absorbance 
of the second LSPR peak. It also demonstrates that 
branches of different geometries can compensate 
each other to form by superposition any reasonably 
similar spectrum of the whole AuNS. Indeed, by 
modifying the lengths of the branches, their plasmon 
bands can be blue shifted or red shifted, while by 
modifying the apertures, the absorbance of their 
secondary LSPR can be increased or decreased. 
Finally, this allows for the design of an AuNS 
structure with optimized or application required 
spectral position and absorbance, by properly 
adjusting the geometry of the branches. 
 
 

 
 

Fig. 12. FDTD-calculated absorbance spectra normalized 
with respect to the absorbance of the spherical core LSPR. 
Different line styles have been used to represent the spectra 
as follows: a) Line thickness for half angle aperture “α” of 
the  branch: thin and thick curves for 3° and 10°, 
respectively. b) Line types (and color) for branch length 
“L”: continuous for 100 nm (green curves), long-dashed for 
125 nm (blue curves), and dash-dotted for 150 nm (red 
curves). The polarization of the incident light has been 
parallel to the branch axis Oz in all cases, as seen in  
the inset. 
 
 
3.4. Mechanical Properties of PDMS and its 

Gold Composites 
 

The module of elasticity corresponding to PDMS 
and its gold composites are given in Table 3. The 
results show that the porous material has a lower 
elasticity compared to the compact, nonporous 
PDMS. 
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Table 3. Elasticity of the porous and non-porous PDMS 
and their Au composites. 

 

 
 
 

It can be seen that introducing gold into the 
porous material increases considerably the module of 
elasticity in the case of both nanosphere and nanostar 
particles. The increase in the module of elasticity is 
similar (around 50 %) for the materials prepared with 
the two porogens. 

The increased stiffness of the gold 
nanocomposites compared to PDMS alone shows that 
the mechanical properties are considerably improved 
which is important for many applications. 

 
 

3.5. Sensing Properties 
 
The sensitivity plots for different porous and non-

porous samples containing nanostars are given in  
Fig. 13. The results show that Au-PDMS with Au 
nanostars are 10 times more sensitive than the Au-
PDMS nanocomposites with Au-nanospheres, and 
are hence very useful for biosensing applications 
without the need for post processing. The deposition 
of nanostars on the surface of the polymer substrate 
yields higher sensitivity as the nanostars are directly 
exposed to the environment. The results show that 
Au-nanostars deposited on the surface of a glass slide 
are highly sensitive (512 nm/RIU) and on the porous 
PDMS (porogen : polystyrene) substrate, the 
sensitivity is still very high (324 nm/RIU). 
 
 
4. Conclusions 
 

Gold nanostar – PDMS nanocomposites have 
been fabricated by absorbing gold nanostars from 
their aqueous solutions into a porous PDMS host 
(matrix) fabricated with two different porogens. 
Polystyrene microspheres (0.25 m) were used 
successfully for the fabrication of a porous PDMS 
with a uniform size distribution of the pores. Gold 
nanostars were synthesized through a simple 
surfactant-free method using gold seeds and were 
subsequently absorbed in the porous PDMS matrix. 
The Au nanostar-PDMS composites absorb in the 
600-800 nm region of the spectrum, depending 
fabrication and the parameters of the synthesis 
reaction on the porogens used for the mechanical 
properties of the Au nanostar-porous PDMS 
composites are found to be much improved compared 
to the porous (or non-porous) PDMS alone. The 

refractive index sensitivity is found to be very high 
(300-500 nm/RIU). This is explained by the presence 
of the sharp spikes that increase considerably the 
electric field around them. 

Through FDTD-analyses of the optical response 
of idealized AuNS models, it was shown that the 
geometry of its branches is a key tunability factor of 
the absorbance peak of AuNSs. This can be shifted 
both in intensity and position, depending on the 
length and aperture of the branches. Since actual 
AuNSs have branches of different morphologies and 
because an ensemble of AuNSs averages the optical 
response of its component particles, we estimate that 
the calculated spectrum of an ensemble of AuNSs 
with branches of different geometries would be 
consistent with the experimental data. 

The gold nanostar-PDMS composites with 
enhanced mechanical and sensing properties 
fabricated in this work are very promising materials 
for both optical and sensing applications. 
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Abstract: Nano structured ZnMgO was synthesized by self combustion method using glycine as a fuel. The 
synthesized microstructure materials were investigated by TG-DTA, XRD, SEM, TEM, and E-DAX. Observed 
results shows the product, is the mixture of ZnMgO, its particle size is about 45-55 nm with loosely 
agglomerated shape. Electrical properties of the synthesized nanoparticles were studied by AC conductivity 
measurement. The gas sensing properties were studied towards reducing gases viz. ammonia, hydrogen, acetone, 
chlorine, liquefied petroleum gas (LPG), etc. and it was observed that the nano structured ZnMgO shows high 
response to hydrogen at 200 C and no cross sensitivities to other reducing gases. These nanoparticles were 
good I-V characteristics with ohmic nature. The quick response ( ~10 s) and fast recovery (~ 20 s) are the main 
features of these sensors. The effects of nanostructure on the gas sensing performance were studied and 
discussed. Copyright © 2013 IFSA. 
 
Keywords: TEM, Thick film, TEM, Gas sensors. 
 
 
 
1. Introduction 
 

Recently, there is great deal of interest in the 
physical properties of diluted magnetic 
semiconductors for their potential technological 
application to optoelectronics, magneto electronics 
and microwave devices. The development of 
magnetic semiconductors with practical ordering 
temperatures could lead to new class of devices and 
circuits, including spin transistors and ultra dense 
nonvolatile semiconductors memory [1-4]. 
Semiconducting metal oxides such as Zinc oxide, Tin 

oxide and Tungsten oxide have been widely studied 
for their gas sensing application, presently, many 
other oxides also have been explored for the gas 
sensing devices. Gases form auto and industrial 
exhausts are polluting the environment. The sensors 
are basically required for measurement of physical 
quantities and for monitoring working environment. 
Inflammable gases such as gobar gas, Liquefied 
Petroleum Gas (LPG) are widely used for domestic 
purposes. Some of the well known materials for LPG 
sensors are SnO2-Ru (thin film) [5], SnO2-Ru (nano 
wire) [6], modified-ZnO [7], Ag-doped Fe2O3 
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nanoparticles [8]. Thick film technology is often used 
to fabricate such sensors and possesses. It has many 
advantages, for example, low cost, simple 
construction, small size and good sensing properties 
etc [9-10]. Alumina (Al2O3)/Al3+ has been used as 
hydrogen gas sensing element [11].  

In the present study, the efforts were made to 
synthesis the powder of ZnMgO nanocrystals by 
solution combustion technique. Thick film was 
fabricated by screen-printing techniques and the gas 
sensing performances for various gases by using 
static gas sensing system in the laboratory. Solution 
combustion technique is very simple, cost effective, 
environmental, friendly and rapid among all. By 
using this technique, it is possible to control the 
particle size, shape and chemical composition. 

 
 

2. Experimental 
 
2.1. Powder Preparation 
 

In this study polycrystalline ZnMgO powder was 
prepared using combustion technique. The materials 
used as precursors were zinc nitrate hexahydrate 
Zn(NO3)2.6H2O, magnesium nitrate hexahydrate 
Mg(NO3)2.6H2O and glycine (all these were 
purchased from AR Grade of Qualigen fine Ltd. 
India). All of them were of high purity (99.9 %,  
98 %, and 99.9 % respectively). Glycine posseses a 
high heat of combustion. It is an organic fuel 
providing a platform for redox reactions during the 
course of combustion. Initially, the zinc nitrate and 
magnesium nitrate are taken in the proportion  
0.5 M, 0.5 M respectively and two moles of glycine 
were dissolved in a beaker slowly stirring by using 
glass rod a clear solution was obtained, formed 
solution was evaporated on hot plate at temperature 
range of 70 C to 80 C resulting into a gives thick 
gel. The gel was kept on a hot plate for auto 
combustion and heated in the temperature range of  
180 C. The nanocrystalline ZnMgO powder was 
formed within a few minutes and it was sintered at 
about 650 C for about 4 hour, product is white 
colour shining powder of nanocrystalline ZnMgO 
[12-13]. 

 
 
2.2. Thick Film Preparation 
 
The thixotropic paste was screen printed on a 

glass substrate in desired patterns. The films prepared 
were fired at 500 C for 4 h. Silver contact was made 
by vacuum evaporation for electrical measurements. 

 
 
2.3. Characterizations 
 
The as –prepared samples were characterized by 

TG/DTA thermal analyzer (SDT Q600 V 20.9 Build 

20), XRD Philips Analytic X-ray B. V. (PW-3710 
Based Model diffraction analysis using Cu-Kα 
radiation), scanning electron microscope (SEM, 
JEOL JED 2300) coupled with an energy dispersive 
spectrometer (EDS JEOL 6360 LA), A JEOL JEM–
200 CX transmission electron microscope operating 
at 200 kV analysis. 

 
 

2.4. Details of the Gas Sensing System 
 
The sensing performance of the sensors was 

examined by using a “static gas-sensing system”. 
There were electrical feeds through the base plate. 
Further heating wire was fixed on the base plate to 
heat the sample under test up to required operating 
temperatures. The current passing through the heating 
element was monitored using a relay with adjustable 
‘ON’ and “OFF” time intervals. Cr-Al thermocouple 
was used to sense the operating temperature of the 
sensors. The output of the thermocouple was 
connected to digital temperature indicators. Gas inlet 
valve was fitted at one of the port of the base plate. 
The required gas concentration inside the static 
system was achieved by injecting a known volume of 
test gas using a gas-injecting syringe. A constant 
voltage was applied to the sensors, and current was 
measured by a digital Pico-ammeter. Air was allowed 
to pass into the glass dome after every gases exposure 
cycle [14-15]. 

 
 

3. Results and Discussion 
 
3.1. Materials Characterizations 
 
3.1.1. TG-DTA Studies 

 
Fig. 1 (a, b) TG-DTA analysis was performed at a 

heating rate of 10 K min-1 to investigate the thermal 
properties of ZnMgO. TG spectrum and its 1st 
derivative shown in Fig. 1 the thermal decomposition 
process for the dried gel oxidation and decomposition 
processes. The precursor measured a total weight loss 
of 76.26 % with 5 distinct temperature intervals. The 
first three intervals are entwined from 36 C to  
350 C with broad endothermic peaks and a weight 
loss of 16 %. These are attributed to the evaporation 
of residual water and burning of residual organic 
materials. The second from 400 C to 600 C with a 
rapid weight loss of 40 % and a broad exothermic 
peak around 620 C, this is attributed to 
decomposition of the organic compounds. The last 
interval from 600 C corresponds to a weight loss of 
15 % followed by a long gradual decreasing rate, 
these is indicating that the synthesized powder was 
almost stable from the beginning. The formation 
temperature in the present work is found to be 
comparatively similar than that reported for 
corresponding sol gel route.  
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Fig. 1. DTA-TG prepared ZnMgO nominal composition. 
 
 

3.1.2. Structural Properties  
(X-ray Diffraction Study) 

 
The X-ray diffraction pattern of ZnMgO powder 

is shown in Fig. 2 the structure posseses the 
hexagonal shape may be attributed to the different 
preparation method which may yield different 
structural defects. The crystalline size was 
determined from full width of half maximum 
(FWHM) of the most intense peak obtained by X-ray 
diffraction pattern. The grain size was calculated by 
using following Scherrer’s formula [16].  

 
d = 0.9λ/ β cos θ 

 
The crystalline size can be calculated by using 

Scherrer equation. Where, d is the crystalline size,  
λ is the X-ray wavelength of the Cu Kα source 
(λ=1.54056 Å), β is the FWHM of the most 
predominant peak at 100 % intensity, θ is the Braggs 
angle at which peak is recorded. The grain size was 
found to be 48 nm. 
 
 

 
 

Fig. 2. XRD pattern of ZnMgO as synthesized powder. 
 
 

3.1.3. Particle Size Distribution Studies 
 

Fig. 3 has been carried out by using dynamic light 
scattering techniques. (DLS via Laser input energy of 
632 nm) It is observed that zinc magnesium, oxide 
nanoparticles size distribute within the range of about 

40-50 nm. Which are well matched with calculated 
value from Debye-Scherrer equation. 
 
 

25 30 35 40 45 50 55 60
0.0

0.2

0.4

0.6

0.8

1.0

1.2

In
te

n
si

ty

Wavelength in nm  
Fig. 3. Particle size Distribution of as prepared  

ZnMgO powder. 
 
 

3.1.4. Microstructure Analysis (SEM)  
 

As regards the microstrucural features of the 
combustion products, the typical SEM image is 
illustrated in Fig. 4 along with the one for the 
samples after annealing at 600 C for 4 h. It exhibited 
foamy agglomerated particles with homogeneous 
distribution and presence of random distribution of 
voids in their structure. This highly porous, foam-like 
structure was formed due to the inherent nature of the 
chemical reaction associated with the evolution of 
large volume of gas. 

 
 

3.1.5. Quantitative Elemental Analysis 
 

Fig. 5 shows the energy dispersive X-ray 
spectrum of ZnMgO. This was carried out to 
understand the composition of zinc, magnesium and 
oxygen in the material. There was no unidentified 
peak observed in EDX. This confirms the purity and 
the homogeneous composition of the ZnMgO 

nanomaterial.  
 
 
3.1.6. Transmission Electron Microscopy 

(TEM)  
 

The TEM image of the mixed precursor calcined 
at 600 C for 4h at different magnifications shown in 
Fig. 6 (a, b and c). It indicates the presence of 
ZnMgO hexagonal shape with size 55 nm in diameter 
which form consist of quasi-spherical crystallites 
beed type single crystalline particles. The selected 
area electron diffraction (SAED) pattern Fig. 6 (d) 
shows the spot type pattern which is indicative of the 
presence of single crystallite particles. No evidence 
was found for more than one pattern, suggesting the 
single phage nature of the material. This agrees well 
with the XRD result.  



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 29-36 

 32 

 
 

(a) 
 
 

 
 

(b) 
 

Fig. 4. SEM images of mixed precursor at 6000C in air for 
4 h (a) low resolution and (b) high resolution. 

 
 

 
 

Fig. 5. EDX pattern of ZnMgO. 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d) 
 

Fig. 6. TEM (a, b and c) images of mixed precursor 
ZnMgO (d) SAED pattern. 
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3.2. Electrical Properties  
 
3.2.1. I-V Characteristics  
 

Fig. 7 of the ZnMgO film. It is clear from the 
symmetrical I-V characteristics that the silver contact 
on the film was ohmic in nature.  
 
 

 
 

Fig. 7. I-V characteristics of the sensor. 
 
 

3.2.2. Electrical Conductivity 
 

The semiconducting nature of ZnMgO is 
observed from the measurements of conductivity 
with temperature. The semi conductivity in ZnMgO 
may be attributed to oxygen deficiency in it. The 
material would then adsorb oxygen species at higher 
temperature (O2 

-→2O- → O2-).The adsorption 
chemistry of the pure ZnMgO thick film surface. The 
ZnMgO misfits on the surface enhance the oxygen 
adsorption capability of the surface. The ZnMgO 
misfits distributed evenly on the surface would have 
made it possible to adsorb the oxygen ions even at 
low temperatures. From Fig. 8 it was clearly noted 
that the conductivities of ZnMgO films increase with 
an increase in operating temperature. This behavior 
confirmed the semiconducting nature of ZnMgO. The 
increase in the charge-carrier generation mechanism 
resulted from the electronic defects. These generated 
electrons and the donor level in the energy band gap 
of ZnMgO will contribute to an increase in 
conductivity.  
 
 
3.3. Gas Sensing Performance of the Sensor 
 
3.3.1. Measurement of Gas Response,  

Selectivity, Response and  
Recovery Time  

 
Gas response(S) is defined as the ratio of the 

change in conductance of the sensor on exposure to 
the target gas to the original conductance in air. The 
relation for S is as: 

a

ag

G

GG
S


 , 

 
where Ga and Gg are the conductance of sensor in air 
and in a target gas medium, respectively. 

Selectivity or specificity is defined as the ability 
of a sensor to respond to a certain gas in the presence 
of other gases. 

The time taken for the sensor to attain 90 % of the 
maximum increase in conductance on exposure to the 
target gas is the response time. 

The time taken by the sensors to get back 90 % of 
the original conductance is the recovery time. 
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Fig. 8. Variation of Resistivity with reciprocal  
operating temperature. 

 
 

3.3.2. Sensing Performance of Prepared 
ZnMgO Thick Film 

 
Fig. 9 shows the variation of response of prepared 

ZnMgO thick film to H2 gas (100 ppm) with 
operating temperature. The response was observed to 
increase with operating temperature up to 400 C and 
then decrease with a further increase in operating 
temperature. The response of prepared ZnMgO to H2 
was 1.35 at 200 C. It is observed from the Fig. 9, the 
prepared ZnMgO is sensitive to H2 gas, but it has 
relatively poor selectivity against different gases. 
This is the main drawback of ZnMgO thick film 
sensor.  

 
 

3.3.3. Effect of Operating Temperature  
 

Fig. 9 depicts the variation of gas response of 
ZnMgO film to H2 gas (100 ppm) with operating 
temperature. The largest response of ZnMgO 1.35 
was observed to be at 200 C. The response could be 
attributed to the adsorption-desorption type sensing 
mechanism. At higher temperature, largest response 
may be due to the higher amount of oxygen 
adsorption occurred on optimum number of ZnMgO 
surface misfits. 
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Fig. 9. Variation of gas response of ZnMgO  
with operating temperature. 
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Fig. 10. Variation of gas response  
with gas concentration. 

 
 

3.3.4. Gas Response and Gas Concentration 
 

It is observed from Fig. 10 that the response of 
ZnMgO film was observed to increase continuously 
with increasing the gas concentration up to  
100 ppm, and it attains maximum and saturates above 
100 ppm. Therefore, the active region of the sensor 
would be up to 100 ppm, as the rate of rise of 
response is larger during this region. At lower gas 
concentrations, the unimolecular layer of gas 
molecules would be expected to form on the surface, 
which would interact with the surface more actively 
giving larger responses. There would be multilayer of 
gas molecules on the sensors surface at the higher gas 
concentrations (> 100 ppm) resulting in saturation in 
gas response. 

 
 

3.3.5. Selectivity 
 

The operable temperature of sensors fabricated 
from activated and pure materials was found and it 
was observed that all the sensors gave best response 
at 200 C to hydrogen as shown in Fig. 11 Gas 
species to be detected which require certain amount 
of thermal energy to be cross the potential barrier and 

combine with the adsorbed oxygen. At optimum 
operable temperature, maximum number of gas 
molecules posseses required energy and react with 
adsorbed oxygen resulting in large change in 
conductance of sensing element. Above 200 C the 
sensor response decreases because amount of 
adsorbed oxygen available at the sensing site on the 
sensor surface reduces to react with gas molecules 
leading to small change in conductance. ZnMgO 
sintered at 650 C exhibits highest sensitivity and 
good selectivity to hydrogen gas. For 100 ppm Cl2, 
NH3, LPG, Acetone the sensitivity is 0.63, 0.09, 0.05, 
0.01 respectively, however, the sensitivity to  
100 ppm Hydrogen is 1.35. 
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Fig. 11. Selectivity of ZnMgO thick film among  
various gases. 

 
 
3.3.6. Response and Recovery of the Sensor 
 

The response of ZnMgO sensor was found to be 
quick (~10 s) to 100 ppm of H2, while the recovery 
was fast (~20 s). The fast response may be due to 
faster oxidation of the gas. The negligible quantity of 
the surface reaction product and its high volatility 
explains its fast response and quick recovery to its 
initial chemical status. 
 
 
4. Discussion 
 

The generated electrons and the donor level in the 
energy band gap of ZnMgO will contribute to 
increase in conductivity with chemisorbed oxygen 
ions O2, O2

-, O- and O2-depending on temperature. 
The adsorbed O-species create space-charge region 
near the film surface Fig. 12 by extracting the 
electrons from the material. Hydrogen being a 
reducing gas reacts with adsorbed O-species on the 
surface and re-injects the electrons. Back to the 
material there by increasing the conductance on the 
film. The equilibrium density of chemisorbed O2- 
ions is maximum at 400 C, giving largest gas 
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response. At higher temperature, the atmospheric 
oxygen O2 adsorbs on the surface of the thick film. It 
captures the electrons from conduction band as, 

 
O2(air) +4e- → 2O2-

(film surface) 

 
It was resulting in decrease conductivity of the 

film, when hydrogen reacts with oxygen, the 
following reaction took place, ultimately converting 
the hydrogen to water molecule in vapors form  
 

n H2 (gas) + nO 2-
(film surface) → n H2O(gas) + ne-

(cond.band) 

 
This shows the n-type conduction mechanism. 

For complete combustion, 1 mole of hydrogen will 
require the same amount of oxygen and will produce 
same number of water molecules.  

At higher temperature, molecular oxygen O2 
becomes O2- producing hydrogen ions H+ in the 
reaction. The anion super-oxide O2

- reacts with H+ 
giving water molecule and molecular oxygen O2.  

 
2H+ + 2O2

- → H2O2 + O2 
 

2H2O2 → 2H2O + O2 

 
On exposure at 200 C, hydrogen species react 

with adsorbed oxygen. Liberating the captured 
electrons into conduction band this result in 
enhancing the catalytic activity of the film surface. 
The chemisorptions of O2- species would not favored 
at low temperature. This may be reason of showing 
similar gas response at lower temperature. ZnMgO 
film shown largest response to H2 gas at 200 C. It 
may be attributed to the optimum misfit produced on 
the surface which favors the maximum oxygen 
adsorption. The fast response may be due to the fast 
oxidation of H2 in to H2O gas. After evaporating 
water molecule from the film surface, the film 
recovers to its original chemical status. 
 
 

 
 

Fig. 12. Gas sensing mechanism of ZnMgO at 200 C. 
 
 

 
 
 

5. Conclusions 
 

1) Nanocrystalline ZnMgO has been synthesized by 
self combustion route. This synthesis route may 
be used for the synthesis of other metal oxide. 

2) Among all other additives tested, ZnMgO is 
outstanding in promoting the hydrogen gas 
sensing mechanism. 

3) ZnMgO to be optimum and showed highest 
response to hydrogen at 200 0C. 

4) The sensor showed very rapid response and 
recovery to hydrogen gas. 

5) Sensing mechanism of ZnMgO was the 
substitution of lattice oxygen by hydrogen gas. 
Material gains electrons in this substitution. 

6) The sensor has good selectivity to hydrogen 
against CI2, NH3, LPG, and Acetone. 

7) Further more we also prognosticate that these 
materials could be useful for gas sensing 
application at room temperature. The gas sensing 
capability of these materials is investigated using 
static method. The detailed studies are needed to 
see whether it is even sensitive to other gases or 
not. 
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Abstract: This work exhibits a Love wave sensor combined with molecularly imprinted polymer (MIP). The 
final aim is for specific detection of colon cancer biomarkers. This paper deals with the validation of a MIP thin 
film’s coating process, allowing high sensitivity of the resulting microsensor. After a brief description of the 
acoustic sensor and of the MIP coating process, the functionality of the resulting device is proved with electrical 
characterization. Deep characterization of the thin film - morphology and print effect - is proposed, based on 
dynamical responses observed under exposure to different vapors. Experimental results point out a good 
reproducibility of polymeric films. MIP layers increased responses of sensors to vapors by a factor 3 to 4 
compared to bare devices or to devices coated with non-imprinted polymer (NIP). For example, exposure to 
4000 mg/m3 (2126 ppm) of ethanol in nitrogen induced a frequency shift of -1.4/-0.4 kHz with MIP/NIP-coated 
sensor, respectively. Copyright © 2013 IFSA. 
 
Keywords: Love wave, Polymer, MIP, Thin film, Sensor. 
 
 
 
1. Introduction  
 

Colorectal cancer is the second leading cause of 
cancer related mortality. So it is very important to 
treat and detect colorectal cancer as early as possible 
because once it spread into lymph and other area of 
the body, it become harder to treat. The classic 
medical analysis tools such as therapeutic drug 
monitoring of cancer is limited and present inherent 
drawbacks [1] (expensive, poor chemical and 
physical long term stability, skilled manpower, long 
time analysis).  

Molecularly imprinted polymer (MIP) as 
recognition element of biosensors [2, 3] provides a 
promising alternative approach to overcome previous 
drawbacks. In recent years, molecular imprinting 
technology has found a broad range of applications in 
many areas such as chemistry, medicine, 

biochemistry or biotechnology. In this technique, 
functional monomers organized around a template 
molecule by non-covalent [4] or reversible covalent 
interactions [5], are enwrapped by the cross linker 
leading to the formation of a highly cross-linked 
network polymer. At the end of polymerization and 
after removal of the template from the polymers, the 
resulting polymer exhibit binding sites specific to the 
template molecule [6, 7]. The synthesis technique is 
simple, cheap and the obtained polymers present high 
selectivity, and excellent stability that promote their 
application in harsh environments, such as in organic 
solvent, or at high temperature, and make them ideal 
as recognition elements [8, 9]. 

Mass-sensitive devices, such as the quartz crystal 
microbalance (QCM) or the surface acoustic wave 
component, are very advantageous for chemical 
sensing. In particular, Love wave devices have shown 
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their great potentialities in several areas like 
biological liquid sensing [10] or gas detection [11], 
one of the highest that can be achieved with acoustic 
devices. This is mainly due to their guided nature in a 
thin layer, which ensures a high confinement of 
acoustic energy near the sensing surface. Recent 
studies show many attempts to use acoustic wave 
sensor for biological detection of tumor markers with 
remarkable results [12, 13]. 

In the present work, we developed a Love wave 
device based on a nucleotide (adenosine 
monophosphate: AMP) as model of target molecule 
for imprinted polymer [14]. The acoustic component 
and optimized coating process are described. Then, a 
characterization method based on real-time detection 
measurements of the coated sensor under ethanol and 
toluene exposure is proposed. Results are analyzed 
and lead to deeper understanding of the morphology 
of the layer in terms of specific surface area in 
particular, by comparison with results obtained on 
reference devices (bare or coated with non imprinted 
polymeric film – NIP –). The printing effect is also 
validated by comparison of vapor detection 
measurements with MIP before extraction, after 
extraction and after recapture of the target molecule. 

 
 

2. Acoustic Devices 
 

2.1. Love Wave Device Structure 
 
Fig. 1 shows the basic configuration of the used 

Love wave sensor. It consists of delay lines built on 
an AT-cut quartz substrate. The Love wave is 
generated and detected by means of interdigitated 
electrodes (IDTs) deposited on the substrate and prior 
to SiO2 guiding layer. They are composed of  
44 splitted-finger pairs of gold and titanium 
(Ti/Au/Ti, total thickness about 150 nm) with a 
wavelength  (spatial periodicity) equal to 40 μm. 
The acoustic aperture and the center to center 
distance of transmitting and receiving IDTs are equal 
to 40 and 210, respectively. An orientation with a 
wave propagation direction perpendicular to the  
X-cristallographic axis is chosen in order to generate 
pure shear waves, allowing operation in a liquid 
medium.  

 

 
 

Fig. 1. Love wave sensor. 

The SiO2 layer is realized by plasma enhanced 
chemical vapor deposition (PECVD) to obtain a 
guided shear horizontal surface acoustic wave 
(guided SH-SAW) or Love wave. The acoustic 
energy is thus confined near the surface to maximize 
the sensor sensitivity. Detailed information about the 
delay-line technology can be found in [15]. 

 
 

2.2. Oscillator Configuration  
 

For experimental measurements, Love-wave 
delay lines were inserted in the feedback loop of a 
radiofrequency amplifier to compensate delay-lines 
losses and maintain oscillations. 
 
 
3. Coating Process 
 
3.1. Preparation of the MIP Thin Film Layer 
 

The critical point in coating acoustic devices is to 
obtain reproducible layers, with mechanical 
properties well adapted for wave propagation. The 
preparation of MIP thin film was based on the 
adaptation of a bulk polymerization technique which 
is often difficult to control or to reproduce. The 
principle adopted is based on spin coating method 
[16, 17] with control of deposition parameters.  

Firstly, the SiO2 surfaces of acoustic wave sensors 
were cleaned by soaking them for 15 min in piranha 
solution (H2SO4/H2O2) and immersed overnight in a 
solution containing 2 % (v/v) of 3-(trimethoxysilyl) 
propyl methacrylate in toluene [18] in order to 
promote adhesion of the MIP layer. Then, the pre-
polymerization mixture containing the following 
components: functional monomer (acrylamide), 
template (adenosine monophosphate), porogenic 
solvent (dimethyl-sulfoxide) and initiator (2,  
2-Azobisisobutyronitrile), was deposited by spin-
coating at 2000 rpm for 10 s. Polymerization was 
initiated by UV light under inert atmosphere. For 
non-imprinted polymer, the procedure was similar 
except for the absence of print molecule (Fig. 2). 
Otherwise, the waveguide region was only covered 
with the MIP sensitive layer by masking IDTs with 
Kapton. 

 
 

3.2. Characterization of the Layer Profile  
 

The profiles and images of the MIP films were 
acquired using a stylus profilometer Dektak 150 
(Fig. 3). The thicknesses of the resulting MIP and 
NIP thin films are in the order of a few hundred 
nanometers (between 200 nm and 250 nm), with edge 
effect due to the masking method used. The film 
thickness is one of the main factors which affect the 
detection sensitivity and response time, it was 
adjusted in order to obtain an optimal value, also 
meeting the sensor insertion losses requirements. 
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Fig. 2. Schematic representation of the MIP coating 
technological process onto the acoustic wave sensor 

surface. 
 
 

 
 

Fig. 3. MIP film image and profile. 
 
 
3.3. Electrical Characterization  

of Coated Sensor 
 

The film coating changes the physical 
characteristics of the device. Indeed, due to the mass-
loading induced by the MIP film, the wave is slowed 
down yielding an associated decrease in phase and in 
center frequency. Fig. 4 shows the typical 
transmission characteristics S21. 

It can be noted on Fig. 4a that the deposition of 
the MIP layer induced no additional insertion losses. 
On Fig. 4b, the phase of the coated device appears 
slightly decreased corresponding to a decrease in 
frequency at constant phase as measured in oscillator 
configuration. 

 
 

4. Results and Discussion 
 

Gas detection was realized with several vapors 
(toluene, ethanol) and concentrations flown past the 
sensitive part of the acoustic device placed in a 
hermetic chamber. Vapor at a constant flow rate of 
0.1 l/min (dry air: nitrogen gas) has been generated 
using a gas generator (Calibrage, PUL 110, France). 
The ethanol concentration was in the range of  

8-200 ppm. Regarding the toluene, concentration was 
in the range 8-1000 ppm. The sensor response was 
recorded in terms of frequency shift.  

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 4. Transmission characteristics S21:  
(a) Insertion losses, (b) phase. 

 
 

4.1. MIP thin Film Morphology 
 
The first purpose was to assess the morphology of 

the polymeric layers (porosity, specific surface area). 
The sensors used for these characterizations under 
gas exposure were subjected to the extraction step. 

Typical responses of the MIP- and NIP-coated 
Love wave device with each vapor are represented on 
Fig. 5 and Fig. 6.  

On each set of curves, typical responses of a bare 
device are represented as reference, with steady-state 
frequency shifts always close to –200/250 Hz, for 
both gases and regardless of the concentration. 

It can be observed a difference between dynamic 
responses to both gases, similar to previous 
observations [19]. Indeed the sorption kinetics is 
slightly faster for ethanol than toluene, on the 
reference device, as well as on the coated devices. 
This demonstrates a significant difference between 
the interactions of the two gases with the MIP 
sensitive layer. This could be used as a tool for 
discrimination of the two vapors even at identical 
concentrations. In addition, the frequency reaches a 
steady-state after few minutes for toluene and less 
than 1 minute for ethanol. 
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Fig. 5. Real-time frequency of a Love wave sensor coated 
with a 200 nm NIP layer in response to toluene and ethanol 

concentrations steps. 
 
 

 
 

 
Fig. 6. Real-time frequency of a Love wave sensor coated 

with a 200 nm MIP layer in response to toluene and ethanol 
concentrations steps. 

 
 
Table 1 compares typical steady-state frequency 

shifts of bare sensor, MIP- and NIP- coated sensor 
under toluene and ethanol exposure. As it was 
observed on Fig. 5 and Fig. 6, and as it could be 
expected, a higher sensitivity is clearly observed with 
the MIP layer rather than the NIP layer, with a factor 
3 to 4. Indeed, the MIP possesses a high pore volume 
and specific surface area, thanks to the presence of 
specific recognition sites in the polymer which are 
complementary to the template molecule both in 
shape and in arrangement of functional groups. 

 
 

4.2. Imprint Effect  
 
The other aim was to evaluate the imprint effect 

by realizing gas detection before removal of template 
from the MIP film, after removal and then after 
rebinding of this AMP molecule. The real-time 
responses to ethanol and toluene exposure are 
represented in Fig. 7 and 8. The results point out 
curve shapes similar for the three investigated steps, 
with a change in frequency dependent on the gas 
concentration. 

Table 1. Frequency shift comparison of bare sensor and 
NIP/ MIP coated devices under vapor exposures. 

 

Toluene : 
(1000mg/m3= 265ppm) 

Ethanol : 
(1000mg/m3= 531ppm) 

Concen-
tration 

(mg/m3) 
NIP 

coated 
sensor 

|ΔF| 
(Hz) 

MIP 
coated 
sensor 

|ΔF| 
(Hz) 

Bare 
sensor 

|ΔF| 
(Hz) 

NIP 
coated 
sensor 

|ΔF| 
(Hz) 

MIP 
coated 
sensor 

|ΔF| 
(Hz) 

Bare 
sensor 

|ΔF| 
(Hz) 

1000 74 476 255 88 569 216 

2000 145 603 255 155 720 215 
3000 188 700 255 230 930 216 
4000 283 974 256 380 1375 216 
 
 

 
 

Fig. 7. Illustration of formation and breaking of the binding 
template (AMP) /monomer with a film coated Love wave 

device to ethanol exposure. 
 
 

 
 

Fig. 8. Illustration of formation and breaking of the binding 
template (AMP) /monomer with a film coated Love wave 

device to toluene exposure. 
 
 

Above all, it was also observed than the 
frequency shifts of the coated sensors, with identical 
vapor and concentration values, obtained before 
removal, after removal and after rebinding steps, 
were different and in good agreement with expected 
behaviours. Before removal of the template, all 
recognition sites were occupied by AMP molecules, 
so the specific surface area is the smallest. After 
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removal of the template from the polymer matrix, 
most recognition sites became available, so the 
specific surface area of the MIP film increased and 
thus the sensitivity. After interaction with AMP, 
some of these recognition sites were occupied again, 
inducing a decrease of the specific surface area. 
These results are consistent if we consider a mass 
effect, due to the presence of gas molecules into the 
empty cavities.  

 
 

5. Conclusions 
 

A structure combining the advantages of the high 
selectivity of MIP and high sensitivity of Love wave 
sensors was proposed. The molecular thin films have 
been deposited directly onto the sensor surface by 
spin coating in nanometer range. 

In the experimental setup, the response of MIP 
coated sensor under several gas concentrations was 
investigated. The results show that the sensitivity of 
the NIP-coated sensor was much smaller than that 
obtained for the MIP-coated sensor, with a factor 3  
to 4. For comparison, the frequency variation of the 
bare device was low and roughly the same regardless 
of the concentration of ethanol or toluene. 
Furthermore, the imprint effect was assessed by 
realizing gas detection with MIP- and NIP- coated 
sensors after the extraction of AMP from the MIP 
film and after rebinding of the AMP molecule. For 
example, exposure to 4000 mg/m3 (1063 ppm) of 
toluene induced a frequency shift of -0.5 kHz before 
extraction, -1.4 kHz and -0.9 kHz respectively after 
extraction and rebinding steps. 

The proposed characterization technique thus 
enables to evaluate qualitatively the porosity of MIP 
and NIP thin films, and gives information on surface 
morphology of thin MIP films.  

Further work will focus on realizing nucleoside 
(colorectal cancer biomarkers) detection with a Love 
wave device coated with a new MIP being 
synthesized, and combined with a microfluidic 
system. 
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Abstract: The molybdenum doped SnO2 thin films were synthesized by conventional spray pyrolysis route and 
has been investigated for the methanol vapor sensing. The structural and elemental composition analysis of thin 
films was carried out by X- ray diffraction and Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray spectroscopy (EDAX).The XRD spectrum revealed that the thin films have the polycrystalline nature with a 
mixed phase comprising of SnO2 and MoO3. The scanning Electron Microscopy (SEM) clears that the surface 
morphology observed to be granular, uniformly covering the entire surface area of the thin film. The methanol 
vapor sensing studies were performed in dry air at the different temperatures. The influence of the concentration 
of Molybdenum and operating temperature on the sensor performance has been investigated. 
Copyright © 2013 IFSA. 
 
Keywords: Gas sensor, Spray pyrolysis, Methanol, Tin oxide, Molybdenum trioxide. 
 
 
 
1. Introduction  
 

Tin dioxide is an n-type semiconductor with a 
band gap of approximately 3.6 eV. When the SnO2 is 
exposed to a reducing atmosphere, the interaction 
between the gas and the adsorbed oxygen result in 
oxidation at the surface and in a decrease of 
chemisorbed oxygen concentration and the electrons 
that have been trapped as negatively charged ions are 
released. Due to the n-type behavior of SnO2, the 
electrical conductivity increases when in contact with 
a reducing gas like CO and / or CH4, on the contrary 
decreases in the presence of an oxidizing gas like 
NO2. [1, 2].  

The foreign metal atoms on SnO2 serve as 
adsorption sites with ionic bond strength depending 

on their electronegativity. Therefore in order to 
enhance the sensing properties of the tin dioxide 
material, introduction of noble metal additives is 
usually performed. The dopant, not only act as a 
catalyst, but also modifies the electrical transport 
properties of the sensor by introducing new states in 
the band structure of the active materials and the 
surface morphology of the material and the size of 
the crystalline grains. The most important effects of 
noble metal addition are the increase of the maximum 
sensitivity, rate of response and lowering the 
operating temperature of the sensor. [3-11]. In any 
case, the contact of the additive with the 
semiconducting oxide creates a barrier that is fully 
characterized by the electron affinity of the 
semiconductor, the work function of the metal and 
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the density of surface states of the semiconductor that 
are located inside the energy band gap. This 
contribution creates a Schottky barrier through the 
formation of a depletion region in the semiconductor 
surface in contact with the cluster. As a result the 
surface states created by the presence of the additives 
can shift the Fermi level of the semiconductor to that 
of additive. 

In late 1990s, SnO2 and MoO3 mixtures were 
shown to have excellent catalytic properties for 
selective oxidation of methanol and other organic 
compounds [12]. It is well known that the addition of 
metals or metal oxides with catalytic properties can 
influence on the gas sensing behavior of the SnO2 
material [13-21]. In this case, the addition of MoO3 to 
SnO2 has been proposed as an outstanding alternative 
to modify the sensor response to certain gas species 
as the presence of Mo atoms at the surface of SnO2 
changes the acidity performances which varies 
mainly its reactivity with alcohols, ammonia or 
amine groups. 

Recently, nanocomposites of SnO2 and MoO3 
have received technological importance for the 
development of resistive gas sensors as the catalytic 
characteristics in this nano-binary system are 
enhanced [22-26], presenting a very high active 
surface value. SnO2/MoO3 composites are n-type 
semiconductors, just as the constituent oxides  
[23-25]. The introduction of molybdenum notably 
reduces the electrical conductivity of SnO2 in air and 
according to the previous literature, it may be 
associated either with the transfer of electrons 
trapped at oxygen vacancies (V0•• and V0

•) to Mo6+ 
ions [25, 26], 

 
Mo6+ + V0

• = Mo5+ +V0
•• (1) 

 
Mo6+ + 2 V0

• = Mo4+ + 2 V0
•• •• (2) 

 
or with the formation of Moi5+ interstitials in the 
structure of SnO2 by the quasi-chemical reaction  
[23, 24]. 

 
Mo Sn 

6++e’ = Moi (3) 
 
Thus, it is assumed SnO2 could contain Mo ions 

in three different oxidation states [22-24]: Mo6+, 
Mo5+, and Mo4+. Ivanovskaya et al. [23] from 
electron spin resonance (ESR) measurement have 
corroborated that some Mo atoms present Moi5+ state 
in enough concentration to justify the conductivity 
decrease. 

Various researchers have attempted detection of 
volatile organic compounds (VOCs) [27-29]. 
Fabrication of SnO2 based sensor array for 
recognition of VOCs has been attempted by Dae-Sik 
Lee and co-workers [28]. The authors have studied 
the effect of various additives such as Pd, Pt, La2O3, 
CuO, Sc2O3, TiO2, WO3, ZnO and V2O5 on 
sensitivity and selectivity of SnO2 sensor array. The 
authors have observed high and selective sensitivity 
to the VOCs at 400 oC.  

Spray pyrolysis is a method for thin film 
fabrication, which is applicable to almost any 
inorganic system. Does not require vacuum, which is 
a great advantage if the technique is to be scaled up 
for industrial applications, Operates at moderate 
temperatures in any desirable ambient, thus being a 
low-cost, fast and environmentally wise technique. 
Doping with most elements can be conveniently 
achieved by introducing them in the precursor 
solution, which can be a simple aqueous solution. 
Deposition rate and film thickness can be easily 
controlled over a wide range and film morphology to 
some extent as well. Virtually any type of substrate 
can be used, even those unsuitable for most high-
energy deposition methods. Unlike the high-energy 
methods, spray pyrolysis does not causes local 
overheating that can be harmful for some materials, 
which conduct heat poorly and melt incongruently. 
There are no restrictions on substrate dimensions or 
its surface profile. Multi-layered or patterned film 
deposition is feasible. 
 
 
2. Experimental  
 

For the preparation of precursor solution stannic 
chloride (SnCl4: 5H2O) and molybdenum trioxide 
(MoO3) were used as source materials. First 1.75 g of 
stannic chloride powder was dissolved in 10 ml 
solvent (a mixture of methanol and distilled water in 
a volume ratio of 4:1) so as to prepare 0.5 M solution. 
Similarly an aqueous solution of molybdenum 
trioxide was prepared using solvent (a mixture of 
methanol and distilled water in a volume ratio of 
4:1). In order to achieve chemical doping of 
molybdenum into the SnO2 thin film, molybdenum 
trioxide aqueous solution was mixed with the stannic 
chloride solution in equal volume ratio i.e. 5 ml each. 
This 10 ml solution thus prepared was used for 
spraying. 

It is well known that the dopant concentration 
affects the physical and chemical properties of the 
thin film. In this regard, to achieve variation in the 
dopant concentration, instead of increasing the 
volume ratio of molybdenum trioxide solution (of a 
given molarity) in the precursor solution, higher 
molar molybdenum trioxide solution with the same 
volume ratio was used to make the precursor 
solution. Thus by dissolving 0.288, 0.576 and 0.864 g 
powder of molybdenum trioxide in 10 ml solvent, 
0.2, 0.4 and 0.6 M solutions were prepared. 

The glass substrates were cleaned by chromic 
acid solution followed by rinsing with double 
distilled water. The substrates were heated to 
temperature ~ 400 oC and 5 ml of the precursor 
solution (4 ml of stannic chloride solution and 1 ml 
of molybdenum trioxide solution) was sprayed over 
the hot substrates using compressed air as carrier gas. 
The spray rate was monitored at ~ 2 ml per minute.  

The structural and morphological 
characterizations of the molybdenum doped SnO2 
thin films were performed on X-ray Diffractometer 
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(D-8 Advance Brucker, Germany) and Scanning 
Electron Microscope (JEOL JSM-6360) respectively. 
The SEM images were recorded with accelerating 
voltage ~ 20 KV and filament current ~ 60 mA.  

The sensing characteristics measurements were 
carried out under controlled ambient of the test gas in 
a specially designed glass jar. The bell jar was 
mounted onto a base plate equipped with electrical 
feed through and a gas inlet port. Fixed quantity of 
vapor was injected into the jar through a side port 
using micro-syringe. The thin film resistance was 
measured using two-probe method, by putting two 
ohmic contacts (separation ~ 1 cm) on the film 
surface using conducting silver paste. The sensor 
element was mounted on a resistive heater, which 
facilitated variation in film temperature. A tiny 
chromel-alumel thermocouple was used to measure 
the film temperature, which was monitored by a 
temperature controller. Enough time was given for 
temperature stabilization, before introducing the test 
gas. 
 
 
3. Results and Discussion 
 

The X-ray diffraction spectra of the cobalt doped 
SnO2 thin films synthesized at 400 oC shows well 
defined diffraction peaks indicating formation of 
polycrystalline films. A typical X-ray diffraction 
spectrum of the spray deposited molybdenum doped 
tin oxide thin film synthesized on glass substrate is 
depicted in Fig. 1. The XRD spectrum is identical to 
that reported by various researchers [28, 29]. The 
diffraction peak indexing was done by comparing the 
observed ‘d’ values with the standard data base 
(JCPD card no. 21-1250).  
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Fig. 1. X-ray diffraction spectrum of Mo doped SnO2  
thin film. 

 
 

The XRD patterns show a couple of well defined 
diffraction peaks indicating formation of 
polycrystalline thin films under the employed 
experimental conditions. The XRD patterns are 
identical to those reported in the literature [30, 31]. 
The diffraction peaks indexing done by comparing 
the observed d values with the standard JCPD data 
cards of SnO2 and MoO3, clearly revealed formation 

of the SnO2 phase with tetragonal structure [32, 33]. 
The major diffraction planes of SnO2 are found to be 
(110), (200), (220) and (310), In addition to this a 
low intense diffraction peak corresponding to MoO3 
(160) is also noticed. 

The surface morphology of molybdenum doped 
SnO2 thin films was studied using Scanning Electron 
Microscope. All these films exhibit uniform and 
granular morphology, covering the entire substrate 
area. A typical SEM image is shown in Fig. 2. The 
average grain size derived from the SEM image is 
found to be ~ 200 nm. The elemental composition 
obtained from the EDAX spectrum showed presence 
of MoO3, tin and oxygen. Atomic weight percentage 
of molybdenum was found to increase with 
increasing molarity of molybdenum trioxide. 
 
 

 
 

Fig. 2. Scanning Electron Microscope of Mo doped SnO2 
thin film. 

 
 

The gas sensing characteristics of the 
molybdenum doped SnO2 thin films were 
investigated as a function of operating temperature 
and methanol vapor concentration. In the present 
studies the “sensitivity” SR is defined as  

 
SR = (Ra - Rg) / Ra, 

 
where Rg is the film resistance in presence of the 
methanol vapor and Ra is the film resistance in air, 
measured at the respective temperatures In the 
present studies, the sensor response was studied as a 
function of operating temperature and it is found that 
the sensitivity is 35 % at operating temperature of 
245 oC.  

Fig. 3 shows the methanol vapor sensing 
characteristics of the molybdenum doped SnO2 thin 
films measured at different temperatures when 
exposed to controlled amount of methanol vapor. It is 
known that as the temperature increases, the diffusion 
rate increases Therefore, as the temperature 
increases, the number of methanol vapor molecules 
diffusing to the surface increases resulting in a higher 
sensitivity The conductivity peak showed a 
maximum at the temperature where it is most 
sensitive to air. [19].  
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Fig. 3. Sensitivity – temperature characteristics of methanol 

vapor (4 ml). 
 
 

The variation of sensor response SR with 
molybdenum concentration measured at different 
temperatures when exposed to a fixed amount of 
methanol vapor (injecting 0.04 ml methanol into the 
sensor chamber) is seen Fig. 3. The sensing 
characteristics were studied in the operating 
temperature range from 100 oC to 370 oC. Upon 
exposure to the methanol vapors the film resistance is 
seen to decrease. As seen from the figure, the sensor 
response SR shows dependence on both the operating 
temperature and molarity of the molybdenum trioxide 
solution. The sensor response characteristics exhibit 
identical behavior for the films synthesized using 
different molar molybdenum trioxide solutions; 
however the values of sensor response are different 
for each film, particularly at lower operating 
temperatures. With increasing temperature, the sensor 
response is found to improve exhibiting saturation in 
the high temperature range, above 300 oC. The sensor 
response is found to be very good for the 0.4 M and 
0.6 M films. 
 
 

0 .0 1 0 .0 2 0 .0 3 0 .0 4 0 .0 5 0 .0 6

2 0

4 0

6 0

8 0

Se
ns

or
  r

es
po

ns
e(

%
)

M e th a n o l q u a n tity (m l)

 A 2
 A 3
 A 4
 A 5
 A 6

 
 

Fig. 4. Sensitivity –concentration behavior of methanol. 
 

 
The sensor response was also investigated at 

different methanol vapor concentrations by injecting 
0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 ml of methanol 
into the sensor chamber. Fig. 4 depicts the variation 
of the sensor response as a function of methanol 
vapor concentrations measured at different 

temperatures of the film synthesized using 0.6 M 
molybdenum trioxide solution. It is interesting to 
note that, for all temperatures in the range from  
150 oC to 350 oC, variation of the sensor response as 
a function of methanol vapor concentration showed 
same behavior, initially increasing with concentration 
and finally leading to saturation at higher 
concentrations. The saturation of sensor response SR 
is due to total coverage of the film surface by the 
adsorbed methanol vapor molecules. Saturation of the 
sensitivity at higher vapor concentrations for volatile 
organic vapor detection using SnO2 array sensor has 
been observed by various researchers 
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Fig. 5. Response time-temperature characteristics 
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Fig. 6. Recovery time-temperature characteristics. 
 
 

The response and recovery times versus 
temperature characteristics of the molybdenum doped 
tin oxide thin films recorded at fixed methanol vapor 
concentration (injecting 0.04 ml) are shown in Figs. 5 
and 6 respectively. The observations were recorded 
in the operating temperature range from 150 oC to 
350 oC. The response time and recovery time are 
found to be dependent on the molybdenum 
concentration and the film synthesized using 0.6 M 
molybdenum trioxide solution exhibits smallest 
values of response and recovery times, at each 
temperature in the operating range. In addition to the 
molybdenum concentration (present in the films), the 
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response time and recovery time are found to depend 
on the operating temperature.  

At the lower operating temperatures the response 
and recovery times are seen to be larger and with 
increasing temperature they decrease in non-linear 
manner. It is interesting to note that, at higher 
temperature, films with various molybdenum 
concentrations have the response time in the 
neighborhood of 100 seconds and the recovery time 
of the order of 10 second. The above results show 
that molybdenum doped tin oxide thin film deposited 
at 425 oC using 0.6 M molybdenum trioxide solution 
has potential to be used as methanol vapor sensor. 

Temperature strongly affects processes occurring 
at the surface of the sensor. The adsorption and 
desorption processes are temperature activated. Also 
the surface coverage by molecular and ionic species, 
chemical decomposition and reactive sites are all 
temperature dependent. This means that, dynamic 
properties of the sensors such as response and 
recovery time and the static characteristics of the 
sensor depend on the temperature. And there is 
always a temperature for which the sensitivity of a 
sensor is maximum. This may be attributed to the 
saturation time and mean residence period of the 
methanol vapor molecules on film surface.  
 
 
4. Conclusion 
 

The spray deposited molybdenum doped SnO2 
thin film on glass substrate exhibits good sensing 
capability for detection of methanol vapor. The 
sensing characteristics such as sensitivity, response 
and recovery times are observed to depend on the 
operating temperature and at higher methanol vapor 
concentrations the sensor response is seen to reach a 
saturation value of ~ 90 %. The optimum response 
and recovery times, each of ½ (half) minute with  
90 % value of the senor response, observed at 250 oC, 
suggest that the spray deposited cobalt doped SnO2 
thin film is a promising sensing material for practical 
application as methanol vapor detector. 
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Abstract: This paper presents an analysis of Schottky diode performance with the utilization of zinc oxide 
(ZnO) thin film as a gas sensor. The presented device is implemented with new type of electrode shape which is 
hexagon compared to conventional circular Schottky contact. The Schottky diode was integrated with thin film 
layer of ZnO by using sol-gel method. I-V characteristic of the device response to gas target was obtained and 
discussed in this paper. Results show larger voltage shift obtained at the reverse biased mode up to 1200  mV at 
room temperature. The results suggested future research can be done in enhancing the metal oxide thin film 
based device. Copyright © 2013 IFSA. 
 
Keywords: Schottky diode, Hexagon Schottky contact, ZnO, Thin film. 
 
 
 
1. Introduction 
 

Gas sensors applications are widely used in 
industries to detect leakage hazardous gaseous or 
measure wide range of pollutants with high 
concentration levels which was emitted into the 
atmosphere. Gaseous pollutants include nitrogen 
oxides (NO, NO2), carbon monoxide (CO), and 
hydrogen sulfide (H2S) are toxic gaseous which are 
harmful to human health. The demand for such 
ability to monitor the environment is high due to the 
rapid global warming. According to Occupational 
Safety and Health Administration (OSHA), the 
recommended exposure limit to CO is 50 ppm during 
a typical 8 hours day with ceiling level of 200 ppm, 
while 25 ppm (averaged throughout an 8 hours 
exposure) and 20 ppm, average on 10 minutes of 
exposure time for NO and H2S respectively [1]. In 
addition, gas sensors are also used in biomedical 
research such as the breath analyzer to detect the 

toxic in human body. Gas sensor can be realized with 
metal oxide semiconductor field effect transistors 
(MOSFET) [2, 3], metal oxide semiconductor 
capacitors [4] and Schottky diode based sensor  
[5-11].  

Ethanol and acetone are among the pollutants 
which commonly used in chemical, clinical and 
medical applications. Both require a proper safety 
measure to avoid any accident. Hence, it is essential 
to monitor and rapidly detect the alcohol vapor 
concentration. Exposure of human body to high 
concentration of those gaseous could lead to coma, 
respiratory depression, hypothermia and worst, death. 
Conventional analytical method was bulky in size 
and involved complicated operation. Methods 
involved, such as gas chromatography, infrared 
spectroscopy and mass spectroscopy were 
inconvenient for outside laboratory purpose [12]. 
Thus, among gas sensors, Schottky diodes have been 
reported to be very promising candidates for gas 
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sensing applications [13]. The simplicity in the 
fabrication process facilitates the research and 
development of these types of sensors. Schottky 
diode based sensors have been fabricated by 
employing a number of different inorganic/organic 
semiconductors together with thin catalytic metal 
layers. When the catalytic metal makes contact with a 
semiconductor, it forms a Schottky barrier at the 
interface. The Schottky barrier varies as the device is 
exposed to different gas species and determines the 
sensitivity of the device towards target gas. The type 
of semiconducting material, its structure and the 
formation of the junction barrier between 
metal/semiconductor can be controlled and varied to 
sense different types of particular gases.  

It is generally known that zinc oxide (ZnO) is a 
good option as a sensing material among metal oxide 
family due to its high mobility of conduction 
electrons, good chemical and thermal stability, and 
easy to fabricate [14]. Therefore, for this project, 
ZnO was selected to act as a sensing layer film that 
accommodate gaseous molecule upon exposure to the 
target gas. The details of the device's configuration 
are shown in Fig. 1. 

Various experiments had been conducted by 
groups of researcher in order to enhance the 
properties of Schottky diode [9, 10, 12, 15-20]. 
Generally, it is known that by enhancing the electric 
field of the device, it will improve the ionization of 
the gas at the surface level. Most research deposited 
nanostructure material as the sensing layer [8, 21-25]. 
Some of them found that sharp edges at the tips of 
nanostructure induce high electric field and give a 
significant lateral voltage shift in the I-V 
characteristic at the reverse bias [11, 24]. However, 
none have investigated the effect of adding edges at 
the Schottky contact layer towards gas sensing 
performance. In this paper, the performance of 
hexagon shaped Schottky contact as a gas sensor is 
presented. 
 
 

2. Experimental 
 
2.1. Schottky Diode Fabrication 
 

ZnO thin film was deposited by sol-gel spin 
coating method onto 5 mm  5 mm square area 
silicon substrates. Zinc acetate dehydrate (ZAD), 
isopropanol alcohol (IPA) and monoethanolamine 
(MEA) were required as a precursor, solvent and 
stabilizer, respectively in the preparation of ZnO 
solution. The concentration of the prepared solution 
was kept at 0.2 M in 100 ml IPA. Prior to the 
addition of MEA, the mixture was continuously 
stirred and maintained at the temperature of 60 °C for 
more than 2 hours. Next, MEA was dropped into the 
solution during the process to yield clear and 
homogenous ZnO aqueous solution. The solutions 
were left for 24 hours at room temperature for aging 
process to complete the formation of the gel. The 
prepared ZnO solution was spin-coated onto cleaned 

polished side silicon substrate. Later, the deposited 
device was annealed for 2 hours at 200 °C. Thermal 
evaporation method was utilized in depositing the 
Au hexagon Schottky contact and multilayer of 
chromium/Au as the ohmic contact to have a 
complete hexagon Au/ZnO/Si Schottky diode. The 
surface morphology of the deposited ZnO thin film 
was observed by using FE-SEM and the metal 
contact thickness was obtained by optical 
profilometer. The hexagon Au/ZnO/ Si Schottky 
diode was then exposed to different type of gaseous 
to study the gas sensing performance. Fig. 1 shows 
the configuration of the fabricated Schottky diode.  
 
 

 
 

Fig. 1. Configuration of hexagon Au/ZnO/Si  
Schottky diode. 

 
 
2.2. Gas Sensing Setup 
 

The fabricated hexagon Au/ZnO/Si Schottky 
diode was probe in a sealed gas chamber connected 
to a gas vapor system. Initially, the chamber was 
filled with air and left to stabilize for 15 minutes. In 
order to calibrate the device error, five run tests were 
conducted to investigate the stability of the sensor 
towards the same gas, i.e. air in closed chamber. The 
sensor was then exposed to two types of targeted 
gaseous in a sealed chamber which is 96 % ethanol 
vapor and 100 % acetone vapor at constant room 
temperature 25 °C. Fig. 2 shows the setup diagram of 
gas sensing system. 

 
 

3. Results and Discussion 
 

Fig. 3 shows the FESEM of the ZnO thin film. 
There are visible cracks and grain which suspected 
formed during the annealing process. The cracks are 
inhomogeneous and have gap range from 100 nm to 
300 nm. The hexagon Au contact area is 23.38 mm2 

with thickness of approximately 1 µm. The stability 
test was conducted by taking five separated 
measurements with the same air sample. The result 
shows the average standard deviation for this sensor 
is 5.7 %. Small standard deviation shows that the 
sensor output is stable. Fig. 5 presents the I-V 
characteristic of the fabricated sensor measured using 
Agilent U2723A source meter in forward biased 
mode. It shows a similar pattern with typical 
Schottky diode characteristic (Fig. 4) which starts to 
rectify, approximately at 0.3 V. Fig. 6 shows the I-V 
characteristic of the hexagon Au/ZnO/Si Schottky 
diode in reverse biased mode. 
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Fig. 2. Gas sensing setup diagram. 
 
 

 

 

 
Fig. 3. FESEM of ZnO thin film. 

 

 
Fig. 4. Typical I-V characteristic of Schottky diode upon 

exposure to gas [26]. 
 

 
 

 
Fig. 5. I-V characteristic on forward biased mode. 

 
Fig. 6. I-V characteristic on reverse biased mode. 

 
 

The I-V characteristics in Fig. 5 and Fig. 6 show 
distinct responses based on the I-V curve shift in 
forward biased and reverse biased upon exposing to 
the targeted gaseous (Air, Ethanol and Acetone). 
Table 1 and Table 2 depict a comparison of voltage 
shift in forward and reverse biased with respect to the 
air in order to investigate which bias mode give 
larger shift. Results in the tables show that reverse 
biased has a larger shift compared to forward bias by 
a difference of 450 - 900 mV. It was observed at the 
reverse biased, the voltage difference between the 
target respects to the air at 10 µA give 550 mV 
compared to forward biased which shows 100 mV of 
voltage shift. Another measurement was taken at  

80 µA and it showed reverse biased characteristic 
with larger voltage shift which was 1200 mV 
compared to forward biased, which only 300 mV. 
This result suggests with the addition of edges to the 
contact, it will enhance the electric field and thus 
resulting in better shift at reverse biased mode. As 
done by previous research group, reverse biased gave 
larger shift due to high electric field [24]. On the 
other hand, there is no phase difference between 
ethanol and acetone sample due to the lower current 
setup configuration. The experimental can be 
enhanced by utilizing high current range, where 
response on the ethanol and acetone is significant. 
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Table 1. Comparison of voltage shift in forward and reverse biased at 10 µA with respect to air. 
 

Forward Biased (10 µA) Reverse Biased (-10 µA) 
Gas/Mode 

Voltage (mV) Voltage (mV) 
Air 300 -850 

Ethanol 200 -300 
Acetone 200 -300 

|Δair-target| 100 550 

 
 

Table 2. Comparison of voltage shift in forward and reverse biased at 80 µA with respect to air. 
 

Forward Biased (80 µA) Reverse Biased (-80 µA) 
Gas/Mode 

Voltage (mV) Voltage (mV) 
Air 700 -2000 

Ethanol 400 -800 
Acetone 400 -800 
|Δair-target| 300 1200 

 
 

Alcohols, which composed of hydrogen and 
carbon molecules, supplying hydrogen atom to the 
sensing region. Hydrogen atoms were ionized by 
electric field and create dipole charges at the 
interface layer. Thus reducing the Schottky barrier 
and increase the current flowing through the barrier. 
The sharp edges of the gold contact in this device 
analogically produce the same effect as the sharp 
nanotips of the nanostructure. This has created large 
electric field at the edges of the hexagon shape and 
ionized more hydrogen molecules which further 
deplete the Schottky barrier. 

The high electric field produced by the metal 
contact layer assisted by the performance of thin film 
device to the level almost similar with nanostructure 
effect. Although this device utilizing thin film metal 
oxide, as shown in Fig. 2, it still produce 
performance at the reverse biased, similar to the 
nanostructure based device due to the high electric 
field initiated by sharp edges. 
 
 
4. Conclusions 
 

This paper presented an idea of manipulating the 
Schottky contact layer in order to improve the 
electric field emitted at surface layer. Unlike 
conventional circular shape contact, the hexagon 
Schottky contact shape was designed, fabricated and 
experimentally characterized as a hexagon 
Au/ZnO/Si Schottky diode sensor. The results 
showed that such design produced approximately 
same performance with nanostructure device by 
referencing at the reverse bias in I-V characteristics. 
It was also observed that the hexagon contact using 
zinc metal oxide shows response towards gases i.e. 
ethanol and acetone vapor. Further research and 
characterization will be done in order to investigate 
other contact shapes and integrate with nanostructure 
Schottky diode. 
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Abstract: ZnS thin films were deposited on the glass substrates at a temperature of 350 °C by a low cost spray 
pyrolysis technique and annealed at 450 °C and 550 °C in a closed furnace. The as-deposited and annealed films 
were characterized by Energy Dispersive X-ray, X-ray Diffraction and UV-VIS spectrophotometer and dc 
conductivity by four probe van der Pauw method. The X-ray diffraction spectra of as-deposited films showed 
amorphous nature and after annealing at 450 °C and 550 °C the films were found polycrystalline nature with 
wurtzite hexagonal structure. The optical transmission spectra suggest that the fundamental absorption edge in 
the films is formed by the direct allowed transition. The optical band gap was decreased from 3.75 to 2.5 eV 
when the as-deposited films were annealed. The existing results of electrical conductivity and the activation 
energy reveal the semi-conducting behaviour of the samples. Copyright © 2013 IFSA. 
 
Keywords: ZnS, Nano grains, Spray pyrolysis, X-ray diffraction, Band gap. 
 
 
 
1. Introduction 
 

Zinc sulphide (ZnS) is an important II-VI 
semiconducting material with a wide energy band gap 
of 3.6 eV to 3.7 eV [1-2]. ZnS can have two different 
crystal structures; zinc blende and wurtzite, both of 
which have same band gap energy and direct band 
structure. Due to its high refractive index and high 
transmittance in the visible range it can be used as 
reflectors and dielectric filters. It is also used for the 
fabrication of optoelectronic devices such as blue 
light-emitting diodes, electroluminescent devices, 
electro optic modulator, optical coating, hetero 
junction solar cells, and photoconductor. Generally 
the functional behaviour of ZnS devices is influenced 
by the phase composition, thermal stability and 
morphology of the deposited films which are 
dependent on the mechanism of the deposition and 
processing conditions. Several methods have been 

used to deposit ZnS thin films such as spin coating 
[3], chemical bath deposition (CBD) [4-5], spray 
pyrolysis deposition (SPD) [6-7], close spaced 
vacuum sublimation (CSVS) [8-9], electron beam 
evaporation [10], and pulsed laser deposition 
technique (PLD) [11]. The performance and 
efficiency of thin film-based devices are strongly 
depends on the structural, electrical and optical 
properties of the film component. For this reason the 
study of these properties and the characteristics of the 
deposited film are very important. It helps to optimize 
the parameters for better device applications. 
Moreover the electrical and optical properties of the 
films are affected by the parameters such as flow rate, 
substrate temperature, concentration of solution etc, 
as well as the presence of impurities and defects in 
the films. Usually post deposition annealing is used to 
improve the structural, optical and electrical 
properties of the deposited films. Thus the studies 
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concerning the annealing effects on optical and 
electrical properties are very important, which play a 
significant role in enhancing the efficiency of the 
device. In this work the influence of annealing on 
structural, optical and electrical properties of ZnS 
films deposited by spray pyrolysis technique is 
studied. 

 
 

2. Experimental 
 
2.1. Deposition 
 

Spray pyrolysis is basically a chemical deposition 
technique in which fine droplets of the desired 
material solution is sprayed onto a heated substrate. It 
is a simple and low-cost technique in which the 
deposition parameters can be easily varied. The 
experimental setup used for the preparation of 
pyrolytically spray deposited ZnS films is described 
here. An aqueous solution of zinc acetate  
[Zn(CH3COO)2.2H2O] and thiorea (NH2CSNH2)  
were used to deposit the zinc sulphide thin films on 
glass substrate. The sprayed solution was made of  
0.1 M zinc acetate and 0.1 M thiourea. Deionised 
water was used as a solvent. Micro glass slides with 
dimensions of 1 × 25 × 40 mm3 were used as 
substrate. The glass slides were first cleaned using 
soap solution and then boiled in water and then 
dipped in acetone, and then dry. Compressed air was 
used as the carrier gas for spraying the solution 
where the gas pressure was fixed at 0.5 bar. The total 
volume of the solution sprayed was 100 mL and the 
flow-rate of spray was kept constant at 4mLmin-1 
throughout the whole deposition process. The 
deposition time was fixed at 10 minutes. An 
optimized temperature of 350 °C was maintained for 
the glass substrates. A chromel-alumel thermocouple 
based digital temperature controller was used to 
control the temperature. The nozzle to substrate 
distance was kept fixed at 25 cm. After deposition, 
films were allowed to cool at an ambient temperature 
slowly. The as deposited films were then annealed at 
450 °C and 550 °C temperature for 1 hr in a closed 
furnace.  

 
 

2.2. Characterizations 
 

The composition of the films was studied by 
EDX analysis. The XRD study was performed for 
identification of the crystal structure of the as 
deposited and annealed zinc sulphide thin films. A 
Philips X’Pert PRO XRD PW 3040 was used to 
study the materials structure. The monochromatic 
(using Ni Filter) CuK radiation was used whose 
primary beam power was 60 kV and 55 mA. The 
value of 2θ was swapped between 20 to 60. The 
optical transmission and absorption spectra of the 
films with respect to glass substrate were taken for 
wavelength range 300 to 1100 nm using UV-1601 Pc 

Shimadzu Visible Spectrometer. The film 
thicknesses of the as deposited and annealed films 
were measured by the Fizeau fringes method. The d.c 
electrical conductivity was measured by van-der 
Pauw four probe method in the temperature range 
from 27 °C (300 K) to 127 °C (400 K) using a 
Keithley-616 electrometer.   
 
 
3. Results and Discussion 
 
3.1. Scanning Electron Microscopy (SEM) 
 

Scanning Electron Microscopy (SEM) has been 
used to characterize the surface morphology. The 
films deposition by the spray pyrolysis is generally 
polycrystalline or amorphous in nature. Fig. 1 (a-c) 
show the SEM micrographs of the pure ZnS 
deposited at 350 C and annealed at 450 C and  
550 C respectively. Fig. 1 (a) showed that the film 
was not uniform, throughout the surface was 
inhomogeneous but deposition covered the substrate 
well. The film showed amorphous in nature because 
grain boundaries could not be defined and the surface 
was randomly roughness. The surface can be 
described as a conglomerate random roughness, 
which is characteristic of an amorphous deposit. The 
overall morphology of the layers seems to be due to 
the growth and clustering of initial nuclei. Fig. 1(b) 
showed annealed samples at 450 °C temperatures. 
After annealing the surface roughness was increased 
and the fibrous like structure was observed with nano 
sized grains of ZnS. It means that sprayed particles 
(atoms) are adsorbed onto the substrate to form 
clusters as the primary stage of nucleation. Clusters 
have a higher energy than the individual atoms, so at 
higher annealing temperature growing nuclei come 
into contact to form island stage and appears as 
fibrous like shape. Fig. 1(c) showed the surface 
roughness and radius of the clusters also increased. 
Due to increasing annealing temperatures at 550 °C 
the cluster migration mechanism also started. Hence 
the smaller clusters moved randomly and some of 
them were absorbed by the larger clusters to increase 
their radius and height. 
 
 
3.2. Energy Dispersive X-ray 
 

The composition of as deposited and annealed 
zinc sulphide films was confirmed by energy 
dispersive X-ray spectroscopy (EDX). Fig. 2 shows 
the EDX spectra of zinc sulphide thin film of as 
deposited at 350 °C and annealed at 450 °C and  
550 °C. Sulphur deficiency was observed in the as 
deposited and annealed films. This may be due to the 
fact that sulphur has great affinity towards oxygen, so 
it might have converted to SO2 and then evaporated. 
There is almost no change in the compositional 
structure after being annealed at 450 °C temperature. 
A strong peak is observed which corresponds to Si 
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(Silicon) and an O (Oxygen) peak is also observed 
which is due to glass substrate. At high operating 
voltage the electron beam penetrates the film and 
reaches the glass surface, which results the Silicon 
and Oxygen peak. Two different peaks corresponding 
to Zn (zinc) and S (sulphur) in the spectrum confirms 
the ZnS thin film. EDX result reveals that the 
deposited films are very close to the nominal 
composition, shown in Table 1. 
 

 
Fig. 1. SEM micrographs of pure ZnS, (a) deposited at 350 

°C, (b) annealed at 450 °C, (c) annealed at 550 °C. 
 
 
 

Table 1. Atomic % of as deposited  
and annealed ZnS films. 

 
Sample Temperature Zn S 

As deposited 350 °C 53.92 46.08 

Annealed 450 °C 56.33 43.67 

Annealed 550 °C 57.45 42.55 

 

 
 

Fig. 2. Energy Dispersive X-ray (EDX) spectra  
of ZnS thin films. 

 
 
3.3. X-ray Diffraction 
 
Fig. 3 shows the X-ray diffraction pattern of as 
deposited zinc sulphide thin films at 350 ºC, and 
annealed at 450 ºC and 550 ºC temperature. The 
scanning angle range was 20 < 2θ < 70. The X-ray 
diffraction pattern of the annealed spray pyrolysed 
ZnS revealed the crystalline structure. The observed 
broad hump in all the samples is due to the 
amorphous glass substrate used. The Lattice 
parameter of the films has been determined using the 
formula, 
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The crystallite size was calculated by using 
Scherrer’s formula 
 




cos

k
D   

 

(2) 

 

a 

b

c
 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 54-59 

 57

where k is a constant taken to be 0.93, λ is the 
wavelength used (1.5418 Å), β is the broadening of 
diffraction line measured at half its maximum 
intensity in radians and θ is the angle of diffraction. 
The average grain size of the films was found in the 
range of 30 to 50 nm, which indicates that the 
nanometric size of grains has developed in the films. 

The diffraction spectra showed that the as 
deposited film is amorphous. When the samples are 
heated with 450 °C then several peak of (100), (002), 
(101), (102), and (103) appeared. But as the 
annealing temperature increased to 550 °C a new 
peak of (200) has appeared and (103) vanished. The 
exhibited peaks are corresponding to hexagonal 
wurtzite phase of ZnS. The ratio of lattice constants 
(c/a) for the (101) and (102) planes were estimated to 
be about 1.606. The results are very similar to the 
report given by A. U. Ubale [12] and N. Uzar [13] 
but differ with some other report by  
D. Nithyaprakash [7], T. Ben Nasrallah [14] A. H. 
Eid [15], F. Gode [16] and R. K. Murali [17].  

 
 

 
 

Fig. 3. XRD spectra of as deposited and annealed films. 
 
 

The spectra indicate that films are prominently 
single crystalline with a preferential orientation. As 
the temperature increased the peak intensity 
increased and no other phases were formed by 
increasing the annealing temperature.  
 
 
3.4. Optical Properties 
 

The absorbance and transmittance spectra of ZnS 
thin films were recorded in the UV-visible near 

infrared regions (300 nm to 1100 nm.). Optical 
properties of the as deposited and annealed ZnS thin 
films such as band gap (Eg), extinction coefficient, 
refractive index, etc. were calculated from the 
absorbance and transmittance data. Fig. 4 depicts the 
variation of absorbance in the UV-visible region for 
as-deposited ZnS thin films as well as for annealed 
samples. There is almost no absorption in the visible 
region for the as deposited films. But when the films 
were annealed then the absorption peak shifted to 
longer wavelength region and the absorbance 
increased sharply at 325 nm wavelength for annealed 
sample at 450 °C. The transmittance for the as 
deposited film was 80 % but it decreased to 60 % 
when it was annealed at 450 °C. The transmittance 
was almost same for visible range and then decreased 
sharply. After annealing at 550 °C the transmittance 
decreased linearly. The decrease in transmittance 
may be caused by the increase in crystallite size. 

 
 

 
 

Fig. 4. Absorbance spectra for as deposited  
and annealed ZnS. 

 
 
Absorption coefficient  was calculated from  

 
 

2.303
A

d
   (3) 

 
where A is the optical absorbance spectra and d is the 
thickness of the film. The optical band gap of the 
films was determined from the following relationship  
 

1

2( )gh C h E     (4) 

 

where C is the constant and Eg is the optical band gap 
energy. The band gap energy was calculated from the 
intercept of the extrapolation of (h² vs. photon 
energy (h) graph (Fig. 5).  

From the extrapolation of the plot, the band gap 
energy for as deposited films is 3.75 eV. After 
annealing at 450 °C and 550 °C it has changed to  
3.1 eV and 2.5 eV respectively. The refractive index 
(n) was calculated by using the following equation 
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where R is the reflectance and k is the extinction 
coefficient. The reflectance (R) was calculated by 
using the formula 
 

1A R T    (6) 

 
and the extinction coefficient (k) was calculated by 
using  
 

4
k




  (7) 

 
The refractive index is found to decrease with 

increase in wavelength. The values of refractive 
index for as deposited films at 350 °C are found to be 
less than those of annealed at 450 °C and 550 °C. 
Such a difference may be attributed to the increase in 
crystallite size and lower strain in the annealed films. 
 
 

 
 

Fig. 5. Variation of (αhν)² with photon energy. 
 
 
3.5. Electrical Measurements 

 
The electrical measurements were performed on 

the as-deposited and annealed ZnS films to know the 
resistivity, activation energy of the charge carriers 
and other parameters. The electrical characterization 
of ZnS films was done by means of temperature 
dependent resistivity and the four probe van der 
Pauw technique. This study reveals that annealing 
has a considerable effect on the electrical properties 
of ZnS thin films.  

The electrical conductivity is found to increase 
after annealing the samples, shown in Fig. 6. The 
cause of increased electrical conductivity after 
annealing at 450 °C and 550 °C could be due to the 
increase in the crystallite size and by the reduction of 
the width of barrier layers at the grain boundaries. 
The activation energy was calculated from the slops 
of log  vs. 10³ T-1plots using the relation 

0 exp( )aE

KT
  , (8) 

 
where   is the conductivity, Ea is the activation 
energy, K Boltzmann’s constant and T is the 
temperature. The activation energy varied from 0.08 
to 0.17 eV. The results are presented in Table 2.  
 
 

 
 

Fig. 6. Plot of log  vs. 1/T1000 for ZnS. 

 
 
 

Table 2. Activation energy of ZnS at different  
annealing temperatures. 

 
 

Annealing Temperature/°C 
Activation 
Energy/eV 

As deposited (350) 0.08 
450 0.11 
550 0.17 

 

 
 
4. Conclusions 
 

ZnS thin films have been deposited on glass 
substrates by a simple, low cost spray pyrolysis 
technique at 350 °C. In this study, the annealing 
effects on the structural, optical and electrical 
properties have been investigated. EDX spectra 
showed that the films are in good stoichiometry. But 
after annealing there is sulphur deficiency observed 
in the films. X-ray diffraction spectra indicate that 
the as deposited films are amorphous in nature and 
the annealed films have a wurtzite hexagonal 
structure. The direct band gap energy of the films 
decreased from 3.75 to 2.5 eV. The resistivity and the 
activation energy were estimated as a function of 
temperature which exhibits the semiconducting 
nature. The above results demonstrate that the 
deposited ZnS films produced by a low cost spray 
pyrolysis technique could be useful for designing 
optical devices such as solar cells, optical window 
layers of photovoltaic cells, photodetectors, 
photoresistors, etc.  
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Abstract: Performed in this paper is numerical modeling of the angular dependence for light reflectivity R(F) in 
surface plasmon-polariton resonance (SPR) realized in Kretschmann geometry when studying the interface 
gold/suspension of spherical particles (cells) in the assumption that the dielectric permittivity of particles 
suspension   is described by the theory of effective medium. It has been shown that availability of suspended 
particles in solution inevitably results in appearance of an intermediate layer with the ε gradient between gold 
surface and suspension bulk, as a result of which the SPR angle shifts to lower values. Near the critical angle, 
the first derivative dR/dF demonstrates a clearly pronounced peak, which allows determining the   value for 
suspension bulk and the   gradient in the intermediate layer. Obtained in our experiments were SPR curves for 
two suspensions of erythrocytes – the dense one (erythrocyte mass after centrifuging) and loose solution (whole 
blood). In the case of erythrocyte mass, fitting the experimental and calculated curves enabled us to 
quantitatively determine the bulk    value for this erythrocyte mass (εb =1.96), thickness of the intermediate layer 
dm (300…400 nm) and    gradient in the intermediate layer. On the contrary, the SPR curve for whole blood 
appeared to be close to that of pure plasma. This fact allows only estimation of the thickness dm~2000...3000 nm 
as well as minimum ε value in the intermediate layer, which is close to that of plasma (ε = 1.79). Also, discussed 
is the mechanism of influence of the cell shape near the gold surface on the SPR effect. 
Copyright © 2013 IFSA. 
 
Keywords: Surface plasmon-polariton resonance (SPR), Liquid suspensions, Weighted erythrocytes, Biosensor, 
Blood sensor. 
 

 
 
1. Introduction 
 

Surface plasmon resonance (SPR) is a 
phenomenon which involves the absorption of a p-
polarized light by the surface electrons of a metal 
film (e.g., silver or gold) under specific resonance 

conditions determined by the dispersion relations of 
the surface plasmons [1-3]. This resonance condition 
is extremely sensitive to the refractive index and 
thickness of the dielectric medium (the medium can 
be a liquid, gas, or solid) in contact with the metal 
surface. In the last 20 years, SPR has been 
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extensively studied and developed into a useful 
technique to probe refractive index and thickness 
changes which enabled the construction of optical 
sensors measuring the concentration of chemicals, 
humidity, pressure, temperature, and biomolecular 
interactions [4-9].  

SPR can be optically excited if the wave vector 
kinc of the incident light with angular frequency ω has 
a surface-parallel component kx equal to the wave 
vector of the surface plasmon (SP) waves ksp. 
However, the SP waves cannot be excited by a light 
directly incident from air onto the interface because 
energy and momentum conservation cannot be 
satisfied simultaneously in the frequency range of 
their dispersion curves. This problem is solved using 
a dispersive medium (i.e., prism, gratings, etc.) that 
can enable kinc > ksp. Then kx = ksp can be satisfied by 
varying the angle of incidence of the light. The 
incident angle at which the SPR occurs is always 
higher than that of the total internal reflection for the 
prism and the bulk medium that form interfaces with 
the metal. Two basic configurations that use prisms 
for photon–SP coupling are the Otto and 
Kretschmann–Raether (KR) configurations [10], 
[11]. In the Otto configuration, the sample to be 
sensed is limited with the air gap between the metal 
and prism. On the other hand, in the KR 
configuration, the sensing layer is located between 
the metal layer and air so that the sample is not 
limited to a very small volume. Therefore, it is more 
suitable for sensing applications. 

If the condition for the excitation of SP waves 
 

Re[ksp] = kinc·n0·sinθ (1) 

 
where kinc = 2π/λ, and n0 and θ are the refractive 
index of the prism and the angle of the incidence, 
respectively, is analyzed, it can be seen that there are 
two parameters, namely, θ and λ that can be 
controlled or modulated to excite SP waves. The 
excitation of the SPR is understood by observing the 
reflected light spectrum obtained either by “angular 
interrogation” or “wavelength interrogation.” In the 
angular interrogation approach λ, of the incident light 
is kept constant and θ is varied. At a specific θ, the 
incident light is absorbed due to the SPR excitation, 
resulting in a sharp dip in the reflected light 
spectrum. This spectrum is characterized by three 
parameters: resonance angle θmin, half width at half 
maximum Δθ, and the reflection minimum Rmin (see 
Fig. 1). In the wavelength interrogation approach, 
wavelength λ of the incident light is varied while the 
incidence angle is kept constant. At λ = λmin, 
resonance condition is achieved and this is 
understood with a dip in SPR spectrum. In this 
approach, parameters which are used to characterize 
the spectrum are resonance angle λmin, half width Δλ, 
and reflection minimum Rmin. SPR sensors generally 
use the following detection approaches: 1) 
measurement of resonant angle shift; 2) measurement 

of resonant wavelength shift; and 3) measurement of 
change in light intensity. 
 
 

 
 

Fig. 1. Illustration of the SPR spectrum with angular 
interrogation approach. θmin : SP resonance coupling angle. 
Δθ: SP half width. Rmin : intensity of the reflected light  
in the resonance condition. 

 
 

2. Estimation of the Influence  
of Erythrocyte Volume Fraction  
on the SPR Effect 

 
The widely used physical model capable to 

describe the response inherent to dredge of micro- 
and nano-particles on harmonic electromagnetic 
excitation is the so-called “approximation of effective 
medium” by Bruggeman [12-15]. In accord with this 
approximation, the complex dielectric permittivity ε 
of a mixture consisting of k components is related 
with dielectric permittivities of components εk and 
their partial volumes qk in the following manner: 

 

qk(k-)/(k+2) = 0;  qk = 1 (2) 

 
Let us assume that the dielectric permittivity of 

the studied suspension obeys this rule, and the 
number of components in this mixture is equal to 
two: one of the components is transparent liquid 
(blood plasma) with the dielectric permittivity s ~1.8 
[16], and the second one – erythrocytes as micro-
spheres with the radius R, which are filled with 
haemoglobin possessing the dielectric permittivity e 

~ 2.07 [16, 17]. For definiteness, let us take that 
micro-spheres are packed on the gold surface in some 
quadratic manner, as shown in Fig. 2. The micro-
spheres touch the gold surface, and space between 
them is filled with liquid. 

To qualitatively describe the SPR effect in this 
system, let us represent the space above the gold 
surface as a stack of N thin layers, each of which 
possesses the thickness δ (Fig.2, middle). It is 
obvious that the haemoglobin fraction in each layer 
inside the elementary area 4R2 is equal to πρ2δ, while 
ρ increases from zero (when x = 0) up to R (when 
x = R = dm).  
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Fig. 2. Microspheres on the gold surface (top)  
and geometry of model (middle); Bottom: dependences  
for set of microspheres R=1000 nm filling factor q(x)  
and dielectrical permittivity ε(x). 
 
 

Let us consider that for x > dm the factor of filling 
q reaches the bulk value π/4= 0.785. The calculated 
dependence q(x) for micro-spheres with the radius 
R = 1000 nm is shown in Fig. 2 (bottom). Shown in 
the same place is the dependence ε(x) for mixture, 
which is calculated using the formula (2). It is seen 
that in this model the  value is monotonously 
increased up to the bulk value 2.01 for 1000 nm and 
then remains constant. It can be easily predicted that, 
in the case of non-dense packing or some 
deformation of spheres near the surface, the boundary 
values of q and    in the curves shown in Fig. 2 will 
be changed but their general look will be the same. 
To simplify our calculations, we took the law of 
changing ε(x) in the following form:  

 

 

(3) 

 
and analyze the influence of this layer on the SPR 
curve. Our calculation of the reflected light relative 
intensity (R) on the angle of incidence (F) was made 
for the stack of 15 plates with the total thickness dm 
from 50 up to 1200 nm (which corresponds to the 
increasing radius of micro-spheres). Fig. 3 shows the 
curves R(F) for gradual increase of the parameter dm 

within the above range. It is seen that the angular 

position Fmin is shifted to the left (curves 1 to 14) 
with increasing dm. 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d) 
 

Fig. 3. A) Calculated SPR curves for the stack of 15 plates. 
Numbers 1...14 correspond such values of dm : 50, 100, 
150, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100 и 
1200 nm. Shown on the bottom left is part of curve R(F) 
near the critical angle. B) Fmin shift against dm increase at 
the different values εs and εb: 1 — εs= 1.82, εb=1.96; 2 — 
εs=1.77, εb=1.96; 3 - εs= 1.82, εb=1.88; 4 - εs=1.77, εb=1.88. 
C) Dependence of derivative dR/dF against incidence angle 
in the critical angle region. D) A and B peaks amplitudes 
versus dm (the scales of curves 1' – 4' are three times 
multiplied). 
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The dependence of Fmin on dm (that is usually 
measured in these experiments) is depicted in Fig. 3b 
for four cases when suspension is a mixture of micro-
spheres in various concentrations with two liquids:  
εs = 1.82 (corresponds to blood plasma) and εs = 1.77 
(corresponds to buffer solution). The curves 1 and 2 
are related to the case of dense suspension (q = 0.85), 
while the curves 3 and 4 – to the case of the loose one 
(q = 0.45). It is seen that for dm = 0 the position of 
Fmin depends only on q, but not on the liquid phase 
type.  

On the other hand, when the thickness dm is 
sufficiently high (800...1200 nm) the value Fmin is 
determined only by the liquid type; the transition 
from initial to final values of Fmin happens gradually; 
in the case of the curves 1, 2 and 4 it is monotonous, 
but in the case of the curve 3 within the range of 
thicknesses 200 to 400 nm there appears non-
monotone. In all the cases, the position of Fmin looses 
its sensitivity to the intermediate layer for  
dm > 600 nm. 

By contrast, the part of the R(F) curve near the 
critical angle demonstrates the most pronounced 
change for dm > 600 nm (it corresponds to large sizes 
of micro-particles) as it is seen in Fig. 3a, the insert 
on the left. The step in the R(F) curve corresponding 
to the critical angle (60.3 degree for εb = 1.96) 
disappears and arises again (for dm > 800 nm) in the 
vicinity of 56 degree. For a more detailed analysis of 
the R(F) curve, let us consider its first derivative 
dR/dF that is shown in Fig. 3c. Within the range  
50 < dm < 600 nm (curves 1 to 7), one can observe 
one narrow (fractions of degree) peak (peak A) 
corresponding to the critical angle inherent to the 
interface glass/suspension (60.33 degree for εb = 
1.96). Its height changes non-monotonously with 
growing dm. Within the range 600 < dm < 1000 nm 
(curves 8 to 14), the peak A disappears, however 
there arises a new wide maximum near 57.3 degree 
(peak B) (curves 12 to 14). Its height increases for  
dm > 1000 nm. 

Shown in Fig. 3d is behavior of the amplitude of 
A and B peaks with increasing the thickness of the 
intermediate layer dm for various εs and εb values. The 
amplitude of the peak A depends on dm  in non-
monotonous manner and possesses the maximum at 
0.2…0.3 reciprocal degrees for dm = 200...300 nm 
(curves 1 to 4). At the same time, the amplitude of 
the peak B (curves 1' to 4') increases with growing 
dm practically in a linear manner. It is also seen that 
the peak B arises only for large thicknesses dm (800 to 
1000 nm), and the more is the difference εs - εb, the 
lower values of dm are necessary to register the peak 
B. Adduced in Table 1 is the angular positions of A 
and B peaks inherent to suspensions of micro-spheres 
for above two concentrations in two different liquids. 
The peak A angle exactly corresponds to the critical 
angle of the system glass/suspension bulk. Thereof, 
one can easily calculate the εb value. The angular 
position of B peak is also close to the critical angle of 
the boundary glass substrate/liquid phase, but 
exceeds it a little.  

Table 1. Angle position of peaks A and B  
for rations of s, b. 

 
 εb=1.96 εb=1.88 

 Peak А Peak В Peak А Peak В 

εs=1.77 60.33 56.61 58.32 56.31 

εs=1.82 60.33 57.41 58.32 57.01 

 
 
Two conclusions follow from the said above, namely: 
1) availability of A peak in the curve dR/dF allows 
determining the value of dielectric permittivity 
inherent to suspension bulk εb, that is unknown in 
advance, and use it further for characterization of the 
intermediate layer (in this case, the thickness of the 
latter does not exceed 600 nm); 2) absence of this 
narrow peak and availability of a wider B peak is 
indicative of the fact that the thickness of the 
intermediate layer exceeds 1000 nm. Then, using the 
SPR curve one can estimate the thickness dm and the 
lower limit of εs. In this case, determination of the εb 
value becomes impossible. The absence of peaks in 
the curve dR/dF (F) shows that the thickness of the 
intermediate layer lies within the limits 
600 < dm < 1000 nm. 
 
 
3. Solving the Inverse Task – Representation 

of the Gradual Intermediate Layer as a 
Single One with Effective Values of the 
Thickness and Dielectric Permittivity 
 
In practical applications, one has to solve an 

inverse problem – to determine a profile of the 
dielectric permittivity (x) by using the experimental 
curve R(F). Usually, with this aim in Kretschmann 
geometry systems they assume availability of one 
(maximum two) layer between the surface of 
plasmon-keeping metal and semi-infinite medium (in 
this case – liquid) and use the fitting procedure for 
experimental and calculated SPR curves to reach the 
best coincidence. If one assumes that the intermediate 
layer between the gold surface and colloidal solution 
bulk can be described as one layer with effective 
values of the thickness d and dielectric permittivity , 
it seems reasonable to try to determine d and values 
by using the data of Fig. 3A as the “experimental” 
ones. This procedure is widely known and multiply 
described (see, for example [18, 19]). Being based on 
the Winspall 2.20 program, we realized extraction of 
d,  and b by using the SPR curves in Fig. 3A as the 
experimental ones. The obtained d,  and b values for 
q = 0.85 in medium with s = 1.82 are shown in Fig. 4 
(curves 1 to 9 on the 2 rows) using a solid line. The 
initial profile ε(x) is shown with dashed lines. It is 
seen that for sufficiently low values of dm (< 600 nm) 
the obtained d value is equal approximately to half of 
dm, while   is close to εs, exceeding it a little. In the 
case of thick intermediate layers (dm > 600 nm), the 
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obtained d value is significantly lower, and ε 
possesses some intermediate value between εb and εs.  

 
 

 
 

 
 

Fig. 4. Top: comparison of the “initial” (dashed lines) and 
extracted for one layer model (solid lines) for 
monotonically increased profile ε(х). dm value is 50, 100, 
200, 300, 400, 600, 800, 1000 and 1200 nm for graphs 1...9 
accordingly. Bottom: graphs of extracted parameters d 
(1,2), εb (3, 4) ε(5, 6) versus dm 1, 3, 5 for q= 0.85 (dense 
suspension); 2, 4, 6 for q= 0.45 (loose suspension). 

 
 
Our calculations performed for other relations of 

εb and εs show the same behavior. In more details, 
dependences for parameters d, ε, and εb on the 
thickness of intermediate layer dm are depicted in  
Fig. 4 (on the bottom) for suspensions of different 

densities (q = 0.85 and 0.45). Thereof, it follows that 
d is equal approximately to half of dm up to 600 nm; 
after that d slows down and reach the value 300 nm 
independently of q (curves 1 and 2). The ε �value 
exceeds a little the value εs (1.77 or 1.88) practically 
coinciding with it for dm > 600 nm. With account of 
the above features, one can judge the thickness (and 
dielectric permittivity) of the intermediate layer up to 
the value 600 nm. It is obvious that, in the case when 
dm exceeds 600 nm, the part of the curve within the 
range of the critical angle (see Figures 3c and 3d) 
becomes more informative.  

 
 

4. Experimental 
 
4.1. Equipment and Materials 
 

Measurements of angular dependences for light 
reflection from the interface suspension/gold film on 
glass substrate were performed using the SPR 
spectrometer Plasmon 6 (model 325, ISP NASU, 
Ukraine) that allows measuring the absolute value of 
reflectivity as well as absolute value of the angle in 
Kretschmann configuration. The retro-prism with the 
base angle 65 degree and glass substrates were made 
of the glass F-1 with the refraction index 1.61. The 
wide range of angles for scanning (up to 17 degree in 
air) allows performing quantitative measurements of 
a full reflection curve including the TIR and SPR 
angles for liquids with various refraction indexes – 
from 1.33 (water) up to 1.41 (haemoglobin). 

To measure the SPR effect, glass substrates were 
covered with a thin gold layer (approximately 50 nm) 
deposited on the adhesive chromium sub-layer by 
using thermal evaporation in vacuum. Before 
investigations, the prepared substrates were kept in 
dry nitrogen atmosphere. A plastic cell of the volume 
30 μl was provided with two plastic pipes of the 
internal diameter 1 mm that were joined to a digital 
micro-pump. Preliminary processing the data was 
realized using the program Plasmon 6 (version 6.7). 
The operation regime of a “single mode” allows 
obtaining the full reflection curve for 10 s.  

As samples of suspensions, we used heparinized 
blood taken from a vein of a healthy donor and blood 
cellular mass after centrifuging. These blood samples 
were placed into test-tubes containing 0.1 ml of 
heparin (5000 U/ml, Pharma life, Ukraine) and 
agitated. To prepare the erythrocyte mass, a part of 
heparinized blood was centrifuged (10 min,  
3000 rev/min). After determination of hematocrit, the 
top layer of plasma was separated into another test-
tube, while the bottom layer of the erythrocyte mass 
was divided by aliquots of 200 μl that were used for 
measurements. The samples of suspensions (blood 
and erythrocyte mass) were kept at the temperature  
4 0С. As a buffer solution, we used the Ringer 
solution (buffer solution, in what follows). Its 
composition is as follows: NaCl - 9 g, NaHCO3 - 0.2 
g, CaCl2 - 0.2 g, KCl - 0.2 g, glucose -1 g, water - up 
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to 1 l. Decimolar solution of HCl and distilled water 
were used to rinse the system and regenerate the 
operation surface. All the experiments were 
performed at room temperature.  

 
 

4.2. Experimental Results 
 

After centrifuging, the whole blood breaks by two 
ranges: transparent liquid (plasma) is the top one, and 
dark opaque (erythrocyte mass) is the bottom one. 
The typical series of the SPR curves obtained for 
contact of erythrocyte mass with gold for 0…10 min 
is depicted in Fig. 5a (curves 1 to 6). Immediately 
after contact, the angle of plasmon resonance is fixed 
at ~66.8 degree, however, for the first 10 min its 
position shifts to the left by ~ 0.3 degree and then is 
stabilized. Near the critical angle (~60.5 degree), one 
can observe a shoulder typical for the TIR effect, 
which does not change with time. The curve 7 in  
Fig. 5a is the SPR curve inherent to transparent liquid 
(plasma). Here, contrary to the curves 1…6, the Fmin 

position is shifted by ~1.5 degree to the left, and the 
range of the critical angle is shifted down to 
~56.1 degree. This curve does not change with time. 
The curves 8 and 9 are the first derivatives dR/dF of 
the curves 1 to 7 near the critical angle. Note that 
they clearly demonstrate narrow peaks at ~60.4 and 
~56.2 degree, respectively. As it was shown earlier, 
availability of these peaks allows determining the εb 
value in the studied suspension. 

 
 

 
 

Fig. 5. a) 1-6 repetitive measurements of R(F) curves for 
erythrocyte mass, 7 – R(F) curve for plasma. 8, 9 – first 
derivatives dR/dF(F) for erythrocyte mass and plasma 
accordingly; b) 1 – 6 experimental curves R(F) for whole 
blood (hematocrit ~0,4); bottom left – dR/dF(F) for the 
same specimen (y-scale is three time multiplied). 
 

Depicted in Fig. 5b are the results obtained for the 
sample of heparinized blood with the hematocrite 
value 0.4. Contrary to the previous data, the SPR 
curves for the first 10 min do not diverge. One can 
see only a small increase in the Fmin value near  
64 degree. As a whole, this curve is close to the curve 
7 in Fig. 5a for pure plasma. Near 57 degree, one can 
see a weak indication of a step and its kinetics as 
some thickening the line in the plot. (We have 
marked that changes in the signal value are observed 
here in the last digit of registering analog-to-digital 
converter). Shown on the left bottom is derivatives 
dR/dF where it is seen that contrary to Fig. 5a the 
peak is several times wider, and its maximum sharply 
decreases with time. So, in the first scan, it is 
approximately equal to 0.07 degree-1, which is 
practically three-fold higher than the noise level, and 
already in the fourth scanning (after two minutes) its 
amplitude drops to the level lower than the noise one. 
(The scale of these curves is three-fold increased). 
 
 
4.3. Discussion 
 
Let us analyze the obtained SPR curves from the 
viewpoint of availability of the intermediate layer. 
 
 
4.3.1. Dense Suspension (Erythrocyte Mass)  
 

Final results of fitting the parameters d, ε and εb 
for the SPR curves corresponding to the contact with 
dense suspension (Fig. 5a) are summarized in  
Table 2 (the first six lines). The numbers 1 to 6 
correspond to numbers of measuring cycles (they 
correspond to different times past after sample 
introduction). The ε value for this layer decreases 
approximately from 1.87 down to 1.86 in the course 
of measurements. At the same time, the εb value 
remains practically constant at the level  
1.964 ±0.002. This value has been obtained for 
absolute majority of the samples in the series of  
40 investigations. The thickness of an equivalent 
layer d is about 200 nm in the initial moment and 
decreases down to ~140 nm for 10 min. It should be 
noted that the main part of this decrease in d values 
takes place in the first minute (cycles 1 and 2). Using 
the above εb value, one can calculate the volume 
fraction of erythrocytes qe in erythrocyte mass, if he 
knows the dielectric permittivities of haemoglobin εg 
and plasma εp. The latter can be determined from the 
experimental data shown in Fig. 5A (curve 9). The 
angular position of A peak is 56.28±0.01 degree, 
which corresponds to εp = 1.793±0.004; the εg value 
(see [16]) is 1.979. In this case, the equation (1) leads 
to qe values summarized in the last column of  
Table 2. They lie within the limits 0.9...0.92, which is 
indicative of rather dense packing the erythrocytes, if 
taking into account that they possess the shape of 
oblate torus with the diameter about 8 μm and 
thickness close to 2 μm [20].  
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Table 2. Optical parameters d, ε, εb recovered from 
experimental SPR curves by means of fitting with 

calculated ones. 
 

Cycle number 
(time) 

d, nm ε εb qe 

Dense suspension (erythrocyte mass) 

1(0.5 min) 200 1.8725 1.9622 0.9097 

2 (1 min) 156 1.8736 1.9656 0.9280 

3 (2 min) 144 1.8717 1.9648 0.9237 

4 (4 min) 141 1.8701 1.9650 0.9247 

5 (6 min) 136 1.8679 1.9645 0.9220 

6 (10 min) 132 1.8673 1.9645 0.9220 

Loose suspension (whole blood, haematocrit 0.4) 

1А (0,5 min) 1200 1.80 1.88  

2А (1 min) 1100 1.80 1.88  

3А (2 min) 700 1.824 1.88  

4А(4 min) 700 1.8155 1.82  

5А (10 min) - - 1.8252  

 
 

A simple calculation shows that in assumption 
when erythrocytes possess the shape of plain cylinder 
then the factor of filling the space will be 
q = π/4 = 0.79 for dense quadratic package, and for 
the case of hexagonal package q = 0.9. The q value 
found by us exceeds 0.9. Thus, it should be 
concluded that during centrifuging erythrocytes are 
deformed under action of hydrostatic pressure and 
change their round shape to that of polyhedron, 
which provides a higher level of package than that of 
plain cylinders. This conclusion has been confirmed 
by the data [21] where it is shown that after 
centrifuging erythrocytes are strongly deformed.  

Thus, measurements of a SPR curve in a wide 
range of angles including that of a critical angle 
allows rather reliable estimation of the dielectric 
permittivity for a dense suspension of erythrocytes εb 

and then the density of their package qe. This 
parameter was not determined earlier and may be 
important as the erythrocyte package is related with 
their shape and membrane elasticity, which can carry 
essential information.  

As to the very intermediate layer in the samples 
of dense package, shown in Fig. 6a is behavior of ε(x) 
for the first six scans after contact. Solid lines show 
the results for the model with one effective layer that 
used instead of plain intermediate layer. Dashed lines 
show reconstruction of a linear change inherent to 
ε(x), if using calculations based on Fig. 4.  

As it follows from Fig. 6a and Table 2, the 
effective thickness d of the intermediate layer 
decreases in the course of interface relaxation from 
~200 down to ~140 nm; an especially sharp drop 
takes place for the first minute. The  value is 
decreased, too. 

As it was shown in the calculation chapter, in the 
case of smooth    growth in the intermediate layer the 
equivalent thickness of the effective layer d is equal 
approximately to half of dm, if the latter does not 
exceed 600 nm (Fig. 4, on the bottom). In this case, 
the   value just on metal surface is close to that of 
solvent for the case of solid spheres. As the obtained 
thickness d does not exceed 300 nm, the above rule 
may be applied to reconstruction of the real 
dependence ε(x) for the case of dense suspension. 
The result of this reconstruction is shown in Fig. 6 
(on the top) for two situations – at the start of 
relaxation and at its end (curves 1' and 2', 
respectively). It is seen that for х = 0 the   value is 
equal to ~1.87 at the origin and ~1.85 at the end of 
measurements, which obviously exceeds the   value 
for plasma (1.79). 

 

 
 

 
 

Fig.6. Recovered ε(x) dependencies. A – dense suspension 
(erythrocyte mass), B- loose suspension (whole blood). 
Solid lines are obtained for one layer model, dashed lines 
reflected the reconstruction of linear ε(x) increase based on 
the result pervious modeling (Fig. 4). 

 
 

This excess should be related with erythrocyte 
deformation. As said above, under action of 
hydrostatic forces in the centrifuge mechanic field the 
curved surface of a cell converts to polyhedron. It 
seems natural that plain parts of the cells, which arise 
under centrifuging, will be first of all turned to the 
gold surface. As a result, filling the volume in the 
first layer of this multilayer stack above the surface 
differs from zero (Fig. 2) and is determined by the 
total surface of cells being in contact with gold. 
Using the equation (2), one can find that at the origin 
of relaxation (profile 1') the area of cell toughing to 
gold is equal to 0.47 of the total area, while at the end 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 60-68 

 67

of the process (profile 2') it is shortened down to 
0.35. At the same time, the thickness of the layer dm 
decreases from 360 down to 280 nm. 

 
 

4.3.2. Loose Suspension (whole Blood  
with the Hematocrit 0.4) 

 
The SPR curves for this case are depicted in  

Fig. 5B. With regard to the erythrocyte mass, the 
angle of SPR minimum is shifted to 64 degree 
inherent to pure plasma, and practically does not 
change with time. Another feature is the absence of A 
peak in the dependence dR/dF near the value 
61 degree. Instead of it, there arises a peak near 
56.8 degree that can be ascribed to the peak B with 
account of its width. The absence of A peak in the 
dependence dR/dF does not allow determining the 
value of dielectric permittivity for suspension bulk εb. 
But this value can be calculated using the formula (2) 
with account of hematocrit. One can obtain εb = 1.88, 
and this value can be used when fitting the 
experimental and calculated curves. The lines 1, 2 
and 3 in Fig. 6B show the results of fitting for the 
first three scans. If believing to that, then the 
equivalent thickness of intermediate layer decreases 
from 1200 down to 700 nm. However, if the εb value 
is not set by calculation, then one can obtain the 
result shown with the line 4. It means that SPR is not 
able “to look” further than 600 nm.  

Our detailed investigation of the R(F) near the 
critical angle allows to shed light on the structure of 
intermediate layer at the gold surface. Availability of 
the wide peak in the dR/dF curve within the range 
56.5...56.6 degree enabled us to juxtapose its 
amplitude with the thickness of intermediate layer dm 
that was predicted by calculations performed using 
Fig. 3d. The result of this juxtaposition is shown in 
Fig. 6b with four-ray asterisks in positions 5' to 7' 
where fixed is the thickness of intermediate layer and 
value of dielectric permittivity directly at the metal 
surface. If one takes the value εb = 1.88, then the 
profile ε(x) can be described by the lines 5', 6' and 7', 
which essentially differs from the result obtained 
using the SPR curves (plots 1 to 4). In the first 
moment of blood contact with the gold surface, the 
dm value reaches 3 µm and decreases down to 2 µm 
in the course of relaxation. This process definitely 
resembles the effect of erythrocyte deposition that is 
observed in analytical practice in the top part of a 
capillary. It gives a hope that this process can find the 
same wide application as the common method for 
determination of the velocity of erythrocyte 
concretion, but with the essential difference in time – 
several minutes instead of hour exposure. 

As a conclusive note, we should say that in the 
case of large (more than several micrometers) 
colloidal particles, the SPR effect is unable to analyze 
intermediate layers, and the range of the critical angle 
becomes predominant. In these conditions, it seems 
reasonable to reduce the thickness of gold layer with 
the aim to make the range of critical angle more 

pronounced. Indeed, from the viewpoint of 
sensitivity, the optimum gold thickness is 45 to 
55 nm, and the reflectivity reaches 80 % within the 
range of critical angles. Reduction of the gold 
thickness will allow increasing signals within the TIR 
range and, at the same time, clearly observing the 
very SPR effect. 

 
 

5. Conclusion 
 
Offered in this work is the approach to describe 

the SPR effect in colloidal systems scattering light. It 
is based on quantitative calculation of the dielectric 
permittivity ε both in bulk and near the boundary 
metal/suspension with account of the Bruggeman 
theory for effective medium. Introduced is the 
conception of an intermediate layer with a gradual 
increase in the     value from the surface up to the 
bulk one within the limits of the layer thickness dm. It 
has been shown that in the case dm < 600 nm one can 
quantitatively determine both    values for suspension 
bulk and the parameters of the intermediate layer. In 
the case when dm > 1000 nm, it is possible to estimate 
the thickness of intermediate layer and the   value 
near the surface. To determine the bulk value ε from 
the SPR curve is impossible in this case. The 
approach has been illustrated by the results of 
controlling the dense suspension (weighted 
erythrocytes) and loose suspension (whole blood). In 
the former case, we have shown that dm < 600 nm, 
and it allows determining the bulk   as well as the 
degree of filling the suspension bulk with cells. We 
have made the assumption that the cell shape near the 
gold surface influences on the contact area with 
metal, which determines relaxation of intermediate 
layer parameters. In the latter case, we have been 
enabled to estimate the thickness of the intermediate 
layer gold-whole blood. It has been shown that dm is 
approximately 2000...3000 nm, and suspension bulk 
is unavailable to be controlled with SPR. But this 
control can be possible in the case of lower gold film 
thicknesses or when it is absent at all when light 
interference inside a plain    gradient near the surface 
of glass substrate becomes a predominant optical 
effect. 
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Abstract: In this work we report the synthesis, microstructure, electric properties and sensing performance of 
BaSnO3 (BS) powder, it was prepared by solid state mechano-chemical method. As prepared powder is 
calcinated at temperatures 1000 C and 1200 C and tested for crystallization. Thick films were prepared using 
simple yet effective screen-printing technology. Structural and electrical analyses were performed and the 
results have been correlated. The pure BS film shows good response (S=9.8) to NH3 at elevated temperature up 
to 500 C along with response other gases with lower sensitivity such as CO2, CO, H2S for various gas 
concentrations, when the pure film is surface modified with Al2O3, film improves the selectivity and sensitivity. 
Maximum response (S=21.2) was found to H2S gas at temperature of 300 C for gas concentration as low as up 
to 100 ppm. The characterization of the films was done by XRD, SEM and TGA. Crystallite size, surface area, 
electric properties and gas sensitivity of the films were measured and presented. Copyright © 2013 IFSA. 
 
Keywords: BaSnO3 (BS), Thick films resistor, H2S gas sensor, Sensitivity, Selectivity. 
 
 
 
1. Introduction 
 

Alkaline-earth stannates (ASnO3, where A ¼ Ca, 
Sr, Ba) are important materials for electronic industry 
due to their dielectric properties and some of their 
applications are thermally stable capacitors, humidity 
sensors, gas sensors, etc. [1-3]. The interest in 
perovskite-type oxides is mainly due to the easy 
modification of their electric properties by the 
selection of an adequate cation and also due to their 
stability at high temperatures [4-5]. High sensitivity 
semiconductor gas sensors are strongly needed for 
measurement of physical quantities and for 

monitoring working environments. It was discovered 
that atoms and molecules interacting with 
semiconductor surfaces influence surface properties 
of semiconductors, such as conductivity and surface 
potential. Semiconductor oxides have been more 
successfully employed as sensing materials for the 
detection of different gases, such as CO, CO2, H2, 
alcohol, H2O, NH3, O2, NOx, etc. The gas sensing 
mechanism in all polycrystalline n-type 
semiconductors is generally ascribed to the Schottky 
barrier formation at gas-semiconductor interface, 
leading to a negative surface charge accumulation, 
typically O− ions. The variation of the height of the 
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inter-granular barrier is the result of surface chemical 
reactions with environmental gases leading to 
electrical conductance modifications [5-8]. 

Among all the materials used for gas sensing 
purposes BaSnO3 was found to be most suitable due 
to its stability against high temperature, maintaining 
good porosity at higher temperatures and 
repeatability in usages. BaSnO3 is found to be 
sensing many reducing gases CO, CO2, NOx at higher 
temperature [9-12]. As gas sensing is a surface 
phenomenon we could modify barium stannate film 
with some oxides so as to modify the performance 
[13-14]. More specifically, we aim at better 
information on: (i) the effectiveness of calcination 
temperature on particle size (ii) electronic properties 
and their changes in contact with reducing gases. 
Scanning Electron microscopy (SEM), X-ray 
diffraction (XRD) and specific surface area 
measurements were adopted to analyze the 
morphology, the crystalline structure and the mean 
grain radius. Finally, electrical measurements 
(electrical properties and gas sensing properties) have 
been performed. 

 
 

2. Experimental 
 
2.1. Powder Preparation 

 
The AR grade powders of Ba(OH)2.H2O and 

SnO2 were milled for 2 h using planetary ball mill to 
obtain fine grained powder. Then hot water is added 
with constant stirring, followed by slow heating up to 
dryness. The powder was calcinated at 1000 C and 
1200 C for 6 h [1-6]. The fined grain powder is used 
to prepare thick film resistor. XRD spectrums of as 
prepared powders were analyzed and confirmed the 
sub microcrystalline perovskite phase. The as 
prepared powder was screen printed on glass 
substrate in the desired pattern [13]. 
 
 
2.2. Paste and Thick Film Preparation 
 

The thixotropic paste was formulated by mixing 
the resulting BS fine powder with a temporary binder 
as a mixture of organic solvents. The ratio of the 
inorganic to organic part was kept at 75:25 in 
formulating the paste. The thixotropic paste was then 
used to prepare thick films. The paste was screen- 
printed on a glass substrate in a desired pattern  
(1.5 cm  0.5 cm). The films were fired at 600 °C for 
30 min. in air atmosphere to remove the residual [13]. 
 
 
2.2. Gas Sensing System 

 
The sensing performance of the sensors was 
examined using a ‘static gas sensing system’ [12-
15]. A D.C. constant voltage was applied across the 
film using two electrodes and current was measured 

by using digital Pico-ammeter. To heat the sample 
up to required operating temperatures the heater was 
fixed on the base plate. A thermocouple was 
connected to a digital temperature indicator. A gas 
inlet valve was fitted at one of the ports of the base 
plate. The required gas concentration inside the 
static system was achieved by injecting a known 
volume of test gas using a gas-injecting syringe. Air 
was allowed to pass into the glass dome after every 
gas exposure cycle. 
 
 
3. Material Characterizations 
 
3.1. X-Ray Diffraction 
 

Fig. 1 depicts an XRD pattern of BS powder. X-
ray diffraction analysis of this powder was carried 
out in the 20-80 deg (2θ) range using Cu-Kα (with  
λ= 1.54 Å, 40 kV, 30 mA) radiation. The observed 
peaks match well with the reported JCPDS data 
confirming the polycrystalline cubic pervoskite 
phases. At 1000 oC calcinations XRD shown some 
peaks related to BaCO3 that was present BaSnO3 but 
as calcination temperature was increased to 1200 oC 
BaCO3 peaks disappeared and we get BaSnO3 form 
of cubic perovskite crystals. The intensities of an 
XRD pattern well match with cubic phase of BaSnO3. 
 
 

 
 

Fig. 1. XRD of Pure BS calcinated at 1000 oC and 1200 oC. 
 
 
3.2. Calculation of Structural Parameters  

of the BS Films 
 
The Detailed knowledge of crystallite size and 

shape in a finely divided powder often helps to 
correlate many physical properties of a system 
undergoing transformation in a solid state reaction. 
The average crystallite size was determined based on 
XRD peak broadening using the Scherrer equation 
[13]. 

 




cos

94.0
D , (1) 
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where D is the average crystallite size,  is the 
broadening of the diffraction line measured at half 
maximum intensity (FWHM), λ is the wavelength of 
the x- ray radiation and θ is the Bragg angle.  

The specific surface area of BS thick films was 
calculated using BET method by using the following 
equation [13]: 

 

d
Sw


6

  (2) 

 
where d is the diameter of the particles, ρ is the 
density of the particles. 
 
 
3.3. Microstructure SEM 

 
Fig. 2 depicts the SEM images of (a) pure BS 

film, (b) Surface modified BS film with Aluminum 
oxide (dipping time 10 minutes) and (c) most 
sensitive surface modified BS film (dipping time 20 
minutes). The modified film consists of voids and a 
wide range of particles with particle sizes ranging 
from 10 to 25 micrometer distributed non-uniformly. 
The surface modified film (with dipping time of 20 
min) consists of uniform smaller particles associated 
with larger ones. These particles could be attributed 
to Al2O3 particles. Al2O3 grains may reside in the 
inter-granular regions of BS. Thus effective surface 
area was expected to be increased explosively. 

 
 

3.4. Elemental Analysis  
 
The elemental composition, of Ba, Sn, O and Al 

associated in the sensor element, was carried out 
using EDAX (JEOL, JED-2300, Germany) and is 
represented in Table 1. Modified BS films are 
observed to be more oxygen deficient than the pure 
BS film. This oxygen deficient would promote the 
adsorption of relatively large amount of oxygen 
species favorable for higher gas response. From 
elemental analysis (Table 1) of BS films, surface 
modified BS film for 20 min. dipping time was 
observed to be more oxygen deficient. 

 
 

Table 1. Elemental analysis of pure  
and surface modified BS films. 

 
 Dipping Time in minutes 

Element 
(Wt %) 

0 
min. 

(pure) 

10 
min. 

15 
min 

20 
min. 

30 
min. 

Ba 21.78 18.94 18.97 18.14 14.37 
Sn 22.54 20.99 20.74 19.68 15.70 
O 55.68 56.94 56.90 55.35 56.68 
Al 0.0 3.24 3.38 6.83 13.25 
 

 
 

(a)  
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 2. SEM images of (a) Pure BS, (b) surface modified 
BS (10 min), (c) surface modified BS (20 min.) 

 
 

3.5. Structural Parameters and their Analysis 
 
Table 2 shows the crystallite size, particle size 

and specific surface area of the samples. The grain 
size is calculated using the Scherrer formula equation 
no (1). From XRD data of the calcinated powders 
texture coefficient is calculated which shows 
preferential orientation of the crystal. Specific surface 
area is calculated with equation no (2). The structural 
characteristics are summarized in Table 2. The 
modified BS film with dipping time 20 minutes is 
characterized by the small grain size of 24.16 nm and 
large active surface area (14.63 m2/g). 
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Table 2. Structural characteristics of pure  
and surface BaSn03 thick films. 

 

Sample 
Crystallite 

(Grain) Size, 
Dnm (XRD) 

Particle 
Size, d 

nm 
(SEM) 

Specific 
Surface 

Area in m2/g 

Pure 39.31 500 5.85 
Mod  

(20 min) 
24.16 200 14.63 

 
 
3.6. Thermal Stability of Pure and Surface 

Modified BS Sample 
 
Thermo-gravimetric analysis (TGA) of samples 

was carried out using Mettler Toledo Star System - 
851 from 10 to 900 C with 10 degrees in steps in an 
air environment. The Fig. 3 shows the TGA profiles 
of pure and surface modified BS films. 

 
 

 
 

Fig. 3. TGA of pure and surface modified BS films. 
 

 
It can be concluded from the figure that the 

surface modified BS film was more stable than pure 
BS. The weight loss in pure is more than surface 
modified sample for the temperature range 100 C to 
400 C and there was a continuous gain in weight of 
the modified BS sample after 400 C, while the 
weight of pure sample decreased up to 700 C .The 
increase in weight of the surface modified sample (as 
compared to pure BS sample) would be attributing to 
the adsorbed oxygen content. The aluminum oxide on 
the surface BS sample would have formed misfit 
regions between the grains of BS and could act as 
efficient catalysts for oxygenation. 

 
 

3.7. Thickness Measurement 
 
The thickness of the thick films was measured by 
using the Taylor-Hobson (Talystep, UK) system. The 
thicknesses of the films were observed in the range 
from 60 to 90 m. The reproducibility of the film 
thickness was achieved by maintaining the proper 
rheology and thixotropy of the paste. 
 

3.8. Thermoelectric Power Measurements 
 
Semi-conductivity of all BS samples was 

confirmed by measuring thermo-electromotive force 
of the BS thick film samples. It was observed to be 
all samples of n-type material. 

 
 

4. Electrical Properties 
 
4.1. Electrical Conductivity 

 
Fig. 4 represents the variation of conductivity 

with temperature of BS thick film. The conductivity 
of these films goes on increasing with increase in 
temperature, indicating negative temperature 
coefficient (NTC) of resistance. This shows the 
semiconducting nature of the films.  

 
 

 
 

Fig. 4. Variation of Log of Conductivity Vs 1000/T oK  
in air for Pure and surface modified BS films. 

 
 

5. Sensing Performance  
 
5.1. Sensing Characteristics 
 
The response (S) to the gas is defined as: 
 

a

ga

a R

RR

R

R
S





  (3) 

 
where Ra is the BS sensor resistance in air and Rg is 
the resistance in the test gas at a given temperature 
[10]. The ability of a sensor to respond to certain gas 
in the presence of other gases is known as selectivity. 
The time taken for the sensor to attain 90 % of the 
maximum change in resistance on exposure to the 
test gas is the response time. The time taken by the 
sensor to get back 90 % of the original resistance is 
the recovery time. 
 
 
5.2. Gas Sensing Performance of Pure and 

Surface Modified BS Thick Films 
 
Fig. 5 illustrates the sensitivity variation BS 

sample as a function of operating temperature. 
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Sensitivity measurements were performed at 
temperatures more than 200 C. At lower 
temperatures the electrical response to the test gases 
was low as elevated temperatures was required to 
change the oxidation state and conductance of sample 
under taste. 

 
 

 
 

(a)  
 

 
 

 (b) 
 

Fig. 5. Gas Response as a function of operating 
temperature for different gases: (a) pure BS,  

(b) Aluminated BS film (20 min.) 
 
 
Some features that can be drawn from these figures 
are: 
1) Each of the curves shows a maximum of the 

sensitivity corresponding to an optimum 
operating temperature of the sensor element. Pure 
and modified BS films, the sensitivity maximum 
appears at 500 C and 300 C respectively. 
Therefore, the sensors have need of thermal 
excitation to response to the investigated gases. 

2) There are large differences in the sensitivity 
values to various gases of the pure and modified 
samples. Pure BS film shows a good response to 
NH3 and Al2O3 modified BS film shows response 
to H2S (Fig. 6). Figure 6(a) and (b) shows the 
variation of gas response of pure BS and Al2O3 
modified films (fired at 600 C) to various gases 
with operating temperature. The pure BS film 
shows good response (S=8.9) to NH3 at 500 C 
for gas concentration 400 ppm and Al2O3 

modified BS film improves the selectivity and 
sensitivity and maximum response (S=21.2) was 
found to H2S gas at 300 C for same gas 
concentration. It is clear from the data of 
elemental analysis that the modified films are 
observed to be more oxygen deficient and also 
more specific surface area (14.63 m2/g) of BS 
film (dipped 20 min). This oxygen deficient and 
more surface area would promote the adsorption 
of relatively large amount of oxygen species 
favorable for higher gas response. 

3) When gas concentration was decreased, there 
were no major changes in gas response even up to 
100 ppm of gas for H2S at same operating 
temperature.  

 
 

5.3. Variation of Sensitivity with Dipping 
Time 

 
Fig. 6 depicts the variation of gas response with 

dipping time. The film dipped for 20 min showed 
highest gas response (21.2). The highest gas response 
could be attributed to the optimum wt% of Al2O3 
(0.82 wt %) and its uniform dispersion on the surface 
of the BS film. The number of oxygen ions adsorbed 
on this film would have been largest as compared to 
other aluminum oxide -modified films. The larger the 
number of oxygen ions adsorbed the faster and 
quicker would be the oxidization of H2S gas. This 
would increase the conductance of the film 
drastically, giving higher response. 

 
 

 
 

Fig. 6. Gas response to H2S gas as a function  
of dipping time. 

 
 

5.4. Selectivity of Surface Modified BS Film 
to Various Gases  

 
The ability of a sensor to respond to a certain gas 

in the presence of other gases is known as selectivity. 
Fig. 7 shows the bar diagram indicating the 
selectivity of the pure and surface modified BS films. 
It is found that the surface modified sensor was 
highly selective to H2S gas against NH3, CO, H2, Cl2, 
LPG, CO2 and ethanol gases. Selectivity of film 
would be improved due to surface modification. 
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Fig. 7. Selectivity of pure and aluminated BS film  
for various gases. 

 
 
6. Discussion 

 
The gas sensing mechanism belongs to the 

surface controlled type [15-18] which is based on the 
change of the electrical conductance of the 
semiconducting material upon exposure to different 
gases. The gas sensitivity is a function of grain size, 
surface state and oxygen adsorption. The surface 
modified films can be looked upon as the small 
particles of aluminum oxide distributed along the 
grain boundaries of BS. The H2S gas is reducing in 
nature. On exposure of H2S gas on the surface 
modified BS film, the sensor resistance decreases 
suddenly giving higher sensitivity. It can reduce 
Al2O3 into Al2S3 which are metallic in nature and is 
more conducting. This can be represented as: 

 
Al2O3 + 3 H2S           Al2S3 + 3 H2O (1) 

 
Upon subsequent exposure of sensor to air 

ambient at elevated temperature, sulphides got 
oxidized and could be recovered back to oxides as  

 
Al2S3 + 3 O2   Al2O3 + SO3 (2) 

 
When oxygen is adsorbed on the surface of BS, 

abstracting electrons and thus an increase in potential 
barrier at the grain boundaries. When reducing gas 
such as H2S is adsorbed between the grains of BS, the 
potential barrier decreases as a result of oxidative 
conversion of the H2S gas. H2S reacts with adsorbed 
oxygen ions as:  

 
H2S + 3O-            H2O + SO2 + 3e- (3) 

 
With this reaction, many electrons could release 

to thick film surface. This could make the Schottky 
surface barrier to decrease; with the depletion layer 
thinner; consequently, the electrical conductance of 
the thin film increases. More gas would be adsorbed 
by the thin film surface; consequently, the gas 
sensitivity was enhanced. Increase in operating 
temperature causes oxidation of large number of H2S 
molecules, thus producing very large number of 
electrons. Therefore, conductivity increases to a large 
extent. This is the reason why the gas sensitivity 

increases with operating temperature. However, the 
sensitivity decreases at higher operating temperature, 
as the oxygen adsorbates are desorbed from the 
surface of the sensor. Also, at higher temperature, the 
carrier concentration increases due to intrinsic 
thermal excitation and the Debye length decreases. 
This may be one of the reasons for decreased gas 
sensitivity at higher temperature. 

 
 

7. Summary and Conclusions 
 
1. The sensing mechanism of the BS was the 

“surface-controlled gas-sensing mechanism-
(adsorption - desorption of oxygen)”.  

2. Barium stannet was prepared by solid state 
reaction (mechano-chemical) chemical method.  

3. Pure BS film has a good response to NH3 gas and 
Al2O3-modified BS film has a good response to 
H2S gas at optimum working temperature of  
500 C and 300 C respectively. 

4. Modified film was selective and sensitive to H2S 
gas; it can be due to fact that the film has 
maximum active surface area and smallest grain 
size as compared to pure film.  

5. The pure BS film shows good response (S=9.8) to 
NH3 at 500 C for gas concentration 400 ppm and 
Al2O3-modified BS film improves the selectivity 
and sensitivity and maximum response (S=21.2) 
was found to H2S gas at 300 C for same and or 
even smaller gas concentrations up to 100 ppm. It 
is clear from the data of elemental analysis that 
the modified BS film is observed to be more 
oxygen deficient, smaller grain size and more 
specific surface area (14.63 m2/g). This film could 
be more selective and sensitive to H2S. 
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Abstract: Sensors designed to detect the presence of methyl salicylate (MeS) have been tested. These sensors 
use a sensor platform based on the embedded piezoresistive microcantilever (EPM) design. Sensing materials 
tested in this study included the polymer poly (ethylene vinyl acetate), or PEVA as well as a composite sensing 
material consisting of the enzyme SA-binding protein 2, or SABP-2. The SABP-2 was immobilized within a 
biocompatible Hypol gel matrix. The PEVA-based sensors exhibited slower but reversible responses to MeS 
vapors, recovering fully to their initial state after the analyte was removed. SABP-2 sensors exhibited faster 
overall response to the introduction of MeS, responding nearly instantly. These sensors, however, do not recover 
after exposures have ended. Sensors using the SABP-2 sensing materials act instead as integrating sensors, 
measuring irreversibly the total MeS dose obtained. Copyright © 2013 IFSA.  
 
 
Keywords: Microcantilever, Methyl salicylate, Piezoresistive, SABP-2, Biosensor.  
 

 
1. Introduction 
 

Microcantilever-based chemical or biological 
sensors exist in a number of different configurations 
[1, 2]. In most of these configurations, the basic 
principle is the same: the presence of the analyte 
causes a tiny semiconductor microcantilever to bend 
slightly. This bending is usually detected by direct 
optical measurement of the cantilever position, or 
through a resistance change in the cantilever itself as 
it bends. In different applications, the microcantilever 
may be essentially static, while in other applications 
the microcantilever is oscillating at or near one of its 
resonant frequencies. In the specific case of an 
oscillating cantilever, a change in the frequency or 
amplitude of oscillation may also indicate the 
presence of the analyte. In order for a specific analyte 

to be detected, the microcantilever must be 
functionalized with a sensing material. This material 
may be chemical or biological in nature, or both, 
depending on the specific sensing application. The 
design of the sensing material in most cases 
determines both the sensitivity and the specificity of 
the sensor, as the basic microcantilever platforms 
remain similar throughout most sensing applications. 
Applications of microcantilever sensors have been 
reported where the cantilevers are coated on one of 
their surfaces with a sensing material, or are in direct 
contact or embedded within with the sensing material 
[3, 4].  

In the embedded piezoresistive microcantilever 
(EPM) platform [5, 6], microcantilever bending is 
measured through direct resistance measurement of a 
piezoresistive microcantilever. This platform greatly 
simplifies data collection electronics, as only a single 
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resistance measurement, typically with 24-bit 
accuracy, is needed. This relative ease of interfacing 
the sensors to data collection devices makes them 
easy to use in applications where small size, rigidity, 
and low cost are important. These sensors may be 
easily interfaced to computers or handheld devices, 
or integrated as part of a wireless mesh network of 
sensors [7, 8]. In general, these EPM sensors are 
functionalized by embedding or partially embedding 
the tiny piezoresistive microcantilever into a custom 
designed sensing material during sensor fabrication. 
In some cases, the microcantilever may simply be 
pre-loaded atop a small bead of sensing material 
during assembly. The sensing material is typically 
synthesized so as to respond volumetrically to the 
presence of the target chemical or biological analyte. 
Sensing materials used in EPM applications may 
include common organic polymers, composite 
polymer/biomolecule materials, or polymers 
functionalized with other active particles or 
chemicals. In the case of simple polymers, liquid or 
vapor analytes are matched to the sensor by matching 
the solubility parameter of the polymer to the analyte. 
For the detection of a broad array of analytes, several 
sensors may be used in an array, with each potential 
analyte producing a unique signature pattern from the 
sensor array. In the EPM sensor, exposure to the 
desired analyte causes the sensing material volume to 
change, inducing a bending or strain the cantilever 
which is measured as a simple resistance change. The 
volumetric shift in the sensing material may be due to 
diffusion of the analyte molecules into the sensing 
material, probe-target binding on the material surface 
or bulk, or surface or bulk chemical reactions 
between the analyte and sensing material. Cantilever 
strains of only a few angstroms are potentially 
measurable in many cases.  

In the past, the basic EPM sensor platform has 
been used with a variety of sensing materials in 
various applications. These sensing applications 
include volatile organic compounds or VOC’s [3, 4, 
6], in which multiple polymer sensors are used in an 
array or artificial nose. Here, a given VOC is 
expected to produce a unique signature within the 
sensor array. Poison gases including hydrogen 
cyanide and organophosphate vapors [8-12] have also 
been tested. In these cases, a polymer host matrix 
may be utilized to immobilize a chemical probe 
species such as functionalized gold nanoparticles or 
biological molecules such as proteins that are 
sensitive to the organophosphate nerve agents. 
Dangerous industrial compounds including hydrogen 
fluoride [13], environmental toxins such as carbon 
tetrachloride, trichloroethylene, and estrogen in water 
[14] have also been tested. In the case of estrogen, 
biological molecules (estrogen antibody) 
immobilized in a host matrix provide the sensing 
material. Biological molecules have also been 
detected as analytes in both liquid and aerosol phase. 
These include viruses such as vaccinia virus, an 
analogue to smallpox, [15], and various bacteria [16]. 
In these cases, antibodies for the analyte antigen were 

used within the sensing material as probes. A single-
strand DNA sensor was also tested previously, using 
the thiolated complimentary strand immobilized on a 
gold surface as a probe [17]. Medical applications are 
also currently being tested for the basic sensor 
platform. A small intraoral sensor designed to give a 
quick, non-invasive measurement of human 
hydration state [18, 19] is currently being developed 
for potential commercial applications such as military 
testing of soldiers in hot environments, pediatric 
hydration testing, geriatric testing applications and 
use in sports hydration monitoring [20]. These 
hydration applications rely on a propriety hydrogel 
responsive to osmolality as a sensing material [19]. 
Custom sensing materials that integrate total neutron 
exposure have also been recently tested as devices for 
monitoring the presence of radioactive, neutron 
producing sources. These devices utilize boron oxide 
containing composite materials to integrate total 
neutron exposure.  

In the current application, we have developed 
EPM sensors to detect the presence of methyl 
salicylate, or MeS. MeS is an organic ester, produced 
in nature by a variety of plant species. MeS is also 
known by the common name oil of wintergreen, and 
is used in industry as a flavoring or fragrance in 
many consumer products. In addition to fragrance or 
flavoring applications, MeS is also commonly used 
for the simulation of the poisonous mustard gas.  

Mustard gases, also known as sulfur mustards, are 
colorless liquids at room temperature in pure form. In 
vapor phase, exposure to these agents causes skin 
blistering and internal lung blistering or damage 
when inhaled. These agents were produced and used 
during World War One in large quantities. MeS is 
also used in various industrial applications as a 
chemical tracing agent. In these applications, the 
MeS vapor is used as a marker to test the flow of 
vapors in and around fittings, channels and other 
avenues of vapor flow in specific devices and 
products. For example, MeS is commonly used as a 
tracer in the design and testing of protective suits 
worn by soldiers, fire personnel or police in order to 
protect them from dangerous external agents in vapor 
form. In applications such as protective suit design, it 
is important to be able to detect the presence of the 
tracer vapors at multiple locations within the 
protective suit in real time. EPM sensors are tiny 
sensors resistant to movement or shock, and require 
only very simple electronics to operate. Here, we 
have fabricated two potential EPM sensors capable of 
detecting MeS vapors. In the most simple design, we 
have used the common organic polymer, poly 
(ethylene vinyl acetate), or PEVA. The Hildebrand 
solubility parameter of PEVA is 18. 6 MPa1/2, 
relatively close to the solubility parameter of methyl 
salicylate, 21. 7 MPa1/2. In this design, we do not 
expect a large specificity from a single polymer-
based sensor. A sensor of this type would only be 
viable in an application where a single known 
analyte, in this case MeS, is used. This first sensor 
would rely on the solubility parameter match between 
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MeS and PEVA so that the MeS molecules would 
spontaneously partition into the PEVA volume [21], 
resulting in a tiny volumetric change in the PEVA 
that could be detected by the microcantilever 
embedded in or in physical contact with the PEVA 
material. It is also expected that this first sensor 
would be reversible. Here, if the analyte is removed, 
we would expect that the analyte molecules would 
slowly diffuse out of the sensing material, restoring 
the sensor to its original configuration or resistance.  

In the second potential MeS design, we have used 
a composite material consisting of a bio-compatible 
host hydrogel matrix (Hypol) functionalized with an 
enzyme that is highly specific to methyl salicylate 
(SA-binding protein 2, or SABP-2). Hypol is 
produced by Dow Chemical, and has been shown to 
preserve the bio-activity of a variety of biomolecules 
that are immobilized in its bulk or on its surface. This 
gel is cured upon exposure to water, either in the 
vapor phase or as a liquid. Vapor-phase curing 
generally takes place over a 24-hour period, while 
liquid-phase curing can be occur in as little as a few 
minutes. SABP-2 is a 29 kDa protein that catalyzes 
the conversion of methyl salicylic acid into salicylic 
acid in many plants. Here, the enzyme was extracted 
from the tobacco plant [22] and purified in a buffer 
solution. In this study, it is hoped that a reaction with 
the bio-active SABP-2 and the MeS analyte will 
result in some type of volumetric or conformational 
change in the tiny composite sensing material. It 
might also be assumed that most of the reactions 
taking place will be on or near the surface region of 
the composite sensing material. This change would 
then result in a bending of the microcantilever, or a 
change in the pre-loaded microcantilever that would 
indicate the presence of the analyte. For this second 
type of sensor, we might expect that the detection 
reaction would be irreversible. Once the analyte is 
removed, there will be no reversal of the reactions 
that initially took place between the enzyme 
molecules and the MeS analyte. This type of sensor 
may be referred to as a chemical fuse. We might 
expect, though, that multiple exposures of this type of 
sensor to the analyte, especially at low exposure 
levels, will be possible. After many exposures, 
though, the sensor may ultimately become fully 
saturated. This sensor, then, acts as an integrator, 
measuring over multiple exposures the total analyte 
dose. In this report, we present the results of 
preliminary testing of the two candidate MeS sensors 
to nominal exposures to MeS in the vapor phase.  

 
 

2. Experimental 
 
The individual, non-functionalized piezoresistive 

microcantilevers were produced by Cantimer, Inc., 
Menlo Park, CA. These cantilevers are approximately 
150 microns in length, and 40 microns wide, with a 
nominal resistance of 2. 1–2.3 k Ohms (Fig. 1).  

 

 
 
Fig. 1. Micrograph of a microcantilever die. The 
microcantilever extends into a small circular area in order 
to contain the sensing material and also to partially protect 
the cantilever. Each die also contains an integrated 
thermistor for applications where temperature correction is 
needed.  

 
 

Within each semiconductor die, the cantilever 
extends into a small circular area in order to contain 
the sensing material and also to partially protect the 
cantilever. In addition, each cantilever die assembly 
contains an integrated thermistor if temperature 
correction is needed. For short duration experiments 
where temperature correction is not needed, this 
thermistor is not connected or monitored. Each 
sensor-containing die is then attached to a suitable 
carrier assembly, including a connector for electrical 
connections to the cantilever or thermistor. For the 
current MeS experiments, we used a single-chip 
AD7792 24-bit A-D converter which functions as a  
6 ½ digit multimeter to directly measure the 
cantilever resistance using only two leads. The 
AD7792 also contains two integrated precision 
current sources. These are used as excitation for the 
cantilever or thermistor. Here, the excitation current 
used was 200 µA. The 24-bit converter then 
measures the voltage drop across the cantilever or 
thermistor in order to make a measurement. Any 
bending of the cantilever thus results in a small 
change in the measured voltage drop across the 
cantilever for a given constant excitation current. The 
AD7792 chip is interfaced to a laptop computer 
through a USB interface provided by an USBmicro 
421 chip [8, 23]. The user interface and data 
collection was performed on a laptop computer using 
a custom LabView interface instrument. As 
mentioned previously, this same electrical setup may 
be easily interfaced to commercially available radio 
transmitters in order to deploy multiple sensors in a 
mesh network of connected sensors [9].  

The PEVA-based sensors were fabricated from 
PEVA polymer obtained from Aldrich. The 
molecular weight of the polymer used was 
approximately 100 k. This polymer was dissolved in 
toluene to form a viscous liquid. Two types of 
PEVA-based sensors were fabricated from this 
PEVA solution. Small sensing material bead sensors 
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were fabricated by physically making contact with 
the topside of the microcantilever near the cantilever 
end with the PEVA solution. A tiny volume of PEVA 
was lifted from the PEVA liquid, attached to the 
cantilever end. We estimate the volume of this 
sensing material bead to be only approximately 1 µl. 
This bead was allowed to dry for 24 h, and the 
subsequent assembly was lowered onto a Si substrate 
until the PEVA bead began to make contact with the 
substrate. This pre-loading of the microcantilever 
continued until the cantilever bending reached a 
value of 50 Ω. The full assembly was then cemented 
in place with epoxy to form a single, rigid sensor 
(Fig. 2).  

 
 

 
 
Fig. 2. Micrograph of a functional small PEVA MeS 
sensor. The piezoresistive microcantilever is pre-loaded 
onto a tiny bead of PEVA sensing material. Electrical 
traces are not visible in this micrograph.  

 
 

For the second type of PEVA sensor, a large bead 
of sensing material was used. Here, the viscous 
PEVA solution was directly deposited onto the 
bottom Si substrate and allowed to dry for 24 h. The 
estimated volume of this large sensing material bead 
is 10-20 µl. After drying, a micromanipulator was 
used to gently bring the microcantilever into contact 
with the top surface of the sensing bead. Again, the 
microcantilever was pre-loaded by 50 Ω equivalent 
bending and the assembly was cemented in place.  

For the Hypol-SABP-2 composite sensing 
material, concentrated and purified SABP-2 from 
tobacco plant in HEPES buffer solution was 
generously donated by Professor Dhirendra Kumar at 
East Tennessee State University. The concentration 
of the SABP-2 was approximately 2 µg/ml of buffer 
solution. For the composite sensing material, 

approximately 20 µl of liquid Hypol, and 20 µl of 
SABP-2 solution were used. These materials were 
mixed together rapidly and vortexed for 30 s. This 
results in approximately 0. 040 µg of active SABP-2 
in the full material sample after curing. Sensing 
material beads of approximately 20 µl volume were 
quickly deposited onto pre-prepared Si substrates and 
allowed to cure for 24 h. After curing, a 
micromanipulator was used to gently bring the 
microcantilevers into contact with the top surface of 
the sensing beads. Again, the microcantilever was 
pre-loaded by 50 Ω equivalent bending and the entire 
assembly was cemented into a single rigid unit.  

Exposures to MeS were performed in a small, 
plexiglass test chamber. Two exposure levels were 
used for these sensors. For large MeS exposures, the 
level used was approximately 150 ppm. This value is 
very close to the equilibrium vapor pressure for MeS 
at 21 oC, which is 160 ppm. For the smaller exposure 
levels, the value was approximately 30 ppm. Both the 
temperature and the humidity were kept constant 
throughout the short MeS exposures. In Fig. 3, two 
fully assembled PEVA sensors are shown. The sensor 
dies are attached to 10-pin micro connectors on  
3-inch long flexible circuit boards. All electrical 
connections are made to the 10-pin connectors. For 
these experiments, only two connections for the 
cantilever resistance (voltage drop) were needed.  

 
 

 
 
Fig. 3. Two fully assembled PEVA sensors. The sensor 
dies are attached to 10-pin micro connectors on 3-inch long 
flexible circuit boards.  

 
 
3. Results and Discussion 

 
In Fig. 4, we indicate the results of the small 

sensing material bead PEVA sensor to 150 ppm of 
MeS at 20 oC. Arrows on the figure indicate the times 
where MeS was first introduced into the test 
chamber, then removed from the chamber, then re-
introduced into the chamber, then finally removed 
again. Initial sensor response to the introduction of 
the MeS was generally rapid, with the sensor 
beginning to indicate the presence of MeS within 
about 5 s of exposure. Also, once the MeS is 
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removed, the sensor begins to recover from the 
exposure within 10 – 20 s. In both exposures 
indicated in Fig. 4, the sensor was not allowed to 
fully saturate prior to the MeS being removed from 
the chamber, however in the second exposure some 
initial signs of saturation were beginning to be 
indicated.  

 
 

 
 
Fig. 4. Results of the small sensing material bead PEVA 
sensor to 150 ppm of MeS at 20 oC. Two full cycles of 
exposure followed by analyte removal from the test 
chamber are indicated.  

 
 

 
After the first MeS exposure, nearly 20 min 

elapsed before the sensor was able to recover to its 
original resistance value, while after the second full 
MeS exposure, the sensor recovered to its original 
state after approximately 12.5 min. This may indicate 
some sensor “conditioning” owing to the previous 
exposure is occurring. The approximate full sensor 
response of 0.2 mV corresponds to a microcantilever 
resistance change of approximately 1 Ω. The nominal 
deflection sensitivity for our microcantilevers is 
approximately 4.7 Ω/µm. Thus, the physical strain of 
the microcantilever indicated in Fig. 4 is 
approximately 0.21 µm. Exposing the large bead 
PEVA sensor to 150 ppm of MeS is indicated in  
Fig. 5.  

 
 

 
 
Fig. 5. Exposure of the large bead PEVA sensor to  
150 ppm of MeS, followed by removal of MeS from the 
test chamber.  

 
 

The total exposure time for this test was 
approximately 200 min. Near the end of this lengthy 
exposure, the sensor began to indicate saturation to 
the presence of the analyte. The total resistance 
change for the microcantilever is 15 Ω, 
corresponding to a cantilever strain of approximately 
3.2 µm. After the MeS is removed, the sensor returns 
to its original resistance value over approximately 
140 min. The slow sensor response for this large bead 
sensor accompanied by the overall large total 
resistance change is expected for this type of sensor. 
Generally, the large sensing material bead produces 
an overall larger volume change and thus a larger 
cantilever deflection when compared to the small 
bead sensor. The volume change in the sensing 
materials for the PEVA-based sensors is due to the 
partitioning of the analyte molecules into the sensing 
material bulk. For the majority of materials such as 
PEVA used in EPM sensors, models of “anomalous” 
gel swelling most accurately match experimental 
data, such as in this case [24]. In these anomalous 
diffusion models, analyte uptake results in an 
intermediate type of solvent molecule transport, 
involving portions of both standard Fickian diffusion 
and time-independent diffusion where the swelling 
depends linearly with exposure time [24].  

In order to obtain full or nearly full saturation of 
analyte molecules in the sensing material, we expect 
that large volume sensing materials will simply 
require more exposure time to reach this point. With 
regard to applications in which real-time monitoring 
of MeS vapor is needed, the small bead sensors based 
on PEVA generally result in faster time responses 
and recoveries. In future studies, it may be possible to 
further reduce the PEVA sensing material volume so 
as to provide even faster response and recovery 
times.  

In Fig. 6, the SABP-2 sensor results for exposure 
to MeS at 150 ppm are indicated.  

 
 

 
 
Fig. 6. SABP-2 Hypol composite sensor results for 
exposure to MeS at 150 ppm. Initial exposure to MeS is 
indicated by the arrow on the chart. Here, we see that the 
sensor response to the analyte is almost immediate, with a 
large and rapid change in microcantilever resistance. Full 
saturation of the sensor is achieved within 150 s of MeS 
exposure. This form of MeS sensor does not recover, 
instead operating as a chemical fuse or integrator of total 
MeS dose.  
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Initial exposure to MeS is indicated by the arrow 
on the chart. Here, we see that the sensor response to 
the analyte is almost immediate, with a large and 
rapid change in microcantilever resistance. Full 
saturation of the sensor is achieved within 150 s of 
MeS exposure. The total resistance change of the 
microcantilever is 2.75 Ω, corresponding to a 
cantilever deflection or strain of 0.58 µm. It has been 
shown that SABP-2 has strong esterase activity with 
methyl salicylate as the substrate, and that salicylic 
acid is a potent product inhibitor of this catalysis 
[25]. These results suggested that in plants SABP-2 
may convert MeS to salicylic acid as part of the 
signal transduction pathways that activate systemic 
acquired resistance. In the current application, the 
precise reaction of the MeS molecules with active 
sites on the SABP-2 enzyme is unknown; however a 
rapid and measurable reaction resulting in an overall 
volumetric shift in the sensing material is clearly 
evident. After removal of the analyte from the test 
chamber (not shown), the saturated sensor did not 
recover to its original resistance value, remaining 
instead at its fully exposed and saturated resistance 
state. This type of sensor behavior is generally 
referred to as that of a chemical fuse, giving only the 
initial indication of the presence of an analyte. These 
sensors would, however, be capable of identifying 
multiple exposures to the analyte as long as the 
integrated sensor exposure remained below the full 
sensor saturation level.  

The SABP-2 Hypol composite sensors were also 
exposed to low levels of MeS, at approximately  
30 ppm. Fig. 7 shows the sensor response to this level 
of MeS, with initial exposure at time 100 s. As with 
the 150 ppm exposure using the SABP-2 composite 
sensing material, the initial sensor response is almost 
immediate. Exposure to the MeS vapor occurred for 
over 30 min, however total sensor saturation was not 
achieved. Total resistance change for this exposure 
period was 1.25 Ω, and calculated microcantilever 
deflection was 0.26 µm. For this resistance change 
and cantilever deflection value, we do not expect to 
observe sensor saturation when compared to the 
previous result for 150 ppm MeS exposure. Instead, 
the sensor continues to react with the MeS over time, 
integrating a total dose value.  

 
 

 
 
Fig. 7. Low exposure to MeS for SABP-2 Hypol composite 
sensor. Arrow indicates time of exposure. Exposure was 
approximately 30 ppm maximum.  

We have previously used hydrogels or other 
polymers to immobilize biological molecules as 
probes in EPM sensor platforms. In one experiment, 
the enzyme acetylcholinesterase (AChE) was used as 
a probe immobilized in Hypol. This sensor was 
successfully tested for detection of the 
organophosphate diisopropylfluorophosphate, or DFP 
[10]. The bacteria bacillus subtilis was also detected 
in an aerosol delivery utilizing a sensing material 
formed by immobilizing the antibody, anti-Bacillus 
subtilis, in a Hypol host [10]. The chemical estrogen 
was detected using anti-estrogen in a compound 
sensing material [14]. In these cases, including the 
present study, it is not determined physically where 
the biological reactions are taking place within the 
sensing material. While gels such as Hypol are very 
porous materials, it is difficult to envision large 
molecular weight biological target analyte molecules 
diffusing deeply into the bulk of the host matrix. In 
all of these cases, we expect that the vast majority of 
the binding reactions taking place are at or near the 
surface regions of the sensing materials. It is not, 
therefore, expected that sensor response as a function 
of sensing material volume changes will follow the 
same model behavior, characterized by partitioning 
or diffusion, exhibited by more common polymeric 
sensing materials. Further studies underway with the 
current MeS sensing materials includes altering the 
ratio of bio-probe molecules to the host material, as 
well as measuring the speed and total response of the 
sensors as a function of the sensing material starting 
volume.  

 
 

4. Conclusions 
 
MeS detection capable sensors utilizing the basic 
EPM sensor platform have been fabricated and 
tested. Sensing materials included the polymer PEVA 
and a composite material consisting of SABP-2 
immobilized within a Hypol matrix. The PEVA-
based sensors exhibited slower but reversible 
responses to MeS vapors, recovering fully to their 
initial state after the analyte was removed. SABP-2 
sensors exhibited faster overall response to the 
introduction of MeS, responding nearly instantly. 
These sensors, however, do not recover after 
exposures have ended. Sensors using the SABP-2 
sensing materials act instead as integrating sensors, 
measuring irreversibly the total MeS dose obtained.  
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Abstract: A Fiber Optic sensor for determining the total cholesterol has been designed and developed. The Long 
Period Grating (LPG) sensor developed showed good stability and repeatable performance. The sensor also 
showed good linear response in the range of 500 ppm to 4000 ppm of cholesterol levels. This is highly desirable 
for a commercial cholesterol sensor as the level of cholesterol for normal humans ranges from 1400 ppm  
to 2000 ppm. Copyright © 2013 IFSA. 
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1. Introduction 
 

Cholesterol is a kind of lipid and a vital substance 
for animal life. Cholesterol is present in practically 
all cells of mammals, and is highly essential for the 
functioning of some glandules and interacts with 
many compounds such as the lipids from the 
membrane and other cell components. In addition, 
they are the basic components of nerve and brain 
cells [1] and are the precursors for other biological 
materials, such as bile acid and steroid hormones [2]. 
The cholesterol concentration in the blood of healthy 
people is in the range of 1400 to 2000 ppm [3]. When 
in excess, cholesterol may cause a number of health 
problems. 

Hypercholesterolemia is one of the many 
independent risk factors for coronary heart diseases. 

Public concern about the risks of high cholesterol 
levels in blood began to rise in the 1980s. In the last 
three decades, numerous studies have brought out the 
relationship between increased cholesterol 
concentration and the occurrence of cardiovascular 
diseases like arteriosclerosis and hypertension. In 
quality control, determination of cholesterol and its 
derivatives in food is important as they may increase 
its level in the blood. For these reasons, cholesterol 
has become one of the main parameters to be 
determined in routine clinical, pharmaceutical, 
biomedical research and food processing laboratories. 
Consequently, a growing demand for cholesterol 
testing technology has been noticed in the last few 
years.  

Several techniques developed for detection and 
estimation of cholesterol have been reported earlier, 
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such as, fluorescence detection [4, 5], electrophoresis 
[6], Raman spectroscopy [7], HPLC [8], gas-liquid 
chromatography [8, 9] etc. However, most of them do 
not assure on-site monitoring of cholesterol. 
Enzymatic procedures have practically replaced the 
chemical methods based on the classical Libermann-
Burchard reaction [10]; which has been used 
traditionally for free total cholesterol determination, 
as enzymes ensure the specificity and selectivity 
required for these kinds of assays. Immobilized 
enzymes also offer advantages over free enzymes for 
their repeated use, ease of separation of enzyme and 
products, enhanced stability and significant reduction 
in the operation cost. 

Cholesterol oxidase is one of the industrially 
important enzymes. It catalyzes the oxidation of 
cholesterol and forms equimolar amounts of cholest-
4-en-3-one and hydrogen peroxide. The enzymatic 
methods are based on cholesterol oxidase for the 
determination of free cholesterol, which catalyze the 
following reaction. 
 

(1) 

 
Such enzymatic monitoring of cholesterol makes 

use of oxygen consumption or the production of 
hydrogen peroxide during the above mentioned 
enzymatic reaction. Enzymatic methods based on 
cholesterol esterase [11], cholesterol oxidase [11, 12], 
cytochrome P450scc [13], fiber optic [14], acoustic 
wave [15] etc. has been reported in the literature. The 
use of these enzymes makes the fabrication and 
handling of the sensor head difficult and is costlier. 
Hence, development of simple, inexpensive, direct 
and real-time cholesterol sensors is of continuous 
interest, as the traditional methods for cholesterol 
measurement require costlier laboratorial analyses.  

In this context, fiber optic sensors offer very 
attractive solutions due to their intrinsic merits like 
high sensitivity, immunity to electromagnetic 
interference, small size, fast response etc. In recent 
years, Optical Fiber Long Period Grating (LPG) 
technology has gained great attention due to its 
numerous applications in fiber optic sensor [16] and 
communication systems. LPGs are fabricated by 
inducing a refractive index (RI) modulation in the 
core of a fiber with periodicities typically of 
hundreds of micrometers. Various features of LPGs 
are made used in its applications as sensors with a 
high degree of stability and reliability. The 
advantages of this type of grating sensor are their 
simple fabrication, ease of implementation, 
wavelength coded information, easy interrogation 
and the fact that it does not involve the use of toxic 
chemicals. 

In this paper, we propose a cholesterol biosensor 
exploiting the sensitivity of LPGs to the 
concentration of the sample solution under test. As 
the cholesterol concentration levels are changed, a RI 

variation occurs, which in turn induce shifts in the 
resonant wavelength and change the depth 
(amplitude) of the loss bands in the LPG transmission 
spectrum. Cholesterol levels can be detected and 
measured by analyzing these spectral or amplitude 
changes. The device performance is analyzed in 
terms of its sensitivity and resolution. 

 
 

2. Theory of Operation 
 

An LPG operates by the coupling of the 
fundamental core mode (i.e. the LP01 mode) to the 
co-propagating cladding modes (LP0m mode with  
m = 2, 3, 4 . . .) in the fiber. As a result of this 
coupling, rejection bands around specific 
wavelengths (resonant wavelengths) are formed in 
the transmission spectrum of the LPG. The guided 
mode couples to the cladding modes at a wavelength 
[17], which can be obtained through the phase-
matching equation (2): 

 

 (2) 

 

where  is the resonant wavelength corresponding 

to coupling to the mth cladding mode,  is the grating 

period,  is the effective refractive index of the 

fundamental core mode (LP01),  is the effective 
refractive index of the mth order cladding mode 
(LP0m). 

The resonant wavelengths in the transmission 
spectrum of LPG are strong functions of external 
perturbations like strain, temperature, bending and 
surrounding refractive index (SRI) [18]. Any such 
external perturbations affect the coupling strength 
between the core and cladding modes, which leads to 
both amplitude and wavelength shift of the 
attenuation bands in the LPG transmission spectrum. 
Measurement of these spectral parameters such as 
amplitude and wavelength shift in response to 
environment, surrounding the grating region forms 
the basis of sensing with LPGs. 

The LPG based chemical sensor operation is 
based on the variation of LPG transmission spectrum 
caused by changes in the SRI. The shift of the center 
wavelength of the attenuation peaks can occur 
towards longer or shorter wavelengths based on the 
SRI. The refractive index sensitivity of the LPG 
arises from the dependence of the effective index of 

the cladding mode  on the refractive index 
of the surrounding material. Thus, the LPG based 
sensor can be used for direct measurement of 
chemical concentrations, which determine the 
surrounding refractive index. The effect of refractive 
index of the surrounding medium on the resonant 
wavelength [19] is expressed by (3): 
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,
 (3) 

 

where  is the change in the refractive index of the 
surrounding material. 

For each cladding mode (m), the above 
expression is unique and is expected to have a strong 
dependence on the order of the coupled cladding 
mode. Higher order cladding modes tend to show 
greater sensitivity to the changes in external 
refractive index because these modes extend further 
out into the area exterior to the fiber [20, 21]. 

The spectral changes in the transmission spectrum 
of LPGs can be characterized in terms of external RI 
as follows. If the SRI is lower than the refractive 
index of the cladding (ns<ncl), mode guidance can be 
explained using total internal reflection. In this case, 
typically strong resonance peaks are observed and the 
attenuation bands shift towards shorter wavelengths 
(blue shift) with a reduction in the amplitude of the 
loss peak, as the external medium refractive index 
increases up to the fiber cladding refractive index 
[22, 23]. The closer the refractive index of the 
surrounding medium to that of the cladding material, 
the higher the grating sensitivity, which in turn leads 
to larger wavelength shift. 

When the value of the ambient refractive index 
matches with that of the cladding, the cladding layer 
acts as an infinitely extended medium and hence 
supports no discrete cladding modes. In this case 
when ns = ncl, a broadband radiation mode coupling 
occurs with no distinct attenuation bands [24]. In 
short, when the external RI becomes equal to that of 
silica of the cladding, rejection bands disappear, and 
the transmission spectrum is flattened.  

Once the SRI is higher than the refractive index 
of the cladding (ns > ncl), the cladding modes no 
longer experience total internal reflection and Fresnel 
reflection can be used to explain mode coupling 
characteristics. Then the resonance peaks reappear at 
slightly longer wavelengths (red shift) compared to 
those measured with air as the surrounding medium 
[25]. In this case, it is also observed that, the 
wavelength shift is very small with variation in RI, 
but changes in the amplitude of resonance dips are 
large. 
 
 

3. Experiments 
 

3.1. LPG Fabrication 
 

The LPG was fabricated with a KrF - Excimer 
laser source (248 nm), through point-by-point writing 
method. The standard single mode Fiber, SMF-28 
(SMF-28e, Corning) used for the LPG fabrication has 
a core diameter of 8.2 micron and cladding diameter 
of 125 micron and a numerical aperture of 0.14. The 
index of refraction were 1.46145 and 1.456, for the 
core and the cladding respectively. The 
photosensitivity of the fiber was enhanced by the 

process of Hydrogen loading at 1000 C and 1500 psi 
of pressure for 24 hours prior to the fabrication of 
LPG. The residual molecular Hydrogen retained after 
the photochemical reactions during the process of 
grating writing was removed by annealing at a 
temperature of 2000 C for 7 hours. LPG with a 
grating period of 550 μm was selected for the 
experimental investigation. 
 
 
3.2. Experimental Setup 

 
The LPG sensor head was fixed in a specially 

designed glass cell with provision for filling the 
sample and draining it out as and when desired. The 
transmission spectrum of the LPG was studied with 
an optical spectrum analyzer (OSA) (Yokogawa - 
AQ6319) and a white-light source (Yokogawa - AQ 
4305) as the signal source. The transmission spectra 
of the LPGs were altered by the fluctuations of the 
external parameters like strain, temperature and 
bending. The effect of strain and bending were 
avoided by fixing the fiber in the glass cell with 
epoxy at its both ends such that, the grating section 
was kept at the center of the cell, without any bends. 
Accurate measurements were ensured by maintaining 
the temperature of the experimental setup and sample 
solution at 25.0 ± 0.5 °C. In addition, a volume of  
22 ml of the test sample was used throughout the 
experiments. The resonant wavelength shift and 
amplitude changes of the LPG attenuation dips were 
measured with the fiber section containing the LPG 
immersed completely in samples. No protective 
coating was there on the fiber around the grating 
region, so that the external RI could easily affect the 
effective refractive index of the cladding modes. The 
fiber inscribed with LPG was connected to the light 
source on one end and to the OSA on the other side 
as shown in Fig. 1. 

 
 

3.3. Materials and Methods 
 

Pure cholesterol (C27H46O) was used for the 
studies. Coconut oil with a refractive index of 1.448 
was chosen as the solvent for preparing the sample 
solutions, as its refractive index value is near to the 
cladding refractive index of the fiber used. Samples 
with different concentrations ranging from 0 ppm to 
5000 ppm, prepared by dissolving definite amount of 
cholesterol in coconut oil, were subjected to 
investigation. The refractive indices of the sample 
solutions were found to vary from 1.448 to 1.455. 
Changes in the spectrum were observed as soon as 
the samples were introduced into the glass cell. All 
readings were taken one minute after the LPGs were 
immersed in the solution to have a stabilized output. 
The initial spectrum of the LPG in air was used as the 
primary reference for all the sample analysis. This is 
to ensure that the LPG attenuation dips return to the 
original wavelength after each measurement. At the 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 83-88 

 86 

end of each sample measurement, the glass cell and 
the LPG sensor head was cleaned with distilled water 
and then with isopropyl alcohol repeatedly, followed 

by proper drying, so that the initial transmission 
spectrum of LPG in air was obtained. 

 
 

 

 
 

Fig. 1. Experimental Setup. 
 
 

4. Results and Discussion 
 

Fig. 2 shows the transmission spectra of LPG 
with period 550 μm in air and immersed in coconut 
oil. For the LPG used, power coupling to the cladding 
modes had resonant peaks at the wavelengths 
1445.83 nm (LP02), 1493.28 nm (LP03), and 
1583.11 nm (LP04) in air. The LP04 mode at 
1583.11 nm exhibited maximum response to the test 
conditions, compared to other resonant modes. 

 
 

 
 

Fig. 2. Transmission spectra of LPG in air and coconut oil. 
 
 

As the glass cell was filled with coconut oil, the 
resonant peaks of LP03 and LP04 showed a 
remarkable shift to the lower wavelength region. The 
loss peak of LP04 mode had maximum blue shift 
from 1583.11 nm to 1561.72 nm as the surrounding 
medium was altered from air to coconut oil. Along 
with the blue shift in the wavelength, the dip of the 
resonant peak decreased from -85.59 dB to  
-79.54 dB. Hence, further investigations were 
centered on the LP04 mode of the transmission 

spectra in the wavelength range of 1540 nm to  
1580 nm. 

Fig. 3 shows the transmission spectra of LPG for 
various concentrations of cholesterol. As the 
concentrations of cholesterol in the sample solutions 
were varied, a blue shift was observed in the LP04 
resonant peak wavelength. 

 
 

 
 

Fig. 3. Transmission spectra of LPG for different 
concentrations of cholesterol. 

 
 

The LPG exhibited a total blue shift of 
approximately 10.5 nm when the cholesterol levels in 
the surrounding medium were changed up to  
5000 ppm. This spectral shift of 10.5 nm, noticed for 
a refractive index range of 1.448 to 1.455 of the 
sample solutions, corresponds to an average 
resolution 6.7×10-4 nm-1. Apart from the wavelength 
shift with the changes in refractive index of the 
external medium, there was a reduction in the peak 
intensity of the resonance band with increasing 
cholesterol levels. 
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The sensitivity of the LPG, when used as a sensor 
for various concentration of cholesterol is shown in 
Fig. 4. 
The overall sensitivity in the measurement range of 
the sensor was around 2.1 pm/ppm of cholesterol. 

Fig. 5 shows the shift in peak of resonant 
wavelength (LP04) as a function of concentration of 
cholesterol. 

The transmittance at the resonant wavelength 
(LP04) with respect to the different levels of 
cholesterol, in the measured range is shown in Fig. 6. 

The amplitude of the resonant wavelength peak 
decreased from -79.54 dB to -74.61 dB as the 
concentration of cholesterol was varied from 0 ppm 
to 5000 ppm. A linear response of the transmittance 
was observed in the measured range of cholesterol 
levels. This intensity modulation can also be utilized 
along with the wavelength coded information to have 
better results for a commercial sensor. 

 
 

 
 

Fig. 4. Resonant Wavelength (LP04) Peak positions 
as a function of different concentrations of cholesterol. 

 
 

 
 

Fig. 5. Shift in Resonant Wavelength (LP04) Peak as a 
function of various concentrations of cholesterol. 

 

 
 

Fig. 6. Transmittance at Resonant Wavelength (LP04) 
Peak as a function of different concentrations  

of cholesterol. 
 
 
5. Conclusions 
 

The results showed in this work depict the 
application of fiber optic LPG based system for the 
sensing and measurement of cholesterol 
concentrations. Both the wavelength and intensity 
modulation characteristics can be utilized in 
designing cholesterol sensors for commercial 
applications. The sensor presented here provides a 
real time response and requires only a small volume 
of the sample for analysis. Added features like 
simplicity and high sensitivity of the sensor make it 
recommendable for medical diagnosis and clinical 
applications for the determination of cholesterol 
levels in humans with suitable modifications. The 
system can be effectively employed in the areas of 
chemical and biomedical sensing, drug development 
etc., as a number of substances can be detected, and 
different parameters can be measured. 
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Abstract: The fabrication of CNT and C60 films using the multilayer MWCNT films on glassy carbon electrode 
(GCE) in electroanalysis studies esp. cyclic voltammetry. The doping of the Li+ ion onto the modified GCE with 
carbon nanotubes CNT and C60 was carried out to 10 potential cycling in the presence of 0.1M LiOH. The 
modified CNT/Li+/GCE and C60/Li+/GCE were used as working electrodes and applied for the detection of 
Mn(II) ion in blood medium using cyclic voltammetry (CV) technique. The C60/Li+/GC electrode response was 
obtained for the oxidation peak of (0.05-0.2 mM) of Mn(II) ion in blood medium as a supporting electrolyte, and 
for CNT/Li+/GC electrode response was obtained for the oxidation and reduction current peaks at (0.02-0.1 mM) 
of Mn(II) ion in blood medium as a supporting electrolyte. A well defined oxidation peak appeared at +1.0 V vs 
Ag/AgCl with a current enhancement and peak potential shift towards higher potential due to nano materials 
(CNT and C60) and presence of Lithium doped comparison with CNT/GCE and C60/GCE. Besides that, the 
presence of CNT with Lithium doped in blood media caused to appearing a reduction peak of Mn(II) at +0.6 V 
vs Ag/AgCl. So it can be said that these modified electrodes could be used as good sensors in CV for the 
detection of traces of manganese in blood medium. 

A linear relationship (R2=0.981, Y=839.1X+14.42) was observed for the plot of current (μA) versus 
concentration range of 210-5- 110-4 M of manganese in blood media using CNT and Lithium doped modified 
GCE. Copyright © 2013 IFSA. 

 
Keywords: Sensors, Blood medium, Mn(II), CNT/Li+/GCE, C60/Li+/GCE. 
 
 
1. Introduction 

 
In the cyclic voltammetry the modified electrodes 

have been used to determination of different chemical 
compounds such as biochemical [1-4], metal ions  
[5, 6], blood [7], etc.  

Cyclic voltammetry study of perfluorocarbon 
emulsion in blood media was evaluated by affecting 
the voltammetry of four electroactive compounds 

such as potassium ruthenium(II) trisbipyridine, 
ferricyanide, hydroquinone, and 2,6-
dichloroindophenol. Results support continued 
exploration of both cyclic voltammetry and 
amperometry techniques for quantitative analysis in 
this medium [8]. 

Cyclic voltammetry study of heat-acclimated 
traumatized rats was used to correlate endogenous 
cerebroprotection. The augmented concentration of 
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the reducing capacity of brain tissue found in the 
brain of heat-acclimated rats suggests that these rats 
are more able to cope with these harmful radicals, 
resulting in a more favorable outcome following 
closed head injury [9]. 

Heparin, a highly negatively charged 
polysaccharide, which has been used widely as an 
anticoagulant and antithrombotic, was detected by 
ion-transfer voltammetry at the interface between 
1,2-dichloroethane and an aqueous buffer solution or 
undiluted blood plasma. The biomedical utility of 
ion-transfer voltammetry was demonstrated for the 
first time in an undiluted blood sample. Despite 
interferences by Na+, Cl-, and plasma proteins such as 
serum albumin, a detection limit of 0.13 unit/mL was 
obtained in sheep blood plasma with the stripping 
method [10]. 

Some manganese potentialities for modification 
of solid-state electrodes are used to test the ability of 
Mn2+ to incorporate easy thin lipid films deposited on 
to the electrode surface. The voltammetric analysis of 
thus modified glassy carbon electrodes (GCE) reveals 
possibilities for driving redox reactions in the 
electrolyte. The results suggest a transfer of electrons 
across the lipid phase mediated through the 
transitions of the embedded manganese. On the other 
hand, at higher concentrations the Mn2+ integration 
within the supported liquid films leads to changes in 
their structural parameters. In this respect, a 
comparison with the action of Ca2+ and Mg2+ shows a 
somewhat stronger impact of the Mn2+ ions [11]. 

In application of Mn2+ in MRI-visible 
paramagnetic tracers to reveal in vivo connectivity 
can provide important subject-specific information 
for multisite, multielectrode intracortical recordings 
in combined behavioral and physiological 
experiments. In other words, being used as a 
paramagnetic MRI tracer, Mn2+ can permit the 
visualization of neural networks covering at least four 
processing stages [12]. 

The employment of Mn2+ as a mediator for the 
electron transfer across glassy carbon-supported thin 
lecithin films in contact with electrolyte is studied; 
the results suggest that the ascorbate oxidation, which 
is normally hampered by the film, can proceed 
through the incorporated manganese. In this respect, 
the potential of Mn2+ for modification of lipid wetting 
films in construction of sensitive interfaces is 
founded [13]. 

Glassy carbon electrodes (GCE) were modified 
with carbon nanotubes (CNT) with and without Li+ 
doping by a mechanical attachment method. These 
modified working electrodes, abbreviated as 
CNT/Li+/GCE and CNT/GCE, produced two 
reduction peaks of Mn(II) at +0.8 and +0.1 V vs 
Ag/AgCl in 0.1 M KHPO4, which appeared 
irreversible during cyclic voltammetry [14].  

Glassy carbon electrode (GCE) was modified 
with C60 (C60/GCE) by a solution evaporation 
technique, C60/Li+/GCE was prepared by modifying 
C60/GCE in Li+ solution via cv potential cycling. Two 
reduction peaks of Mn(II), which appear at +600 and 

-100 mV vs Ag/AgCl at GC electrode increased 
considerably with slight peak shifting when the two 
modified GCE electrodes were used [15]. 

As an inert electrode material, carbon is useful for 
both oxidation and reduction in both aqueous and non 
aqueous solutions. Only graphitic form of carbon 
conducts and is therefore useful as electrode 
materials. Ordinary spectroscopic grade graphite rods 
can be used for work in which the surface area of the 
electrode does not need to be well defined. Other 
types of carbon electrode include the vitreous 
(glassy) carbon electrode and the carbon paste 
electrode [16]. 

Metallation was a chive by insertion of 
MnCl2.4H2O oxidative electro polymerization of the 
manganese porphyrin monomer by cyclic scans 
would anchor the resulting materials on glassy carbon 
electrodes. It was found that two poly manganese 
compounds can serve as electrocatalysts towards the 
dioxygen reduction [17]. 

The ability of Mn2+ incorporates easy thin lipid 
film to be deposited on to the glassy carbon 
electrode. The results suggest a transfer of electrons 
across the lipid through the transitions of the 
embedded Mn2+. On the other hand, at higher 
concentration the Mn2+ integration within the blood 
liquid leads to changes in their structural parameters. 
In this respect, a comparison with the action of Ca2+ 
and Mg2+ shows a somewhat stronger impact of Mn2+ 
ions [11, 18, 19]. 

In comparison Ca2+ in blood were in no 
significance whenever being used, while Mn2+ were 
more significant with conductivity, causing it to be 
used as a contrast in MRI diagnosis than Ca2+[20]. 

Cyclic voltammetry was carried out on whole 
blood samples containing 1 g/mL serotonin, an 
anodic peak current appeared at around 350 mV 
versus a silver/silver chloride electrode using a 
Nafion-coated array microelectrode. The results were 
obtained for the detection method of the diagnosis 
obtained from the amount of IgE antibody [21]. 

The amperometric technique was used to 
detection of blood cholesterol as a great clinical 
significant method. Surface modification of the CNT 
with a biocompatible polymer converted the 
hydrophobic nanotube surface into a highly 
hydrophilic one [22]. 

In this work, multiwall carbon nanotubes and C60 
modified mediators are fixed on the GCE surface by 
different methods (CNT/Li+/GCE and C60/Li+/GCE) 
to be used as sensors to study the different properties 
of oxidation-reduction peaks of Mn2+ in blood 
medium. 
 
 
2. Experimental Part 
 
2.1. Chemicals and Reagents 
 

C60 and CNT from Fluka, 98 %, HPLC were used 
as nanomaterials in the working electrode. All 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 89-93 

  91

reagents were analytical reagent or electrochemical 
grade purity. All solutions were prepared using 
distilled water. Unless otherwise specified, the 
supporting electrolyte was blood media at room 
temperature. 
 
 
2.2. Instruments 
 

Electrochemical workstations of Bioanalytical 
system Inc. USA: Models BAS CV 50W with 
potetiostate driven by electroanalytical measuring 
software was connected to the personal computer to 
perform cyclic voltammetry (CV). The working 
electrode being used in this study was GC electrode 
and modified CNT/GCE by doping GCE with CNT 
mechanical method. The other working electrode is 
CNT/Li+ /GC electrode which was modified by 0.1M 
LiOH the CNT/GCE using cyclic voltammetry to 
fabricate this electrode, a platinum wire (1mm 
diameter) as a counter electrode and an Ag/AgCl (3M 
NaCl) as a reference electrode. 

Using evaporation of solution technique, in this 
method C60 was dissolved in acetonitrile solvent and 
modified C60/GCE by doping GCE with 2μL of C60 in 
solution and dried by hot air blower. The other 
modified electrode used in this work was C60/Li+ on 
glassy carbon electrode by 0.1 M LiOH using 10 
cycles at cyclic voltammetric technique. 
 
 
3. Results and Discussion 
 
3.1. Enhancement Study 
 
3.1.1. Effect of Different Modified Electrodes 
 

Cyclic Voltammograms of GC, CNT/Li+/GC and 
C60/Li+/GC electrodes show the effect of using 
electrochemical modification of electrodes on Mn2+ 
as shown in Fig. 1. It seems that in the modified 
electrode with CNT/Li+ enhancement the reduction 
peaks of Mn2+ by CNT /Li+/GCE was 4-5 times than 
the modified electrode with C60 and GCE and shifted 
to a lower potential. Also, Fig. 1 shows that the 
reduction peak of Mn2+ was well resulting in 
considerably enhancing this current peak and shifting 
towards the origin when CNT/Li+/GCE was used in 
comparison with C60/Li+/GCE and GCE. Evidently 
the degree of sensitivity response increases in the 
order of:  

 
CNT/Li+/GCE > C60/Li+/GCE > GCE. 

 
 
3.1.2. Effect of Blood Media 
 

The study of the effect of blood media as a 
supporting electrolyte on the Mn2+ ions was carried 
out by using different modified electrodes 
(CNT/Li+/GCE, C60/Li+/GCE, and GCE). 

The effect of blood on the oxidation and reduction 
of Mn2+ is clear when the oxidation current peak of 
Mn2+ appeared with blood samples at +900 and 
+1000 mV and reduction current appears 
inconspicuous in the absence of blood providing 
alternative analytical peak of Mn2+ and the reduction 
peak appeared at +850 mV. 
 
 

 
 

Fig. 1. Cyclic Voltammograms for the redox current at 
GCE and different modified GCE (CNT/Li+/GCE and 
C60/Li+/GCE ) in Mn(II) with blood sample as supporting 
electrolyte versus Ag/AgCl as reference electrode and scan 
rate 100 mV sec-1. 
 
 

The heavy metal ion (Mn2+) causes enhancement 
of the current and a potential for redox process. The 
blood used as a catalysis for the redox Mn2+ through 
the modified electrodes (CNT/Li+/GCE, 
C60/Li+/GCE, and GCE). The voltammetric analysis 
of thus modified glassy carbon electrodes reveals 
possibilities for driving redox reactions across the 
nanomaterials with Li+ ions in the blood as sensor 
electrodes. The redox current peaks of Mn2+ in blood 
samples as a supporting electrolyte give good results 
at different concentrations at different modified 
electrodes. 

 
 

3.2. Applications of Electrochemical Sensors 
in Blood Analysis at CNT/Li+/GCE 

 
The CNT/Li+/GCE exhibited an excellent 

performance for Mn2+ analysis as shown in Fig. 2. A 
well–defined curve was observed at +1000 mV 
corresponding to the oxidation peak of Mn(II). Fig. 3 
shows the calibration plots of the concentration range 
of 0.02-0.1 mM for the Mn(II) in blood samples were 
performed on the CNT/Li+/GCE with a correlation 
coefficient of R2=0.981, Y=839.1X+14.42 and good 
results of RSD ± 2.4 %. 

One of the applications of this electrochemical 
sensor is the usefulness of the Mn2+ at modified solid 
electrodes as electrochemical sensors for the 
detection of biochemical compounds of interest such 
as in contrast media for the diagnosis in Magnetic 
Resonance Imaging (MRI) to replace CaCl2 [23]. 
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Fig. 2. Voltammograms for the oxidation current at 
modified CNT/Li+/GCE in different concentration of (0.02-
0.1 mM) Mn(II) with the blood sample as a supporting 
electrolyte versus Ag/AgCl as a reference electrode and at a 
scan rate of 100 mV sec-1. 

 
 

 
 

Fig. 3. Plot oxidation current of different concentrations 
(0.02-0.1 mM) Mn(II) in blood samples using 
CNT/Li+/GCE as a working electrode and a scan rate  
of 100mV sec-1. 

 
 

3.3. Applications of Electrochemical Sensors 
in Blood Analysis at C60/Li+/GCE 

 
The C60/Li+/GCE was applied for successive 

determination of redox peaks of Mn(II) in a blood 
sample at different concentrations as shown in  
Fig. 4. The correlation coefficient of calibration plots 
for oxidation peak of Mn(II) at different 
concentrations ranges between 0.05-0.2 mM was 
investigated with good linearity, sensitivity and good 
RDS (R2=0.969, Y=233.1X+13.37 and  
RSD= ± 3.1 %) as shown in Fig. 5. 

Other application for the results that suggests a 
transfer of electrons across the C60/Li+ mediated 
through the transition of Mn2+ using blood as a 
supporting electrolyte produces good results. On the 
other hand, at higher concentration the Mn2+ 
integration within the blood liquid leads to changes in 
their structural parameters. In this respect, a 
comparison with the action of Ca2+ and Mg2+ shows a 
somewhat stronger impact of Mn2+ ions  
[11, 24, 25].  

 
 

 
 

Fig. 4. Voltammograms for the redox current at modified 
C60/Li+/GCE in different concentration of (0.05-0.2 mM) 
Mn(II) with blood sample as a supporting electrolyte versus 
Ag/AgCl as a reference electrode and a scan rate  
of 100 mV sec-1. 

 
 

 
 

Fig. 5. Plot oxidation current of different concentration 
(0.05-0.2 mM) Mn(II) in blood sample using C60/Li+/GCE 
as a working electrode and a scan rate  
of 100mV sec-1. 

 
 

4. Conclusion 
 
Cyclic Voltammetric study was used for the 
determination of Mn(II) ion in blood media at 
different modified glassy carbon electrodes whose 
surfaces were covered with nano materials such as 
multiwall CNT MWCNT and C60 (CNT/Li+/GCE and 
C60/Li+/GCE), respectively. This method for 
measurement of the affect redox peaks of Mn(II) ions 
formed on modified electrode surfaces as sensor 
electrodes for the detection of the manganese ions in 
blood media. In this method, depending on the redox 
current we evaluated the determined traces of Mn(II) 
in blood samples at the sensitive modified electrodes. 
So we can say that these modified electrodes can be 
used as sensors for the detection of the traces of 
heavy metals such as manganese in blood media due 
to the environment contamination. 
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Abstract: There is a great increase in the need for better health care in recent years. The point of care 
technology (POCT) devices has become an essential part of health care due to its convenience and speed. A 
growing problem in the world is the increasing number of obese people in the world. A way of determining 
whether a person is obese is by determining the adiponectin level in their body. The work will show 
experimental proof of this determination theory. This work also presents a system that will make use of 
magnetic particle assay (MPA) as a means of implementing this diagnosis. The work also includes a discussion 
on the sensor that is used to quantify the number magnetic particles after performing MPA on the sample as well 
as a prototype developed as a proof of concept for this work. Copyright © 2013 IFSA. 
 
Keywords: Point of care technology, Obesity, Magnetic particle assay, Magnetic beads, Adiponectin, Magnetic 
field effect transistor. 
 
 
 
1. Introduction 

 
There is a growing popularity with the use of 

point of care technology (POCT). It is a tool that can 
be used for the diagnostics that will be used not only 
for detection of a disease but also for healthcare. 
There is a growing concern in the world right now for 
the growing number of obesity cases. Obesity is a 
condition in which the accumulation of body fat in a 
person has reached excessiveness. When there is 
excessive fat accumulation in the body, there is a 

high risk for the person to have health problems such 
as metabolic syndromes and diseases that can cause 
mortality [1]. Right now, to determine if a person is 
obese, his body mass index (BMI) is taken into 
consideration. The BMI will only take into 
consideration the height and weight of the person to 
do its determination. Studies have shown that it is 
actually the fat count of a person that determines if he 
is obese. The fat cells also known as adipocytes are 
composed of several proteins one of which is called 
adiponectin. Several studies show that the 
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adiponectin count in the body is dysregulated when a 
person is obese. Further discussion of the protein will 
be included in this article. 

The determination of the adiponectin is done 
using a diagnostic protocol called Enzyme Linked 
Immunosorbent Assay or ELISA for short. The 
ELISA protocol will measure the change in 
fluorescence to determine the amount of adiponectin 
in the sample. The enzyme attached to the detection 
antibody will chemically react to the substrate added 
into the processed sample. For this work, it is aimed 
to change the fluorescence detection with the 
magnetic field detection. This is done by replacing 
the enzyme with magnetic beads. Magnetic beads are 
ideal for such kind of bioassay application due to the 
following reasons: (a) cells exhibit few magnetic 
properties, (b) signals from magnetic beads are stable 
with time, (c) results from magnetic detection is 
independent of the colour and clarity of the sample, 
and (d) magnetic labelling has functionalities that 
may be used to improve bioassay performance such 
as magnetic filtration and manipulation [2]. Further 
discussion on the properties of magnetic beads is 
included in the following article. 

In order to measure the magnetic field from the 
magnetic beads, a specific magnetic sensitive 
structure called magnetic MOSFET (MAGFET) is 
used and is described in this article. The physical 
structure of the MAGFET is a MOSFET with the 
drain having been split to two. The structure is able to 
detect the magnetic field perpendicular to the 
channel. Because the MAGFET structure is 
compatible to the CMOS technology, it can be 
implemented as a common library item.  

A prototype was also developed as a proof of 
concept for this type of sensing. The prototype made 
use of commercially available components that 
mimic the operation of each component in the micro-
level. A detailed description of this work is also 
included in this paper together with experimental 
results. 

 
 

2. Materials and Methods 
 
2.1. Adiponectin 

 
The adipose tissue plays an important role in 

energy storage, fatty acid metabolism and glucose 
homeostasis. Adiponectin is one of the protein 
hormone secreted into the bloodstream exclusively 
by the adipose tissue. It was first described during 
1995 [5]. It is also described in other literature under 
the following names: Acrp30, AdipoQ, apM1, and 
GBP28. It is composed of 247 amino acids and has a 
molecular mass of 28 kDA [5]. Freeze etch electron 
microscopy was performed in order to visualize the 
architecture of Adiponectin. Adiponectin trimer, 
hexamer and HMW isoforms are shown in figure 1. 
The structure of the trimer consists of a ball and a 
stick where the ball is composed of globular domain 

and the rigid stick is composed of collagen triple 
helix [6] (Fig. 1A). The image shows the trimer to 
have a length of approximately 18nm. The hexameric 
architecture of the Adiponectin is composed of two 
trimers connected in parallel in a head to head 
fashion form with a resemblance to a letter Y [6] 
(Fig. 1B). For the HMW isoform, it only showed the 
tail end view [6] (Fig. 1C).  

 
 

 
 

Fig. 1. Adiponectin (A) trimer, (B) hexamer and (C) HMW 
isoforms image [6].  

 
 

In an experiment done to prove that adiponectin is 
altered in obesity, adiponectin levels in adipose tissue 
samples from lean (ob/+) and obese (ob/ob) mice was 
tested. The experiment shows that the amount of 
adiponectin in an obese (ob/ob) mice is reduced by 
70 to 90 % as compared to the lean (ob/+) mice. 
Also, in order to prove the correlation of the amount 
of adiponectin with regard to obesity, the same type 
of experiment was done for an adipose specific gene, 
aP2. The result shows that the amount of aP2 gene 
was not affected by the obesity of the mice. The 
results from the aforementioned experiment are 
illustrated in Fig. 2. Adipose tissues from human 
individuals were also examined. For this experiment, 
four obese individuals with a body mass index (BMI) 
of 39 ± 1.4 and three normal individuals with a BMI 
of 21 ± 0.3 were tested. The test shows a reduction in 
the amount of adiponectin of about 50 to 80 % on 
obese individuals as compare to that of the normal 
individuals. Fig. 3 shows the results for samples one 
through seven. This experiment clearly proves that 
the adiponectin is dysregulated in both mouse and 
human that are obese. 

 
 

2.2. Superparamagnetic Beads 
 
Magnetic beads are made, for the most part with, 

iron oxide together with some magnetic material. 
Since Iron oxide is a ferromagnetic material and that 
there is quite low magnetic content inside the beads, 
the saturation magnetic moment exhibited is quite 
small. On the outer layer, bio-reactive molecules are 
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coated on. This will enable biological entities to be 
coated on the surface of the magnetic beads. 

For this work, the magnetic beads exhibit a 
superparamagnetic behavior. This type of magnetic 
beads will only have magnetic moment when a 
source of magnetic field is present. Consequently, 
when the magnetic field is removed, the magnetic 
moment of the beads also disappears. Magnetic beads 
are composed of nano-size iron oxide crystals. When 
there is no magnetic field present, the magnetization 
of the crystals are randomly distributed. At this state, 
the magnetic beads do not exhibit any magnetization. 
When magnetic field is present, the magnetization of 
the crystals will align to the direction of the magnetic 
field. Fig. 4 is an illustration of the two states of 
magnetic beads as described in this article. 

 
 

 
 

Fig. 2. Testing for the quantity of Adiponectin (aipoQ)  
in an (1) obese and (2) lean mice [7]. 

 
 

 
 

Fig. 3. Adiponectin (aipoQ) level testing result for human 
sample [7].  

 
 

 
 

(a)   (b)  
 

Fig. 4. State of superparamagnetic bead with (a) at the 
demagnetized state and (b) at the magnetized state [11].  

 

2.3. Magnetic Particle Assay (MPA) 
 
Before we can understand the magnetic particle 

assay (MPA), we must first understand enzyme 
linked immunosorbent assay (ELISA). The MPA is 
actually a protocol based on ELISA. Fig. 5 is an 
illustration of the difference between the MPA 
protocol and the ELISA protocol. ELISA can 
perform a broad range of both qualitative and 
quantitative diagnostics, thereby, making it a cost 
effective diagnosis technology. ELISA protocol 
requires multiple liquid washing steps that are 
dependent on spectrophotometer. The whole process 
is performed on a microplate. To perform a 
diagnostic test, a coating antibody that can bind to 
specific antigen is placed on to the microplate. The 
antigen is then introduced and bind to the coating 
antibody which immobilizes it. The excess antigen 
will then be washed away. The detection antibody is 
then introduced to bind to the target analyte. Again, 
the excess will be washed away. The streptavidin-
HRP that catalyzes with the dye will then be 
conjugated with the second antibody. The presence of 
the analyte is indicated by the change in the liquid. 
Fig 5a illustrates how the antibodies and analyte is 
arranged on the microplate. 

For the MPA protocol, the streptavidin-HRP is 
replaced with the magnetic bead. Instead of 
measuring the fluorescence of the sample liquid, the 
quantity of magnetic beads is taken as the 
representation of the concentration of analyte in the 
sample. The total magnetic moment of the magnetic 
beads when magnetized are measured and is 
converted to the relative value of the analyte 
concentration. Fig. 5b is the structure of the 
antibodies and the analyte for the MPA protocol. 

 
 

 
 

(a)                     (b) 
 

Fig. 5. Structure of biological entity for (a) ELISA protocol 
and (b) MPA protocol.  

 
 

3. Results and Discussion 
 
3.1. Nitrocellulose Based Enzyme Linked 

Immunosorbent Assay (ELISA) 
 

To POCT device that can perform diagnostics, we 
must be able to perform the ELISA protocol on top of 
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the sensor. A way to do this is to perform the 
protocol on a nitrocellulose (NC) membrane. The NC 
membrane is a sticky membrane that can be used to 
immobilize biological materials.  

For this work, the target analyte for the ELISA is 
the adiponectin. To make sure that the NC ELISA 
can work properly, this experiment was done to 
generate a standard curve for different levels of 
adiponectin. The work made use of plasma sample 
taken from a lean rat. Table 1 shows similarity of 
amino acid between species with the mouse as the 
base of comparison. The protocol was performed on a 
glass slide coated with NC membrane. The glass slide 
is divided into eight separate wells. The sample 
plasma was taken and divided into several samples 
having different concentration by means of dilution. 
The dilution factor for this experiment goes from 
200x to 500x with intervals of 100x. Fig. 6 is a photo 
of the NC slide where in the ELISA protocol was 
performed. The experiment was performed on four 
identical NC slides. Each concentration level was 
tested twice on each slide having a total of eight 
wells for each dilution factor.  

The reading of the result made use of a 
chromatograph machine that will show the level of 
fluorescence depending on the concentration of the 
sample. The experimental result shows linearity in 
fluorescence of the sample with regard to its dilution 
factor. The linearity of the experimental result is at 
0.9843. Fig. 7 is a graph that shows the experimental 
results having the x-axis as the dilution factor and the 
y-axis as the fluorescence value.  

 
 

Table 1. Percentage of similarity of adiponectin in different 
species having mouse adiponectin as reference sample. 

 
Species % Amino acid similarity 

Rat 92 
Human 83 
Cow 91 
Monkey 83 

 
 

 
 

Fig. 6. Glass slide with NC membrane for concentration 
level analysis with the wells having dilution factor. 

 
 

Fig. 7. Results for ELISA protocol implemented  
on NC membrane. 

 
 

3.2. Sensor System Model 
 
A way of sensing the magnetic beads is through 

the use of hall sensors. For the preliminary study in 
this work, a system model for the microscale system 
was developed using commercially available 
components. Fig. 8 shows an illustration of the 
system model. The model made use of a hall sensor 
from Winson model number WSH136. The hall 
sensor has a sensitivity of 3.3 mV/gauss. On top of 
which, a magnet sheet is placed to serve as the source 
of magnetic field for the magnetization of the 
magnetic beads. In place of magnetic beads, steel 
balls are used. The steel balls are ideal for such 
applications since they themselves have no magnetic 
moment. They, however, are able to absorb the 
magnetic moment from the magnetic field and be 
magnetized. A porous plate was placed on top of the 
magnetic sheet to keep the steel balls in place during 
the experiment. 

The experiment is done using nine steel balls to 
represent the magnetic beads. Fig. 9 is the curve that 
shows the output voltage of the sensor with regard to 
the quantity of steel balls on the sensor. The output 
voltage ranges from 1.217 V to 1.728 with a 
sensitivity of 56.77 mV per steel ball. The 
characteristic curve from Fig. 9 shows a linearity  
of 0.98. 

 
 

 
 

Fig. 8. Illustration of the system model implemented with 
commercially available component [10].  
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Fig. 9. Analog output value for the system generated from 
0 to 9 numbers of steel balls placed  

on the sensor system [10].  
 
 

3.3. Magnetic Field Effect Transistor 
 
The hall sensor uses the Hall Effect as its basic 

principle. Another type of sensor that uses such 
principle is the Magnetic Field Effect Transistor 
(MAGFET). This type of sensor is ideal for POCT 
devices because of its compatibility with the CMOS 
technology. The operation of semiconductor is based 
on the formation of Lorentz force. Lorentz force FB is 
generated on the semiconductor during its operation. 
The is equivalent to the electrical charge qe moving 
in a stable magnetic field BZ with the speed v. 
Equation 1 is the mathematical representation of 
these values to generate the Lorentz force. The Hall 
electrical field intensity is the combination of 
magnetic field and speed of electrical charge.  
Fig. 10a shows an illustration of the structure of the 
basic MAGFET. The basic structure of a MAGFET is 
the same as a MOSFET. There is a drain and a 
source. The main difference is that the MAGFET has 
two separate drains but only one source as illustrated. 
Under normal conditions, the electron charge flows 
equally between the two drains. But under a magnetic 
field, the electron is pushed to one side of the 
MAGFET depending on the direction of the applied 
magnetic field. To further understand the effect of 
magnetic field on the MAGFET, Fig. 10b is an 
illustration of the electron flow in the MAGFET 
when external magnetic field is applied. Using the 
right hand rule, we can see that when the magnetic 
field is applied towards the MAGFET, the electron 
charge is pushed by the Lorentz force to one side of 
the MAGFET. 

The equivalent circuit of the MAGFET is given in 
Fig. 11. A MAGFET is composed of two MOSFET 
having the gates connected together. The current 
deviation Δi is controlled by the external magnetic 
field applied on to the MAGFET. It can be calculated 
using equation 2. In this equation the S represents the 
relative sensitivity of the MAGFET, Id is the drain 
current of the MAGFET, and BZ is the magnetic field 
perpendicular to the MAGFET. 

The microscale sensor device was developed 
under the specification in the system model. In place 
of the commercially available hall sensor is the 

MAGFET device. To magnetize the magnetic beads 
for the reading, an inductor is placed on top of the 
MAGFET. This will take the place of the magnetic 
sheet. The value of the magnetic field supplied to the 
system will depend on the current fed to the micro-
coil. Fig. 12 is the illustration of how the system will 
work when implemented using CMOS technology. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 10. Model and operation of MAGFET device with (a) 
at normal operation, and (b) under magnetic field. 
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Fig. 11. Equivalent schematic diagram for a device. 
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Fig. 12. System illustration for the development  
in the micro level.  
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The sensor was fabricated using the TSMC 0.35 
um technology. The whole sensor was composed of 
625 MAGFET interconnected with each other to 
make a singular sensor device. The sensing area of 
each component is at 5 um x 5 um. Fig. 13 is an 
illustration of the structure of the fabricated in this 
work. The MAGFET was simulated under the supply 
voltage of 3.3 V. During the simulation, it was found 
that the maximum output value with the gate voltage 
value at 0.5 V. The structure was also simulated 
under the condition of 0 to 100 mT. It was found that 
the structure has a sensitivity of 1 mV/mT. On top of 
each MAGFET is a micro-coil that will magnetize 
the magnetic beads that are to be sensed. For the 
operation of the micro-coil, When DC electricity is 
passed through a wire, a magnetic field rotates 
around the wire in a specific direction. When a wire 
is turned into a coil, an inward magnetic field is 
generated. And when there is multiple wires stacked 
together, the magnetic field generated by each will 
combine together to form a larger magnetic field 
strength. For this work, the micro-coil is composed of 
two stacks of wire made from metal 2 and metal.  
Fig. 14 is a cross section of the sensor with the two 
levels of micro-coil stacked on top of the MAGFET. 
It also includes an illustration of the magnetic field 
generated by the micro-coil and its directionality. A 
micrograph of the fabricated chip is shown in Fig. 15. 

 

 (1) 
 

 (2) 
 

 

 
 

Fig. 13. Illustration of the structure of the fabricated 
MAGFET. 

 
 

 
 

Fig. 14. Cross section of the fabricated MAGFET with the 
micro-coil on top having the directionality of the generated 

magnetic field illustrated. 

 
 

Fig. 15. Micrograph of the MagFET sensing device. 
 
 

4. Testing and Result 
 
The sensor has been tested using the 

semiconductor analyzer Analog B1500. Since the 
MagFET has four symmetric ports therefore it can be 
assumed to have four symmetric CMOS device. 
Initial test proved that the four devices are 
symmetric. The configuration of the said experiment 
is given in Fig. 16 where in simple current to voltage 
analysis has been performed. The results show each 
symmetric device have the same characteristic curves 
for the ID-VG curve shown in Fig. 17.  
 
 

 
 

Fig. 16. Schematic for the current to voltage testing  
for the four symmetric devices 

 
 

For the operation of the MagFET to be used in 
detecting magnetic beads. The device was tested 
having to control the current that passes through the 
two drains. The schematic for the said test is given in 
Fig. 18. The operational gate voltage was extracted 
by feeding the two drains with different current and 
sweeping the gate voltage. The result is illustrated by 
a grapg in Fig. 19. From the test, further 
experimentation made use of gate voltage valued at 
2.5 V. having different current value fed through the 
drains, the work was able to extract the differential 
voltage with regard to the differential current of the 
between the two drains. The result is shown through 
a graph in Fig. 20. The linearity for the test is 
calculated to be at 99.93 %. All four plausible 
connection for the device has been tested and has 
resulted to the same graph. 
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Fig. 17. ID-VG Curve for four symmetric device. 
 
 

 
 

Fig. 18. Schematic for testing MagFET operation. 
 
 

 
 

Fig. 19. Gate voltage sweep. 
 
 

 
 

Fig. 20. Differential voltage vs. differential current 
for the MagFET device. 

5. Conclusion 
 
The aim of this work is to implement data 

gathering and experiment that would be needed in 
implementing a micro scale device that would be able 
to perform diagnostic experiments. This article 
includes experimental proof that quantifying of 
adiponectin can be a basis for the determination of 
the obesity or leanness of a person. It was also 
mentioned in this article that the main diagnostic tool 
for quantifying adiponectin is the ELISA protocol. 
For the implementation of the POCT device, the 
ELISA protocol must be implemented on the surface 
of the sensor. This is to be done by placing NC 
membrane on the surface of the sensor. To prove that 
this is possible, experiment was done using a glass 
slide covered with a layer of NC. Several 
concentration of adiponectin was tested and the 
results show that the output fluorescence level is a 
linear curve with regard to the dilution level of the 
sample adiponectin. A prototype of the target system 
was also implemented. This prototype was able to 
prove that the hall device is able to quantify the 
number of steel balls present on the surface of the 
sensor. This was taken as the basis for the 
implementation of the microscale sensing device. 
This work included a discussion of the fabrication of 
the sensing device that made use of the MAGFET. 
The device was developed to include a micro-coil 
that will provide a magnetic field to the magnetic 
beads during the testing. Preliminary testing on the 
MAGFET has been done for its basic electronic 
characteristics. 

The future work for this research includes the 
testing of the fabricated sensor. The work aims to 
characterize the sensor with regard to its reaction to 
the magnetic field applied. It also aimed that the 
ELISA protocol be implemented on the surface of the 
sensor. After the characterization, a readout sensor is 
to be developed for POCT device application. 
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Abstract: pH ISFETs are very important sensor for in vivo continuous monitoring application of physiological 
and environmental system. The accuracy of Ion Sensitive Field Effect Transistor (ISFET) output measurement is 
greatly affected by the presences of noise, drift and slow response of the device. Although the noise analysis of 
ISFET so far performed in different literature relates only to sources originated from Field Effect Transistor 
(FET) structure which are almost constant for a particular device, the pH dependent electrochemical noise has 
not been substantially explored and analyzed. In this paper we have investigated the low frequency pH 
dependent electrochemical noise that originates from the ionic conductance of the electrode-electrolyte-Field 
Effect Transistor structure of the device and that the noise depends on the concentration of the electrolyte and 
1/f in nature. The statistical and frequency analysis of this electrochemical noise of a commercial ISFET sensor, 
under room temperature has been performed for six different pH values ranging from pH2 to pH9.2. We have 
also proposed a cocentration dependent a/f & b/f2 model of the noise with different values of the coefficients a,b. 
Copyright © 2013 IFSA. 
 
Keywords: Electrolyte, ISFET, Buffer, FET, Ionic. 
 

 
 
1. Introduction 
 

ISFETs proves to be very attractive pH sensing 
devices for long term monitoring system in different 
biomedical, analytical chemistry and environmental 
field. They are generally based on Field Effect 
Transistor structure in which an insulating layer 
sensitive to hydrogen ion concentration is 
incorporated on the top of the gate oxide. Here the 
effect of metal or polysilicon gate of a FET is 
realized by a combination of reference electrode and 
electrolyte. After the introduction of ISFET by 
Bergveld [1], a substantial amount of studies on 
different sources of ISFET noise were reported [2-4], 
and a considerable amount of progress has already 

been made regarding the ISFET noise reduction and 
drift compensation technique in different circuit and 
fabrication level [5-8]. 

In an study on sources of noise conducted by  
N. Clement & et al [2], revealed that different 
possible sources of noise related to ISFET are due to 
various reasons- the fluctuation of dipoles in the 
oxide (DP noise), trapping-detraping of an electron in 
a defect close to the insulator semiconductor interface 
(trapping noise), thermal fluctuation of electron in the 
channel (Johnson-Nyquist noise) and Brownian 
motion of ions (Brownian noise) in the 
electrochemical interface. The Dielectric polarization 
noise or DP noise is due to the fluctuation of dipoles 
in the oxide layer and can be predicted by the 
fluctuation-dissipation theorem [9, 10]. Trapping 
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noise is commonly believed to be associated with the 
capture and release of carriers by the traps at the Si-
SiO2 interface in a random fashion, while the 
Johnson-Nyquist noise is always related to the 
thermal agitation of the carrier electron through 
channel. The relevant literature is available in [2, 3, 
11, 12]. The Brownian noise is believed to be 
originated from the electrode-electrolyte structure of 
the ISFET. The origin of noise in electrode-
electrolyte systems can be divided into two 
categories, namely, the thermal equilibrium noise and 
non equilibrium noise. The thermal equilibrium 
fluctuations are the only source of noise in the 
equilibrium condition where as recombination and 
generation of charged particle is the main cause of 
the non-equilibrium fluctuation [13].  

The noise modeling of ISFET and ISFET based 
sensor were reported in [3, 4, 13]. Although ISFET 
noise under various categories were studied and it is 
believe that the presences of 1/f low frequency noise 
is mostly contributed by the FET structure of the 
device, which is dominated by the Insulator-
Semiconductor interface [14] and are package 
related, however the pH dependent 1/f 
electrochemical noise in ISFET has not been much 
explored. Though it is considered to be negligible in 
some particular device [2, 3], the model and patterns 
of this noise has not been studied elsewhere. 

For designing a sensitive and accurate read-out 
device for an ISFET, the smallest contribution of 
noise has to be taken care of, therefore in this piece 
of work we are able to determine the 1/f low 
frequency noise contributed by the ionic conductance 
of the pH solution besides FET channel. 
Concentration dependency of electrochemical noise 
model, its statistical and frequency analysis has been 
performed and we are able to derive for the first time 
that pH dependent electrochemical noise spectra 
follows 1/f model. The noise PSD, FFT and modeling 
has been presented in this piece of work. 
 
 
2. Proposed Work 
 

In this work, we have proposed that, the 1/f low 
frequency noise in ISFET is a contribution from both 
MOS channel of the device and ionic conductance of 
electrolyte solution of the system. There are very less 
evidence of 1/f pH dependent electrochemical noise 
analysis in ISFET, however, few researchers have 
conducted studies to determine the 1/f noise 
characteristic in the ionic–solution only [15-18]. This 
concept of 1/f noise due to the conductance of ionic-
solution has been experimentally verified in this 
work. The physical interpretation of 1/f noise 
generated in electrolytic solution has been explained 
both in terms of mobility fluctuation theory and 
density fluctuation theory as discussed in [18], by  
A. van der Ziel. 

The noise of a quantity (Voltage, Current or 
Conductivity) can be expressed as relative noise 
given by the relation [15], 
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where R is the resistance, α is an experimental 
constant for the solution and N is the number of free 
carrier in the solution, f is the frequency and f is the 
bandwidth. Here αion is a term which is concentration 
dependent. One theoretical condition imposed on 
equation (1) is that the necessity of using a very small 
electrolyte sample which suffices the dominancy of 
ion-induced 1/f noise over thermal noise. The small 
sample investigated resulted two different types of 
noise the thermal noise and the ion-induced noise 
given by 
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the above equation of ion-induced noise, n is the 
number of charge carrier per cm3, l is the length and 
A is the cross-section area of the sample and V is the 
voltage. In case of thermal noise, k is the Boltzmann 
constant, T is the absolute temperature, e is the 
electron charge and µ is the mobility of carriers. 

In our work, we have considered a commercial 
ISFET (IQ-Scientific Instrument, USA) for study of 
1/f pH dependent electrochemical noise as shown in 
the Fig. 1. The circuit of Fig. 1 shows that the ISFET 
with the integrated KCL gel electrode supplied with a 
constant VDS.  

 
 

 
 

Fig. 1. The equivalent of pH dependent electrochemical 
noise measurement on the small electrolyte sample. 

 
 

Since the structure of ISFET is inherently in 
millimeter dimension range, it fulfills the small 
sample condition and the voltage produced across the 
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electrode is added up with the pH dependent 
electrochemical 1/f noise along with thermal noise. 
Therefore, our experiment was concentrated on 
acquisition of noise voltage signals with different pH 
buffers solution. We have conducted the experiment 
for pH 2, 4, 5, 6, 7& 9.2, where we achieved the 
variation of both n+ and n- ions. It was also 
formulated[16] that although the conductivity per ion 
are g+ and g- at concentration of n+ and n- 
respectively, the concentration dependent co-efficient 
α can be derived by simply α+ = α- = α for all types 
of ions. Therefore, the experiment with different pH 

from pH 2 to pH 9.2 resulted the observation of 1/f 
noise dependency on buffer solution. 

An equivalent noise model of the electrode-
electrolyte-FET structure of the ISFET is proposed 
and shown in Fig. 2. The noise source v1 model the 
charge transfer resistance (Rct) noise, where as noise 
generated from electrolyte can be model as v2 and v3. 
Noise contributed by the bulk electrolyte resistance 
(RB) resulted in v2 and white in nature, whereas noise 
source v3 can be related to the ionic conductance of 
the electrolyte solution. 

 
 

 
 

Fig. 2. Equivalent Noise model for different sources of  
electrode-electrolyte-FET structure of the ISFET. 

 
 

The noise source v4 is an inherent property, which 
is always present in FET structure as reported and 
investigated at different literature related to MOSFET 
device. 

Different types of noise voltage calculation based 
on corner frequency (fC) is calculated and shown in 
Table 2. The corner frequency for different pH values 
is graphically estimated as depicted in Fig. 3.  

 
 

 
 

Fig. 3. Frequency characteristic of ISFET noise. 
 
 
The rms noise voltage consideration for the 1/f 

region in the bandwidth fL to fC for different pH 
values is given by 
 

]f/fln[fV)ff(V LCCnwC,Lf/1,rms,n  , (4) 

 
where Vnw is the voltage noise spectral density in the 
white region, fL is the lowest frequency of interest and 

fC is the corner frequency. The noise voltage Vnw 
spectral for the white region can be calculated from 
equation (5), 
 

CfHfnwV)Hf,C(fwhiterms, nw,V   (5) 

 
Equation (4) and (5) can be combined together to 

get the total rms noise voltage of the ISFET system 
for a particular pH value 
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Now the peak to peak noise voltage for each pH 

value is calculated by multiplying the total RMS 
noise voltage by using equation (7), 
 

rmspeak V6.6V   (7) 

 
 
3. Experimental Results 
 

The experimental set-up for noise feature analysis 
consisting of a commercial ISFET probe along with a 
Data Acquisition Card (PCI 6024E, NI) is shown in 
Fig. 4. The raw output from the ISFET probe was 
tapped carefully and was interfaced to a computer 
through the DAQ card controlled by the LabView. 
The ISFET sensor is subjected to different pH value 
of pH 2, 4, 5, 6, 7 & 9.2 for seven continuous hours 
at a constant room temperature of 25 C which is 
being monitored by a temperature sensor (LM 335). 
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Fig. 4. The experimental set-up to study the noise behavior 
of a commercial ISFET sensor. 

 
 
The experiment was conducted after conditioning 

the ISFET probe for more than 12 hr in the Deionize 
Water (D.I) water to keep the device in the stable 
state. An opaque chamber was made, and the whole 
probe measurement set-up of measured buffer 
solution was kept inside it to protect the ISFET probe 
from possible influence of light. Before each run of 
data acquisition set, the ISFET sensor was properly 
cleaned with D.I. water and was conditioned 
accordingly. Sufficient data was recorded for 
different pH value keeping other parameters constant, 
at a very low sampling rate of around 3Hz as the time 
duration was very long. In this paper a study of noise 
behavior at different pH buffer solution was carried 
out at room temperature for seven hours. A total 
number of 75605 data points were recorded for each 
pH value to perform statistical and frequency analysis 
of the noise of the ISFET probe. 

 
 

3.1. Statistical Analysis 
 
This experiment was carried out to study the 

statistical characteristics of the pH dependent 
electrochemical noise and their dependency on 
different pH solutions at constant room temperature 
for a commercial ISFET sensor. Data acquisition was 
performed using LabView software and the 
measurement data were analyzed in MATLAB. The 
reason for analyzing the ISFET noise behaviors at 
different concentration is that we need to design a 
filter with optimum cutoff frequency or a bank of 
filter with various cutoff frequencies from which we 
can select the appropriate one to remove the noise. 
This will be helpful where ISFET has to sense pH of 
a wide range in noisy environment. Fast Fourier 
transform (FFT), probability distribution function 
(PDF), histogram and other statistical parameters 
(mean, variance and standard deviation) were 
calculated for the data. Table 1 shows the, variance, 
mean and standard deviation (SD) calculated for 
noise with different values of pH solution. The results 
prove that the noise immunity of the ISFET is lower 
at higher pH. To study the statistical features of 
noise, the sensor data were used to calculate the PDF 

and histogram. Fig. 5 (a) and Fig. 5 (b) shows the 
PDF of sensor noise for two extreme range of pH i.e. 
pH 2 and pH 9.2., Fig. 6 (a) and Fig. 6 (b) shows the 
histogram for the same extreme range of pH value i.e. 
pH 2 and 9.2 which shows that noise is Gaussian 
however mean, variance and SD are different. 

Higher SD and variance were observed when the 
concentration of the buffer solution is high. The 
histograms are obtained for all cases of pH from 
which the noise spread figures (NSF) and noise 
population figure (NPF) [19] were determined and 
tabulated in Table 1. It is observed that the NSF and 
NPF increase as the pH value decreases. This 
confirms the noise immunity of the ISFET with 
concentration. 
 
 

 
 

(a) 
 

 
6 
 

(b) 
 

Fig. 5. The PDF of the ISFET probe noise signals  
(a) at pH-2; (b) at pH-9.2. 

 
 

Table 1. Statistical noise parameters for a commercial 
ISFET (IQ-Scientific Instrument, USA) at room 

temperature of 25 C. 
 

pH 
Variance 

(mV) 
Mean 
(mV) 

Standard 
Deviation 

(mV) 
NSF NPF 

2 0.000689 0.000897 0.0263 1.16 0.00025 
4 0.000607 0.002086 0.0246 1.20 0.0012 
5 0.000797 0.002585 0.0282 1.02 0.00008 
6 0.000421 0.003719 0.0205 1.38 0.00024 
7 0.000517 0.003988 0.0227 1.47 0.00028 
9.2 0.000211 0.005244 0.0146 7.42 0.00046 
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(a) 
 

 
 

(b) 
 

Fig. 6. The histogram of the ISFET probe noise signals (a) at pH-2; (b) at pH-9.2. 
 
 

3.2. Low Frequency 1/f Noise Analysis 
 
The measured noisy signal data for pH values of 

2, 4, 5, 6, 7 and 9.2 were used to determine the FFT 
to see how the noise behaves to the frequency. Fig. 7 
shows the ISFET output voltage PSD for a low 
frequency range from about 50 mHz to 5 Hz for 
different pH buffer. The PSD were modeled for a/f 
and b/f2 with a correlation coefficient of 0.990 for a/f 
and 0.728 for b/f2. The modeled parameters are 
shown in Table 2. The noise fits to the a/f and b/f2 in 
two different ways in terms of the coefficients 
varying from 0.001 to 0.0043 and 0.002 to 0.0098 for 
pH 2 to 9.2 respectively.  

The a/f and b/f2 models corresponding to the 
different concentration (pH) are evident from the 
result. It is clear that the signal noise floor is higher at 
higher pH since the values of constant a and b 
increases with the increase of pH value. Further it is 
proved that each noise PSD better fits to a/f 

compared to b/f2 since the curve fitting correlation 
coefficient for a/f and b/f2 are found to be 0.99 and 
0.728 respectively. For example at pH 9.2, the 
coefficient b=0.0098 while a= 0.0043. Hence if we 
normalize pH 9.2 PSD as 1/f, pH 4 tends towards 1/f2. 

The result presented in Table 2 shows the corner 
frequencies of the noise PSD at which the 1/f model 
changes to white noise. Since the corner frequencies 
are found to increase from 120 mHz to 600 mHz as 
pH increases, it is clear that the 1/f noise dependency 
increases as pH increases. The 1/f low frequency 
noise rms voltage and the total rms noise voltages 
were determined from equation (4)-(6). 
 
 
4. Conclusion 
 

The dependency of 1/f low frequency noise on 
buffer concentration of a commercial ISFET is 
experimentally validated in this piece of work. Both 
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statistical and frquency analysis of the raw signal of 
the ISFET at different buffer concentration (ranging 
from pH 2 to pH 9.2) at a constant room temperature 
of 250 C is performed in order to verify the presence 
of pH dependent electrochemical low frquency 1/f 
noise. An equivqlent noise model considering all 
possible sources of electrode-electrolyte FET 
structure is developed. A new source of noise due to 
the ionic conductance of electrolytic solution, has 
been formulated. In order to verify and prove that this 
particular noise basically have a 1/f or 1/f2 
characteristic, we have performed the frequency 
analysis i.e. FFT. Further, the noise behaviour in time 
domain has been performed by statistical analysis. 

Based on corner frequency (fC) of the FFT, noise 
voltage calculation of the elctrode-electrolyte-FET 
structure is presented here. We have also proposed a 
cocentration dependent a/f & b/f2 model of the noise 

with different values of the coefficients a,b. It is also 
observed that the noise PSD is better fits to a/f 
compared to b/f2. 
 
 

Table 2. Low frequency noise parameters at different pH 
for a commercial ISFET (IQ-Scientific Instrument, USA)  

at 25 C. 
 

pH 
fc 

(Hz) 

Vn,rms,
1/f 

(mV) 

Vn,rms, 
white 

(mV) 

Vn,rms, 
total 

(mV) 

Vn,pp 

(mV) 

2 0.12 0.022 0.06 0.082 0.541 
4 0.26 0.24 0.24 0.48 3.16 
5 0.40 0.44 0.33 0.77 5.082 
6 0.45 0.53 0.38 0.91 6.00 
7 0.50 0.71 0.49 1.2 7.92 
9.2 0.60 1.03 0.66 1.69 11.15 

 
 

 
 

Fig. 7. ISFET output voltage PSD at different pH value of pH 2, 4, 5, 6, 7 & 9.2. 
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Abstract: In 1966 Hurt et al., synthesized a material that emits a light when fractured so bright that it can be 
seen in daylight. This unique property is known as triboluminescence. Current uses of triboluminescent 
materials are for the active element of impact sensors. In 2011, the authors modified the synthesis process of this 
unique material known as europium dibenzoylmethide triethylammonium (EuD4TEA) which increased the TL 
by 82 %. In 2012, they discovered that the pure ethanol is not required to produce the best results. In an effort to 
increase the TL even further, dimethyl methylphosphonate (DMMP) was used as a dopant. This paper will 
discuss the synthesis process for making EuD4TEA doped with DMMP and its effects on the 
photoluminescence, triboluminescence, and decay time of EuD4TEA. Results show that DMMP can increase the 
triboluminescence of EuD4TEA nearly 200 %. Copyright © 2009 IFSA. 
 
Keywords: Triboluminescnce, Mechnoluminescence, Impact Sensor, EuD4TEA, TL. 
 
 
 
1. Introduction 
 

Triboluminescence (TL) is the emission of light 
caused by the fracture of solids [1–6]. The first 
known discovery of TL was made by Sir Francis 
Bacon in the 17th century [1, 2, 5]. While TL has 
been known for over 400 years, its mechanism is not 
well understood as yet. However, over the past 20 
years or so, triboluminescent materials have been 
proposed for use in optical-pressure sensor devices 
and as real-time damage sensors in composite 
materials [2, 7–12]. There have also been extensive 
studies showing a correlation between 
triboluminescent activity and crystal structure [2, 11, 
13, 14]. 

If a real-time damage sensor will become a 
reality, it must be inexpensive. This means that less 
sensitive photodiodes must be utilized. For the 
damage sensor to work, the emission of TL from the 
material must be bright. While 30 % of organic 
crystals and 50 % of inorganic crystal emit TL [1], 
few emit sufficient light that can be detected without 
expensive photomultiplier tubes. In 1966, Hurt et al. 
discovered one material which emits TL that can be 
easily seen in daylight [15]. This material is known 
as europium dibenzoylmethide triethylammonium 
(EuD4TEA) or europium tetrakis. One discovery 
about EuD4TEA is that its TL was dependent on the 
concentration of the chloride ions present, with TL 
increasing as the concentration of chloride decreases 
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by washing [16]. Due to the high cost of anhydrous 
europium (III) chloride and the time required 
filtering, the authors in 2011 replaced the chloride 
salt with europium (III) nitrate hexahydrate [3]. This 
change caused the triboluminescent light yield to 
increase by 82 % and the material yield also 
increased due to the lack of washing required [3]. To 
put this in perspective, this version of EuD4TEA 
material emits 106 % more TL than the more 
commonly known inorganic manganese doped zinc 
sulfide (ZnS:Mn) [3, 17–20].  

Recently the authors have been investigating 
dopings that could increase the TL even further. In 
2000, Zeng et. al. reported that adding morphine to 
EuD4TEA makes the material 8 times brighter [20, 
21]. Using morphine as a dopant in the United States 
is not possible due to the severe regulatory 
restrictions on its use by the Drug Enforcement 
Agency (DEA). In 2012, the authors looked into 
piperine which has a similar composition of 
morphine [19, 20]. The results indicated that piperine 
yielded a small increase in TL, but not the 8 times 
increase reported by Zeng et al. [19, 20]. A test run 
of dimethyl methylphosphonate (DMMP) showed 
that the TL can increase by at least 55 % [19, 20].  

DMMP is also known as phosphonic acid and 
methyl-dimethyl ester [22]. It is commonly used as a 
flame retardant, nerve agent simulate, preignition 
additive for gasoline, an antifoam agent, a textile 
conditioner, and antistatic agent [20, 22–24]. It is 
used experimentally to mimic the physical and 
spectroscopic but not biological properties of 
anticholinesterase agent [22]. In addition it is used in 
applications where high phosphorus content, good 
solvency and low viscosity are desired [23]. It lowers 
viscosity of epoxy resins and unsaturated polyesters 
filled with hydrated aluminum oxide [23]. This paper 
will explore the effects of DMMP has on the TL of 
EuD4TEA and determine the optimal amount of 
DMMP used during synthesis.  

 
 

2. Experimental Methods 
 
2.1. Synthesis of EuD4TEA Materials 
 

The synthesis of EuD4TEA was based on a paper 
by the authors described in Reference [3]. The 
synthesis began by adding 4 mmol of europium (III) 
nitrate hexahydrate to a hot solution of 25 mL of 
denatured anhydrous ethanol. Next, DMMP was 
added to the hot solution. Sixteen different trials were 
conducted to determine the effects of DMMP. The 
amount of DMMP added was 0.00, 2.32, 4.61, 6.92, 
9.23, 11.53, 13.84, 18.46, 23.07, 27.68, 32.30, 36.91, 
46.14, 55.37, 64.60, and 73.82 mmol. After the 
desired amount of DMMP was added, 13 mmol of 
1,3-diphenyl-1,3-propanedione also known as 
dibenzoylmethane (DBM) was added, followed by 
the addition of 14 mmol of triethylamine (TEA). The 
solution was then left at ambient temperatures to 

cool. The crystals that formed as shown in Fig. 1 
were collected under suction. 

 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d) 
 

Fig. 1. Pictures of the (a) 0, (b) 9.23, (c) 18.46,  
and (d) 32.30 mmol of DMMP doped EuD4TEA. 
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The addition of DMMP had a significant change 
in the precipitation time. Full precipitation occurred 
in less than two hours with crystallization starting 
almost immediately for all dopings less than or equal 
to 32.30 mmol. Beyond the dopant concentration of 
32.30 mmol, crystallization became very slow. After 
nearly 2 months, only a half liquid half crystal 
product was formed. This material was more like a 
yellow orange sticky watery piece of goo that did not 
exhibit any TL and only a small amount of PL. 

One interesting effect noticed with the doping of 
DMMP is that as the concentration increased, the 
particles that formed started becoming a flat 
snowflake and more sparkly as shown in Fig. 1. The 
normal crystalline spherical product usually observed 
with the undoped EuD4TEA is shown in Fig. 1 (a). It 
should be noted that as the DMMP increased, so did 
the snowflake structure as shown in Fig. 1 (d). 

Since DMMP dissolves both europium and 
DBM, one trial run was attempted using DMMP as a 
solvent. The 25 mL of anhydrous denatured ethanol 
was replaced with DMMP. No heating was required 
for this run. However, after nearly 3 months, nothing 
has formed. As a result, DMMP is not useful as a 
solvent as the synthesis time would be too long to 
manufacture EuD4TEA in a cost effective manner if 
any material manages to form at all.  
 
 

2.2. Triboluminescent Testing 
 

Once the crystals were completely dried, they 
were placed in a small clear round wide-mouth jar for 
storage. Using a custom built drop tower designed 
and fabricated by the authors and described in 
Reference [17], the crystalline products were tested 
for their triboluminescent properties. The 
measurement began by placing a 0.10 g of sample 
powder on the Plexiglass plate. The powder is 
arranged so that it is positioned around the center of 
the tube with a minimum height. A 130 g steel ball is 
positioned on a pull pin at a set distance of 42 inches 
above the material. The pin is pulled and the ball falls 
and impacts with the sample material producing TL. 
After each test, the drop tube is removed, the ball is 
cleaned, and the sample powder is redistributed near 
the center of the target area [17]. 

To determine the triboluminescent yield for a 
given sample, a United Detector photodiode is 
positioned under the Plexiglass plate 2.25 cm below 
the sample. A Melles Griot large dynamic range 
linear amplifier set to a gain of 200 µA increases the 
signal amplitude. A Tektronix 2024B oscilloscope 
records the signal in single sequence mode with a  
500 microsecond measurement time. Once the signal 
is acquired, it is analyzed using custom LabVIEW 
program that integrates the area under the curve and 
calculates the decay time for the particular emission 
[17]. 
 
 
 

2.3. Photoluminescent Testing 
 
Unlike fluorescence, phosphorescence utilizes 

both the singlet and triplet excited states [25]. The 
europium complex has an emission mechanism 
consisting of: the ligand absorbs energy, undergoes 
intersystem crossing into a triplet state, and then 
transfers its energy to the Eu3+ ion [25]. The 
phosphorescence of each material was detected by 
excitation using an UV transilluminator 
manufactured by UVP, Inc. The photoluminescence 
was recorded using an Avantes AvaSpec 2048 USB2 
spectrometer, which has a wavelength range of  
445-680 nm and a resolution of 0.13 nm. The 
integration time was controlled using the AvaSoft 
software program. The integration time was increased 
by software until the photoluminescent emission 
spectrum reached its maximum that was just below 
the saturation limit of the spectrometer or until the 
background could no longer be completely subtracted 
due to large integration time. Once this was 
determined, one hundred (100) spectra were recorded 
and averaged.  

 
 

3. Experimental Results 
 
3.1. Triboluminescent Light Yield 
 

Using the drop tower and LabVIEW VI tools as 
described above, the TL produced from each dopant 
concentration was analyzed. The results of these 
dopants are shown in Fig. 2. Due to this being a 
relative measurement, all the data was normalized to 
the baseline 0 mmol of DMMP. The error was 
estimated to be 7 % which is the error from 
synthesizing the material and the drop tower [26]. 

 
 

 
 

Fig. 2. Effects of DMMP on the TL of EuD4TEA. 
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From Fig. 2, it appears as though DMMP can 
significantly increase the TL of EuD4TEA. A second 
run of the two outliers 6.92 and 9.23 mmol DMMP 
were done. There was no change in the observed 
results. As a result, it appears as though adding a 
small amount of DMMP can double the output of TL. 
Afterwards, the TL is quenched to only about 25 % 
increase, then it increases until the TL is nearly 
tripled. This increase in TL is significantly brighter 
than any other dopant described in References [20], 
[27, 28] and Fig. 3. Further, the addition of DMMP 
appears to be similar to a Geiger counter voltage 
curve. At low concentrations, the TL starts to 
increase, then it reaches a plateau for a wide range of 
DMMP concentrations, afterwards the TL starts to 
increase again. More research is needed to 
understand the effects of DMMP on the crystal 
structure of EuD4TEA.  
 
 

 
 

Fig. 3. Effects of various dopants on the TL of EuD4TEA. 
 
 
3.2. Photoluminescent and Triboluminescent 

Spectra 
 

The measured photoluminescent and 
triboluminescent emission spectra for EuD4TEA are 
shown in Figs. 4 and 5. Notice that both emission 
peaks have the same peak wavelengths but differ in 
intensity yield. The spectra indicates that the 
luminescence from EuD4TEA comes from the typical 
Eu4+ centered transitions from the 5D0 levels to the 
lower 7F0-4 levels. Due to the high resolution of the 
spectrometer, multiple peaks were observed for each 
transition as shown in Table 1. The main emission 
occurred from the 5D0→

7F2 transition. In addition, 
the 5D0→

7F4 transition was not observed due to the 
transition occurring around 705 nm, which is outside 
of the limit of the Avantes spectrometer. This peak 
has been observed using an Ocean Optics S2000 
spectrometer with a larger wavelength range and is 
shown in Reference [20]. 

Notice that the peak locations remain constant 
even as the amount of DMMP is increased. As a 
result, it appears as though the added DMMP acts as 
co-activators by changing the intensity of the 
emission peaks, but does not shift the electronic 

spectra locations in any way. The triboluminescent 
emission spectra are shown in Fig. 5. The resulting 
spectra are identical to the photoluminescent spectra. 
This likely means that the process involved for the 
PL is the same process involved for the TL of 
EuD4TEA. 

 

 
 

Fig. 4. Effects of DMMP on the PL spectra of EuD4TEA. 
 
 

 
 

Fig. 5. Measured TL spectra. 
 
 

Table 1. Photoluminescent emission peak wavelengths 
(nm) for EuD4TEA [29]. 

 
5D

0
→7F

1 
5D

0
→7F

2
 5D

0
→7F

3
 

578.8 611.7 652.1 
591.7 613.5 653.7 
594.9 616.5  
597.8   

 
 

3.3. Triboluminescent Decay Time 
 

Using decay time software as described in 
Reference [17], the decay times were determined for 
each drop. From the data as shown in Table 2, it 
appears as though DMMP does not change the TL 
decay time for EuD4TEA. The average decay time for 
all the dopings is 529.1 ± 30.4 µs. The error was 
estimated using the standard deviation of all the 
drops. 
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3.4. Effects of Impact Energy 
 

Fig. 6 shows the effects of impact energy on the 
TL of EuD4TEA and EuD4TEA doped with 32.3 
mmol of DMMP. Each material was normalized to 
their 6 inch (0.19 J) value. Both sets of data were fit 
using a 2 parameter power equation in SigmaPlot®. 
Interestingly, it appears as though the TL of undoped 
version of EuD4TEA is directly proportional to the 
E1/3. However, when DMMP is added, the TL is 
directly proportional to E1/4. This indicates that there 
is a single process involved which is in contrast to the 
more widely known manganese doped zinc sulfide 
(ZnS:Mn) which also experiences plastic and elastic 
deformation [30–34]. These extra processes create 
two regions of interest with two linear fit lines; 
however, both materials fit the theory predicted by 
Chandra et al. in Ref [31]. 
 
 

Table 2. Decay time (1/e) results. 
 

DMMP Added 
(mmol) 

Average 
(µs) 

0 531.1 ± 21.7 
2.307 527.1 ± 19.0 
4.614 539.4 ± 7.9 
6.921 514.2 ± 9.4 
9.228 512.9 ± 6.6 
11.535 492.5 ± 8.7 
13.842 524.3 ± 11.4 
18.456 538.7 ± 8.9 
23.070 550.2 ± 8.0 
27.684 543.8 ± 9.6 
32.298 532.1 ± 13.4 

Average 529.1 ± 30.4 
 
 

 
 

Fig 6. Effects of impact energy on the TL  
of EuD4TEA+DMMP. 

 
 

3. Conclusions 
 

In conclusion, it is apparent that adding DMMP 
can have a significant effect on the triboluminescent 
properties of EuD4TEA. The most significant change 
is that adding 32.30 mmol of DMMP can increase the 

TL by 190 %. In addition, the DMMP acts as a co-
activator by only increasing the TL and not affecting 
the energy transitions thereby keeping the spectra 
unchanged. The effects of DMMP also have no effect 
on the triboluminescent decay time of EuD4TEA. 
Therefore it appears as though EuD4TEA doped with 
32.30 mmol of DMMP can be used as the active 
element for an impact sensor due to its intensity. 
Further research is underway to investigate the 
effects of DMMP on the crystal structure on 
EuD4TEA. 

Table 3, shows the effect of impact energy on the 
decay time for EuD4TEA with 32.3 mmol of DMMP. 
The results indicate that the impact energy has little 
effect on the triboluminescent decay time. More 
research is needed to determine why DMMP is 
reducing the TL dependence on impact energy. 

 
 
Table 3. Effects of Impact Energy on EuD4TEA  

with 32.3 mmol of DMMP. 
 

Drop 
Height 
(inches) 

Drop Ball 
Material 

Impact 
Energy 

(J) 

Measured 
Decay Time 

(µs) 
2 Styrofoam 0.0005 583.3 ± 11.8 
2 Wood 0.0050 576.1 ± 5.6 
2 0.0648 610.7 ± 10.8 
3 0.0972 598.2 ± 10.5 
4 0.1296 611.5 ± 8.6 
5 0.1620 608.8 ± 10.0 
6 0.1944 604.2 ± 7.1 
12 0.3887 578.4 ± 5.0 
18 0.5831 533.2 ± 7.1 
24 0.7774 578.7 ± 20.2 
30 0.9718 535.5 ± 10.2 
36 1.1661 537.5 ± 10.8 
39 1.2633 517.3 ± 11.7 
42 

Steel 

1.3605 531.3 ± 10.8 
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Abstract: In this paper, a portable detection system was designed based on amperometric acetylcholinesterase 
biosensor for rapidly detecting pesticide residues in fruits and vegetables. There were potentiostat, three electrode 
system, differential amplification circuit and double integral analog to digital (A/D) circuit modules in this system. 
The measurement principle of this system was depended on the weak current from enzyme catalyzing substrate in 
acetylcholinesterase biosensor for detecting pesticide residues. The weak current generated by the enzyme 
biosensor was changed into 0-5 V standard voltage signal by this system as an output signal. The proposed system 
was investigated with eight kinds of standard pesticide of different concentrations, the results showed that the 
detection limits were all lower than 10 ng/kg. Thus, a new effective home-made system of detecting pesticide 
residues with portable, easy-to-use, fast response was developed. The pesticide residues rapid detection system 
can collect the weak current signal generated by electrochemical reaction and on-site detect the concentration of 
pesticide residues in real fruits and vegetables samples. Copyright © 2013 IFSA. 
 
Keywords: Enzyme biosensor, Pesticide detection system, Double integral A/D converter, Three electrode 
system. 
 
 
 
1. Introduction  

 
Pesticides were the most important agricultural 

production materials, which could control harmful 
pests efficiently, economically and widely used in 
agricultural production for ensure bumper harvest of 
agricultural high yield. Nevertheless, pesticides were 
also one of sources of environmental pollutants [1-6]. 

The toxic action of pesticides was due to their 
ability to irreversibly modify the catalytic serine 
residue in AChE, and subsequent inhibition of the 
AChE effectively prevents nerve transmission by 
blocking breakdown of the transmitter choline. 
Among environmental pollutants, pesticides were of 
relevant concern due to its toxicity and the prevalence 

of people use [7-11]. In particular, organophosphorus 
compounds were widely used for agricultural and 
domestic purposes since they replaced formerly 
employed organochlorine pesticide. 

The relatively low persistence in the environment 
of these pesticides were counter balanced by their high 
acute toxicity to human health and ecosystems. 
Organophosphate compounds were well-known 
irreversible inhibitors of acetylcholinesterase at 
cholinergic synapses causing the disruption of nerve 
signal transduction. Pesticide residues had appeared in 
most countries, and also became a worldwide difficult 
problem. A significant challenge to develop rapid, 
stable and efficient monitoring methods for detecting 
pesticide residues in foods or environmental samples. 
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Biosensor techniques based on inhibition of 
enzymatic reaction have gained considerable attention 
due to the advantages of simplicity, rapidity, 
reliability and low cost devices in the recent years. In 
these biosensor techniques (including amperometric, 
potentiometric, piezoelectric), amperometric enzyme 
biosensor was the most promising method for 
detecting, for it has low costs, short response time, 
simple fabrication, small size, high sensitivity and a 
relatively low detection limit [12, 13]. Over the past 
years, considerable attention had been paid on the 
research of electrochemical biosensor, especially for 
rapid detection of OP, due to their high sensitivity and 
selectivity, fast response, low cost, and the potential 
for continuous on-line detection of complex system. 

The detecting principle of this kind of biosensor 
was on account of the measurement of the change of 
the activity of acetylcholinesterase composure to the 
pesticides before and after, and that could be 
monitored by measuring the oxidation current of 
thiocholine, produced by the enzymatically catalyzed 
hydrolysis of acetylthiocholine [14, 15]. The current 
signal was usually a few microamperes to tens of 
microamperes, so it was usually detected by 
electro-chemical analysis instrument. However, 
electrochemical analysis instrument was a universal 
instrument, not a specific faster detection instrument. 
In view of the purpose of detecting pesticide residues 
fastly and intuitionally, a weak current detecting 
circuit was designed for replacing electrochemical 
analysis instrument to develop a portable detection 
system to meet the pesticide residues fast, on-line 
testing requirements, that is to say, the biosensor and a 
weak current detecting circuit was integrated to 
achieve the integration detection system. Usually the 
current signal was a few microamperes to tens of 
microamperes, so it was often detected by 
electrochemical analysis instrument. 

We present a systematic study on pesticides 
detection system was designed for rapid detecting 
pesticides residues in foods and vegetables on the 
basis of amperometric acetylcholinesterase. The 
synthesis technique presented here was applicable to 
detecting pesticides with electronic control. The 
proposed system was investigated with eight kinds of 
standard pesticide of different concentrations. This 
paper mainly studied the design of a system that could 
be able to quick and quantitative detection of 
organophosphorus pesticide residues. The apparatus 
applies for a method of organophosphorus pesticide 
residues to realized fast detection. The system 
contains data acquisition and the implement of 
software, such as potentiostat, I/V conversion, 
differential amplification, and etc. At length, the weak 
current signal generated by the enzyme biosensor was 
changed into 0-5 V standard voltage signal by this 
system as an output signal. New effective home-made 
system of detecting pesticide residues was portable, 
easy-to-use, fast response. 

 
 

2. Data Acquisition Systems  
for Enzyme Sensors 

 
2.1. Apparatus 

 
Electrochemical measurements were performed on 

a CHI660D electro-chemical workstation from 
Shanghai Chenhua Instrument Ltd. (Shanghai, China). 
Three electrode was purchased from Aida technology 
Co. (Tianjin, China). The working electrode was 
glassy carbon electrode (GCE) (Φ=3 mm). A saturated 
calomel electrode (SCE) and platinum electrode were 
used as reference and auxiliary electrodes, 
respectively. Pesticides residues detection system was 
made in our laboratory.  

 
 
2.2. Reagents 
 

Acetylcholinesterase was obtained from 
Nuoyawei Biology Tech. Co. (Shanghai, China). 
Acetyl- thiocholine iodide, glutaraldehyde and bovine 
serum albumin (BSA) were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). Cellulose nitrate 
microporous membrane was provided by Hangzhou 
Rikang purification equipment co., ltd (Hangzhou, 
China). Pesticides were standard products. All other 
reagents were of analytical grade and were used as 
received. All aqueous solutions were prepared with 
distilled water. 
 
 
2.3. Preparation of Enzyme Biosensor 
 
2.3.1. Preparation of Sensor 
 

1.0 % (w/v) chitosan stock solution was prepared 
by dissolving 0.5 g chitosan flakes in aqueous solution 
of 50 mL 1.0 % acetic aced. To weigh 1 mg functional 
MWNTs and put into 0.3 mL absolute ethyl alcohol, 
when the solution sonicated, 1 mL 1.0 % chitosan 
solution was added in, and the miscible liquid should 
be sonicated for another 8 h. Eventually it will be 
stable black solution (MWNTs-CHIT composite), and 
the concentration of MWNTs was 0.769 g/mL. 
Preparation was stored in a refrigerator when not in 
use [16]. 
 
 
2.3.2. The AChE Immobilization  
 

To carefully polish and wash the GCE mirrorlike 
with 0.3 μm and 0.05 μm Al2O3 paste sonication with 
ethanol, nitric acid and DDW. Before modification, 
the electrode was applied a potential scanned from 
-0.6 to 1.0 V in 0.5 mol/L H2SO4 for 300 s until a 
steady-state curve was obtained. Activation of the 
GCE involved formation of a new phase containing a 
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substantial amount of microcrystallinity and graphite 
oxide, thus increasing the hydrophilicity of the surface. 
Then 3 μL of MWNTs-CHIT composite was coated 
on a pretreated GCE dried it in air under natural 
condition for 4 h, keeping the surface dry and clean. 
After being washed thoroughly with DDW, the 
electrode was coated with 7.0 μL AChE solution  
(100 mU), which was incubated at 20 °C for 30 min to 
obtain the AChE/MWNTs-CHIT/GCE. The obtained 
biosensor was stored at 4°C when not in use [17]. 
 
 

2.4. Electrochemical Detection of Pesticide 
 

For the measurement of pesticide, the obtained 
AChE/MWNTs-CHIT/GCE was first immersed in pH 
7.5 PBS containing different concentrations of 
standard pesticide solution for 10 min, and then 
transferred to the electrochemical cell of pH 7.5 PBS 
containing 2 mM ATChI to study the electrochemical 
response by cyclic voltammetry (CV) between 1.0 and 
0 V. The inhibition of pesticide was calculated as 
follows:  
 

I%=(I0-I1)/I0×100%, (1) 
 

where I0and I1 was the sensor before and after it was 
exposure to pesticide, respectively. 
 
 

2.5. The Block Diagram of Hardware  
of Detecting System 

 

The pesticides detection system was intended for the 
conversion of consequence of pesticide residues 
analysis (output analog weak current signals from 

enzyme sensors) into digital signals, transmitted into 
the microchip system which controls the detection 
system and displays data, for its further displaying or 
its use in control systems [18]. 
 
 
2.6. Schematic Drawing of Detection  

Device Structure 
 
The process of circuit detection could be realized in 
this way: a potentiostat was prepared for enzyme 
electrode, the weak current signal was generated in 
liquid when chemical reaction was happened. After a 
certain periods (about 5~10 seconds), the weak current 
signal trended toward a stable value that was about a 
few pA~a few nA. This weak signal changed into 
standard voltage signal through the I/V conversion 
circuit and could be further amplified by primary 
amplifier, which perform the function of second-order 
low pass. In order to filter out interference of 
frequency and noises, low-pass filter in the system 
followed with primary amplification should be 
designed. Then 0~5 V output voltage signal was 
obtained and was input microchip through A/D 
conversion device, the consequence of the detection 
was displayed on the LCD screen under the control of 
microchip [19]. The schematic drawing of designed 
detection system based on the microchip was shown in 
Fig. 1. 
 
 
 

 
 

 
 
 
Microchip 

System 
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amplification

Low-pass filter 

Prime amplifier 

Constant voltage 
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system 

I/V converter 
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Fig. 1. Detection Device Structure Schematic Drawing. 
 

 
2.6.1. The Design of Constant Potential 

Voltage Source 
 

The potentiostat was the connector of 
three-electrode (work electrode, auxiliary electrode, 
reference electrode) system. Main function of 
potentiostat was provided external drive signal exactly 
for the sensor to make the electrochemical reaction 

happened in the sample solution and was offered a 
stable chemical reaction environment. 

The well reliability of potentiostat had the absolute 
influence on the accuracy of experimental results. For 
instance, the results of cyclic voltammetry detection 
of modified enzyme electrode was shown that when 
the voltage was 500 mV, the corresponding current 
was 40 μA, while when the voltage was 600 mV, the 
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current reached 80 μA. The principle of the 
potentiostat regulation was depended upon the depth 
feedback of negative electrode. The electromotive 
force between the working electrode and reference 
electrode was different and was expresses as UWE-URE. 
The computation of the op amp must be strictly equal 
to the input command signal voltage U0. In Fig. 2, 
signal amplification circuit was designed where A4 
OP07 was the inverting control amplifier and A5 
OP07 was the feedback loop. Since the weak current 
of the circuit had no enough ability to polarize 
reference electrode, a voltage follower was added in 
the feedback loop as an impedance matching unit. 
Therefore the current signal through the reference 
electrode could be attributed to increase the input 
impedance and decrease the input bias current. 
Grounding was designed for working electrode, which 
had a relative electromotive with reference electrode. 
The relative electromotive was defined U0. A small 
fluctuation in voltage source would lead to significant 
interference in detection accuracy. In other words, the 
precision of voltage source played an important role in 
the accuracy of the system [20]. 
 
 

 
 

Fig. 2. The Design of Constant Potential Voltage Source. 
 
 

2.6.2. The Design of I/V Conversion Circuit 
 

The weak current could be detected depends upon 
the I/V conversion circuit, the accuracy of 
consequences of detection system was also rely on the 
I/V conversion circuit. The ICL7650S made by 
CMOS technology were well strongly suitable for data 
acquiring applied to I/V conversion due to the ability 
of high-precision, chopping, high-stabilized operation. 
In fact, the I/V conversion circuit changed weak 
current signal into standard voltage signal, and then 
voltage represented. In the actual measurements, the 

external disturbance and noises followed with useful 
signal flowed into system. Precisely for this reason, 
we choose chopper-zero-stabilized ICL7650S op amp 
which had high input impedance resistance, low noise, 
low drifts. I/V conversion circuit showed in Fig. 3. 
The output voltage was calculated as follows: 
 

VOUT = -Iin   Rf, (2) 
 
where Iin is the input weak current signal, Rf is the 
feedback resistance of I/V conversion circuit, VOUT is 
the output voltage. 
 
 
2.6.3. The Design of Amplifier Circuit  

and LPF Circuit 
 

According to the requirements of the designed 
system, high precision instrumentation amplifier 
AD620BN (Fig. 4) was used in signal amplifier 
circuit, amplifier possess 50 mV max input offset 
voltage, 0.6 m V max input offset drift, common mode 
rejection ratio for 130 dB (G = 100). The AD620's 
gain was resistor programmed by Rg, or more 
precisely, by whatever impedance appears between 
pins 1 and 8. In this design decision AD620BN in 
industrial level was selected for better accuracy. 
Usually, it was required an external resistor for the 
design of signal amplifier circuit based on AD620BN 
in order to regulate voltage magnification. This 
instrument amplifier gain with a range of 1 to 10000, 
by its amplifier gain formula: 
 

1Rg49.4KΩG  , (3) 
 

Consequently, we could calculate various gain 
resistors Rg, then calculate Rg, taken approximate  
5 kΩ. 

Weak current signal generated by enzyme 
electrode reaction was flows into I/V conversion 
circuit, amplifier circuit, at the same time, was 
accompanied by different kinds of noises. To 
suppressing the noises in microelectric current 
detection was most important. For sake of collecting 
weak current signal, only way was restrain the 
influence of interference of the signal detection. 
Power frequency 50 Hz was the main jamming signal, 
so a low-pass filter was designed in order to eliminate 
signal 50 Hz or above. The cut-off frequency we 
choose is 50 Hz at least. 

 

 
 

Fig. 3. The Design of I/V Transform Circuit.
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Fig. 4. The Design of Amplifier Circuit. 
 
 
 

The system adopts second-order low-pass filtering 
electric circuit was based on instrumentation amplifier 
AD620BN. In the design of low-pass filter circuit, 
there often have two choices: Butterworth function 
and Chebyshev function, we choose Butterworth 
function due to its better applicability. The cut-off 
frequency 50 HZ was chosen, filtering out power 
frequency 50 HZ or above. The diminution of cut-off 
frequency could result in wave frequency of filtered 
noises wider, the influence dropped exactly. The 
design of LPF circuit was represented in Fig. 5. 

 
 

2.6.4. The Design of Differential  
Amplifier Circuit 

 
This circuit was used for suppressing common mode 
noises. The operational amplifier was selected AD620 
and selected high precision AD620BN. The design of 
circuit was shown in Fig. 6. 
 
 
3. Results and Discussion 
 
3.1. Preparation of Real Samples 
 
Fresh lettuce bought from a local supermarket, were 
pulped after removing the rotten leaves and dirt. Then 
10 mL mixed solution of acetone and 0.1 M pH 7.5 
phosphate buffer solutions (1/9, v/v) was added into  
5 g of each sample, and then a 3 min blending and a  
15 min supersonics were finished in sequence. After 
that, the suspensions were centrifuged (10 min,  
10,000 rpm), the acquired supernatants were detected 
by detection instrument directly without extraction or 
preconcentration. The content of pesticides in the 
samples can be achieved from the calibration  
curve [21]. 
 

3.2. Measurement Procedure 
 

The pretreated biosensor should have a good 
connection with rapid detection circuit, and then made 
acetylcholinesterase biosensor immersed in 
electrochemical reaction cell containing 9 mL PBS 
(0.1 mol/L, pH 7.5) electrolyte. Turned on the power 
switch to made signal detecting circuit run, the 
electrodes were tested at a working potential of +600 
mV. After the current had reached a steady-state, 100 
μL of acetylthiocholine iodide (ATChI) (15mg/mL) 
solution was mixed in the cell, and the peak current 
was recorded as I0. For measurement of pesticides, the 
pretreated biosensor was first immersed in standard 
pesticides solutions with different concentration for 15 
min, then transferred to the electrochemical cell 
containing 9mL PBS (0.1 mol/L, pH 7.5), and injected 
100 μL of ATChI (15mg/mL). When the current 
stabilized to study the electrochemical response by the 
signal detection circuit. The peak current was 
recorded as I1.The inhibition of pesticides was 
calculated by formula 1. 

 
 

3.3. The Detection of the Real Samples  
 

To further demonstrate the practicality of the proposed 
detection instrument, the different inhibition rate of 
eight kinds of pesticides in real lettuce samples were 
studied under two concentrations of common 
pesticides (1 ng/mL and 10 ng/mL). Results were 
summarized in Table 1. The performance of this 
detection instrument was faster than the performance 
of the electrochemical workshop. The results in real 
samples detection indicated that the proposed rapidly 
detecting circuit was highly accurate, precise and 
reproducible. It can be used for direct analysis of 
practical samples [22, 23]. 

 
 

Fig. 5. The Design of LPF Circuit. 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 116-122 

 121

 
 

Fig. 6. The Design of Differential Amplifier Circuit. 
 
 
Table 1. The detection of real samples of lettuce by enzyme sensor. 
 

Results of real samples  
Pesticides 

 
Inhibition 
ratio (%) 

Pesticide detected by the 
modified electrode (μg/mL) (%) 

Relative error 
(μg/mL) (%) 

Omethoate 76 0.685 68.5 
Fenitrothion 79 0.745 74.5 
Malathion 81 0.827 82.7 
Chlopyrifos 85 0.823 82.3 
Moncrotophos 77 0.852 85.2 
Carbofuran 83 0.813 81.3 
3-hydroxy-carbofuran 82 0.807 80.7 

1 ng/mL 

Carbaryl 86 0.782 78.2 
Omethoate 87 7.964 79.6 
Fenitrothion 84 7.882 78.8 
Malathion 81 8.964 89.6 
Chlopyrifos 70 6.581 65.8 
Moncrotophos 84 8.564 85.6 
Carbofuran 61 8.044 80.4 
3-hydroxy-carbofuran 83 8.229 82.2 

10 
ng/mL 
 

Carbaryl 82 8.961 89.6 
 

 
3.4. Performance 
 
For overall performance evaluation, 16 data were 
acquired from the results of real samples. To facilitate 
the presentation, these data were divided into 2 types: 
records with 1 ng/mL standard pesticide and 10 ng/mL 
standard pesticide. The pesticide inhibition rate was 
60 %-80 % obtained from test results. The sensitivity 
was 10-6 A/V and the accuracy of measurement could 
meet the requirements of rapid detection of pesticide 
residues.  
 
 
4. Conclusion 
 
The lower cost directly portable rapidly detecting 
instrument made the processing of detection more 
easier operation and facilitates carries. In order to 
reduce the costs of instrument and detecting in a 
shorter time, the portable analysis instrument was 
proposed. We have presented a way to realize the 
miniaturization and portable of the detecting 
instrument, the weak current signal of detecting circuit 
was designed, including I/V conversion circuit, 
amplifier circuit, filter circuit and differential 
amplifier circuit, etc. From the results of detecting the 
pesticides from real samples, experiment data showed 

that the designed circuit could replace the 
electrochemical analysis instruments. Therefore a 
kind of portable pesticide residues testing instrument 
was achieved. The versatility of this detecting circuit 
was more useful for rapid detection where the 
pesticide residues is excessive before on sale, even in 
the presence of environment, which can avoid people 
eating the fruits and vegetables containing high 
pesticide residues. The proposed pesticide residue 
detecting system is suitable for test in the field. 
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Abstract: Tuberculosis is a persistent problem in the developing world and the biggest cause of mortality. 
Loop-mediated isothermal amplification (LAMP) allows DNA to be amplified rapidly at a constant temperature. 
Here, a LAMP method was combined with a gold nanoparticle (AuNPs) probes to detect IS6110 of  
M. tuberculosis rapidly, and specifically. The reaction amplified DNA and hybridized to thiol modified 
oligonucleotide probe for 5 min was detected at AuNPs color change 5 min after application. Excluding for the 
step of DNA extraction, test results could be generated approximately within 1 h. Furthermore, the data 
indicated that LAMP-AuNPs could detect serial dilution of M. tuberculosis DNA limited as 5 pg of genomic 
DNA. According to the sensitivity, specificity, less time consuming, low cost and convenience, this technique 
may prove to be a powerful tool for the early diagnosis of M. tuberculosis. Copyright © 2013 IFSA. 
 
Keywords: Loop-mediated isothermal amplification; LAMP; Gold nanopaticles; AuNPs; Mycobacterium 
tuberculosis. 
 
 
 
1. Introduction 
 

Tuberculosis (TB) is a disease caused by 
Mycobacterium spp. It is among the top ten causes of 
global mortality and morbidity, constitutes an 
important public health problem in Thailand. 
Mycobacterium needs 1–2 months in culture to grow. 
Besides, The Ziehl-Neelsen (ZN) stain for direct 
specimen examination, a conventional diagnostic 
tool, lacks sensitivity. A rapid and timely diagnosis 
of tuberculosis is thus essential to combat this 

disease. The need for rapid and sensitive detection of 
M. tuberculosis has resulted in the introduction of 
various molecular PCR methods in the routine 
workflow of laboratories showing promise for the 
detection of mycobacteria in clinical samples  
[1-4]. 

Recently, colorimetric based methods by Baptista 
et al. applied gold nanoparticles (AuNPs) for color 
change upon aggregation either mediated by a change 
to the dielectric medium or by recognition of a 
specific DNA target. The design of these systems is 
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centered in the ability of complementary targets to 
balance and control inter-particle attractive and 
repulsive forces between molecules, which determine 
whether AuNPs are stabilized or aggregated and, 
AuNPs present a surface plasmon resonance (SPR) at 
530 nm for the pink non aggregated from that red 
shifts to 650 nm for blue or purple upon AuNPs 
aggregated in solution [5].  

In 2006, Baptista et al. introduced the first 
application of AuNPs to detect of M. tuberculosis [6]. 
This assay consists in differential stabilization of 
AuNPs probes in the presence of different DNA 
targets. The complementary DNA targets were 
protected AuNPs probes aggregation and the solution 
remains red or pink, while their absence DNA targets 
or non-complementary/mismatched do not protect 
AuNPs probes aggregation, resulting in a visible 
colour change from red to blue or purple. This 
method was applied using AuNPs probes 
functionalized with thiol-modified oligonucleotides 
specific RNA polymerase β-subunit gene sequence of 
M. tuberculosis suitable for mycobacteria 
identification in clinical samples. The method 
combined with PCR for target amplification showed 
high sensitivity [6]. But introducing an amplification 
step requires additional processing time, reagents and 
devices, which affect the cost of assay. Besides, PCR 
analysis requires expertise and highly sophisticated 
settings making it too expensive for a laboratory in a 
developing country. In 2000, Notomi et al., presented 
a novel molecular technique as loop-mediated 
isothermal amplification (LAMP) that has the ability 
to accurately amplify a few copies of DNA to 109 in 
less than an hour under isothermal conditions with 
great accuracy. This technique is fast, highly 
sensitivity, easy to apply, and cheap [7]. 

The LAMP method allows DNA to be amplified 
at a constant temperature of 60–65 °C [7]. After 
LAMP, the amplified DNA is normally detected by 
agarose gel electrophoresis, ethidium bromide 
staining and UV transillumination. Due to the use of 
several primers, LAMP generates a complex mixture 
of DNA products of different size, and thus gel 
analysis cannot distinguish between specific- and 
non-specific products. To avoid possible false 
positive results, the authenticity of LAMP DNA 
products can be confirmed by restriction 
endonuclease digestion [7] or by hybridization with 
specific probes [8]. Besides, this method avoids the 
hazard of carcinogenic ethidium bromide as 
electrophoresis analysis is not required. The LAMP 
has led to the early diagnosis for the rapid detection 
of M. tuberculosis in clinical samples [9-14]. 

In this paper, we propose AuNPs-based 
colorimetric probes combined with loop-mediated 
isothermal amplification for detection of 
Mycobacterium tuberculosis in clinical samples by 
using aggregation of the DNA probe, in which 
functionalized AuNPs are induced by an increasing 
salt concentration of MgSO4. The advantage of this 
technique is that it uses a LAMP-amplified genomic 
bacterial DNA target. Accordingly, it is sensitive, 

specific, fast, cheap, and convenient, this technique 
may prove to be a powerful tool for the early 
diagnosis of M. tuberculosis. 

 
 

2. Materials and Methods 
 
2.1. Samples and DNA Extraction 
 

Two loops full of M. tuberculosis (H37RVKK11-
20) cultured on Lowenstein-Jensen slants medium 
following by Kaewphinit et al., 2010. [15, 16] which 
was extracted in 1 mL DNAzol® reagent by inverting 
the tube several times prior to centrifugation at  
4,000 xg for 10 minutes. The DNA in supernatant 
was precipitated by adding 0.5 mL of cold absolute 
ethanol. The supernatant was discarded and the DNA 
pellet was washed twice with 1.0 mL of 70 % ethanol 
by inverting the tubes 3 times. The mixture was then 
centrifuged at 13,000 xg for 5 minutes to allow DNA 
to settle and ethanol was removed by decanting. Two 
microlitters of genomic DNA was used in the LAMP 
reaction. 
 
 
2.2. LAMP Primers and LAMP Amplification 
 

LAMP primers for M. tuberculosis were designed 
according to the published sequences of the IS6110 
specific for M. tuberculosis genome (Gen-Bank 
accession no. X17348) using Primer Explorer version 
4 (http://primerexplorer.jp/elamp4.0.0/index.html). 
The directions and details of the primers were shown 
in Fig. 1 and Table 1. The normal primers and biotin-
labeled FIP primer were synthesized by Bio Basic 
Inc., Canada.  

The LAMP reactions were carried out at 63 C for 
1 h, followed by the analysis of the LAMP products 
by 2 % agarose gel electrophoresis. The reaction 
mixture contained 2 µM each of inner primers FIP 
and BIP, 0.2 µM each of outer primers F3 and B3, 
1.6 mM of dNTP mix (Promega, Madison, WI, 
USA), 0.5 M betaine (Sigma–Aldrich, St. Louis, MO, 
USA), 6 mM MgSO4, 8U of Bst DNA polymerase 
(large fragment; New England Biolabs Inc., Beverly, 
MA, USA), 1× of the supplied buffer, and 50 ng of 
DNA in a final volume of 25 µl. 

 
 

2.3. Preparation of AuNPs Conjugated with 
Thiol Modified Oligonucleotide 

 
Au colloidal (Sigma–Aldrich, St. Louis, MO, 

USA) was particle size (monodisperse) as 10 nm 
conjugated with 18-thiol terminated oligonucleotides 
were prepared following by Mirkin and college [17]. 
Place 20 µl of 5 nmol of thiol-modified DNA probe 
mixed 4 mL of Au colloidal in a tube, then the 
solution stand well by incubated shaking (100 rpm) at 
45 °C for 24 h. The solution was then transferred to 
buffer I (0.1M NaCl, 10mM phosphate buffer, and 
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0.01 % SDS, pH 7), and allowed to stand for an 
additional 48 h. The solution was centrifuged for  
20 min at 12,000 rpm twice to attain red precipitates. 
The resulting precipitates were then washed with  

500 µL of a buffer I solution and then resuspended in 
750 µL of a buffer II (0.3 M NaCl, 10 mM phosphate 
buffer, and 0.01 % SDS, pH 7) and immediately 
used. 

 
 

 
 

Fig. 1. Nucleotide sequence of IS6110 (GenBank accession number: X17348). The primers F3 and B3 were shown as 
underlined nucleotide sequences. The FIP (F1c/TTTT/F2) and BIP (B1c/TTTT/B2) inner primers were color boxes and 
arrows. The thiol modified probe sequence was shown as italic and underlined sequences. 
 
 

Table 1. Primers and probe used for LAMP of the IS6110 of M. tuberculosis. 
 

Primer name Genome position Sequences 5’- 3’ 
F3 581-597 GCCAGATGCACCGTCGA 
B3 759-740 GACACATAGGTGAGGTCTGC 

FIP (F1c/TTTT/F2) 664-646/TTTT/604-623 
AGCGATCGTGGTCCTG CGG-TTTT- 
GATGACCAAACTCGGCCTGT 

BIP (B1c/TTTT/B2) 682-699/TTTT/738-721 
TCCCGCCGATCTCGTCCA-TTTTT- 
ACCCACAGCCGGTTAGGT 

Thiol modified probe 665-680 ATCCGGCCACAGCCC 
 
 
2.4. LAMP Combined with AuNPs Probes 

Based Colorimetric Assay 
 

A 5`-thiol modified oligonucleotide probe 
designed according to the IS6110 of M. tuberculosis 
between the F1c and B1c primer targets was 
synthesized by Bio Basic Inc., Canada. Detection of 
the existence of target DNA was achieved by the 
addition of 5 µl of each thiol modified 
oligonucleotide at the final concentration of 0.1 nmol 
mixed with the 5 µl of LAMP reaction was 
hybridized at 63 oC for 5 min, the hybridization of 
product was added to 5 µl of 0.3 M MgSO4 for 5 min. 
The positive reaction means a color change from red 
to purple and the aggregation of AuNPs probes color 
change from red to blue or purple (Fig. 2). 
 

2.5. Sensitivity and Specificity of LAMP  
by Gel Electrophoresis and  
Colorimetric Assay 

 
To determine detection sensitivity limits, 10-fold 

serial dilutions (10-1 to 10-6) of 50 ng of total DNA of 
M. tuberculosis standard strain culture were used as 
DNA template LAMP tests performed under 
optimized conditions.  

The specificity of LAMP primers was examined 
using 50 ng of total DNA extracted from other 
mycobacterium. These included infectious M. 
intracellulare, M. fortuitum, M. avium, M. kansasii, 
and M. gordonae.  

All LAMP products were analyzed by 2 % 
agarose gel electrophoresis, and by AuNPs probe. 
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Fig. 2. Experimental schematic representation LAMP-AuNPs probes based colorimetric assay in this study. The assay 
consists on visual comparison of test solutions before and after MgSO4 induced AuNPs probes aggregation: (i) AuNPs 
probes alone as Blank; (ii) AuNPs probes in the presence of a non-complementary DNA sample as Negative; (iii) AuNPs 
probes in the presence of a complementary DNA sample as Positive. 
 
 
2.6. PCR for M. Tuberculosis Detection 
 

Ten-fold serial dilutions of 50 ng/µl of total DNA 
extracted from M. tuberculosis were used as the 
template for PCR detection of M. tuberculosis using 
the Thermal Cycler) Touchgene Gradient, model: 
FTGRAD2D, Techne Ltd.) according to the 
manufacturer’s protocol and using a method that 
targeted the IS6110 of M. tuberculosis [15]. The PCR 
products were detected by 2 % agarose gel 
electrophoresis followed by ethidium bromide 
staining and visualization on a UV transluminator. 
 
 
3. Results and Discussion 
 
3.1. Comparison of Sensitivity with Gel 

Electrophoresis 
 

Using equivalent quantities of DNA extracted 
from M. tuberculosis (H37RVKK11-20) infected 
samples as DNA templates at various dilutions, 
detection limits for LAMP and PCR were both at 
10−4 (5 pg of genomic DNA) (Fig. 3a - 3c). This 
assay corresponds to the detection limit for LAMP or 
PCR methods followed by electrophoresis, as 
described above. The detection limit was also similar 
to that of previously reported [14] and lower than 
Ayan et al [12]. But, the LAMP method carried out at 
63 °C for 60 min was faster than typical PCR 
methods that require 2–3 h for PCR cycling. No 
expensive equipment was required and results could 
be obtained in approximately 1 h 10 min (not 
including DNA preparation time) faster than LAMP 
followed by Ayan et al [12]. 

The LAMP–AuNPs based probes colorimetric 
assay for detection of M. tuberculosis showed a limit 
at 10−4 DNA dilution (5 pg of genomic DNA) as 
same as LAMP and PCR-gel electrophoresis. The 

colorimetric method is based on the colour change of 
an AuNPs probe in solution, upon increasing MgSO4 
of salt concentration, in presence of either a 
complementary or a non-complementary target 
sequence. Fig.2  shows extensive AuNPs probes 
aggregation, noticeable by the blue colour of the 
respective solutions, followed by using 0.1 M MgSO4 
of final concentration in the Blank and Negative 
samples. The Positive samples, however, included the 
complementary DNA that protected AuNPs probes 
aggregation. The solution retains the initial red colour 
(not shown), which is interpreted as hybridization of 
the DNA sequence on the AuNPs probes to its 
complementary DNA sequence became a double-
stranded DNA structure, avoiding aggregation.  

 
 

3.3. Specificity of LAMP-AuNPs Probe Based 
Colorimetric Assay  

 
Specificity test was conducted using 50 ng each 

of M. tuberculosis DNAs and of other mycobacteria 
(i.e. M. intracellulare, M. fortuitum, M. avium, M. 
kansasii, and M. gordonae). The data revealed that no 
cross-reactions were obtained from LAMP-gel 
electrophoresis (Fig. 4 a) LAMP-AuNPs based 
probes colorimetric assay (Fig. 4 b). 

According to specificity test, there was no cross-
reaction with other mycobacteria which indicating 
that the LAMP method was specific for M. 
tuberculosis. Combining the LAMP protocol with 
AuNPs probes based colorimetric assay for detection 
of amplicons reduced the time and complication 
associated with usual detection by electrophoresis, 
and it resulted in a total analysis time (excluding the 
DNA extraction step) to less than 75 min. The high 
sensitivity and specificity, the relatively short 
analysis time and the use of relatively inexpensive 
equipment are key advantages of this assay. 
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Fig. 3. Detection sensitivity data of M. tuberculosis DNAs at concentration range of 10−1 to 10−6 dilutions (initial 
concentration was 50 ng) obtained from (a) PCR assay, (b) LAMP assay, and (c) LAMP-AuNPs probes based colorimetric 
assay; Lanes M and N represent DNA ladder marker and negative control (no-DNA template), respectively. 
 
 

 
 

Fig. 4. Specificity data test of the LAMP method by using 100 ng each of DNA templates and for detection of M. 
tuberculosis by (a) gel electrophoresis or by (b) LAMP-AuNPs based probe colorimetric assay. Lane M represents DNA 
ladder marker. Lanes 2-7 represent DNAs of M. tuberculosis (MTB), M. intracellulare (MIC), M. fortuitum (MFT), M. 
avium (MAV), M. kansasii (MKS), and M. gordonae (MGD), respectively. Lane 8 represent negative control  
(no-DNA template). 

 
 
4. Conclusions 

 

LAMP-AuNPs probes based colorimetric assay 
was used for detection of M. tuberculosis in clinical 
specimens. In this study, LAMP method was carried 
out at 63 °C for 60 min which was faster than typical 
PCR methods that require 2–3 h for PCR cycling. 
The proposed test does not require expensive 
equipment and results could be determined within 
approximately 1 h (not including DNA preparation 
time). This assay was faster than LAMP-gel 

electrophoresis (2 h 30 min) and much faster than 
PCR - gel electrophoresis (3 h 30 min). 

LAMP detection method that targeted a 178 bp 
sequence of the IS6110 was successfully developed 
in the detection of M. tuberculosis standard strain 
limit as 5 pg of genomic DNA. According to the 
sensitivity, specificity, less time consuming, low cost 
and convenience, this technique may prove to be a 
powerful tool for the early diagnosis of M. 
tuberculosis. 
 

(c) 
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Abstract: In this present paper we have made a conscious effort to develop a model based on aldosterone 
activity on cellular ion transport concomitant with neurohormonal interaction. To investigate this physiological 
phenomenon we have proposed a novel approach which is closed loop frequency analysis of above phenomena 
associated with Conn’s Syndrome and Addison’s disease. Thus this model predicts how the characteristics of the 
lipid bilayer membrane changes with the effect of neurotransmitters concomitant with aldosterone secretion. The 
change in the characteristics of lipid bilayer membrane is of prime importance because it can completely alter 
the body functions. This model has been simulated by using MATLAB procedure in order to facilitate 
comprehensive understanding of complex membrane dynamics in response to neurohormonal agents. A control 
system design approach utilizing bode plot procedure is implemented to determine frequency band width of the 
lipid bilayer membrane based on the model fit to experimental data. Finally it has been investigated how 
aldosterone secretion is affected by change physiological property of subjects and the results are compared with 
recent experimental findings. Copyright © 2013 IFSA. 
 
Keywords: Bandwidth, frequency response, time constant, lipid bilayer membrane, sodium ion concentration, 
potassium ion concentration. 
 
 
1. Introduction 
 

Control system modelling provides us dynamic 
response which reflects on dependence of hormones 
[1, 5, 6]. In biophysical control system many inputs 
and outputs are dynamically related. For this reason 
control system tool are the easiest to understand the 
relation between inputs and output which is 
expressed by ordinary differential equation with 
constant coefficients [7]. As the time rate of change 
of output is associated with time rate of change input 
so it would be very meaningful to express this 
relationship in frequency domain where we have 
considered this time rate of change as sinusoidal 
change because sinusoidal signal can be treated as 

standard test signal. Therefore frequency of the input 
and the frequency of the output may be of exactly the 
same. However amplitude at output may differ from 
input and phase shift between output and input may 
be present. However ratio of amplitude between 
output to input changes with the driving frequency 
also do the phase difference between output and 
input. Both amplitude ratio and phase difference 
between output and input as a function of driving 
frequency constitutes frequency response. [7, 8]. 

In our proposed model the frequency response 
will be interpreted as band frequency band width. 
From control system concept it is well known that 
closed loop frequency response of a system 
determines its bandwidth. The band width frequency 
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is defined as the frequency at which the gain i.e. the 
ratio of output amplitude to input amplitude falls 
from dc value (zero Hz) to that frequency by  
3 dB [8]. 

There are two major control and communication 
systems in the human body, the endocrine system and 
the nervous system. In many respects, the two 
systems compliment each other. Although long 
duration effects are achieved through endocrine 
hormonal regulation, the nervous system allows 
nearly immediate control, especially regulation of 
homeostatic mechanisms (e.g., blood pressure 
regulation) [1, 2]. 

Aldosterone increases intracellual absorption of 
sodium and also simultaneous secretion of potassium 
from intracelluar fluid. So it is one of body’s most 
powerful sodium retaining hormones. When transient 
retaining of sodium is executed by excess aldosterone 
secretion which will cause Conn’s syndrome which is 
almost associated with hypocalmia concomitant with 
decrease of plasma potassium concentration [1, 4]. 

When retaining of sodium is less required then 
less secretion of aldosterone will cause addison’s 
disease concomitant with higher concentrations of 
potassium. This situation ultimately causes ultimately 
heart failure [1, 4]. 

The neurohormonal transmitter plays a crucial 
role in maintaining sodium ion and potassium ion 
homeostasis in intracellular fluid. The intracellular 
and extracellular ion transport is governed by the 
dynamics of the lipid bilayer membrane which 
separates both intracellular and extracellular region. 
Thus the lipid bilayer membrane dynamics must be 
affected by neurohormonal agents [1, 5, 6]. 

The basic structure of cell membrane is lipid 
bilayer which is composed of phospholipid 
molecules. Phosphate end of each phospholipid 
molecule is soluble to water which is known as 
hydrophilic and fatty acid end is soluble only in fat 
which is known as hydrophobic. The middle portion 
of lipid bilayer membrane is impermeable to water 
soluble substance like ion, glucose and urea where as 
fat soluble substance like oxygen, carbon di oxide 
and alcohol is permeable to this portion. The cell 
membrane also consists of proteins to form protein 
channels. The cell membrane carbohydrates 
combines with proteins to form glycoprotein and 
combines with lipid to form glycolipids [1]. 

The protein channels of the cell membrane are 
highly selective for transport of one or more specific 
ions or molecules. One of the most important protein 
channels is sodium channels whose inner surfaces are 
negatively charged. This strong negative charge 
attracts dehydrated sodium ions into these channels 
by diffusion concomitant with voltage gating. 
Conversely there are also protein channels which are 
selective for potassium transport which inner surfaces 
are negatively charged attracts hydrated potassium 
ion by diffusion. The above examples are for normal 
diffusion [1, 3]. 

One of the membrane proteins which can act as 
carrier proteins for transporting substances which can 

not penetrate through the lipid bilayer. These 
substance transports may occur against the direction 
of normal diffusion gradient or electrical gradient. 
This process is known as active transport [1, 3]. 

Active transport may be two types namely 
primary and secondary active transport. In primary 
active transport the energy of transport against the 
gradient is derived directly from breakdown of ATP. 
In secondary active transport the energy is derived 
from the energy stored in the form of ionic 
concentration differences between the two sides of 
the membrane [1-3]. 

Dynamicity at which the lipid bilayer membrane 
that transports sodium, potassium and chloride ion 
from intracellular region to extracellular region and 
vice versa is of prime importance. Here we are 
interested at the frequency response of the total 
process. This intracellular to extracellular ion 
exchange is modified by the presence of excitatory 
and inhibitory neurotransmitter greatly. [1, 5] We 
will develop a model which can assist us to achieve 
information about the dynamic change due to the 
activity of aldosterone concomitant with 
neurotransmitters with the help of Bode plot 
procedure of closed frequency response. 

It has been investigated that excitatory 
neurotransmitter acts on excitation receptor proteins 
which cause the influx of sodium ion into the cell. 
The total process takes a time only 1 ms. Also the 
inhibitory neurotransmitter acts on inhibitor receptor 
proteins which will not only block the sodium ion 
influx it will cause potassium ion influx into the cell. 
This process of inhibition takes around 2.08 ms. 
Under the action of both excitatory and inhibitory 
neurotransmitter active transport of ion or facilated 
diffusion of ions take place [1]. 

After the action potential is depolarized the no 
neurotransmitter will affect the system for about  
10 seconds. This condition is known as after 
potential. At this time normal diffusion of ions takes 
across lipid bilayer [1]. 

Homeostat is a controller for maintaining static as 
well as dynamic condition with in the internal 
environment of a subject. Transduction is the 
characteristic of a subject. Change of transfer 
function of transduction phase will result complete 
change of physiological property of a subject [5, 6]. 

As this total process of ion transport is controlled 
by neuro hormones so we can say that this total 
process occurs in negative feedback loop because it 
has been investigated that almost every neuro 
hormone acts in negative feedback loop [1, 5]. 

Therefore from the expression of transduction 
phase we can say that the controller having the 
membrane characteristics when there is no action of 
neuro hormones on the dynamics of ion exchange. 
Thus G(S) can be regarded as the open loop transfer 
function of the total process. The process of ion 
exchange across the membrane is nothing but natural 
diffusion. 
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2. Modelling Procedure 
 

It has experimentally proved that after potential 
time of action potential is about several milliseconds 
say 10 milliseconds. That means the cell doesn’t 
respond to any stimulus for 10 milliseconds. In 
frequency domain it can be stated as the bandwidth of 
the system at time of after potential is 100 Hz. Or in 
other words this can be interpreted as the band width 
of the normal lipid bilayer membrane is 100 Hz when 
it is not influenced by neurohormonal agents. This 
membrane dynamics can be modeled as shown in 
Fig. 1. 

First of all input must be level of extracellular 
sodium and potassium ion concentration. Detector is 
aldosterone secretion which will dictate activation or 
deactivation of Na/K pump which governs rate of 
change intracellular ion concentration. Controller is 
cellular homeostat that governs the rate of exchange 
of ions between intracellular to extracellular fluid. 

The membrane dynamics can be understood from 
the transfer function  
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where J indicates the rate of change of blocking 
capability of ion exchange across the membrane and 
B indicates blocking capability of ion exchange 

across the membrane. K indicates stiffness of the 
membrane [8]. 

The aldosterone mediated transfer function of the 
transduction phase is treated as  
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where K is the gain and T is the time constant of the 
transfer function, and α, β are constants. Clearly we 
have considered 1st order transduction phase. 
Overactivity and under activity of aldosterone 
hormone depends on K and T only. When there is no 
activity of aldosterone Gc(S) can be treated as unity 
feedback transfer function 

At the time of after potential there is no function 
of neuro receptor. Then the closed loop frequency 
response ids due to transfer function G(S) only. 
Therefore this system may be treated as unity feed 
back system. 

As the bandwidth of this system can be estimated 
as 100 Hz. Therefore the transfer function of the 
cellular homeostat can be synthesized as 
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whose closed loop frequency response is given by the 
Fig. 2. 

 
 

 
 

Fig. 1. Our proposed model. 
 
 

 
 

Fig. 2. Frequency response due to no activity of neurohormone. 
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Clearly we see that the band width of the above 
system is 100 Hz when no neurohormonal transmitter 
acts on the system. 

When intracellular potential reaches its negative 
peak i.e. intracellular potassium ion concentration is 
maximum and extracellular sodium ion concentration 
is least then aldersterone secretion increases which 
deactivates sodium potassium pump action thus 
sodium ion diffuses to intracellular cytosol and 
potassium ion diffuses out of intracellular cytosol 
which is also concomitant with binding of excitation 
receptor to the to the neuro hormones. As a result 
sodium ion concentration to intracellular cytosol is 
largely increased where as potassium ion 
concentration in the intracellular cytosol is largely 
decreased. This phenomenon takes about 1 msec. 
This corresponds to 1000 Hz band width. To display 
this frequency response the transfer function of the 
transduction phase is designed as 
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We see that is first order transduction phase 

which modifies the frequency response greatly from 

the previous case. The frequency response is shown 
in Fig. 3. 

Clearly we see that the band width of the 
modified system is 1000 Hz. When intracellular 
potential reaches its positive peak i.e. intracellular 
sodium ion concentration is maximum and 
extracellular potassium ion concentration is least then 
aldersterone secretion decreases manifolds which 
deactivates sodium potassium pump action thus 
potassium ion diffuses to intracellular cytosol and 
sodium ion diffuses out of intracellular cytosol which 
is also concomitant with binding of inhibition 
receptor to the to the neuro hormones. As a result 
potassium ion concentration to intracellular cytosol is 
largely increased where as sodium ion concentration 
in the intracellular cytosol is largely decreased. This 
process lasts about 2.08 ms. This corresponds to 480 
Hz band width. To display this frequency response 
the transfer function of the transduction phase is 
designed as 
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The frequency response is given in the Fig. 4. 

 
 

 
 

Fig. 3. Frequency response due to excitatory neurohormone. 
 
 

 
 

Fig. 4. Frequency response due to inhibitory neurohormone. 
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Clearly we see that the band width of the 
modified system is 480 Hz. 

Therefore from the expression of transduction 
phase wee can say that the controller having the 
membrane characteristics when there is no action of 
neuro hormones on the dynamics of ion exchange. 
Thus G(S) can be regarded as the open loop transfer 
function of the total process. The process of ion 
exchange across the membrane is nothing but natural 
diffusion. 

 
 

3. More Detailed Analysis 
 

Consider the case of excitatory neurohormonal 
effect where 
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Thus K=3 and T=0.012 
Case 1: Now amending the transfer function by 

increasing the gain from 3 to 3.6 so the amended 
transfer function will be 
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This will result closed loop frequency response as 

shown in Fig. 5. 
We clearly see that the bandwidth of the total 

system increases from 1000 Hz to 1210 Hz. 
Case 2: Now amending the transfer function by 

time constant from 0.12 to 0.18 so the amended 
transfer function will be 
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This will result closed loop frequency response as 

shown in Fig. 6. 
We clearly see that the bandwidth of the total 

system decreases from 1000 Hz to 828 Hz. 
Therefore we visualize that aldosterone secretion 

increases the frequency bandwidth of the system 
which is indicative of increasing the gain of 
transduction phase or reducing the time constant of 
the transduction phase. 

 
 

 
 

Fig. 5. Frequency response due to increment of gain. 
 
 

 
 

Fig. 6. Frequency response due to increment in time constant. 
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4. Conclusions 
 
Thus we draw a conclusion that over activity of 

aldosterone can be symbolized as either increasing 
gain or reducing of time constant of the transfer 
function of the transduction phase concomitant with 
secretion of excitatory neurotransmitter resulting very 
small potassium ion concentration in the intracellular 
fluid. This will ultimately cause hypocalmia. 

Similarly under activity of aldosterone can be 
symbolized as either reducing gain or increasing of 
time constant of the transfer function of the 
transduction phase concomitant with secretion of 
inhibitory neurotransmitter resulting excess 
potassium ion concentration in the intracellular fluid. 
This will ultimately cause heart block. 
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Abstract: Preservation of aquatic ecosystems requires early warning tools such as biosensors for in situ 
monitoring and continuously. Such tools can provide information about the nature of pollutants condition be 
designed to meet specific manner. This work proposes an impedimetric biosensor, using a bacterial enzyme 
(Condida Rugosa lipase) immobilized in an organic matrix composed of BSA (bovine serum albumin) and 
glutaraldehyde, capable of detecting organochlorine pesticides (Diclofop-methyl) state trace in aqueous media. 
Moreover, these measurements were carried out by varying a number of parameters characteristic of the system 
being studied in order to better define the role of the different elements involved in the development of the 
receiving part of the sensor as follows: Composition of the membrane, effect of temperature and the effect of the 
pH of the medium. The results show that the developed biosensor provides answers in an area of very low 
concentrations of the order of 5.9910-14 - 5.8810-3 g/L and a detection limit of 5.9910-14 g/L for Diclofop-
methyl. This biosensor detects the pollutant in a temperature range between 20 °C and 40 °C. 

We also studied the selectivity of the detection of the target substance in the presence of interfering with 
some heavy metals (cadmium, cobalt, zinc and lead) and other organophosphorus and organochlorines pesticide. 
Copyright © 2013 IFSA. 
 
Keywords: Impedimetric biosensor, Condida Rugosa lipase, Organochlorine pesticide, Dichlofop-methyl, 
Detection. 
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1. Introduction 
 
Biosensor is a self-contained integrated device 

that is capable of providing specific quantitative or 
semi-quantitative analytical information using a 
biological element that is in direct spatial contact 
with a transduction element [1]. Thus a biosensor is a 
combination of two elements: the bioelement and the 
transducer or sensor element. 

Many biologically important biospecies such as 
enzymes, proteins and antibodies can be used as 
biological elements of recognition (bioelements) for 
biosensor [2-5]. Enzymes are large, complex 
macromolecules, consisting largely of protein and 
usually contain a prosthetic group (one or more metal 
atoms). Enzymes hydrolyzing triglycerides have been 
studied for well over 300 years, and the ability of the 
lipase to catalyze the hydrolysis and synthesis of 
esters was recognized nearly 70 years ago [6]. 

Lipase (triaglycerol ester hydrolase, E.C.3.1.1.3) 
is a member of the broad classification of hydrolases, 
which transfer functional groups to water. Lipases are 
characterized by the ability to hydrolyze the long 
chain triglycerides or triaglycerol (TAG) at an oil-
water interface, resulting in the formation of fatty 
acids [7, 6]. 

The lipase produced by Candida rugosa is one of 
the most commonly used enzymes in organic solvent 
owing to its high activity in hydrolysis, esterification, 
transesterification and aminolysis [8-9]. Nowadays, 
lipase are utilized in many other applications, e.g. in 
the regioselective modifications of polyhydroxlic 
compounds, modified of oils and fats, food additives 
and flavours making pharmaceutical products, 
biodetergents, cosmetics, perfums, new biopolymeric 
materials, biodiesel, agrochemicals, biosensors, 
pesticides etc. [10]. In addition, it has been widely 
used in bio-transformations such as resolution of 
racemic acids and resolution of secondary alcohols 
due to the high enantioselectivity [11-13]. Due to the 
wide variety of environmental conditions, lipases are 
often easily inactivated and difficult to be separated 
from the reaction system for reuse. Consequently, 
further industrial applications of lipases are limited. 
By an appropriate choice of the immobilization 
process, operational costs for lipase industrial 
processes can be reduced by the selection of an 
appropriate immobilization method [14].  

One of the most widely employed methods to 
pretreat an enzyme for use in organic media is to 
immobilize it on a solid support. Because lipases are 
not soluble in organic media, covalent linkages may 
not be necessary between the support and the lipase, 
and thus simple adsorption can be employed [15]. 

In order to use them more economically and 
efficiently in aqueous as well as in non-aqueous 
solvents, their activity, selectivity, and operational 
stability can be modified by immobilization. 
Immobilized enzymes have received considerable 
attention because of their advantages over 
unimmobilized counter parts as they improve storage, 
operational, thermal and conformational stabilities. 

They can be easily recovered for reuse [16]. As the 
immobilization method, covalent binding, 
electrostatic binding, hydrophobic interactions, 
entrapment and encapsulation are often used for 
enzyme immobilization [17–21]. 

The immobilization of enzymes is carried out by 
the formation of inter- and intra-molecular cross-
linkages between the enzyme molecules by means of 
bifunctional reagents. Glutaraldehyde has been used 
as a cross linker for immobilization of enzymes in 
which the amino groups of a protein is expected to 
form a Schiff base with the glutaraldehyde [22–25]. 
However, in terms of stabilization, the treatment with 
glutaraldehyde of proteins previously adsorbed on 
supports bearing primary amino groups offers very 
good results in many cases, because it permits the 
crosslink between glutaraldehyde molecules bound to 
the enzyme and glutaraldehyde molecules bound to 
the support. 

A large number of pesticides have been used and 
play very important roles in agricultural production. 
Many of them, accounting for more than 25 % among 
the frequently used pesticides, are chiral compounds 
and consist of two or more 
enantiomers/stereoisomers, which may have different 
properties in asymmetrical environments such as 
living system [26]. 

(R,S)-2-[4-(2,4-dichlorophenoxy)] methyl 
propionate (diclofop-methyl) (Fig. 1) is 
organochlorine herbicide that present chirality; it is 
fatty acid synthesis inhibitor that destroy the cell 
membrane, prevent the translocation of assimilates to 
roots, reduce the chlorophyll content, inhibit 
photosynthesis, and have meristem activity. The 
diclofop-methyl (R) enantiomer shows significantly 
greater herbicidal activity than the (S) enantiomer 
[27]; therefore, to reduce the amount of herbicides 
used and prevent unnecessary enantiomer use causing 
some adverse impact, several European countries 
have suggested that only the active enantiomer 
should be employed. Consequently, there is an urgent 
need to develop analytical methods to determine the 
optical purity, stereoselective bioactivity, and 
environmental behavior of these chiral pesticides. 
Thus, several analytical methods have been used to 
control the enantiomeric purity of herbicides 
formulations, including capillary electrophoresis, 
immunoassays, and biosensors [28–31]. Nowadays, 
chromatographic and electromigration methods seem 
to be the most popular techniques applied in this 
field. 

 
 

 
 

Fig. 1. Chemical structure of diclofop-methyl. 
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In this work, we propose to study diclofop-methyl 
detection by Candida Rugosa Lipase (CRL). 

The aim of the present work was to produce an 
immobilized form Candida Rugosa Lipase with 
advantageous catalytic properties and stability. 
Lipase from Candida Rugosawas immobilized on the 
biosensor sensitive part by allowing it to mix with 
bovine serum albumin (BSA) and then cross-linking 
in saturated glutaraldehyde (GA) vapor for 30 min. 
The determination of pollutants in a solution was 
performed by comparison of the output signal of the 
biosensor before and after contact with pollutants, 
and the influence of several parameters of diclofop-
methyl detection by the immobilized lipase has been 
studied. The measurement of the selectivity of 
diclofop-methyl detection was performed to study the 
impact of heavy metals as well as organophosphorous 
and organochlorine pesticides. 

 
 

2. Experimental 
 
2.1. Reagents and Solutions 
 

All chemicals were commercially available and 
used as received. Candida Rugosa Lipase purchased 
from Sigma Chemical Co. (St. Louis, MO) was used 
for experiments without further purification. Bovine 
serum albumin (BSA), glycerol (99 %), aqueous 
solutions (25 % w/v) of glutaraldehyde (GA) were 
purchased from Sigma-Aldrich Chemie GmbH 
(Steinheim, Germany) and organochlorine compound 
diclofop-methyl ((R,S)-2-[4-(2,4-dichlorophenoxy)] 
methyl propionate), organochlorine fungicide; 
chlorothalonil(tetrachloroisophthalonitrile(2,4,5,6-
tetrachloro-1,3-benzenedicarbonitrile)), herbicide 
compound paraquat dichloride(1,1'-dimethyl-4.4' 
bipyridilium dichloride), and organophosphorous 
compound Chlorpyriphos-ethyl(diethoxy-
sulfanylidene-(3,5,6 trichloropyridin-2-
yl)oxyphosphorane); all this compound were 
purchased from Bayer crop science and used as 
received, Inc. The buffer solution used for all 
experiments was phosphate buffered saline (PBS) 
containing 140 mM NaCl, 2.7 mM KCl, 0.1 mM 
Na2HPO4, 1.8 mM KH2PO4, pH 7,4. The reagents 
were of analytical grade and used as purchased 
without any further pretreatment. All solutions were 
prepared using dimeneralised water. All other 
chemicals were of analytical grade. 

 
 

2.2. Sensor Design and Enzyme 
Immobilization 

 
Platinum electrode were provided by the Laboratoire 
d'Analyse et d'Architecture des Systèmes (LAAS, 
CNRS Toulouse).The working electrode is a plate of 
25 cm2 of area. 

The enzymatic membrane was prepared on the 
electrode surface by the crosslinking of enzyme with 

bovine albumin in saturated glutaraldehyde vapor 
[32]. A mixture containing different enzyme/support 
ratio [% (w/w) enzyme / % (w/w) bovine albumin], 
10 % glycerol in 20 mM phosphate buffer (pH 7,4) 
was deposited on the sensitive area of the sensor 
using a drop method. The sensor chips were placed in 
a saturated glutaraldehyde vapor for 30 min followed 
by drying in air for 15 min at room temperature [33]. 
Biosensors were used just after preparation or stored 
at 4 °C in a 20 mM phosphate buffer solution, pH 7,4 
until measurements. 

 
 

2.3. Measurements 
 

Impedance measurement was performed in a  
30 mL three electrode electrochemical cell placed 
into a Faraday cage in order to improve the signal-to-
noise ratio. A Platinum electrode (25 mm2) modified 
with lipase (CRL) and BSA was used as a working 
electrode, while a saturated calomel electrode (SCE) 
purchased from Radiometer Analytical 
(Villeurbanne, France) was used as a reference 
electrode. The auxiliary electrode was made of a 
platinum wire of 1 mm diameter. Impedance 
measurements were performed using a Voltalab  
40 instrument (Radiometer Analytical) controlled 
with Volta Master 4.0 software in the 100 mHz to  
100 kHz frequency range, acquiring 5 points per 
decade. An excitation voltage of 10 mV was 
superimposed on a dc potential of −200 mV. 
Impedance data were fitted to equivalent electrical 
circuits by means of the ZView2 software (Scribner 
Associates, USA). Measurements were performed in 
a PBS buffer (10 Mm, pH 7,4). 

Different concentrations of diclofop-methyl were 
injected in the PBS buffer solution to study diclofop-
methyl detection by Candida Rugosa Lipase (CRL). 

Then, the impact of heavy metals as well as 
organophosphorous and organochlorine pesticide was 
determined by comparing the steady-state response of 
the impedimetric biosensors before and after 
exposure to a sample solution containing the 
diclofop-methyl at the substrate concentration 
chosen. 

All electrochemical measurements experiments 
were carried out at room temperature and in a faraday 
cage in order to eliminate electrical interferences. 

 
 

3. Results and Discussion 
 
3.1. Electrochemical Characterization  

of Biomembranes 
 

First, we study the variation of the impedance 
spectra (the real part, it means the charge transfer 
resistance) of the functionalized platinum electrode 
with different proportion of immobilized enzyme. 
This is allowing us to know the response of the 
different enzymatic membranes immobilized on our 
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platinum electrode, which will leads to the high 
sensitivity detection. Fig. 2 shows the impedance 
spectra of the functionalized platinum electrode after 
the immobilization of enzyme membrane with 
different composition.  

Total impedances of the bare and enzyme/BSA 
platinum electrodes were also determined by varying 
frequency in the 100 mHz to 100 kHz range. The 
potential was repetitively cycled until two 
consecutive curves could be superimposed. It took 
about 10 min for the bare electrode, while 20 min 
were needed for the modified electrode. This result 
confirmed that electron transfer to the electrode was 
slowed down by the addition of the membrane. 
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Fig. 2. Impedance spectra of the functionalized Platinum 
electrode after the immobilization of different compositions 
of enzymatic membranes in phosphate buffer saline PBS 
(10 mM pH7,4) at−0.2 V vs. SCE. 

 
 

Fig. 3 shows the variation of the resistance versus 
the diclofop-methyl concentration. We can see that 
the surface saturation and the sensibility of the 
biosensor can be obtained with 4 % (w/w) Lipase 
(CRL) / 6 % (w/w) bovine albumin. Thus, we will 
use this composition. The impedance spectra can be 
fitted with computer simulated program using the 
electric circuit shown in Fig. 4b. An excellent fitting 
between the simulated and experimental spectra was 
obtained for each composition of enzymatic 
membranes. 

Total impedances of the bare and enzyme/BSA 
platinum electrodes were also determined by varying 
frequency in the 100 mHz to 100 kHz range. The 
potential was repetitively cycled until two 
consecutive curves could be superimposed. It took 
about 10 min for the bare electrode, while 20 min 
were needed for the modified electrode. This result 
confirmed that electron transfer to the electrode was 
slowed down by the addition of the membrane.  

Impedance measurements realized before and 
after the membrane deposition presented in the 
complex plan are shown in Fig. 5. It is noticed that 
the Nyquist diagram of a bare platinum electrode is 
completely different from that obtained with a 
modified electrode. The increase of the resistance is 
due to the big size of the BSA molecules (the grafted 

layer become more insulating). The experimental 
impedance spectra was recorded at -0,2 V in PBS 
buffer at pH=7.4 in the range of 100 mHz  
to 100 kHz. 
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Fig. 3. Absolute value of the relative variation of the 
charge transfer resistance as a function of concentration of 
diclofop-methyl for different compositions of enzymatic 
membranes in phosphate buffer saline PBS  
(10 mM pH7,4) at−0.2 V vs. SCE. 
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Fig. 4. a) Impedance spectra of the 
Platinum/Lipase(CRL)/BSA/electrolyte interface in 
phosphate buffer saline PBS (10mM pH7,4) at−0.2 V vs. 
SCE. and in the range of 100 mHz to 100 kHz.  
b) Electric model. 
 
 

Nyquist curve of the modified electrode could be 
satisfactorily fitted with The Randles–Ehrshler 
model, which includes Warburg impedance, Zw, 
resulting from ion diffusion from the bulk electrolyte 
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to the electrode interface, appeared as well suited 
(Fig. 4.b). Fitting parameters obtained for bare and 
modified electrodes are presented in Table 1. n values 
are close to 1, suggesting that CPE can be more likely 
considered as a capacitive element. Membrane layer 
significantly affected CPE and Rp. A 1,75-fold 
decrease of CPE and a 4,21-fold increase of Rtc were 
observed. Belinova et al. reported much larger 
variations of these parameters (2-fold decrease of 
CPE and 5–6 increase of Rp) for butylcholin esterase 
(BuChE) immobilized on gold electrodes through 
cross-linking with glutaraldehyde [34]. That results in 
a lower polarization resistance than GA-crosslinked 
enzymatic film. 
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Fig. 5. Nyquist plots of the complex impedance spectra  
of the Platinum electrode before (■) and after (♦) 
CRL/BSA (4/6% (w/w)) deposition. The impedimetric 
measurements performed in phosphate buffer saline PBS 
(10mM pH7,4) at−0.2 V vs. SCE. The spectra were 
obtained between 100 mHz and 100 kHz.  
Amplitude of alternative voltages: 10 mV. 
 
 
3.2. Diclofop-methyl Detection 

 
As shown in Fig. 6, diclofop-methyl detection by 

lipase from Candida Rugosa immobilized on the 
biosensor induced a rapid decrease of resistance. The 
relationship between Candida Rugosa Lipase and 
concentration was examined in the 5.9910-14–
5.8810-3 g/L range. The resistance decreased 
linearly with diclofop-methyl concentration up to  
5.9010-5 g/L and a progressive saturation was 
observed beyond this value (Fig. 7). This linear 
domain is much wider than that of other composition 
of biomembrane. Limit of detection was  
5.9910-14 g/L. 

3.3. pH Effect on Biosensor Response 
 

The pH value is an important parameter for this 
study. Fig. 8 an increase of the capacitance of the 
Pt/membrane is observed when pH value increases 
until 8, beyond this value, the capacitance decreases. 
Under alkaline conditions, diclofop-methyl rapidly 
hydrolyzes into diclofop-acid, which has higher 
solubility in water and lower acute toxicity than its 
parent compound. 
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Fig. 6. Nyquist diagrams of the functionalized platinum 
electrode after addition of different concentration of 
diclofop-methyl. Measurement medium, frequency range, 
ac voltage, dc applied potential,-0.2V/SCE. 

 
 

3.4. Temperature Influence on the Response 
Biosensor  

 
Fig. 9 shows the variation of response of 

biosensor as a function of solution temperature. The 
response for diclofop-methyl showed an optimum at 
30°C. Thus, it is clear that this will be chosen for 
further measurement. At this temperature, the 
biosensor is sensitive. 

 
 

3.5. Selectivity of the Biosensor 
 

The biosensor response was examined in the 
presence various interfering elements. Figs. 10-16 
present the response of the biosensor for different 
interfering elements. The highest interfering 
sensitivity was found on lead, followed by Zinc, 
Paraquat and Chlorothalonil, than the Cobalt whereas 
there is no interference for Cadmium and 
Chlorpyriphos-ethyl.  

 
Table 1. Values of equivalent circuit elements obtained by modeling the Nyquist curves presented in Fig. 5.  

The best fit was achieved by minimizing the χ2 (khi square) parameter using the ZView2 software. 
 

Electrode RS (kΩ) 
CPE-T 

μF(rad/s)l−n 
n Rtc(kΩ) W0-R W0-T W0-P 

χ2 

(×10−3) 

Bare platinum 
electrode 

20.32 41.2 0.93 3.136 73025 6518 0.57 2.8 

4BSA+6CRL/Pt 33.34 23.6 0.91 13.202 117.8 4.716 0.99 3 
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Fig. 7. Calibration curves describing the variation  
of resistance Rtc against the  

diclofop-methyl concentrations. 
 
 

 
Fig. 8. pH influence on the response of the biosensor  

in a 5.8910-4g/L solution. 
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Fig. 9. Temperature influence on the response  
of the biosensor. 

 

 
Fig. 10. Nyquist diagrams of the functionalized platinum 

electrode after addition of different concentrations  
of interfering element Zinc. 
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Fig. 11. Nyquist diagrams of the functionalized platinum 

electrode after addition of different concentrations  
of interfering element Lead. 

 

 
Fig. 12. Nyquist diagrams of the functionalized platinum 

electrode after addition of different concentrations  
of interfering element Cadmium. 
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Fig. 13. Nyquist diagrams of the functionalized platinum 
electrode after addition of different concentrations  

of interfering element Cobalt. 
 
 

 
Fig. 14. Nyquist diagrams of the functionalized platinum 

electrode after addition of different concentrations  
of interfering element Chlorothalonil. 
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Fig. 15. Nyquist diagrams of the functionalized platinum 
electrode after addition of different concentrations of 

interfering element Chlorpyriphos-ethyl. 
 

 
Fig. 16. Nyquist diagrams of the functionalized platinum 

electrode after addition of different concentrations  
of interfering element Paraquat. 

 
 
 
4. Conclusion 
 

This work describes an impedimetric lipase-based 
biosensor for the detection of diclofop-methyl. The 
main analytical characteristics of the biosensor 
created depend on conditions of membrane 
composition, pH and temperature of solution. The 
limit of detection as low as 5.9910-14g/L was 
determined for diclofop-methyl. The biosensor was 
tested for organophosphorous and organochlorine 
pesticide either some heavy metals detection. 

The results presented in this work demonstrate for 
the first time that Candida Rugosa lipase biosensors 
for determination of diclofop-methyl are feasible. 
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Abstract: Detection of rheumatic arthritis is usually done by using radiographic method. This gold standard is 
good to detect the joint damage caused by rheumatic arthritis. However this method required radiography 
equipment which is in a rural area difficult to be provided. One of candidate biomarker to detect the existence of 
rheumatic arthritis is by using the existence of matrix metalloproteinase-3 (MMP-3) in human serum. This 
experiment shows an early development of QCM immunosensor for the detection of MMP-3 antibody. Simple 
static reaction cell with small volume sample has been developed based on crystal resonator in a form of 
HC49/U. Polystyrene coating cured at 200 C is used as a matrix for biomolecule immobilization through 
physical adsorption. The result shows that optimum concentration of MMP-3 to be immobilized using 20 L 
sample reach at a concentration level of 220 ppm. The developed sensor has the ability to detect the existence of 
MMP-3 antibody down to 2.5 ppm. Copyright © 2013 IFSA. 
 
Keywords: QCM immunosensor, MMP-3 antibody, Rheumatoid arthritis. 
 

 
 
1. Introduction 
 

Rheumatoid arthritis (RA) is one of rheumatic 
diseases. RA is a chronic disorder affecting many 
organ systems. Progressive joint destruction usually 
occurs, although an existence of joint inflammation is 
decreased. Rheumatic arthritis illness is indicated by 
connective tissue swelling, narrowing of the joint 
gap, and erosion or degradation of cartilage. Major 
evidence of the pathogenesis of rheumatoid arthritis 
is inflammation and cartilage degradation. Detection 
of joint damage in rheumatoid arthritis is usually 
done by using radiological method (X-ray). The 
severity of the rheumatic arthritis is determined by 
Sharp score and other scoring criteria [1, 2]. This 
well established examination method is however 

limited by its sensitivity to detect an early stage of 
rheumatic arthritis. The use of radiological equipment 
to examine rheumatic arthritis is effective when there 
is bone degradation already exists. Magnetic 
resonance imaging (MRI) is other good imaging tools 
to quantify rheumatoid arthritis; however it is still 
lack by its long scanning time [3]. The use of MRI 
and ultrasonography shows better sensitivity than  
X-ray method [4]. Despite a late diagnostic, the used 
of radiological equipment is yet limited in the 
hospital. In Indonesia, deployment of radiological 
equipment in rural areas is still limited. As the 
prevalence of the diseases is high, it is necessary to 
developed alternative method to examine the 
rheumatoid arthritis diseases. It is also importance the 
method needs to be able to detect the existence of the 
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rheumatoid arthritis in its early stage in attempt to 
provide early information for further treatment.  

Cartilage degradation is closely associated with 
increased activity of enzyme matrix 
metalloproteinase, especially MMP-3. In an early 
stage of rheumatoid arthritis, concentration level of 
matrix metalloproteinase-3 (MMP-3) is increased  
[5, 6]. Therefore, the concentration level of MMP-3 
in human body is one of many potential indicators for 
early detection of rheumatoid arthritis. Matrix 
metalloproteinase is proteolytic enzymes that have 
important roles in various biological processes such 
as growth, development, reproduction, and healing. 
At normal physiological conditions, it controls the 
degradation and synthesis of extracellular matrix 
components. Gerster et all [7] suggested that MMP-3 
is related to the inflammation in RA. The results from 
Bilsen [8] showed that the existence of MMP-3 can 
be detected in the process of adjuvant arthritis. This 
suggests that MMP-3 has an important role during 
the development of arthritis. The relation for the 
MMP-3 and radiography result of the rheumatoid 
arthritis accident has also been done and shows a 
relationship between them [9]. Thus development of 
MMP-3 antibody to detect the existence of MMP-3 
and also a method to detect the concentration of 
MMP-3 is importance in early stage detection of 
rheumatoid arthritis. For the development of MMP-3 
immunosensor, the ability of the produced antibody 
from host animal to bind with the MMP-3 is one of 
important factor.  

In this experiment, initial development of QCM 
immunosensor to detect MMP-3 antibody 
concentration in PBS in order to understand the 
ability of the antibody to bind the MMP-3 is done. 
The QCM sensor is developed using a commonly 
available crystal resonator in form of HC49/U. The 
detection method is based in the mass change during 
the reaction between immobilized MMP-3 and 
MMP-3 antibody. This assumption is based on the 
information regarding to the size of the MMP-3 and 
its antibody which is much lower compare to the 
penetration deep of the shear wave resulted by  
10 MHz resonator.  

It is known that any mass density change on the 
QCM sensor will result in frequency change of the 
sensor following Sauerbrey equation. The frequency 
change of the sensor caused by pure mass deposition, 
thus the mass deposition can be calculated based on 
the frequency change and crystal parameters as:  

 

2
02 f

fA
m

QQ
 , (1) 

 

where f is the frequency change of the QCM, f0 is 
the initial frequency before mass loading, Q is the 
mass density of the quartz, Q is the quartz shear 
stiffness, A is the surface area and m is the 
deposited mass on top of the sensor surface area. This 
equation is used to calculate the amount of mass 
deposited on top of the sensor surface by assuming 

that the deposited mass behaves likes a glassy 
material [10]. By using a QCM with fundamental 
frequency of 10 MHz, thus assumption is valid as the 
molecular size is much more lower that the decay 
wavelength of the sensor. Molecular weight of MMP-
3 is around 54 kDa [11]. With its molecular size, it is 
expected that the frequency change of the QCM 
caused by the deposition of MMP-3 as well as MMP-
3 antibody can be measured with an assumption it 
behaves as a rigid body. Usually sample volume of 
the biomolecule for the detection is limited, it is 
necessary to minimize the use of sample volume to 
be detected by QCM sensor. For this purpose a static 
cell is used rather than flow injection analysis system.  

 
 

2. Material and Method 
 

2.1. Polyclonal MMP-3 Antibody Preparation 
 

MMP-3 protein was isolated from human serum 
collected from positive rheumatoid arthritis patient. 
Protein characterization is done by using standard 
SDS-PAGE methods. Western blot test method is 
used to confirm the existence of the MMP-3 protein, 
where the molecular size of the protein is 54 kDa. 
Polyclonal MMP-3 antibody was produced by 
inducing human MMP3-antigen to a rabbit. The 
antibody is collected from rabbit serum.  
 
 
2.2. QCM Immunosensor Preparation 

 
In this experiment, we used a commercially 

crystal resonator with silver electrode from 
Greatmicro Electronic (Surabaya, Indonesia) in form 
of HC49/U. The outer diameter of the crystal is  
8.7 mm and the electrode diameter is 5 mm. The 
crystal has a standard lead with leads space of 8 mm. 
This crystal is commonly used as a crystal resonator 
in electronic devices. For easy used, the crystal 
resonator is provided in a lost form direct from the 
manufacture.  

As the silver electrode can react with the buffer 
solution, the surface of the resonator is coated using 
polystyrene [12, 13]. Polystyrene is used as it 
behaves as a glassy material and has been used 
widely as matrix to immobilized biomolecule through 
hydrophobic bond. Polystyrene layer is made from a 
polystyrene plate which is commonly used as a plate 
well for ELISA. Chloroform bought from Sigma 
Aldrich is used to solve the polystyrene. The 
equipment used is oscillator circuit, frequency 
counter, and vacuum oven. The BSA as blocking 
substance and Phosphate Buffer Saline (PBS) were 
bought from Sigma Aldrich. Fig. 1 shows crystal 
resonator in its holder which is used as a basis of the 
developed immunosensor.  

Prior to the coating procedure, polystyrene is 
solved in chloroform with a concentration of 5 % 
mass of polystyrene to chloroform. The polystyrene 
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is then coated on both side of the resonator by spin 
coating and followed by a curing at 200 C for  
30 minute. Following coating procedure, the 
electrical signal of the oscillator is measured using 
oscilloscope and frequency counter. This procedure 
was done to make sure that the thick coating of 
polystyrene doesn’t contribute significant loading 
effect to the sensor. 

 
 

 
 

Fig. 1. Crystal resonator used for the sensor. 
 
 

Immobilization of MMP-3 as sensitive layer has 
been done by overnight immobilization. MMP-3 
concentration in a volume of 20 L was used. The 
immobilization is done by dropping the MMP-3 
solution on top of the sensor surface and placing the 
sensor in a humid chamber to avoid PBS solution 
evaporated. Following overnight immobilization, the 
sensor was rinsed 3 times using PBS solution and 
then following by adding BSA solution on top of the 
sensor surface to block any remaining surface which 
is not covered by MMP-3. 

 
 

2.3. Static Reaction Cell Design 
 

Reaction cell is made from Teflon block in a form 
of static cell. Sensor construction is shown in Fig. 2. 
Injection channel for inlet and outlet is made at the 
edge position of the sensor surface. This position is 
selected to minimize any compressional wave 
generated by the resonator [14]. QCM sensor is 
placed in the middle of reaction cell. To minimize 
stress effect on the sensor, a silicon O-ring with a 
wall thickness of 0.75 mm and height of 2.5 mm was 
used as spacer. The height of the O-ring is selected 
by considering the height of the metal lead connector 
of the resonator and the hardness of the ring material. 
O-ring outer diameter is 7.5 mm and inner diameter 
is 6 mm. The O-ring is made with hardness of 60. 
This hardness and height of the ring is sufficient to 
avoid stress to the sensor due to a pressure caused by 
both part cell pressing. Based on the dimension, cell 
volume on top of the sensor is only 70 L. Fig. 3 
shows the reaction cell used in this experiment.  

 

2.4. Oscillator and Frequency Counter 
 

To drive the sensor, an oscillator based on emitter 
follower circuit has been used. The oscillator shows a 
good performance both to measure the QCM sensor 
in air as well as in liquid. The frequency counter is 
known to have a resolution of 1 Hz and able to count 
a frequency up to 20 MHz with sampling period 
every second.  

 
 

 
 

Fig. 2. Construction of reaction cell with O-ring. 
 
 

 
 

Fig. 3. Reaction cell and its connection  
with the oscillator box. 

 
 

2.5. Methods 
 

Sensitive layer of the MMP-3 immunosensor is 
made by immobilizing MMP-3 antibody on top of the 
sensor surface. Immobilization experiment has been 
done to find out the optimum concentration of  
MMP-3 antibody to be immobilized. Measurement is 
done by measuring maximum frequency change of 
the QCM sensor during immobilization. At first 
QCM sensor is put in the reaction cell and followed 
by adding 70 L PBS on top of the sensor surface 
and letting the sensor goes into a new resonance 
frequency in contact with buffer solution. The 
frequency is recorded every second. After the 
resonance frequency of the sensor reach a stabile 
value, 20 L MMP-3 antibody solutions was added 
to the reaction cell. This procedure is done by 
varying MMP-3 antibody concentration and measure 
the frequency change of the sensor. An optimum 
concentration of MMP-3 is then selected for 
immobilization.  

Immobilization of the MMP-3 antibody on top of 
the QCM sensor is done by dropping 20 L MMP-3 
antibody concentrations 1 mg/mL on top of the 
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sensor. The immobilization is let to be run overnight 
by keeping the environment humidity to avoid the 
MMP-3 antibody solution dried. Following to the 
immobilization process, BSA blocking is done by 
dropping 20 L BSA solution (1 %) on top of the 
immobilized sensor for 30 minutes following by 
washing procedure using PBS.  

Detection of MMP-3 antibody is done first by 
installing QCM sensor in the reaction cell. After the 
sensor resonates in a stabile frequency an amount of 
70 L PBS solution is added to the sensor surface. 
After waiting to reach a stabile resonance frequency, 
20 L target solution with MMP-3 is added to the 
sensor surface. Frequency change is observed by 
recording the resonance frequency of the sensor 
every second.  

 
 

3. Result and Discussion 
 

Immobilization of the MMP-3 was done on top of 
sensor surface. Typical frequency change taken from 
the recorded data is presented in Fig. 4. Prior to the 
injection of MMP-3 solution, the cell was filled with 
PBS to let the sensor resonate at a new initial 
frequency in contact with the buffer solution. 
Injection of the MMP-3 in PBS solution is done after 
a stabile resonant frequency reached. In Fig. 4, 
injection of the MMP-3 solution is indicated by a 
small peak and then followed by a rapid decreased of 
frequency and then slowly reach a new frequency 
stabile resonance frequency caused by 
immobilization MMP-3 on top of the sensor surface. 
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Fig. 4. Shows the frequency change of the sensor caused by 
MMP-3 adsorption. 

 
 

Difference concentration of MMP-3 in PBS was 
injected on top of the sensor in the reaction cell. 
Maximum frequency change caused by MMP-3 
immobilization was taken and presented in Fig. 5. 
Increasing concentration of MMP-3 resulted in 
bigger decrease of sensor frequency. Maximum 
frequency change is reached at MMP-3 concentration 
of around 220 ppm. Increasing the concentration of 

MMP-3 to 340 ppm and 445 ppm doesn’t change the 
frequency change significantly. It means that for 
preparing the QCM Immunosensor for antibody 
MMP-3, MMP-3 concentration should be more than 
220 ppm to get a maximum covering of the sensor 
surface. For sensor preparation, 1000 ppm MMP-3 
concentration in PBS solution in amount of 20 L 
was used. 
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Fig. 5. Frequency change caused by MMP-3 
immobilization. 

 
 

Calculating fraction of the MMP-3 being 
adsorbed by the sensor surface to total MMP-3 
content in the liquid gives us information related to 
the percentage of adsorbed antibody. Fig. 6 shows 
percentage of adsorbed MMP-3 on the sensor surface 
compare to total MMP-3 in solution in term of mass. 
Mass of adsorbed MMP-3 was calculated using 
equation 1 based on the sensor resonance frequency 
and sensor geometry and assuming that the MMP-3 
behaves as a rigid material. In Fig. 6 it can be seen 
that lower MMP-3 concentration in the injected 
solution resulted in a higher adsorption percentage of 
MMP-3 on the sensor surface, however optimum 
surface coverage an only be achieved if the 
concentration more than 220 ppm, as in Fig. 5. 
Increasing MMP-3 concentration in the solution 
results in a lower percentage of adsorbed MMP-3. 

The ability of the sensor to detect the existence of 
MMP-3 antibody has been done by observing the 
frequency change of the sensor in the presence of 
MMP-3 antibody. At first the surface of the sensor is 
keep in contact with PBS solution by injecting PBS 
solution (70 L) to the reaction cell. After a stabile 
resonance has been reach by the sensor, MMP-3 
antibody in PBS solution was added by injecting it in 
the reaction cell. Maximum frequency change then 
extracted from the recorded data after the sensor 
reach its new stabile resonance.  

Fig. 7 shows the relationship between frequency 
changes of the sensor against MMP-3 antibody 
concentration. The change of sensor resonance 
frequency after injection of MMP-3 antibody 
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indicates that there is specific reaction between the 
immobilized MMP-3 and the antibody. This result is 
confirmed with western blot test and indirect ELISA 
method. Both methods show that the developed 
MMP-3 antibody can specifically bind to the  
MMP-3. 
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Fig. 6. Percentage of adsorbed MMP-3 compare to total 
MMP-3 in buffer solution on top of sensor. 
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Fig. 7. Frequency change caused by antibody  
MMP-3 reaction. 

 
 

Higher MMP-3 antibody concentration result in 
higher frequency change. MMP-3 antibody 
concentration below 2.5 ppm can be detected by the 
developed sensor. By using Sauerbrey mass of the 
reacted antibody to MMP-3 can be calculated. 
Comparing to the total injected antibody, maximum 
percentage of the reacted antibody is 29 % at 2.2 ppm 
MMP-3 antibody whilst the lowest one is 9 % at  
33 ppm MMP-3 antibody. This result shows that not 
all injected antibody reacted with the sensor, small 
part of the antibody reacted with the sensor. But 
comparing to the adsorbed fraction of the MMP-3 on 
the sensor surface, this specific reaction has higher 
percentage and shows that the static cell is adequate 
for the immunosensor system to detect target 
molecule MMP-3 antibody.  

4. Conclusions 
 

This paper shows that by using a low cost quartz 
crystal resonator together with a simple static 
reaction cell can be used for the detection of 
biomolecule. The use of polystyrene coating cured at 

200 C as matrix to immobilized MMP-3 is adequate. 
During the immobilization of the MMP-3 for the 
sensitive layer of the immunosensor, an optimum 
concentration is exists for the immobilization. By 
using high concentration of MMP-3 in PBS solution 
for immobilization will result in more unused 
biomolecule. The developed sensor can detect the 
existence of the MMP-3 antibody diluted in PBS 
solution down to 2.5 ppm. The used of the sample 
target solution of 20 L is adequate for the detection. 
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Abstract: In this paper, a novel label-free immunosensor for the chlorpyrifos residues detection was developed. 
This immunosenor was based on deposited gold nanocrystals (DpAus)/L-cysteine (L-Cys) modified Au electrode. 
The DpAus was used due to its unique properties: large surface and good conductivity, improve the performance 
of the electrode surface, rise the sensitivity of the current responsive. L-cysteine and DpAus were combined 
through Au-S bond. The immobilization of chlorpyrifos antibodies at the gold electrode was carried out through a 
stable acyl amino ester intermediate generated by 1-ethyl-3-(3-dime thylaminoprop-yl) carbodiimide (EDC) and 
N-hydrosuccinimide (NHS), which could condense antibodies highly efficient and immobilize them orientedly on 
the Au electrode surface. The sensitive steps of surface modification had been characterized by cyclic 
voltammetric (CV) and electrochemical impedance spectroscopy (EIS), respectively. The immunoreaction 
between anti-chlorpyrifos monoclonal antibody and chlorpyrifos directly triggered a signal via different pulse 
voltammetry (DPV). Then we optimized conditions during the preparation of the immunosensor. The result was: 
the optimized pH of the working solution was 7.5, the optimized cubation time was 25 min. Under optimal 
conditions the immunosensor showed good response to chlorpyrifos, the rate of the peak current change of the 
biosensor were in linear with concentrations of chlorpyrifos from 1.0 to 200.0 ng/mL with a detection limit  
0.17 ng/mL. Copyright © 2013 IFSA. 
 
Keywords: Deposited gold nanocrystals, L-cysteine, Chlorpyrifos, Immunosensor. 
 
 
 
1. Introduction 

 
Chlorpyrifos is one of the most widely used 

organophosphate insecticides in the agriculture 
production and home application [1-4]. It is an 
irreversible inhibitor of cholinesterase including 
acetylcholine esterase, and can result in neurotoxicity 
in animals and humans if the inhibition of 
acetylcholine esterase in the central and peripheral 

nervous systems is sufficient which could causes 
excessive accumulation of acetylcholine [2, 5]. 
Chlorpyrifos possesses poorly solubility in water  
(≤ 2 ppm) and readily partitions from aqueous to 
organic phases in the environment for its monopolar 
nature, the potential hazard for human exposure is 
high [5-6]. The U.S. Environmental Protection 
Agency had restricted the use of chlorpyrifos since 
June 2000 due to the exposure risk especially to 
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children; nevertheless chlorpyrifos is still widely used 
in China as an agricultural pesticide [6]. Thus, it is 
very important to find a rapid, portable and sensitive 
method to monitor the content of chlorpyrifos. 
Immunosensor was in accord with the requirement 
and was used to detect pesticide residue. 

In recent years, electrochemical immunosensors 
based on the specific antigen–antibody recognition 
have been widely applied in the detection and 
quantification of biomolecules [7-9]. Gold 
nanocrystals were used to develop the electrochemical 
performance of the bare Au electrodes for its excellent 
electron transfer efficiency, large specific surface area. 
Otherwise they possess strong adsorption ability to 
biomolecules such as enzyme and antibody (antigen), 
they could maintain their bioactivities and give an 
environment similar to that of biomolecules in native 
systems [10-14]. Electrodeposition is a powerful 
technique for the growth of gold nanoparticles on the 
surface of electrode, which was carried out by 
electrochemical reduction of gold chloride 
tetrahydrate (HAuCl4) solution could provide a 
porous and stable surface for the immobilization of 
biomolecules [10], [15-17]. Moreover, the deposited 
gold nanocrystals (DpAu) layer can amplify the 
current and final sensitivity of the immunosensor. 

L-cysteine (L-Cys) is an amino acid that exhibits 
excellent electrochemistry activity [18-20]. L-cysteine 
self-assembled monolayer (SAM) was composed by 
this amino acid, which could accelerate electron 
transfer that had been widely used to construct sensors 
due to its functional groups, such as –NH2 and –SH 
[21-23]. Both of the functional groups are suitable 
substrate for the merging of gold nanocrystals, and 
abundant L-Cys could be absorbed on the surface of 
the electrode stably through Au-S bond. In this way, it 
could further enhance the current and the detection 
sensitivity. 

In this work, we developed a novel immunosensor 
based on deposited gold nanocrystals 
(DpAus)/L-cysteine (L-Cys) materials for the 
detection of chlorpyrifos. With DpAus and L-Cys 
modified on the bare Au electrode surface, the 
electron transfer rate of the immunosensor was greatly 
enhanced. Then the antibody could be linked to the 
electrode after the activation of the carboxyl group on 
L-Cys which was generated by 1-ethyl-3-(3-dime 
thylaminoprop-yl) carbodiimide (EDC) and 
N-hydrosuccinimide (NHS). Thus, antibody can be 
modified on the electrode by covalent binding which 
is more stable than physical adsorption. What’s more, 
the antibody was oriented immobilized on the 
electrode through the reaction between its amino 
group and the carboxyl group on L-Cys. The 
constructed immunosensor preparation process and 
determination ability toward its target were 
investigated in detail. Compared to the existing 
immunosensor, the DpAus and L-Cys based 
immunosensor exhibited a wide linear range, low 
detection limit, good reproducibility and high 
stability.  

 

2. Experimental 
 
2.1. Materials 

 
Bovine serum albumin (BSA, 96–99 %), 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC) and N-hydrosuccinimide (NHS), Chlorpyrifos 
and chlorpyrifos antibody were all purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). 
L-cysteine(L-Cys) and HAuCl4 were obtained from 
Shanghai Sinopharm Chemical Reagent Co. Ltd., 
China. The other chemicals used were of analytical 
reagent grade and used without further purification. 
All aqueous solutions were prepared with distilled 
water.  

 
 

2.2. Apparatus and Measurements 
 
Cyclic voltammetric (CV), electrochemical 

impedance spectroscopy (EIS) and different pulse 
voltammetry (DPV) measurements were carried out 
on a CHI660D electrochemical workstation (Shanghai 
Chenhua Co., China). A three-electrode system was 
selected to measure electrochemical response, 
modified Au electrode (d = 2 mm) as working 
electrode, platinum wire as auxiliary electrode, 
Ag/AgCl electrode as reference electrode. The 
scanning electron micrographs were taken with a 
scanning electron microscope (SEM) (S-4800, Hitachi, 
Japan). 

 
 

2.3. Preparation of the L-cysteine 
 

Acetic acid and sodium acetate solution at pH 4.5 
was used to dissolve L-Cys (20 mM). 
 
 
2.4. Electrode Modification 
 

The Au electrodes (d=1 mm) were sonicated in 
"piranha solution" (H2SO4:30% H2O2 = 7:3, V/V), 
rinsed with distilled water and dried naturally. The 
gold electrodes were polished to a mirror-like 
appearance with 0.05 μm alumina slurry, then 
respectively sonicated in nitric acid (V/V, 1:1), 
ethanol and distilled water for 5 min, and dried by 
nitrogen at room temperature. 

Firstly, the cleaned Au electrodes were immersed 
in 3 mM HAuCl4 solution containing 0.1 M KCl and 
applied a constant potential for 200 s at -0.2 V to 
obtain the DpAus film modified electrodes 
(DpAus/Au electrode) [11]. Then the modified 
electrodes were rinsed with distilled water to remove 
the HAuCl4 solution absorbed on the surface. After 
dried by nitrogen, the electrodes were immersed into 
L-Cys solution immediately. 6 hours latter, take out 
the electrodes and wash it thoroughly with distilled 
water to remove the physically absorbed L-Cys. 
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The L-Cys could self-assemble on the prepared 
electrodes, so we got the L-Cys modified electrodes 
(L-Cys/DpAus/Au electrode). Next EDC (0.5 M) and 
NHS (0.15 M) was dropped on the surface of the 
L-Cys modified electrodes, which was left to react for 
1 hour at room temperature. Then the electrodes were 
washed several times with distilled water to remove 
the residual EDC and NHS, and the 
EDC-NHS/L-Cys/DpAus/Au electrode was obtained. 
Following that, the electrodes were immersed into 10 

µg/mL chlorpyrifos antibody solutions and kept for at 
least 12 h at 4 �. Finally, the electrode was incubated 
with 0.5 % BSA to block the nonspecific binding sites. 
The electrodes we got denoted as 
BSA/anti-chlorpyrifos/EDC-NHS/L-Cys/DpAus/Au 
electrode. The resulted immunosensor was stored 
above the 0.1 M PBS (pH 7.5) at 4 C when not used. 
The stepwise preparation of the immunosensor was 
shown in Fig. 1. 

 
 

 
 

Fig. 1. The stepwise preparation of the immunosensor. 
 
 
 

2.5. Electrochemical Measurements 
 

The prepared immunosensor was incubated in 
different concentration of chlorpyrifos solution at 
room temperature, and then the residual chlorpyrifos 
was removed with distilled water. The 
electrochemical measurements of the modified Au 
electrode and bare Au electrode were all performed in 
0.1 mol/L PBS (pH 7.4) containing 5.0 mmol/L 
K3[Fe(CN)6] and 0.1 mol/L KCl solution by cyclic 
voltammetry (CV), differential pulse voltammetry 
(DPV) and electrochemical impedance spectroscopy 
(EIS). The electrochemical DPV measurements were 
carried out under the following conditions: The 
voltage scanned from -0.05 V to 0.4 V with a pulse 
height of 50 mV, the step height and the frequency 
were kept as 4 mV and 15 Hz, respectively. The 
chlorpyrifos detection was based on the relative 
change in peak current (ΔI%) of the immunosensor 
before and after interaction between chlorpyrifos 
antibody and chlorpyrifos, which was measured by 
DPV technique. ΔI% is calculated as follows: 
 

%,100％Δ 
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II
I
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where Ip, chlorpyrifos is the peak current of the DPV after 

chlorpyrifos coupling to the immobilized 
anti-chlorpyrifos on the prepared immunosensor and 
Ip,BSA is the peak current of the DPV after blocking the 
nonspecific binding sites by BSA. 
 
 
3. Results and Discussion 
 
3.1. Morphology Characterization of the 
Different Modified Electrodes 
 
The morphology characterizations of the different 
modified electrodes were studied by means of 
scanning electron microscopy (SEM). Fig. 2.A was 
the DpAus modified gold electrode, a relatively 
homogeneous gold nanocrystals was distributed over 
the surface of the Au electrode. On this view, we could 
believe that the gold nanocrystals had successfully 
absorbed on the surface of the gold electrode. As 
shown in Fig. 2.B, after the L-Cys was self-assembled 
on the DpAus modified gold electrode, the surface 
became dim which was attributed to the good 
chemical properties of the gold nanocrystals. L-Cys 
and gold nanocrystals combine though Au-S bond. All 
the SEM images demonstrated that the modification of 
the electrode was successful. 
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Fig. 2. The SEM images of DpAus/Au electrode (A) and L-Cys/DpAus/Au electrode (B). 
 
 
3.2. Electrochemical Behaviors  

of the Modified Electrodes 
 
The CVs of the different modified electrodes were 

investigated in the potential range of -0.2 to 0.6 V at a 
scan rate of 100 mV/s in the presence of 0.1 mol/L 
PBS (pH 7.4) containing 5.0 mmol/L K3[Fe(CN)6] and 
0.1 mol/L KCl solution were shown in Fig. 3 A. Curve 
a exhibited a well-defined redox wave, corresponding 
to the reversible redox reaction of ferricyanide ions on 
the bare Au electrode. As could be seen from curve b, 
the current increased after DpAus was absorbed onto 
the Au electrode, which indicated that the DpAus had 
the ability to promote the electron transfer [24]. After 
the L-Cys was self-assembled on the DpAus modified 
gold electrode the current further increased, which 
was attributed to that L-Cys promoted electron 
transfer and enhanced the conductivity of the modified 
electrode [25]. The redox peaks decreased in turn with 
the EDC-NHS and anti-chlorpyrifos were modified on 
the electrode, they acted as an inert electron and mass 
transfer blocking layers. When the BSA was 
immobilized on the electrode surface, the peak 
currents decreased again. 

The EIS is also an effective method for probing the 
features of a surface-modified electrode, as shown in 
Fig. 3 B. The detailed electron-transfer behaviors of 
BSA/anti-chlorpyrifos/EDC-NHS/L-Cys/DpAus/. 

Au electrodes were also performed by EIS in the 
presence of 0.1 mol/L PBS (pH 7.5) containing  
5.0 mmol/L K3[Fe(CN)6] and 0.1 mol/L KCl solution, 
and the frequency range is at 100 mHz to 100 kHz at 
200 mV. The bare Au electrode (Fig. 3 B (a)) showed 
a big semicircle at high frequencies. After the bare Au 
electrode was modified with DpAus (Fig. 3 B (b)), the 
resistance for the redox probe decreased, that could be 
attributed to the excellent electrical conductivity of 
DpAus. When the DpAus/Au electrodes were coated 
with L-Cys (Fig. 3 B (c)), the EIS showed an almost 
straight line at all frequencies which suggested that the 
SAM could accelerate electron transfer. It was 
apparent that with the EDC-NHS (Fig. 3 B (d)), 
anti-chlorpyrifos (Fig. 3 B (e)) and BSA (Fig. 3 B (f)) 
were modified on the electrode surface, the resistance 

value increased in sequence, which suggested that the 
EDC-NHS, anti-chlorpyrifos and BSA had been 
successfully assembled on the electrode. The variation 
of system impedance was in agreement with the 
conclusion obtained from the CV. 

 
 

 
 

 
Fig. 3. A: CV of the bare Au electrode (a), DpAus/Au 
electrode (b), L-Cys/DpAus/Au electrode (c), EDC-NHS/ 
L-Cys/DpAus/Au electrode (d), anti-chlorpyrifos/ 
EDC-NHS/L-Cys/DpAus/Au electrode (e), BSA/ 
anti-chlorpyrifos/EDC-NHS/L-Cys/DpAus/Au electrode 
(f). B: EIS characterization of the sensing interface: bare Au 
electrode (a), DpAus/Au electrode (b), L-Cys/DpAus/Au 
electrode (c), EDC-NHS/L-Cys/DpAus/Au electrode (d), 
anti-chlorpyrifos/EDC-NHS/L-Cys/DpAus/Au electrode 
(e), BSA/anti-chlorpyrifos/EDC-NHS/L- Cys/DpAus/Au 
electrode (f). 
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3.3. Optimization of Analytical Conditions 
for Immunosensor 

 
In order to provide an immunosensor with a good 

performance, the operating pH, and incubation time 
were investigated. 

The pH of the working buffer had a great effect on 
the performance of the immunosensor. A series of  
0.1 mol/L PBS containing 5.0 mmol/L K3[Fe(CN)6] 
and 0.1 mol/L KCl with the pH from 4.5 to 8.5 was 
studied in this work. As shown in Fig. 4 A, the current 
responses characterize by ΔI % had a gradual increase 
with the pH value changed from 4.5 to 7.5. When the 
pH was greater than 7.5, the current response emerged 
obvious decrease. It was found that the maximum 
response occurred at pH 7.5, thus the pH 7.5 was 
selected for further experiment. 

The effect of the incubation time of immunosensor 
in the chlorpyrifos solution is an important influencing 
factor for the developed immunosensor. The prepared 
immunosensor was immersed in 100 ng/mL of the 
chlorpyrifos solution for 5–35 min, and the change in 
peak current was measured as the basic for selecting. 
As shown in Fig. 4 B, the change in peak current 
characterize by ΔI% increased with the increasing 
incubation time. After the time reached 25 min, the 
current response showed no obvious increase, which 
suggested the interaction of aptamer with chlorpyrifos 
solution reached an equilibration state. Thus, 25 min 
was employed as the incubation time of chlorpyrifos 
solution. 

 
 

3.4. The Performance of the Immunosensor 
 

The prepared immunosensor was incubated in the 
different concentration of the chlorpyrifos under the 
optimum condition, and the DPV responses of the 
developed immunosensor were recorded and 
processed. As shown in Fig. 5, there was a linear 
relationship of the immunosensor between the ΔI % 
(before and after the chlorpyrifos combination) and 
the concentrations of chlorpyrifos over the range from 
1.0 to 200 ng/mL. The linear regression equation was 
ΔI% = 1.34545 + 0.08836 C (ng/mL) and the linearity 
correlation coefficient was 0.99679. The limit of 
detection was 0.17 ng/mL (S/N = 3). Compared to 
other reported colorimetric methods, this method has a 
better sensitivity towards chlorpyrifos. Comparison 
with other electrochemistry methods in the 
determination of chlorpyrifos was shown in Table 1. 

 
 
 

 
 

Fig. 4. The optimization of experimental parameter: A the 
influence of pH of working; B the influence of the 
incubation time. 

 
 

 
 

Fig. 5. The calibration curve of immunosensor. 
 
 

Table 1. Comparison with other electrochemistry methods in the determination of chlorpyrifos. 
 

Methods Liner range (ng/mL) 
Detection limit 

(ng/mL) 
References 

dsCT-DNA/PANI-PVS/ITO 0.5–200.0 0.5 [26] 
[BMIM][BF4]-MWCNT gel-modified CP electrode 3.505–350.5 1.402 [27] 
AChE-Fe3O4NPs/c-MWCNTs/ITO electrode 35.05–17525 35.05 [28] 
BSA/anti-chlorpyrifos/EDC-NHS/L-Cys/DpAus/Au 1.0–200 0.17 this work 
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3.5. Specificity, Stability and Reproducibility 
of the Immunosensor 

 
Specificity is an important property of the 

immunosensor. It was evaluated by the current 
responses characterize by ΔI %. Monocrotophos, 
carbaryl, malathion and carbofuran were several 
possible interferents. The four interfering agents  
(100 ng/mL) were examined in the presence of 
chlorpyrifos (100 ng/mL). As can be observed in Fig. 
6 (a), chlorpyrifos showed obvious current response, 
while the chlorpyrifos mixed with monocrotophos 
(Fig. 6 (b)), carbaryl (Fig. 6 (c)), malathion (Fig. 6 (d)) 
and carbofuran (Fig. 6 (e)) had almost negligible 
changes. These results indicated that the proposed 
immunosensor had a high specificity to chlorpyrifos. 

The stability is also an important factor of 
immunosensor to consider. The prepared 
immunosensor was stored in 4 °C when not sued. Over 
three weeks, the current response decreased by about 
9.3 % compared to its initial response, which indicated 
the immunosensor had good stability. 

The reproducibility of the sensor was evaluated by 
detecting the DPV response with five electrodes 
prepared in the same way. The five immunosensors 
were incubated with 100 ng/mL chlorpyrifos, and an 
acceptable reproducibility with relative standard 
deviation (RSD) of 3.6 % was obtained. The 
experimental results indicated good reproducibility of 
the immunosensor. 

 
 

 
 

Fig. 6. Specificity of the immunosensor: (a) chlorpyrifos, 
(b) chlorpyrifos mixed with monocrotophos, (c) 
chlorpyrifos mixed with carbaryl, (d) chlorpyrifos mixed 
with malathion, (e) chlorpyrifos mixed with carbofuran. 
 
 
3.6. Analysis of Real Samples 
 

In order to investigate the ability of the developed 
immunosensor for real sample analysis, three different 
concentrations of chlorpyrifos in real samples were 
detected. Lettuces, cabbages and Chinese chives 
samples were examined by the immunosensor under 
optimum experimental conditions. As shown in Table 
2, the recovery of 94-106 % indicated that the 
immunosensor was available for the analysis of 
chlorpyrifos in real samples. 

Table 2. The recovery of the immunosensor in real samples. 
 

Sample 
Added 

(ng/mL) 
Found 

(ng/mL) 
Recovery 

(%) 
5 4.9 98 
80 80.6 100.8 Lettuces 
140 138.9 99.2 
5 5.3 106 
80 80.2 100.3 Cabbages 
140 140.8 100.6 
5 4.7 94 
80 80.5 100.6 

Chinese 
chives 

140 139.7 99.8 
 
 
4. Conclusion 
 

In this work, a novel label-free immunosensor 
based on deposited gold nanocrystals 
(DpAus)/L-cysteine (L-Cys) modified Au electrode 
for the chlorpyrifos residues detection was developed. 
The DpAus and L-Cys had obviously improved the 
conductivity and sensitivity of the immunosensor. It 
was attributed to the excellent electron transfer 
efficiency and large specific surface area of DpAus 
and the good conductive performance of SAM. 
What’s more, the antibody was oriented immobilized 
on the electrode through the reaction between its 
amino group and the carboxyl group on L-Cys, which 
was a main innovation in this work. This strategy can 
be observed to improve the sensitivity and stability of 
immunosensor, thus, it provides a novel promising 
platform of immunosensor for chlorpyrifos residues 
detection. 
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Abstract: In this study, a sensitive, label-free electrochemical immunosensor for the direct determination of 
carbofuran was developed. A gold electrode was modified with gold nanoparticles (DpAu), 
4,4'-Thiobisbenzenethiol-3-Mercaptopropionic acid-gold colloidal nanoparticles (DMDPSE-MPA-GNPs) 
nanocomposite film and the antibody (Ab) was orientedly immobilized with protein A (SPA). DpAu was used to 
enhance the electroactivity and stability of the immunosensor. The porous composite nanocomposite film 
provided many reactive groups to cross-link immobilize SPA. The formation of a self-assembled SPA layer was 
employed to the electrode surface to increase the binding capacity of antibody. The conformational properties of 
the immunosensor and electrochemical performance of immunoreaction between carbofuran and the 
anti-carbofuran monoclonal antibody (Ab) were characterized by electrochemical impedance spectroscopy (EIS), 
cyclic voltammetry (CV) and differential pulse voltammetric (DPV), respectively. Effects of experimental 
variables, such as the adsorption time of DpAu, the concentration of antibody solution, the pH of supporting 
electrolyte and the incubation time were investigated in details. Under optimum operating conditions, the 
immunosensor provided a wide linear range between 0.1 ng/mL and 10 μg/mL with a low detection limit of 
0.0068 ng/mL. The proposed immunosensor exhibited good reproducibility and stability, and it would be a new 
promising tool for pesticide analysis in food samples and environments. Copyright © 2013 IFSA. 
 
Keywords: Amperometric immunosensor, Gold nanoparticles, Composite nanocomposit film, Protein A, 
Carbofuran. 
 

 
 
1. Introduction 
 

At present, various analytical methods have been 
developed for analysis of carbofuran residue such as 
gas chromatography (GC) [1], high performance 
liquid chromatography (HPLC) [2] and gas 
chromatography-mass spectrometry (GC-MS) [3]. 
Nevertheless they have some disadvantages such as 
complexity, extensive time consumption and bulky 
instrumentation [4]. Thus, the development of rapid 

and efficient monitoring methods becomes more and 
more important. 

Biosensor technology, revolutionized the modern 
chemical analysis, supply advantages such as 
simplicity, sensitivity, selectivity, high efficiency, 
miniaturization and fast response times [5-7]. Among 
the biosensor technology, enzymatic methods based 
on acetylcholinesterase (AChE) inhibition were 
widely investigated [8, 9]. However, enzyme-based 
biosensors have a major drawback: different 
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enzyme-inhibiting insecticides cannot be measured 
selectively [10, 11]. 

Immunosensors are biosensors that use antibodies 
(Ab) or antigens (Ag) as the specific sensing element 
and provide concentration-dependent signals [12]. 
Electrochemical immunosensors based on the 
specificity recognition between antigen and antibody 
have been used to measure responses in potential, 
current, capacitance and impedance [13, 14]. 
Pesticides detection is always by means of impedance 
or amperometry, mostly in label format [15, 16]. 
However, the electro-signal changes arose from the 
immunoreaction is usually faint.  

In recent years, nano-materials have been 
introduced to immunosensor to enhance the sensitivity 
of the electrochemical detection for targets. Au 
nanoparticle has attracted considerable attentions due 
to its unique properties: high surface-to-volume 
reaction, stability, facilitate electron transfer between 
biomolecules and electrode surface and good 
biocompatibility [17, 18]. Deposited gold nanocrystal 
(DpAu), as a class of ultrathin nanoporous gold 
membranes, exists an infinite amount of pore channels 
and interconnect ligaments in all three dimensions for 
free transport of electrons/holes and medium 
molecule. 

Various strategies like layer-by-layer schemes for 
construction of gold colloidal nanoparticles (GNPs) 
thin films on Au surfaces have been developed in 
recent years. Functionalized molecular linkers are 
immobilized onto a substrate via layer-by-layer 
strategies like L-cysteamine, mercapto succinic amide 
(HL), 1,6-hexandithiol (HDT), and thiourea (TU) 
[19-22], followed by dipping into GNPs to immobilize 
a layer of nanoparticles by Au-S or Au-N bond. 
However, the stability of Au-N bond is below Au-S 
bond. Based on these considerations, we tried to 
prepare a nanocomposite film with 
4,4'-Thiobisbenzenethiol (DMDPSE) and 
3-Mercaptopropionic acid (MPA) to protect 
nanoparticles for specific interactions with target 
biological molecules and increase the number of 
reactive groups. The DMDPSE and MPA were used as 
the cross-linker to conjugate nanoparticles to form 
network-type films. SPA, a cell wall component of 
staphylococcus aureus, can bind with the Fc portion of 
the antibody [23], thus, the paratope of the antibody is 
located on the surface of the SPA. Therefore, 
SPA-mediated antibody immobilization can produce 
high efficiency immunoreactions and enhance 
detection system performance. 

In this study, DpAu, DMDPSE-MPA-GNPs and 
SPA was modified layer by layer onto a gold 
electrode. The excellent electron transfer rate is 
obtained by using DpAu and the nanocomposite of 
DMDPSE-MPA-GNPs. The SPA is adsorbed onto the 
surface of electrode using the DMDPSE-MPA-GNPs 
groups activated by EDC/NHS. And then the 
anti-carbofuran monoclonal antibody was orientedly 
immobilized onto modified electrode. Thus, a 
sensitive, label-free electrochemical immunosensor 
for the direct determination of carbofuran was 

developed, which exhibited prominent performance 
such as high specificity, good reproducibility, 
acceptable stability and regeneration performance. 

 
 

2. Materials and Methods 
 
2.1. Apparatus 

 
Cyclic voltammetry (CV), electrochemical 

impedance spectroscopy (EIS) and different pulse 
voltammetry (DPV) measurements were performed 
with CHI 660D electrochemical workstation 
(Shanghai Chenhua Co., China). All experiments were 
performed with a conventional three-electrode system. 
The working electrode were gold electrode and 
modified electrode (Au, d=1mm). A saturated calomel 
reference electrode (SCE) and platinum electrode 
were used as reference and auxiliary electrodes, 
respectively. The morphology of composite 
nanocomposite film was studied by scanning electron 
microscopy (SEM, S-3000N, Hitachi, Japan). 
 
 
2.2. Reagents 

 
Anti-carbofuran monoclonal antibody, carbofuran, 

protein A, N-ethyl-N'-(3-dimethylamino-propyl) 
carbodiimide hydrochloride(EDC), N- Hydro- 
xysuccinimide (NHS) and bovine serum albumin 
(BSA, 96–99%) were purchased from Sigma. 4,4’- 
thiobisbenzenethiol (DMDPSE) was from Aladdin 
Chemistry Co. Ltd. HAuCl4 was obtained from 
National Chemical Pharmaceutical Co., China.  
The 0.01 M phosphate buffer solution (PBS, pH 7.4, 
high-pressure sterilization) was used for dissolving 
anti-carbofuran monoclonal antibody. PBS, 0.1 M 
with various pH values was prepared with stock 
standard solution of Na2HPO4/NaH2PO4. All 
chemicals and solvent used were of analytical grade 
and were used as received without further purification. 
 
 
2.3. Preparation of the Immunosensor 
 
2.3.1 Electrode Surface Cleaning 

 
Gold electrodes (with a diameter of 1 mm) were 

sonicated in a hot mixture of "piranha solution" 
(H2SO4:30% H2O2 = 3:1) and rinsed with deionized 
water. The gold electrodes were carefully polished 
using alumina slurries with particle diameters of 
0.3μm and 30nm, respectively. Then they were 
immerged in 6 M HNO3, absolute ethanol and 
deionized water in sequence for an ultrasonic bath for 
5 min. Before self-assembled modification, the 
electrode was treated with cyclic scanning in the 
potential from -0.6 to 1.5 V with a scan rate of 0.05 
V/s in 0.5 M H2SO4 until stabilization for final 
electrochemical cleaning and activation. 
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2.3.2. Preparation of the Gold Colloidal 
Nanoparticles 

 

The GNPs were prepared according to the 
literature with slight modifications [24]. 100 mL of 
0.01 % HAuCl4 solution was brought to boiling with 
vigorous stirring, and then 2.5 mL of 1 % sodium 
citrate solution was quickly added to obtain a color 
change from blue to red-violet. Boiling continued for 
15 min, the heater was then removed and the mixture 
was stirred continuously until cooling to room 
temperature. Finally, the cooled Au colloid was stored 
at 4 °C in a dark bottle. 

 
 

2.3.3. Preparation of Nanocomposite Film 
 

The DMDPSE-MPA-GNPs nanocomposite film 
was prepared according to the literature with slight 
modifications [22]. The DMDPSE and MPA were 
used for cross-linking GNPs based on the reaction 
between GNPs, thiols and carboxyl to form 
mixed-assembly thin films. The nanocomposite film 
was prepared by adding 200 μL of DMDPSE (5 mM/L) 
and 100μLof MPA (5 mM/L) to 5 mL of GNPs under 
ultrasonic bath for 15 min. After 12 h reaction at 4 °C, 
the reaction mixture was centrifuged and washed with 
absolute ethanol and deionized water three times, 
respectively. The DMDPSE-MPA-GNPs 
nanocomposite film was purified by repeating the 
resuspension and recentrifugation processes to 
remove unbound DMDPSE and MPA complexes. The 

obtained precipitate was dispersed in distilled water 
again and stored in 4 °C, which was treated by 
ultrasonication for 5min before use. SEM was 
employed to observe the prepared composite. 

 
 

2.3.4. The Fabrication of Immunosensor 
 
The clean gold electrode was immersed in 2 mL  

1 % HAuCl4 solution containing KNO3 and applied a 
constant potential for 40 s at -0.2 V to obtain 
electrodeposited DpAu film, washed with PBS and 
then dried under nitrogen. Following that, the 
DMDPSE-MPA-GNPs/DpAu was accomplished by 
immersing electrode into the DMDPSE-MPA-GNPs 
at 4°C for 8 h to form a nanocomposite film. Then 
DMDPSE-MPA-GNPs/DpAu was treated with EDC 
and NHS under room temperature for 60 min. After 
rinsed with doubly distilled water several times, 10 μL 
SPA was dropped on it for 2 h at room temperature. 
The SPA/DMDPSE-MPA-GNPs/DpAu sensor was 
immersed in anti-carbofuran monoclonal antibody 
solution at 4 °C for 8 h to immobilize the antibody 
onto the electrodes. After that, BSA was added onto 
the antibody-modified electrodes to block unspecific 
sites. Finally, the BSA/Ab/SPA/DMDPSE 
-MPA-GNPs/DpAu sensor was rinsed by deionized 
water and stored at 4 °C before use. The schematic 
illustration of the stepwise fabrication procedures of 
the immunosensor were shown in Fig. 1. 

 
 

 
 

Fig. 1. Schematic illustration of the stepwise procedure of the immunosensor preparation: (a) electrodepositio DpAu,  
(b) fabrication of DMDPSE-MPA-GNPs, (c) form an NHS ester, (d) the immobilization of SPA, (e) immobilization of 

anti-carbofuran (f) BSA blocking. 
 

 
2.4. Experimental Measurements 

 

Unless otherwise indicated, the immunoreaction 
was performed at 37 °C. The electrochemical 
characteristics of the modified electrode were 
investigated by electrochemical impedance 
spectroscopy (EIS), cyclic voltammetry (CV) and 
differential pulse voltammetric (DPV) in the presence 

of a 5 mM [Fe(CN)6] 
3-/4- and 0.1 M KCl mixture in  

0.1 M PBS (pH 7.5) at room temperature. The 
carbofuran detection was based on the variation of 
current response (∆I = I0 − I1) before and after 
immunoreaction, where I0 and I1 were the sensors 
before and after reaction with carbofuran, 
respectively. 
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2.5. Preparation and Determination  
of Real Samples 

 
The cabbage and lettuce purchased from a 

supermarket were cleaned thoroughly with distilled 
water. Then, different concentrations of carbofuran 
solution were sprinkled on their surfaces. After 
sealing with plastic wrap at 4°C for 24 h, 10 g of each 
sample was weight, chopped and meshed. Afterwards, 
the mixed solution of 1 mL acetone and 9 mL 0.1 M 
phosphate buffer (pH 7.5) was added to each sample. 
And then the suspensions, treated under ultrasound for 
20 min, were centrifuged (10 min, 10000 rpm). At last, 
the acquired supernatants were detected by DPV 
directly without any extraction or preconcentration. 
 
 
3. Results 
 
3.1. SEM Characterizations of DMDPSE- 

MPA- GNPs Composite Film 
 

SEM was employed to observe the morphologies 
of as-prepared DMDPSE-MPA-GNPs nanocomposite 
films. As shown in SEM profiles (Fig. 2), the uniform 
dispersion GNPs could be found. It could be seen 
clearly that most of the GNPs were well distributed on 
the surface in the form of small globes with 20-40 nm 
in diameter. Such small globes assembled 
homogeneously on the substrate are beneficial for the 
modified electrode performance. 
 
 
 

 
 

Fig. 2. SEM images of DMDPSE-MPA-GNPs film. 
 
 
3.2. Electrochemical Characterization  

of the Modifying Process 
 
3.2.1. Electrochemical Impedance 

Spectroscopy 
 

Fig. 3 shows the Nyquist plots of impedance 
spectra at different electrodes in 0.1 M PBS (pH 7.4) 
containing 5 mM [Fe (CN)6]

3-/4- and 0.1 M KCl. There 
was a small semicircle at high frequencies and a linear 

part at low frequencies in EIS of the bare Au electrode 
(curve a). When DpAu were deposited on the surface 
of Au electrode, the EIS displayed an almost straight 
line (curve b) due to the good conductivity of DpAu. 
The Ret of DMDPSE-MPA-GNPs sensor was 
remarkably high (curve c). The change was attributed 
to the nonconductive properties of DMDPSE and 
MPA, which would obstruct the electron transfer of 
the redox probe. When SPA was immobilized onto the 
modified electrode surface, Ret obviously increased 
(curve d), which was ascribed to the inhibition effect 
of SPA biomacromolecules for electron transfer [25]. 
Furthermore, the Ret of Ab/SPA/DMDPSE-MPA- 
GNPs/DpAu sensor (curve e) showed an apparent 
increase than the former. The reason may be that 
antibody acted as an inert electron layer and hindered 
the electron transfer [26]. At last, the Ret increased 
again in a similar way after BSA was used to block 
nonspecific sites (curve f), which were caused by the 
nonconductive properties of biomacromolecule. 
Therefore, we can confirm from changes of Ret that 
different species are immobilized on the electrode 
surface. 
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Fig. 3. Electrochemical impedance spectroscopy (EIS) of 
the different modified electrodes, (a) bare Au electrode,  
(b) DpAu sensor, (c) DMDPSE-MPA-GNPs/DpAu sensor, 
(d) SPA/DMDPSE-MPA-GNPs/DpAu sensor,  
(e) Ab/SPA/DMDPSE-MPA-GNPs/DpAu sensor, and  
(f) BSA/Ab/SPA/DMDPSE-MPA-GNPs/DpAu sensor. 
 
 
3.2.2. Cyclic Voltammetry 
 

Fig. 4 showed the cyclic voltammetry (CV) 
electrochemical performances of different modified 
process. It can be seen that a pair of well-defined 
redox peaks (curve a) appeared when the Au electrode 
was immersed in 0.1 M PBS containing 0.1 M KCl 
and 5 mM [Fe(CN)6]

3-/4- as the redox probe. The 
current increased clearly after DpAu was 
electrodeposited on the surface of the Au electrode 
(curve b). This indicated the porous DpAu film played 
an important role similarly to a conducting wire or 
electron-conducting tunnel. Compared with curve b, 
the current of curve c decreased after 
DMDPSE-MPA-GNPs nanocomposite film was 
coated on the surface of the DpAu/Au. The decrease 
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was attributed to the non-electrochemical activity 
MPA which was used to offer reactive groups 
(-COOH) for immobilizing SPA. DMDPSE as a 
dilution reagent can reduce the density of -COOH and 
then decrease the nonspecific binding. In addition, 
DMDPSE and MPA are all cross-linking agent, which 
can conjugate each other to form the nanocomposite 
film [22]. However, after SPA and anti-carbofuran 
were immobilized on the 
DMDPSE-MPA-GNPs/DpAu, a pair of typical 
reversible redox decreased significantly (curve d and 
e) in sequence, which can be attributed to the 
non-electrochemical activity material hindering the 
shuttle of electrons to the electrode surface. 
Subsequently, when BSA was used to block the 
non-specific sites, the current response significantly 
decreased (curve f), which indicated that the BSA had 
been immobilized on the electrode successfully. The 
results were in agreement with the conclusions 
obtained from the EIS data. 
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Fig. 4. Cyclic voltammograms (CVs) of the different 
modified electrodes: (a) bare Au electrode, (b) DpAu sensor, 
(c) DMDPSE-MPA-GNPs/DpAu sensor,  
(d) SPA/DMDPSE-MPA-GNPs/DpAu sensor,  
(e) Ab/SPA/DMDPSE-MPA-GNPs/DpAu sensor, and  
(f) BSA/Ab/ SPA/PB-MWCNTs-CTS/DpAu sensor in 0.1 
M PBS containing 5 mM [Fe(CN)6]

3-/4- and 0.1 M KCl. 
 
 
Information involving the electrochemical 

mechanisms can often be obtained by relationship 
between the cathodic/anodic current peak and scan 
rate [27]. Cyclic voltammograms under different scan 
rates (30 to 550 mV/s) were performed with the 
BSA/Ab/SPA/DMDPSE-MPA-GNPs/DpAu 
electrode in 0.1 M PBS containing 5 mM  
[Fe (CN)6]

3-/4- and 0.1 M KCl. It was found that the 
peaks of anodic and cathodic currents were changed 
with the scan rate (Fig. 5). According to Fig. 5, the 
currents of both anodic and cathodic peaks increased 
linearly with the square root of the scan rate, 
indicating that the process was controlled by diffusion. 
There was proportionality between the cathodic peak 
currents and the square root of the scan rate, showing 
that the charge transfer occurred reversibly. 
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Fig. 5. CVs of the modified electrode at different scan rates 
(from inner to outer): from 30 to 550 mV/s in 0.1 M PBS 

containing 5 mM [Fe(CN)6]
3-/4- and 0.1 M KCl. 

 
 

3.3. Optimization of the Experimental 
Conditions 

 
The analytical performance of the immunosensor 

was related to the DpAu electrodeposition time, the 
concentration of anti-carbofuran, the pH of the 
solution and the incubation time. The influence of 
DpAu electrodeposition time was studied from 0 to 
200 s (Fig. 6a). With the increase of electrodeposition 
time, more DpAu were immobilized on the electrode, 
and the ∆I exhibited a rapid increase of the current 
response 60 s followed by a much slower increase 
over the next 140 s, revealing that the DpAu were 
saturated on the surface of the modified electrode. 
Therefore, we selected 60 s as the optimum 
electrodeposition time. 

The response of the immunosensor depended on 
the amount of anti-carbofuran bound to the 
immunosensor surface, which corresponded to the 
concentration of carbofuran in the incubation solution. 
As shown in Fig. 6B, a binding curve to demonstrate 
specific interaction between anti-carbofuran and 
carbofuran. At high concentrations of the 
immobilization antibody, the ∆I appeared to decrease. 
This was possibly due to overloading of the support 
layers which may have led to aggregation of the 
antibody molecules [28]. On the other hand, the 
biospecific antibodies binded to the sensor surface 
have competition, which can lead to the decrease in 
∆I. The result of this overloading and competition 
would be a reduction in the number of available 
antibody binding sites for capture of carbofuran. 
Therefore, to minimize the effect of analyte 
competition, an antibody loading of 5μg/mL was 
chosen for future use. 

The effects of the acidity of the working buffer 
were reported to play an important role on activities of 
the SPA and antibody [29]. Fig. 6c illustrated the ∆I in 
different pH of working solution in the range from 5.0 
to 8.5. The peak current increased with increasing pH 
from 5.5 to 7.5 and then decreased as pH increased 
further. The reason for that was the antigen-antibody 
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complex could easily be dissociated in the unsuitable 
pH of working solution. Obviously, pH value had a 
significant influence on the current value of the 
BSA/Ab/DMDPSE -MPA-GNPs/DpAu sensor. The 
pH 7.5 of working solution was used in the subsequent 
experiment. 
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Fig. 6. The optimization of experimental parameter: (a) the 
influence of the electrodeposition time, (b) the influence of 
the concentration of anti-carbofuran Ab, (c) the influence of 
pH of working, (d) the influence of the incubation time. 

The formation of immunocomplex on electrode 
surface was depended on the incubation time. When 
carbofuran exposure to the antibodies immobilized on 
the electrode surface, it need take time for the 
contacting species to form immunocomplexes [30]. 
The immunosensor was incubated with carbofuran 
standard solution at different incubation times. As 
shown in Fig. 6d, the ∆I was increased rapidly with 
increment of incubation time and then leveled off 
slowly after 8 min, showing an equilibration state was 
achieved. Thereby, incubation time of 8 min was 
selected for immunoreactions. 

 
 

3.4. Performance of the Immunosensor 
 
3.4.1. Calibration curve for Carbofuran 

Detection 
 

The response of the immunosensor to carbofuran 
was investigated using differential pulse voltammetric 
(DPV) technique. Under the optimal conditions, the 
immunosensor was incubated in different 
concentrations of carbofuran solutions for 8 min, and 
then DPV measurements were performed in 0.1 M 
PBS containing 5 mM [Fe(CN)6]

3-/4- and 0.1 M KCl 
from -0.2 to 0.6 V. After the carbofuran was bound 
with the Ab immobilized onto the electrode surface, 
the current response of the immunosensor decreased. 
After immunoreaction, an additional layer was 
formed, which blocked the electron from solution 
diffusing to the surface of electrode [31]. Fig. 7 
displayed the calibration curve of the ∆I of 
BSA/Ab/SPA/DMDPSE-MPA- GNPs /DpAu versus 
the logarithm of the concentration of carbofuran. The 
measuring range is between 0.1 ng/mL and 10 μg/mL 
for the determination of carbofuran, and with a 
regression equation: ∆I = 1.8496lgC (ng/mL) + 
+ 0.5055 (R2 = 0.9935). The detection limit was 
0.0068 ng/mL, which was calculated at a signal to 
noise ratio of 3 (S/N = 3). 

The performance of the BSA/Ab/SPA/DMDPSE 
-MPA-GNPs/DpAu sensor was compared with those 
methods for the detection of carbofuran reported 
previously. As shown in Table 1, the proposed 
immunosensor has much wider linear range and lower 
detection limit and was reliable for the determination 
of carbofuran pesticides. 

 
 

3.4.2. Selectivity, Regeneration and Stability 
of the Immunosensor 

 
To investigate the selectivity of the fabricated 

immunosensor, interference studies were performed 
using 50 ng/mL carbofuran solution with interferences 
included 50 ng/mL methomyl, 50 ng/mL 
dichlorophos, 50 ng/mL chlorpyrifos, 50 ng/mL 
malathion and the mixture of all five kinds of 
pesticides, respectively. The effect of possible 
interferences expected to exist in real samples, which 
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might interfere with the determination of target 
analytes, was investigated. According to the 
experiments, the ∆I respectively showed in Fig. 8 and 
the result indicates that the selectivity of the 
as-prepared immunosensor holds a high degree of 
selectivity for carbofuran detection. 

Regeneration of the immunosensor was examined 
by incubating in carbofuran for 8 min with an 
immunosensor. The immunosensor was regenerated 
by dipping into 0.2 M glycine–hydrochloric acid 
(Gly-HCl) buffer solution (pH 2.8) for 5 min to break 
the antibody-carbofuran linkage. The consecutive 
measurements were repeated five times, an average 
recovery of 97.1 % was acquired. The results 
demonstrated that the proposed immunosensor could 
be regenerated and used for at least five times. 

Under optimal conditions, as shown in Fig. 9 the 
immunosensor was measured by CV for a 60-cycle 
successive scan, and a 2.9 % deviation of the initial 
response was observed. The stability of the long-term 
storage to the modified electrode was evaluated by 
measuring the current response for 20 days. The 
prepared immunosensors were suspended over the 
PBS at 4 °C, and measured every day. During the  
20 days storage they retained 96.7 % of their initial 

response, demonstrating that the immunosensor had a 
good stability, which could be due to the antibody was 
attached firmly to the surface via SPA molecules. 
Thus, the developed immunosensor is an appropriate 
tool for the detection of carbofuran based on the 
obtained results. 

 
 

3.5. Preliminary Analysis of Real Samples 
 

In order to investigate the applicability and 
reliability of the BSA/Ab/SPA/DMDPSE- 
-MPA-GNPs/DpAu sensor for detecting carbofuran, 
the recovery experiments were carried out by standard 
addition methods in two different carbofuran 
concentrations in real samples of cabbage and lettuce. 
The recoveries (shown in the Table 2) with a range of 
97.8-102.9 % was more satisfactory than the recovery 
range obtained from detection by the 
AChE/PAMAM-Au/CNTs sensor [37], and the 
recoveries were more stable than the results of 
enzyme-linked immunoassay [35]. This result also 
revealed that the developed immunosensor may 
provide an efficient tool for carbofuran determination.  

 
 

 

 
 

Fig. 7. Calibration curve of the current response vs. concentrations of carbofuran with the immunosensor  
under optimal conditions. 

 
 

Table 1. Comparison of the analytical methods for the detection of carbofuran. 
 

Methods Linear range Detection limit References 
ELISA - 25 ng/mL [32] 
Chemoreceptor-based assay - 22 ng/mL [33] 
Gold immunochromat-ographic assay - 32 ng/mL [4] 
Acetylcholinesterase/PAMAM- Au/CNTs 4.8×10-9- 0.9× 10-7 M 88 ng/mL [34] 
Direct competitive enzyme-linked immunoassay 3.44- 380.1 ng/mL 3.44 ng/mL [3] 
AChE–AuNPs–SF/Pt 10-10- 10-7 M 22 ng/mL [35] 
Carbofuran/Ab/SiSG/GCE sensor 1-105 ng/ mL 0.33 ng/mL [36] 
BSA/Ab/SPA/DMDPSE-MPA-GNPs/DpAu/Au 0.1 ng/mL-10 μg/mL 0.0068 ng/mL This work 
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Fig. 8. Specificity of immunosensor in interferences 
included methomyl (50 ng/mL), dichlorophos (50 ng/mL), 
chlorpyrifos (50 ng/mL), malathion (50 ng/mL)) and the 
mixture of carbofuran (50 ng/mL) and the above four kinds 
of interferences stated above. 
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Fig. 9. 60 cycles of CV measurements of 
BSA/Ab/SPA/DMDPSE-MPA-GNPs/DpAu in 5 mmol/L 
[Fe(CN)6]

3−/4− solution. 
 
 

Table 2. The detection of real samples  
of cabbage and lettuce  

by BSA/Ab/SPA/DMDPSE-MPA-GNPs/DpAu sensor. 
 

Sample 

The amount 
of carbofuran 
sprinkled on 

the vegetables 
(ng/mL) 

The amount 
of 

carbofuran 
detected by 

the modified 
immunosen- 
sor (ng/mL) 

RSD 
(%) 
n = 5 

Reco-
very 
(%) 

Cabbage 
0 

10 
50 

0.0043 
10.29 
51.22 

 
2.8 
2.7 

 
102.9 
102.4 

Lettuce 
0 

10 
50 

0.0052 
9.78 
49.14 

 
3.9 
3.4 

 
97.8 
98.3 

 
 
4. Conclusions 
 

This work developed a novel immunosensor for 
direct determination of carbofuran by immobilizing 
anti-carbofuran antibody on the 
DMDPSE-MPA-GNPs nanocomposite film using 
SPA as a linker. DpAu electrodeposited on electrode 
surface and GNPs mixed in the composite film had an 
obvious influence on enhancing the conductivity and 

biocompatibility. The present of the DMDPSE-MPA- 
GNPs nanocomposites film as a biomolecule carrier 
provided lots of reactive groups to immobilize much 
amount of SPA. Meanwhile, as dilution reagent, 
DMDPSE and MPA reduced the density of -COOH, 
and then decreased the nonspecific binding. In 
addition, the ordered state of SPA in the 
self-assembled layer increased its binding capacity to 
antibody, which also increased carbofuran binding. 
The proposed immunosensor offered high sensitivity, 
fast response and good stability, which indicated that 
it may be applied not only in the laboratory but also in 
the field for detecting pesticide residues in food 
samples. 
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Abstract: Tuberculosis remains one of the deadliest and most widespread infectious diseases in the world. 
Current methods of diagnosing tuberculosis have the disadvantages of poor specificity or sensitivity and are 
often time-consuming, inaccurate, and complicated. The use of biosensors represents a promising option for 
developing reliable, simple, and affordable tools for the effective detection of tuberculosis. Recent advances in 
the design of biosensors for the detection of Mycobacterium tuberculosis include the use of novel biological 
recognition elements and improved sample preparation. In this review, we describe the most recent 
developments in the biosensor field and assess their potential value as diagnostic tools. Copyright © 2013 IFSA. 
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1. Introduction 

 
Tuberculosis (TB) is an infectious disease caused 

mainly by Mycobacterium tuberculosis. According to 
the World Health Organization (WHO), 12 million 
people were infected with TB in 2010, including  
8.8 million new infections and 1.45 million deaths 
due to TB [1]. Early and accurate diagnosis of active 
pulmonary TB is crucial for the control of the disease 
and for treatment of infected patients. In 2010, the 
case detection rate, which is the proportion of all 
incident cases of TB that were accurately diagnosed, 
was only in the range of 63–68 % globally [1], 
highlighting the need for improvement in diagnosing 
TB cases.  

Microbiological culturing remains the gold 
standard for TB diagnosis. Despite the ability of this 
method to detect as low as 10 to 100 cfu/mL of 
M.tuberculosis, microbiological culture suffers from 
limitations such as batch-to-batch variations, 
expensive medium ingredients, frequent 
contamination with environmental microorganisms, 
and the requirement for special facilities for 

microbial culture handling [2]. In addition, detection 
of M. tuberculosis by culturing requires a significant 
amount of time, ranging from about 13 to 27 days, 
depending on the medium used [3].  

Acid-fast bacilli (AFB) smear microscopy is 
another widely used technique for TB detection, 
especially in resource-poor settings [2]. Sputum 
specimens are smeared directly onto slides, stained 
with the Ziehl-Neelsen method and observed under a 
microscope to identify the AFB. Sensitivity varies 
from 20 to 80 % and is particularly low in children 
and HIV-infected patients [4]. The method is also not 
specific to M.tuberculosis as it will identify other 
acid-fast microorganisms.  

The results of nucleic acid amplification tests 
(NAATs) based on the isolation, replication, and 
detection of M.tuberculosis-specific nucleic acid 
sequences in bronchopulmonary specimens are 
typically available within 1day, and NAATs have a 
high sensitivity (> 95 %) in individuals with AFB-
positive sputum smears [5]. However, in individuals 
with negative sputum smears, the sensitivity of 
NAATs is highly heterogeneous and suffers from a 
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lack of consistency [6, 7]. NAATs also have the 
disadvantage of requiring expensive devices and 
reagents for the amplification process and 
sophisticated laboratory facilities and well-trained 
personnel to carry out the assays.  

As for serological methods, they are inexpensive, 
simple, and fast, but also suffer from variable and 
inconsistent sensitivity (10–90 %) and specificity 
(47–100 %) [8, 9]. 

The various drawbacks to existing TB diagnosis 
methods highlight the importance of developing a 
new, rapid, accurate, inexpensive, and simple method 
for TB detection, and biosensors could be the 
solution to this problem. According to the 
International Union of Applied and Pure Chemistry, a 
biosensor is a sensor composed of biological 
recognition elements (e.g., antibodies, enzymes, or 
aptamers) whose interaction with their analytes is 
detected with a transducer [10]. The transducer is a 
device that converts the chemical or physical signals 
into something measurable such as an electrical 
signal [10]. Biosensors are classified according to 
their transduction mechanism and include optical 
(surface plasmon resonance (SPR), luminescence, 
colorimetric), electrochemical (amperometric, 
potentiometric, impedimetric, conductometric), and 
mass change (acoustic wave, piezoelectric) 
mechanisms. 

Biosensors offer numerous advantages over 
current methods, including speed, simplicity, 
portability, and the potential to be used as a point-of-
care diagnostic tool [11, 12].We discuss recent 
advances (from 2008 onwards) in the development of 
biosensors for the detection of TB.  

 
 

2. Biosensors for the Detection of TB 
 
2.1. Optical Biosensors 

 
Optical biosensors are based on transduction 

mechanisms that generate optical signals upon 
binding of ligands and analytes that correlate with the 
analyte concentration [13]. There are various types of 
optical biosensors according to the mechanism of 
detection such as evanescent field-based (SPR, 
resonant mirror, waveguide-based), interferometric, 
optical fiber and photonic crystal sensors [13]. 

Evanescent field optical biosensors are devices 
that measure interactions between ligands 
immobilized on sensor surface and analytes in the 
injected solution that occur in the proximity to the 
sensor surface and within the evanescent field [14]. 
Evanescent field sensors contain a waveguide layer 
that is adjacent to the medium. Although the incident 
light is mostly confined to the waveguide, a small 
portion of the light, the evanescent field, extends 
outward from the waveguide. Evanescent field 
intensity decays exponentially as the distance from 
the waveguide surface increases and is zero within a 
distance of typically half the wavelength [15]. Thus, 
evanescent waves can be used to detect changes in 

the optical properties of the sensor surface due to 
binding of the ligand to the analyte. Importantly, 
changes in the remainder of the solution away from 
the sensor surface are not detected, and thus, no 
complex and lengthy sample preparation is needed. 

Mukundan et al. (2012) developed a planar 
waveguide-based optical biosensor for detection of 
the TB antigens Ag85 and ESAT6 in spiked serum 
samples and lipoarabinomannan in spiked urine 
samples [16]. Their system was based on a sandwich 
immunoassay consisting of a biotinylated capture 
antibody, the TB antigen, and a fluorophore-labeled 
reporter antibody on the sensor surface. The 
generated evanescent field and a spectrometer were 
used to detect fluorescence in the proximity of the 
sensor surface. The limit of detection of the assay 
was reported to be 0.5 pM for Ag85, 100 pM for 
ESAT6, and 1 pM for lipoarabinomannan (Table 1). 
In addition to the biosensor-based detection, all three 
antigens were detected using a sandwich ELISA 
protocol with the same antibodies and sample 
collection method. The resulting limits of detection 
with this method were 78 nM, 125 nM, and 183 nM 
for lipoarabinomannan, ESAT6, and Ag85, 
respectively. Considering the time required for the 
waveguide-based optical biosensor assay to detect 
TB antigens (15-60 min), the test promises to be both 
a sensitive and rapid detection tool for TB diagnosis.  

SPR sensors measure changes in the refractive 
index (RI) associated with the binding of analytes in 
a sample to immobilized ligands on the sensor 
surface, and SPR biosensors have been widely used 
in the search for new tools for the diagnosis of 
infectious diseases such as TB[17]. For example, 
Hong et al. have successfully used an SPR sensor to 
detect the recombinant TB antigen CFP10 [18]. Anti-
CFP10 antibodies were immobilized on a bare gold 
surface by direct chemisorption. The limit of 
detection of this assay was reported to be 100 ng/mL, 
and a linear relationship was observed between the 
SPR angle shift and CFP10 concentrations from 0.1 
to 1 µg/mL. Affinity measurements using CFP10 at 
concentrations of 0.5 µg/mL, 0.75 µg/L, and 1.0 
µg/mL showed Kd values of 1.5 × 10−13, 2.21 × 10−10, 
and 9.50 × 10−9, respectively. The assay was further 
used in clinical trials for the detection and 
quantification of CFP10 levels in urine samples of 
TB patients [19]. A total of 55 patients classified by 
AFB stain stages from sputum samples (an AFB 
stage of 0 was considered healthy and stage 4 was 
indicative of severe infection) and a calibration curve 
from studies with recombinant CFP10 were used to 
investigate the quantitative correlation between SPR 
angle shift and AFB stages. The authors observed a 
significant difference between healthy and infected 
patients’ samples as well as a linear relationship 
between CFP10 concentrations and the number of 
bacterial cells determined by AFB staining. This 
assay has the potential to be a rapid and label-free 
diagnostic tool for the early detection of TB and the 
classification of TB patients in terms of disease 
severity. 
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Table 1. Summary of recently developed biosensors for TB detection. 
 

Target 
Transduction 
mechanism 

Biorecognition 
element 

Sensitivity Specificity 
Limit of 
detection 

Ref. 

Antigens Ag85, 
ESAT6, and 

lipoarabinomannan 
Optical (SPR) Antibodies - - 

0.5 pM (Ag85), 
1 pM 

(lipoarabinoman
nan), 100 pM 

(ESAT6) 

[16] 

Antigen CFP10 Optical (SPR) Antibodies - - 100 ng/mL [18] 
DNA Optical (SPR) DNA probe - - 30 µg/µL [20] 

Panel of 9 antigens Optical (SPR)  

14-79 % 
(single 
antigen 

format), 100 
% (multiple 

antigen 
format) 

93-100 % 
(single 
antigen 
format),  

89 % 
(multiple 
antigen 
format) 

- [25] 

Anti-mycolic acid 
antibodies 

Optical (RM) 
Mycolic acid– 

containing 
liposomes 

86.7 % 48.4 % - [27] 

Anti-HspX 
antibodies 

Optical (local 
evanescent 

array coupled 
sensor) 

Antigen HspX - - - [28] 

DNA (target 
oligonucleotide 

complementary to 
the probe and 

M.tuberculosis 
genomic DNA) 

Electrochemical DNA probe - - 

0.065 ng/mL 
(target 

oligonucleotide) 
1 ng/mL 

(genomic DNA) 

[30] 

DNA (190 bp 
fragment of IS6110) 

Electrochemical DNA probe - - 0.1 ng/mL [31] 

DNA (IS6110) Piezoelectric DNA probe - - - [33] 
 
 
SPR – surface plasmon resonance; RM – resonant 

mirror. 
Another TB detection system involving SPR is 

the portable sensor developed by Duman and Piskin 
[20]. This assay simultaneously detects DNA 
sequences of bacteria of the M. tuberculosis complex 
(MTB) as well as M.gordonae, which does not cause 
TB in humans. M.gordonae is one of the targets of 
this sensor because its presence in food and water 
often leads to false positive results with many current 
TB detection methods [21]. In this sensor, DNA 
oligonucleotides that are sequence-specific to 
fragments of internal transcribed spacer genes are 
used as a probe, and complementary DNA from the 
target species hybridizes to the probe, leading to a 
detectable signal. The limit of detection of the device 
is 30 µg/µL (Table 1), with a linear range of 0.05– 
0.5 µM for the MTB complex and 0.05–1 µM for 
M.gordonae. The detection requires 20 min for probe 
and target hybridization, and the sensor chip can be 
reused multiple times by regenerating it with a wash 
of 2.5 M HCl. 

Recent studies have shown that simultaneous 
detection of a combination of multiple analytes could 
be more advantageous than a single analyte-based 
assay for the diagnosis of TB [22-24]. An example of 
such an approach is that taken by Hsieh et al. [25] in 
which TB antibodies were detected by an array-based 

SPR method consisting of a panel of nine M. 
tuberculosis antigens. Serum samples from 29 TB 
patients and 28 healthy individuals were analyzed 
using the SPR sensor for the presence of TB 
antibodies, and the assay was able to discriminate 
between infected samples and negative controls. The 
sensitivity ranged from 14 % to 79 % for single-
antigen detection and increased to 100 % when 
multiple antigens were tested (Table 1). Specificity 
values were 93–100 % and 89 % for the detection of 
single and multiple antibodies, respectively (Table 1). 
The performance of the SPR assay was better than 
ELISA with which the authors obtained a sensitivity 
of 90 % and a specificity of 57 % using a 
combination of antigens.  

Resonant mirror biosensors detect the resonant 
angle shift induced by changes in the RI at the sensor 
surface. In resonant mirror sensors, the sample to be 
tested is added to a cuvette that is located above the 
chip [26]. Thanyani et al. (2008) applied resonant 
mirror biosensing for TB detection using an IAsys 
affinity biosensor (Affinity Sensors, Cambridge, UK) 
to detect antibodies to mycolic acids (MA) in patient 
serum [27]. Direct binding of patient sera to MA-
containing liposomes that had been immobilized on 
cuvettes did not show an adequate difference due to 
high levels of non-specific binding. Therefore, 
inhibition studies were carried out by pre-incubating 
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sera from TB patients (HIV-negative and HIV-
positive) and controls with MA liposomes. The 
degree of inhibition was then studied by adding the 
sera to IAsys cuvettes with immobilized MA-
containing liposomes. The specificity of detection 
varied from 27.85 % for TB−HIV+ to 76.9 % for 
TB−HIV−patients, and was 48.4 % for all participants 
combined. The sensitivity of the assay was 86.7 % 
(91.3 % for TB+HIV+, 71.4 % for TB+HIV−). 
Inhibition studies using IgG isolated from TB-
positive and TB-negative serum samples showed a 
significant difference in inhibition of the binding of 
IgG to MA liposomes between the samples. The 
sensor was able to distinguish between TB-positive 
and TB-negative sera and was also sensitive to HIV 
status. Furthermore, the authors confirmed that the 
anti-MA antibodies in the sera were IgGs using 
inhibition studies. 

Another example of an evanescent field-based 
biosensor for TB detection is the device developed by 

Yan et al. [28]. These researchers developed a local 
evanescent array-coupled sensor for the detection of 
TB-specific antibodies. The principle behind the 
operation of the sensor is the detection of evanescent 
field redistribution by a photodetector. Ligand and 
analyte binding events lead to an increase in the RI of 
the waveguide surface, and this in turn shifts the 
evanescent field distribution upward and changes the 
intensity of the light above and below the waveguide 
structure. For this assay, the TB antigens HspX and 
Ag85 were bound to the waveguide surface, and 
binding between antigen and antibody was assessed 
by measuring the photocurrent through the detector 
(Fig. 1). Although the authors claimed that their 
device had a poor detection limit, the sensor was 
shown to be specific in detecting the anti-HspX 
antibody. The authors suggested that the limit of 
detection could be lowered by improving target 
immobilization to prevent variations in the thickness 
of the nanobiofilm.  

 
 

 
 

Fig. 1. Design and operating principle of the local evanescent array-coupled sensor by Yan et al. [28]. a) The change in 
evanescent field distribution as a consequence of ligand and analyte binding is sensed by a photodetector. b) The structure of 

the sensor chip. Reprinted with permission from Yan et al. [28]. (Copyright 2011, American Institute of Physics). 
 
 
2.2. Electrochemical Biosensors 

 
Electrochemical biosensors measure the changes 

in current (amperometry), potential difference 
(potentiometry), or impedance (impedimetry) that 
correlate with the analyte concentration [29]. Das et 
al. have developed an electrochemical zirconia 
(ZrO2)-based biosensor consisting of a working 
electrode (DNA-ZrO2/Au), an Ag/AgCl reference 
electrode, and a Pt wire counter-electrode [30]. The 
working electrode was made by depositing ZrO2 onto 
a bare gold electrode and attaching 21-mer single-
stranded DNA oligonucleotide probes with a 
sequence specific to M. tuberculosis. The attachment 
of DNA was based on the affinity of the oxygens of 
the DNA phosphate groups to ZrO2 (Fig. 2).  

Cyclic voltammetry using complementary 
sequence oligonucleotides as a target and methylene 
blue as an electroactive indicator showed an inverse 
relationship between the methylene blue peak height 
and target DNA concentrations in the range of  

0.065 ng/mL to 641 ng/mL. The former value was 
taken as the limit of detection. Differential pulse 
voltammetry measurements of the working electrode 
after hybridization with another target, which is 
M.tuberculosis genomic DNA, showed an inverse 
relationship between methylene blue oxidation 
current and genomic DNA concentration with a 
detection limit estimated to be 1 ng/mL. Thus, the 
ZrO2-based DNA biosensor is sensitive, does not 
require a cross-linker for probe immobilization, has a 
rapid detection time of only 60 s, and is stable at 4 °C 
for at least 4 months [30].  

Torres-Chavolla and Alocilja (2011) combined 
isothermal amplification, magnetic separation, and an 
electrochemical sensor to detect M.tuberculosis-
specific DNA [31]. Isothermal amplification was 
used in an attempt to make the test more affordable 
for resource-poor settings. In brief, single-stranded 
DNA with a sequence identical to that of a 190-bp 
fragment of the MTB-specific gene IS6110 was 
amplified using thermophilic helicase-dependent 
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isothermal amplification. Amplification products 
were then hybridized with the capture DNA probe on 
magnetic nanoparticles. The complex was then 
allowed to react with gold nanoparticles containing 

reporter DNA probes, followed by magnetic 
separation, transfer to a carbon electrode, and 
dissolution of the gold nanoparticles to generate Au3+ 
ions (Fig. 3). 

 
 

 
 

Fig. 2. Schematic representation of the fabrication of the assay developed by Das et al. [30]. Reprinted with permission from 
Das et al. [30]. (Copyright 2011, American Institute of Physics). 

 
 

 
 

Fig. 3. Schematic of the assay developed by Torres-Chavolla and Alocilja (2011) [31]. (A) Binding of magnetic (MNP) and 
gold (AuNP) nanoparticles containing DNA probes to the target DNA to form an MNP-target DNA-AuNP complex. (B) 

Magnetic separation and tracer dissolution followed by electrochemical detection.  
(Reproduced with permission from Elsevier). 

 
 
 
Differential pulse voltammetry was carried out 

with varying DNA concentrations (0.01–10 ng/µL), 
and a linear correlation between target DNA 
concentration and the gold reduction peak was 
observed. The limit of detection of the assay was 
reported to be 0.1 ng/µL. As the authors themselves 
point out, further evaluations and optimizations of the 
sensor using bacterial DNA from biological samples 
are required to prove its potential for use in TB 
diagnosis.  

Zhang et al. (2011) studied the potential of using 
a graphene-based electrochemical sensor for the 
detection of TB [32]. Graphene oxide was modified 
with N-ethyl-N’- (3-dimethylaminopropyl) 

carbodiimide hydrochloride and N-
hydroxysuccinimide on gold working electrodes to 
facilitate the attachment of proteins. The modified 
graphene was then functionalized with TB antigen, 
and the electrode was allowed to react with serum 
from a TB patient. Cyclic voltammetry showed a 3-
µA increase in the peak current upon interaction 
between the modified graphene oxide and the antigen 
compared to that of the modified graphene oxide 
alone. This result shows the possibility of using 
graphene-based sensors for the detection of TB-
specific antibodies in serum. 
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2.3. Piezoelectric Biosensors 
 
Kaewphinit (2010) designed a DNA-based 

piezoelectric biosensor by immobilizing a DNA 
probe onto a quartz crystal to detect IS6110-specific 
sequences from genomic DNA of M. tuberculosis 
that had been digested with the BtgI enzyme [33]. A 
total of 200 sputum samples (150 Ziehl–Neelsen-
positive, 50 Ziehl–Neelsen-negative) were analyzed, 
and the results were compared to those of a PCR-
based technique. The biosensor distinguished 
between positive and negative samples and was in 
complete agreement with the PCR results. The 
biosensor also showed high specificity when tested 
against Mycobacterium avium complex, Escherichia 
coli, Staphylococcus aureus, Enterococcus faecalis, 
and Pseudomonas aeruginosa. The advantages of this 
sensor are the use of genomic DNA instead of PCR 
amplification products and the reusability of the 
sensor that has been shown to be able to be 
regenerated at least 10 times.  

A multichannel series piezoelectric quartz crystal 
(MSPQC) sensor system for M.tuberculosis detection 
was introduced by Ren et al. in 2008[34]. This 
technique is based on the sensitive conductive 
response of the series of piezoelectric quartz crystal 
sensors to the array of volatile compounds produced 
by M.tuberculosis when it grows on improved 
Youmans medium. The detection system consists of 
both detection and culture chambers. The culture 
chamber contains the special growth medium and is 
placed into the detection chamber that has been filled 
with a KOH-absorbing solution and has two 
conductive electrodes at the bottom. Five hundred 
microliters of specimen samples were inoculated into 
the MSPQC culture chamber and incubated at 
37±0.2°C.While M.tuberculosis grows, compounds 
in the medium decompose into volatile NH3 and CO2 

that, in turn, are absorbed by the KOH solution and 
detected by the quartz crystal electrodes. The 
MSPQC was shown to rapidly and easily estimate the 
initial microbial concentration. In the study, the 
device was used to simultaneously detect eight 
samples and resulted in a detection limit of 10 
cfu/mL.  

 
 

3. Future Trends and Perspectives 
 
According to the WHO, over 95% of all TB cases 

and deaths occur in developing countries. Biosensors 
for TB diagnosis, therefore, must be affordable if 
they are to become routine analytical tests. This 
requires improvements in sensor design and the 
development of mass production methods to lower 
the cost of the biosensors. Additionally, TB 
biosensors need to be developed as devices that do 
not require sophisticated facilities or well-trained 
personnel for handling and data interpretation. 

Reliable and specific markers that will provide an 
accurate signal for the presence of active TB disease 
are essential for biosensor performance. Thus, 

continued research will need to be conducted to 
identify new TB markers for the development of 
effective TB detection tools including biosensors. 

To compete successfully with other detection 
tools, biosensors will have to possess high sensitivity 
and specificity towards their target. This requires the 
use of an appropriate biorecognition element. 
Antibodies have frequently been used as recognition 
elements in biosensors for the detection of TB as well 
as other infectious diseases, but recent developments 
in biosensor technology have focused on the 
utilization of aptamers [35-37]. Aptamers are single-
stranded DNA or RNA oligonucleotides that bind to 
their target molecule with high affinity and 
specificity [38]. Aptamers have a number of 
advantages compared to antibodies, including ease of 
production because there is no requirement for 
animals, low immunogenicity [39], and the 
possibility of chemical modifications to increase their 
stability [40]. 

Another recent trend in biosensor development is 
the use of multiplexed assays to simultaneously 
detect multiple analytes in a single run. This 
approach is crucial for high-throughput applications 
and results in time savings. These techniques may 
also increase the assay sensitivity as was shown in 
the work by Hsieh et al. [25].  

Finally, developments in TB biosensors also 
include improvements in sample preparation. One 
example of a novel approach to this problem is the 
use of magnetic particles for analyte pre-
concentration and separation [41]. The use of 
magnetic particles has the potential to enable next-
generation biosensors to detect their target analyte in 
complex mixtures.  

In general, we believe that the future of TB 
biosensing, as well as development of other 
biosensors, will require a multidisciplinary approach 
to the successful integration and application of 
knowledge and technology generated in the 
biological, physical, and chemical sciences and the 
engineering disciplines. 
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Abstract: We present a new method for detecting and identifying bacteria by measuring impedance fluctuations 
(impedance noise) caused by ion release by the bacteria during phage infestation. This new method significantly 
increases the measured signal strength and reduces the negative effects of drift, material aging, surface 
imperfections, 1/f potential fluctuations, thermal noise, and amplifier noise.  

Comparing BIPIF with another well-known method, bacteria detection by SEnsing of Phage Triggered Ion 
Cascades (SEPTIC), we find that the BIPIF algorithm is easier to implement, more stable and significantly more 
sensitive (by several orders of magnitude). We project that by using the BIPIF method detection of a single 
bacterium will be possible. Copyright © 2013 IFSA. 
 
Keywords: Bacteria identification, Phage, Impedance fluctuations, Fluctuation analysis, Fluctuation enhanced 
sensing, FES. 
 

 
 
1. Introduction: Fluctuation-enhanced 

Sensing of Chemicals and Bacteria 
 

Fluctuation-enhanced chemical [1-8] and 
biological [9-12] sensing (FES) utilizes the stochastic 
component of sensor signals that is caused by the 
statistical interaction between the agents and the 
sensor. A typical FES system utilizes specially 
designed sensors and advanced signal processing and 
pattern recognition algorithms [7-9]. 

In 2005 a method for detecting and identifying 
bacteria by SEnsing Phage Triggered Ion Cascades 
(SEPTIC) was proposed by Kish and coworkers [10-
13]. The SEPTIC scheme is based on detecting and 
analyzing the electrical field (voltage) fluctuations 
caused by the stochastic emission of ions during 
phage infection. A two-electrode nano-well device is 
immersed in the carrier fluid containing a phage-
infected sample and the microscopic voltage 

fluctuations are measured across the electrodes. In 
experiments the SEPTIC method could identify 
various strains of E. coli in less than 10 minutes [10]. 
The SEPTIC method also showed excellent 
specificity due to the specificity of the bacteriophages 
utilized.  

However, the SEPTIC method has serious 
shortcomings that may prevent further development 
and commercialization. The method has not been 
shown to work for small bacteria samples; all 
experiments so far used large samples (typically 10 
million bacteria) [10-12, 23]. Moreover, the observed 
power density spectral shapes showed significant 
variations when performed in different laboratories 
[10, 13].  

In the present paper, we introduce a new method 
for identifying bacteria: Bacteria Identification by 
Phage Induced Impedance Fluctuation analysis 
(BIPIF). BIPIF is predicted to significantly 
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outperform SEPTIC, thus it shows a potential for 
further development and commercialization.   

The SEPTIC technique measures fluctuations in 
the DC electrical field, i.e., the separation of positive 
and negative ions is the underlying and assumed 
phenomenon. The BIPIF method, on the other hand, 
measures the changes in AC impedance; the 
separation of positive and negative ions is not 
needed, the method works even when the negative 
and positive ions are in balance. 

The BIPIF method offers several orders of 
magnitude improvement in sensitivity and higher 
reproducibility at the expense of somewhat more 
sophisticated sensor circuitry and signal processing 
algorithms. 

This paper is organized as follows. In Section 2 
we briefly analyze the detection limits of the SEPTIC 
method using the available measurement data. In 
Section 3, we introduce the BIPIF method, and in 
Section 4, we provide theoretical comparison and 
analysis of the two methods (SEPTIC and BIPIF).  

 
 

2. The Limits of the SEPTIC Technique 
 
The SEPTIC method’s sensitivity is limited by 

the presence of strong 1/f background noise, drift, 
aging of the electrode material, and dependence on 
surface effects and corrosion [11, 12]. The combined 
negative effect of these limiting factors is most likely 
responsible for the seemingly poor reproducibility of 
measured spectral density functions; Table 1 shows 
measured spectral exponents for phage infected and 
control sample published by Kish et al. [10] and Seo 
et al. [13]. This apparent lack of reproducibility 
requires further investigation.  

 
 

Table 1. Spectral exponents. 
 

 
Spectral 

exponent in 
[10] 

Spectral 
exponent in 

[13] 
Phage infected 
sample 

-2 -0.9 

Control sample 
(not infected) 

-1 -0.1 

 
 
In order to enhance sensitivity, it is essential to 

increase signal strength and to minimize the effect of 
noise sources, such as 1/f noise, thermal noise [10, 
13], and amplifier noise. The 1/f noise, which is 
caused by the DC potential fluctuations in the 
vicinity of the electrodes, is the primary sensitivity 
limiting factor for the SPETIC algorithm [12]. 

In this paper, we propose that an ion-sensitive 
measurement based on AC impedance fluctuations 
can be of significant help in overcoming the afore 
mentioned limiting factors. By using an AC driving 
current, signal strength will significantly increase, 
furthermore, the AC probing frequency can be much 
higher (such as 10 kHz) than the frequency range  

(1-10 Hz) utilized by the SEPTIC method. The higher 
probing frequency will reduce the relative strength of 
the 1/f background noise by several orders of 
magnitude. In addition, both the thermal and 
amplifier noise interferences can also be drastically 
reduced utilizing sufficiently large AC current and 
two separate measuring frequencies with cross-
correlation measurements. We project that the BIPIF 
method will significantly enhance reproducibility due 
to reduced noise interference. 

 
 
3. The Proposed New Method: BIPIF  

and its Advantages 
 

Fig. 1 shows the outline of the new BIPIF sensing 
system utilizing AC impedance fluctuation 
measurements.  In this setup the interference from 1/f 
noise in the electrical Coulomb field at the electrode 
surfaces can be avoided by using relatively high 
probing frequency (such as 10 kHz) [16]. 
Furthermore, using two separate frequencies, a 
sufficiently large AC drive current, and utilizing 
cross-correlation measurements, the negative effects 
of the thermal noise and amplifier noise can also be 
reduced. By fine-tuning these system parameters, 
detecting a single infected bacterium becomes a 
possibility. 

 
 

 
 

Fig. 1. A simple realization of the BIPIF method:  
a 2-electrode sensing system with current amplifier.  
The role of the DC voltage is to collect the bacteria  
to one of the end-electrodes. 

 
 
To measure the impedance (conductance) 

between the two electrodes, an AC current is applied 
with high enough frequency such that the interference 
from the 1/f potential noise becomes negligible [16]. 
The AC current can be monitored either directly  
(Fig. 1) or a three electrode bridge arrangement can 
be utilized (Fig. 2) to measure the impedance 
difference across the electrodes. 

Other similar arrangements with more than three 
electrodes are possible. Typically, the output voltage 
(across connection points A and B) connected to a 
preamplifier (not shown) and then to the differential 
input of a lock-in amplifier (Fig. 3) driven by the 
same AC voltage generator that is connected to the 
electrodes.  
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Fig. 2. A three-electrode bridge realization of the BIPIF 
method. The resistances Z1 and Z2 should be relatively 
small to keep thermal noise reasonably low. 

 
 

 
 

Fig. 3. Signal processing chain for BIPIF  
with one AC generator. 

 
 
Utilizing the AC voltage generator and measuring 

the conductance fluctuations across the electrodes 
result in a significantly higher sensitivity compared to 
the SEPTIC method where passive spontaneous AC 
field fluctuations are measured. By properly setting 
the time-constant of the lock-in amplifier, its output 
will provide a slowly fluctuating AC signal 
component that is proportional to the low-frequency 
conductance fluctuations of the sample. In the 
processing chain, shown in Fig. 3, the lock-in 
amplifier is followed by a pattern generator (for 
example, a spectrum analyzer) and then a pattern 
recognizer and a display. 

In order to further improve the performance of the 
system, it is desirable to reduce the interference 
caused by the thermal noise and amplifier noise. This 
can be achieved by using two AC generators with 
different frequencies (Fig. 4). In this arrangement two 
lock-in amplifiers are needed and the pattern 
generation is based on cross-correlation effects 
(cross-spectrum generation for instance). 

 
 

 
 

Fig. 4. Signal processing chain for BIPIF using two AC 
generators with different frequencies; two lock-in 
amplifiers used and the pattern generation is based on 
cross-correlation effects (cross-spectrum generation for 
instance). 

4. Theoretical Comparison between the 
BIPIF and SEPTIC Methods 
 
In order to quantitatively estimate the 

improvement in sensitivity by the proposed new 
method, we first analyze and compare the signal 
strengths produced by both methods, and then we 
examine how the presence of 1/f noise (and thermal 
noise) limits the sensitivity of both systems. 

The SEPTIC method is based on a concentration 
cell (two electrodes of identical metals with 
fluctuating electrolyte concentration). The voltage 
Ucc  generated by a concentration cell is described by 
the Nernst equation [17]: 

 

1

2
cc n

n
ln

Zq

kT
U  , (1) 

 
where k is the Boltzmann constant, T is the absolute 
temperature, Z is the valence number of the ions, q is 
the charge of an electron, and n1 and n2 are the ion 
concentrations in the vicinity of the electrodes. At 
room temperature (300 K), Eq. 1 reduces to: 
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Let  be the change in concentration 

at electrode 2 caused by a phage infestation. 
Assuming small relative concentration change, 

, the observed voltage fluctuation (around 

the mean value) during SEPTIC measurement is: 
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Let us now estimate the voltage fluctuations when 

using the BIPIF method. Here too, the ion 
concentrations in the vicinity of the electrodes will 
determine the conductance and its fluctuations even 
under anisotropic conditions [18]. For sake of 
simplicity, we assume that a single AC current 
generator is used; then the observed voltage 
amplitude fluctuations (around the mean value) that 
are due to conductance fluctuations during BIPIF 
measurement is simply: 

 

1
0bip n

n
UU

  , (4) 

 
assuming that the electrodes are approximately the 
same size. It is evident from equations (3) and (4) 
that characteristics of the signals measured by the 
two methods are very similar. However, the BIPIF 
method produces significantly higher signal levels 
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(and drastically reduced noise levels as we’ll see later 
in this section). 

We measure the improvement or gain (G) in 
signal strength (power) by the squared ratio of the 
measured voltage fluctuations for the BIPIF and 
SEPTIC methods: 

 

2
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bip

026.0
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U

U
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. (5) 

 

As a concrete example, let’s consider magnesium 
ions (Z=2) and 1 V effective AC voltage  
( 41.1U0   V) drop between the electrodes (this 

value is proven to give Ohmic response with 
electrolytes [16]), then we obtain the gain: 
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Thus the BIPIF signal power is increased by four 
orders of magnitude. 

Let’s now investigate the detection limits for both 
methods by examining interference from 1/f and 
thermal noise sources (while assuming temporarily 
that the signal level is the same for both methods). 
We assume linear sensor response w.r.t. the power 
density spectrum vs. the number of bacteria. This 
assumption is justified as long as the individual 
bacteria act as independent sources of fluctuations. 
Our argument here is a modified and improved 
version of the one presented in [12]. 

Fig. 5 shows the measured power spectrum 
response of the SEPTIC system detecting E. coli 
bacteria using two different types of bacteriophages, 
T5 and Ur-λ. In this case, the 1/f noise is the limiting 
factor. Applying our linear response assumption, we 
find that the estimated sensitivity limit is ~30,000 
bacteria using T5 phages, and ~1 million bacteria 
using Ur-λ phages. 

The BIPIF method suppresses the interference 
from the 1/f potential fluctuations and thus sensitivity 
is limited by thermal noise. Applying linear response 
assumption again we conclude that the BIPIF 
system’s sensitivity is approximately three orders of 
magnitudes better due to 1/f noise suppression  
(Fig. 5); combining this result with the signal strength 
gain (Eq. 6) we see that the BIPIF will improve 
sensitivity by up to 7 orders of magnitude, thus 
detecting a single bacterium may become a 
possibility. 

Further improvement in sensitivity is possible by 
reducing the interference from white noise sources 
such as thermal noise and amplifier noise. This can 
be achieved by using two AC generators with 
different frequencies (Fig. 4). In this arrangement two 
lock-in amplifiers are needed and the pattern 
generation is based on cross-correlation effects 
(cross-spectrum generation for instance). 

 

 
 

Fig. 5. Sensitivity limits for the SEPTIC and BIPIF 
methods. For the SEPTIC method the 1/f noise level 
determines the actual sensitivity limits of ~30,000 and 
~1,000,000 bacteria assuming linear response. For the 
BIPIF method, sensitivity is limited by the Thermal noise 
level. The BIPIF method potentially improves sensitivity 
by three orders of magnitude due to eliminating 1/f noise as 
a limiting factor. Further improvement in the signal to 
noise ratio is possible by suppressing white noise via using 
two AC generators at different frequencies and cross-
correlating pattern generation. This figure is based on  
Fig. 2 of [12]. 

 
 

5. Conclusions 
 
We introduced BIPIF, a new method of phage-

based bacteria sensing and identification. A BIPIF-
based sensing system is actively driven by one or 
more AC voltage generators and it measures the AC 
impedance fluctuations caused by ion release during 
phage infestation. We compared BIPIF’s principles 
and effectiveness to SEPTIC’s and showed that the 
new method performs significantly better by 
increasing signal strength, and by reducing or 
eliminating the negative effects of drift, material 
aging, surface imperfections, 1/f potential 
fluctuations, and thermal and amplifier noise. The 
BIPIF algorithm dramatically improves sensitivity; 
even detecting a single bacterium becomes a 
possibility. 
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Abstract: Thousands of waste sites around the world contained different pollutants and toxins, particularly 
heavy metals and radioactive elements. The most dangerous type of pollution is the radioactive contamination 
that results from the detonation of nuclear devices, the waste products of nuclear power plants, and from 
conventional weapons using depleted uranium. The main aim of this study is the development of novel sensing 
technologies for detection of radiation pollution using microorganisms, such as bacteria. The most common 
bacteria, Escherichia coli (E. coli for short) was selected for this study. Several experimental techniques, such as 
fluorescence microscopy, fluorescence spectroscopy, and light scattering (OD600) were utilized for counting 
living bacteria. The results obtained for freshly prepared bacteria samples were compared to those after exposure 
to Gamma-radiation (Co-57 source with the dose equivalent to 2000 μSv/h was used) for a different times (from 
1 to 60 hours). The results showed that the ratio of living/dead bacteria goes down exponentially with the 
accumulated dose of radiation. In addition, the ability of E. coli to attenuate Gamma-Radiation was researched, 
the attenuation factor was found to be of 0.2 cm-1. Copyright © 2013 IFSA. 
 
Keywords: Gamma radiation detection, bacteria, E. coli, fluorescence microscopy, UV-vis absorption and 
fluorescence spectroscopy 
 
 
 
1. Introduction 
 
 

The environmental pollution has become the 
biggest problem threatening the life of people, 
animals, and other living species [1]. The most 
dangerous type of pollution is the radioactive 
contamination that results from the detonation of 
nuclear devices and other nuclear fallouts (i.e. 
propelling radioactive materials into the upper 
atmosphere). Nuclear fallout typically appeared as 
leaks and waste products of nuclear power plants, and 
from conventional weapons using depleted uranium. 
Nuclear explosion creates the radioactive dust  
and ash. 

The radiation risk level depends on several 
factors, namely the type of radioactive isotopes, the 
radiation intensity, and exposure period; the time of 
exposure has also a crucial effect on the living cells 
[2, 3], moreover the species of the organism that 
exposure to radiation and its ability to resist the 
radiation [4]. In contrast to the high radiation doses 
which cause direct damage of the living cells and 
therefore almost immediate death, the effect of low 
level of radiation (particularly with long time 
exposure) causes changes on in DNA structure and 
result in different types of cancer(the cell multiplies 
uncontrollably) and/or genetic transformations 
(genetic mutation) [5]. Public concern over the 
release of radiation into the environment greatly 
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increased following the disclosure of possible 
harmful effects to the public from nuclear weapons 
testing. The environmental effects of exposure to 
high-level ionizing radiation have been extensively 
documented through post war studies on individuals 
who were exposed to nuclear radiation in Japan [6], 
but latent maladies of radiation poisoning have been 
recorded from 10 to 30 years after exposure. The 
effects of exposure to low-level radiation are not yet 
known. A major concern about this type of exposure 
is the potential for genetic damage [7]. 

Radioactive nuclear wastes cannot be treated by 
conventional chemical methods and must be stored in 
heavily shielded containers in areas remote from 
biological habitats. The safest of storage sites 
currently used are impervious deep caves or 
abandoned salt mines, also burying the waste in the 
bottom of the ocean. Most radioactive wastes, 
however, have half-lives of hundreds to thousands of 
years, and to date no storage method has been found 
that is infallible. The best way to avoid exposure to 
radiation through the early detection of radiation-
contaminated areas, and prevent all life form or get 
close to these areas and stay away for safe distances, 
to be sure don't spread the radioactive contamination. 

In the course of the last 40-50 years, a large 
number of analytical methods for detection of 
radiation and radioactive contaminations were 
developed [8]. For example, different types of 
penetrative radiation (α, β, γ, or neutron) can be 
detected using physical methods such as sold state 
nuclear detector, G-M detector, gas proportional 
chamber and gamma-ray spectroscopy [9]. However, 
sometimes such methods cannot be used directly in 
field conditions, for example for detection of 
radiation in water reservoirs, sea bed, marshes, area 
of dense vegetation, and require more sophisticated 
high-tech solutions. Nowadays, the demand of novel, 
inexpensive, portable, easy-to-use sensor devices, 
which can be use even by non-specialists in field 
conditions, is growing. The main aim of this work is 
therefore the development of novel sensing 
technologies for detection of radiation pollution using 
microorganisms such as bacteria. Bacteria 
demonstrate great versatility towards detecting 
different pollutants and are cost-effective sensors. 
The previous research experiments showed that the 
diminution of the microorganisms resistance 
observed after amino acid prestarvation depends 
directly on the DNA damage. 

Potentially, this work may lead to the 
development of novel sensing technologies and 
therefore the specific aim of this exploratory study is 
to evaluate a range of analytical techniques. 
 
 
2. Materials and Methods 
 

The most common bacteria Escherichia coli (or 
shortly, E. coli) were selected in this work to prove 
the concept of radiation detection. There are 

hundreds of different strains of E. coli; some are 
harmless while others cause serious illness [10]. Non-
pathogenic (harmless) strains of E. coli are normal 
inhabitants of the intestinal tract in humans and 
animals; one of these strains, namely HD5α was 
selected for our exploratory work. 

LB (Luria-Bertain) [11] broth was used as a 
medium for E. coli cell culture. Cultivation of 
bacteria requires several stages. The first step is to 
cultivate HD5α strain of E. coli bacteria in Petri dish 
containing solid broth agar, in order to use it as a 
bacteria source in future. In the second stage, one 
colony of E. coli bacteria was added into a sterile 
flask containing 50 ml of liquid broth. Finally, the 
flask containing the bacterial culture was placed 
inside shaking incubator operating at 150 rpm 
shaking speed and 37 ○C incubation temperature [12]. 
The bacteria start growing after (16 hours), and the 
growth reach saturation after 20 - 22 hours. The 
cultivated bacteria density (E. coli) was measured by 
optical density photometer (OD600=1.6). 

Solid radioactive source (Co-57) with the activity 
of 330 MBq was used for irradiation of E. coli 
samples. This source emits Gamma radiation with the 
equivalent dose of about 2000 µSv/h and the half-life 
271.79 days [13]. The radiation types of this source: 
Gamma (γ) 122.1 keV and Beta (+β) 19 keV. So, the 
E. coli samples were exposed to the same equivalent 
dose of radiation. The bacteria container was placed 
perpendicularly to the radiation source at the same 
pre-determined distance (1cm) to obtain the same 
equivalent dose and to decrease the error as much as 
possible. For the sake of comparison, two identical 
samples of bacteria were used; one sample was 
inserted inside the Gamma irradiator system, while 
another one was kept outside the irradiator system at 
the same environmental conditions (room 
temperature). 

The equivalent dose (rate) outside the irradiator 
system is the natural gamma dose and within the 
background level.  
Bacteria samples were exposed to radiation for 
different time intervals from 1 to 120 hours. 

The effect of Gamma-radiation on the bacteria 
density was tested and analyzed using several 
experimental techniques: 

 
 

2.1. Fluorescence Microscopy 
 

Fluorescence Microscopy (OLYMPUS-BX60) 
was used to determine fluorescent reported of the live 
and the dead bacteria. The numbers of live and dead 
bacteria was determined by capturing images of E. 
coli samples. In order to use fluorescence microscopy 
method, bacteria samples were stained with (L7012 
Live/Dead) BacLight Bacterial Viability Kit [14] 
which is a mixture of (SYTO-9) green fluorescence 
nucleic acid stain and Propidium iodide red 
fluorescence nucleic acid stain. Thus, with an 
appropriate mixture of the (SYTO-9) and propidium 
iodide stains, living bacteria with intact cell 
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membranes yield green fluorescence, whereas dead 
bacteria yield red fluorescence [15]. The samples 
were tested with fluorescence microscope using a 
lens of 100× magnification. Slide of stained bacteria 
was illuminated (excited) with blue light of 420 nm 
in wavelength. The bacteria images were captured 
and then analysed using (Q Capture-Pro 6.0) 
program. 

 
 

2.2. Optical Density 
 

Optical Density Photometer (6715 UV/Vis 
Spectrophotometer JENWAY) was used as a measure 
of the concentration of bacteria in a suspension. 
Optical density (OD600) technique was used to 
estimate the bacteria cells density as a function of 
time exposed to radiation. These measurements were 
carried out using a spectrophotometer at a fixed 
wavelength of 600 nm with the recording of either 
absorbance )I/I(logAbs o10 , which is related 

directly to the bacteria cells density, or transmittance 

0I/IT   of light (in the above formula I0 and I were 

referred, respectively, to the incident and out-coming 
light intensity). 
 
 
2.3. Fluorescence Spectra 
 

Another optical technique of fluorescence 
spectroscopy was explored to confirm the above 
results on the effect of gamma radiation on bacteria 
count as well as to study in more detail the 
fluorescence spectra of E. coli bacteria. The emission 
fluorescence spectra of bacteria samples were 
recorded using the excitation wavelength of 315 nm.  

Fluorescence Spectroscopy (Cary Eclipse, 
Varian) as a diagnostic techniques and methods are 
available for diagnosis of the microorganisms like 
bacteria. The bacteria density (count) was studied as 
a function of gamma radiation dose. Especial 
arrangement to study the attenuation of gamma 
radiation by bacteria samples was used to determine 
the attenuation factor of E. coli. 

 
 

3. Experimental Results and Discussion 
 
3.1. Fluorescence Microscopy 
 

Bacteria samples were exposed to Gamma 
radiation for different time periods of 1, 2, 3, 4, 5, 20, 
30, 40, 50 and 60 hours (2000, 4000, 6000, 8000, 
10000, 40000, 60000, 80000, 100000, 120000 µSv). 
Figs. 1-2 show the examples of images of bacteria 
samples being exposed to radiation at different time 
intervals. Live bacteria emit green light and dead 
bacteria emit red fluorescence light. The difference 
between images taken before and after exposure to 

radiation is very clear and it is more pronounced for 
samples exposed to larger radiation doses. 

The analysis of images, i.e. the count of red and 
green spots, allowed the calculation of a ration of 
live/dead (L/D) bacteria at different times of 
exposure to gamma radiation. These data were 
summarized in Fig. 3. Fitting the data in Fig. 3 shows 
the decrease in the live/dead bacteria ration (L/D) 
with the increase in the time of exposure following an 
exponential decay formula 

 

 (1) 

 
where t is the exposure time, and the time constant 
τ=9.62 hours. 
 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 1. Fluorescence microscopy images of E-coli bacteria 
samples before (a), and after (b) 1 hour exposure to 
gamma-radiation. 
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(a) 
 
 

 
 

(b) 
 

Fig. 2. Fluorescence microscopy images of E-coli bacteria 
samples before (a) and after (b) 40 hours exposure to 
gamma-radiation. 
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Fig. 3. The relation between the live/dead bacteria ratio and 
exposure time to Gamma radiation (fluorescence 
microscopy results). Fitting curve was shown as a  
solid line. 

3.2. Optical Density Measurements 
 

In these experiments, the bacteria samples were 
prepared as mentioned before and exposed to 
radiation for a different time periods from 1 hour to 
115 hours. In this test, the absorbance was recorded 
as an indication of the cells density (cells 
concentration). The effect of liquid broth was 
negligible and considered as zero level. However, the 
test was implemented earlier on the liquid broth and 
very small affect had been determined compared to 
the bacteria results. 

The results obtained are shown in Fig. 4 as a ratio 
of absorbance of two tested samples: one exposed to 
radiation, and the non-exposed control sample placed 
closed to the main one. The results confirm previous 
observations of exponential decay of bacteria counts 
with the increase in the exposure time. Fitting of the 
experimental data yields a following exponential 
decay function: 
 

 (2) 
 

Here the characteristic decay time t = 39.89 hours. 
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Fig. 4. The Optical Density at 600 nm versus  
radiation dose. 

 
 
3.3. Fluorescence Spectra Measurements 
 

The spectra of clear LB broth were recorded and 
presented in Fig. 5. A broad peak with a maximum at 
about 420 nm appears in the spectra. As one can see, 
the radiation exposure for 120 hours has no effect on 
the fluorescence spectra. 

Similar measurements were performed on E. coli 
bacteria samples and the results were shown in Fig. 6 
a broad spectral band with a maximum at 420 nm is 
similar to that observed in a clear broth samples. The 
radiation has a little impact on this band, and thus it 
is of no interest to our study. However, another sharp 
peak appeared at about 630 nm, and its intensity does 
depend on radiation, i.e. decreases with the exposure 
time. 

A broad peak with a maximum at about 420 nm 
appears in the spectra in Fig. 5. As one can see, the 
radiation exposure for 120 hours has no effect on the 
fluorescence spectra. 
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Fig. 5. Fluorescence spectra of a liquid broth medium  
no-exposed (black curve) and exposed to gamma radiation 

for 120 hours. 
 
 

Similar measurements were performed on E. coli 
bacteria samples and the results were shown in Fig. 6 
a broad spectral band with a maximum at 420 nm is 
similar to that observed in a clear broth samples. The 
radiation has a little impact on this band, and thus it 
is of no interest to our study. However, another sharp 
peak appeared at about 630 nm, and its intensity does 
depend on radiation, i.e. decreases with the exposure 
time. 

The observed peak however has nothing to do 
with fluorescence; it is simply a double excitation 
wavelength peak appeared as a second order of 
diffraction in the diffraction grating of the Cary 
Eclipse instrument. Usually this peak is regard as 
parasitic one and ignored, but in our case, it appeared 
to depend on a radiation level. 
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Fig. 6. Fluorescence spectra of two bacteria samples:  
not exposed to radiation (Black), and exposed  

to radiation for 50 h (100000 μSv) (Red). 
 
 

The explanation of the above phenomenon is 
simple and lies in the enhancement of that 2nd 

diffraction order peak due to the light scattering on 
bacteria; that is why its intensity depends on the 

bacteria concentration This peak does not appear on 
samples of clear broth. 

Since the peak at 630 nm carries out important 
information on bacteria counts, we decided to carry 
out a series of experiments on bacteria samples 
exposed to different radiation doses. The results 
shown in Fig. 7 show clearly the decrease in the peak 
intensity with the increase exposure time.  

The dependence of the intensity of the peak at  
630 nm on the time of exposure to gamma radiation 
is shown in Fig. 8. Similar to two previous 
experiments, the data fitting yields an exponential 
decay law with the time constant of 40.6 hours. 
 

, (3) 

 
where the Flu(a) and Flu(b) are represent the 
fluorescence intensity after and before exposure to 
gamma radiation. 
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Fig. 7. The effect of Gamma radiation on the 630 nm peak 
on fluorescence spectra. 
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Fig. 8. Relative changes in the 630nm peak intensity vs. 
radiation exposure time. 
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We assumed the peak at 630 nm related to the 
concentration of bacteria. In order to prove this, the 
control experiments were carrying out on samples of 
E. coli bacteria grown for a different time but not 
exposed to radiation. The peak intensity goes down 
confirming the relation between the bacteria growth 
time (cell density in samples) and the intensity of  
630 nm peak. This dependence plotted separately in 
Fig. 9 shows a linear increase of the 630 nm peak 
intensity up to 16 hours of growth time and reach 
saturation at about 20 hours. Such behavior 
corresponds exactly to the bacteria growth  
kinetic [16]. 

Moreover, the results of fluorescence spectra 
correlate linearly to the results obtained with OD600 
method as clearly seen from Fig. 10.  
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Fig. 9. 630 nm peak intensity as a function of bacteria 
growth time. 
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Fig. 10. The correlation between the peak intensity at  
630 nm and absorption optical density at 600 nm. The E-
Coli bacteria growth time is increasing from left to right. 

 
 

All the above evidences support the concept of 
linear correlation between the 630 nm peak intensity 
and the concentration of bacteria. 

It is interesting to notice that all three optical 
methods used gave similar exponential decay relation 
between the living bacteria count and the 
accumulated radiation dose. The methods of OD600 
and fluorescence spectra yield similar values of about 
40 hours for the characteristic time constant, while 
the first method (fluorescence microscopy) give 

much smaller time constant of about 10 hours. Such 
discrepancy can be explained by rather limited 
resolution of the analysis of fluorescence microscopy 
images. The green and red spots, in Fig. 1-2 which 
were counted as single bacteria, in reality could be 
bacteria aggregates. As a result the real bacteria count 
could be much higher leading to a different value of 
the time constant.  
 
 
3.4. Attenuation Gamma Radiation  

by E. coli Bacteria  
 

In order to study the ability of bacteria (E-Coli) to 
absorb (or scatter) Gamma radiation, the radiation 
level was recorded by G-M (Series 900-MINI) 
counter after passing through bacteria sample. The 
distance between G-M, the bacteria container and 
gamma source was fixed to prevent the errors due to 
geometry. First, the count rate (Io) with no absorber 
present has recorded. The Gamma radiation intensity 
coming though the contained of the thickness (x) has 
recorded as (I). The graph of ln (I/Io) against the 
bacteria media thickness (x) was shown in Fig. 11.  

The attenuation coefficient  for the medium 
and bacteria samples can be found from these data 
using the following equation:  

 

,
 (4) 

 
where Io and I are the initial and penetrated radiation 
intensities, respectively, and X is the sample (bacteria 
and liquid broth) thickness. 
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Fig. 11. The logarithm of the intensity ratio versus  
the thickness of E-Coli samples. 

 
 

The attenuation factor of E. coli is measured in 
units of Cm-1 which is the amount of energy of 
gamma radiation that is lost in the bacterial sample. 
The attenuation factor  has found to be of  
0.2 cm-1. This means that complete absorption to the 
gamma radiation emitted by our source can be 
achieved by using a bacterial media sample of  
75 cm in thickness. 
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4. Conclusions 

 
The main outcome of our exploratory study is that 

E. coli bacteria (which belong to a gram-negative 
bacteria type) are found to be very sensitive to 
ionization radiation. E. coli developed radioresistance 
ability when glucose was presented in natural growth 
medium [17], or due to cope with radiation damage 
through several mechanisms: increased DNA repair 
activity, also scavenging and inactivation of 
radiation-induced radical molecules [4, 18]. In this 
study Co57 gamma radiation source was used to 
study the effect of radiation dose on E. coli bacteria 
samples. All three optical methods used (i.e. 
fluorescence microscopy, optical density and 
fluorescence spectroscopy) revealed an exponential 
decay of the live bacteria count (concentration) with 
the increase in the time of exposure to radiation. The 
methods of OD600 and the 2nd order of diffraction 
peak (at 630 nm) in fluorescence spectra, which were 
both related to the light scattering on live bacteria 
(dead bacteria were sediment on the bottom of 
samples tubes and did not affect light scattering) [19], 
yielded similar values of the time characteristic 
constant of about 40 hours. To our knowledge, the 
use of a 2nd order diffraction peak at a double 
excitation wavelength (usually regarded as parasitic 
peak) in fluorescence spectra for the analysis of 
bacteria count is reported for the first time. The 
method of fluorescence was very illustrative and 
allows direct observation of live and dead bacteria 
stained respectively with green and red fluorescent 
dye. However, this method did not provide correct 
bacteria counts because of limited resolution of the 
analysis of microscopy images. The improved 
analysis based on the calculation of total intensities 
of green and red fluorescence could be recommended 
for future study.  

The attenuation of gamma radiation by bacteria 
samples was directly recorded using G-M counter 
and revealed exponential decay of the radiation level 
with the bacteria sample thickness. The attenuation 
coefficient was found to be of 0.2 cm-1. This means 
that E. coli bacteria could be used as an effective 
shield of radiation, since the radiation level is 
reduced by 99 % using only 75 cm thick E. coli 
sample. 

Further work, which is currently underway, will 
be focused on the use of other bacteria types, e.g. 
Deinococcus Radiodurans, as well as other methods 
of bacteria counting. 
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Abstract: In this work a low cost coagulation analyzer is developed using LPC 2138 Microcontroller to 
determine the values of PT (Prothrombin Time) and APTT (Activated partial Thomboplastin Time) in samples 
with Hyperbilirubinimea (High Bilirubin) ranging from 0-22.0 mg/dl. Most of the conventional Instruments are 
able to detect the clotting time only when the bilirubin level in the sample is within the range of 0-5.0 mg/dl. It 
is really a challenge to overcome the interference due to high bilirubin (yellow color) and determine the values 
of PT and APTT in ICTERIC (jaundice) or liver cirrhosis patients. In the developed instrument yellow light 
(LED 590 nm) having a minimum absorbance (Beer-Lambert’s Law) while passing through the yellowish 
sample is used to detect the changes in light intensity while clotting of the sample occurs and thus eliminates the 
interference of higher bilirubin content (above 4 mg/dl) in blood samples. In the conventional instruments the 
light (Red -above 630 nm) is absorbed to the maximum and therefore it becomes difficult to detect minute 
changes in the outcoming light while clotting occurs, limiting its performance. It is observed that the designed 
Instrument shows the performance of measurement of PT and APTT in 95.5 % samples with hyperbilirubinemia 
against 31.8 % of samples in COAT-1 analyzer. Copyright © 2013 IFSA. 
 
Key words: PT, APTT, Hyperbilirubinemia, ICTERIC, Cirrhosis. 
 
 
 
1. Introduction 

 
Coagulation analysis like PT and APTT [1] are of 

very much clinically significant in cases of surgical 
and liver patients undergoing therapy. In liver 
patients with jaundice or liver cirrhosis the blood 
sample may contain high levels of bilirubin above the 
normal value (0-0.8 md/dl). Most of the opto-
mechanical coagulation analyzers [1] have the 
limitation on PT and APTT analysis in samples with 

high levels of bilirubin above 5.0 mg/dl 
(Hyperbilirubinemia) [2]. Dark yellow color of 
sample due to high bilirubin content scatters the light 
(other than yellow color) and interferes with the 
determination of PT and APTT. As per the principle 
of colorimetry [3, 4] (Beer-Lambert’s law) , when 
light is passed through a yellow colored solution 
there will be more absorbance of blue light (450-470 
nm), very minimum Absorbance of yellow light 
(570-590 nm) [5] and moderate absorbance for 
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wavelength of light above 600 nm (visible). The 
change in the photo detector output needs to be wider 
when clot is formed. This is well achieved using 
HIGH ULTRABRIGHT YELLOW LED of 590 nm 
(AlGaInP/GaAs- KL-53 HUYC) [5] and photodiode 
GASPG1124 [4, 6]. With the developed instrument it 
is observed that the PT and APTT determination is 
possible in samples with bilirubin even up to 22.3 
mg/dl. Certain other techniques like whole blood 
coagulation [7] or Thromboelastometry [8] can also 
detect PT and APTT in samples with 
Hyperbilirubinemia which is an expensive effort that 
normal laboratories cannot afford. Our simple low 
cost technique with available reagents in the market 
is well accepted due to its economy and performance 
level with hyperbilirubinemia. 

 
 

2. Design Scheme 
 
The LPC2138 microcontroller is the heart of the 

measurement system which is used to drive the 
motor, measure the clotting time in seconds, 
monitoring the block temperature and to display the 
results of PT and APTT. LPC 2138 is a 32 bit ARM7 
microcontroller [9] with a program memory of  
512 kB, 16 analog inputs (10 bit), two 32-bit timers, 
two UARTs, two I2C (400 kBits/s) and 47 general 
purpose I/O lines. The system block diagram is 
shown in the Fig. 1. The sample Block (Block 1) is 
the opto-mechanical setup and consists of lamp 
(LED), KL-53 HUYC [5], sample holder, photodiode 
GASPG1124 [6] and Motor with a magnetic rotor 
and is shown in Fig. 2. The magnetic rotor is used to 
mix the sample and the reagent to initiate the clotting 
process by rotating the iron ball inside the sample 
cup.  

 
 

 
 

Fig. 1. System Block. 
 
 

The contrast phenomenon of light absorbance as 
explained in Beer-Lambert’s law (Minimum 
absorbance) is used to choose the light wavelength 
for determination of coagulation time in samples with 
high levels of bilirubin (above 4.0 mg/dl). The 
coagulation analysis needs the sample and reagent 
reaction to be maintained at 37 °C and hence the 
entire metal block made of aluminum is maintained 
at 37 °C using a strip heater (12 V, 25W). A low 
power, low cost linear active tiny chip temperature 
sensor, MCP 9701-A (Block 3) [10] from Microchip, 
fixed in the metal block is used to monitor the 

temperature. It is a precision semiconductor 
temperature sensor giving an output of 19.5 mV per 
degree centigrade. It is capable of measuring 
temperature between 0 °C and +70 °C with an 
improved accuracy of 0.5 °C at low operating current 
(6 µA). The heater and motor control circuit  
(Block 2) controls the switching of heater and the 
motor. The heater control works independent of the 
microcontroller LPC2138 (Block 5) whereas the 
motor is controlled by the instructions from the 
microcontroller. A dual phototransistor opto-coupler, 
MCT6 [11] isolates the heater and motor control unit 
from the microcontroller. MCT6 consists of two 
opto-isolators. 
 
 

 
 

Fig. 2. Sample Holder Block. 
 
 
The opto-isolator1 in MCT6 along with a 

switching transistor BDX-34C and a comparator 
CA3140 controls the heater ON and OFF whereas the 
opto-isolator2 along with the darlington transistor 
BDX-34C is used for switching the motor as per the 
instructions received from the microcontroller. A 
temperature reference input of 722 mV (equivalent to 
37 °C) and the temperature sensor output are given as 
inputs to the comparator (CA3140). The output of the 
comparator drives the first opto-coupler connected to 
heater circuit independent of the microcontroller. 
When the measured temperature is higher than or 
equal to the reference temperature, the comparator 
output is low (Zero) and the heater is OFF. When the 
measured temperature is lower than the reference 
temperature, the comparator output is high (5 V), 
heater is ON and heats the sample block. The photo 
diode fixed in the sample light path is connected to 
the input of AD548 [12], a low power, precision Bi-
FET monolithic op-amp (Block 4).The amplified 
output is digitized using internal ADC of the 
microcontroller LPC 2138 for further processing. 
Another inbuilt ADC in LPC2138 microcontroller 
also converts analog voltage corresponding to 
temperature from the sensor MCP9701A into digital 
values for processing and monitoring the temperature 
of the sample block. The temperature is calculated by 
the microcontroller and displayed on the LCD. Block 
6 consists of simple 3 key inputs connected to the 
microcontroller for menu selection and running the 
tests. The Block 7 is the liquid crystal display (162) 
for displaying the menu functions and the measured 
results of PT and APTT. Results data stored in the 
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microcontroller is transferred to PC (Block 9) for 
further processing and future reference through the 
TXD and RXD lines of the microcontroller by 
interfacing RS232 (Max232, Block 8) peripheral to 
achieve the necessary level shifting for 
communication between PC and microcontroller. 

 
 

3. Materials and Methods 
 
3.1. Plasma sample Preparation 

 
The anticoagulant, Sodium citrate of 

concentration 3.8 % [13] is mixed with venous blood 
collected from the patient in the ratio of 1:9. The 
plasma separated after centrifugation is used for the 
analysis. About 22 samples with different values of 
bilirubin content ranging from 0.0-26.4 mg/dl are 
collected and the PT and APTT assay are performed 
with both the conventional and the designed 
Instruments.  

 
 

3.2. Reagents and Assay Procedure 
 
The PT and APTT reagents from DIAGON [14] 

are used for the analysis. The sample (50 µl) is 
placed on the sample cup with iron ball and is 
incubated for 2 minutes. While pipetting the reagent 
(100 µl) in to the cup there is a shift in the 
photodiode output which is monitored by the 
microcontroller and immediately the timer is initiated 
for counting the PT in seconds and simultaneously 
the motor is started for homogeneous mixing of 
reagent and sample. When the clot formation is just 
initiated there is a shift again in the photodiode 
output as monitored by the microcontroller and the 
microcontroller stops the timer and the motor. The 
time counted in second between mixing the reagent 
with sample and clot formation gives a measure of 
PT. Similarly for APTT the mixture of plasma 
sample (50 µl) and reagent (50 µl) with iron ball is 
incubated for 2-3 minutes [14] on the sample holder. 
Then the timer starts when 50 µl of calcium chloride 
(stopping solution) is added to this mixture. The time 
in seconds as counted by the instrument between 
mixing calcium chloride solution and clot formation 
as monitored by the sudden change in the photodiode 
output gives a measure of APTT in seconds. 

 
 

3.3. Software 
 
Using C language, software is developed to read 

data from keyboard, to initialize LCD, to initialize 
timer, to initialize internal ADCs of the 
microcontroller for digitizing the temperature sensor 
and amplified photodiode outputs, to measure the 
temperature for incubation, to monitor the changes in 
the amplified photodiode output, to store and to 
display the user information and the results. Keil C 

software is used for the development of program. The 
flowchart for performing the above tasks is shown  
in Fig. 3. 

 
 

 
 

Fig. 3. Flow chart. 
 
 

4. Results and Discussion  
 

The normal range for PT is 10-14 seconds and for 
APTT it is from 22 to 35 seconds. For selecting the 
right LED the photodiode output is measured for 
various colors (LEDs). Table 1 shows the photodiode 
output for different color LEDs under various test 
conditions. It’s essential that the change in the 
photodiode output should be wider in order to detect 
the reagent pipetted into the sample and the clot 
formation. From Table 2 we choose the High bright 
Yellow LED (590 nm) which is having very minimal 
absorbance for high yellow colored samples (High 
Bilirubin). The changes of photodiode output in 
Table 2 are only due to turbidity and change in 
density of the sample due to clot formation but not 
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due to the color of the sample. The performance of 
the LPC2138 microcontroller based blood 
coagulation analyzer using opto-mechanical 
(instrumentation) and turbodenditometry (reagent) 

principle is investigated by comparing its results (up 
to 26.4 mg/d/ of bilirubin) with the results of PT and 
APTT obtained with the conventional (COAT-1) 
instrument which is given in Table 3. 

 
 

Table 1. Photodiode output in mV with different color LEDs. 
 

S. No Condition Photodiode O/P, mV 
  

White 
Red 

640 nm 
Yellow 
590 nm 

Blue  
470 nm 

Green 
525 nm 

1. Open 393 389 360 475 220 
2. With sample 366 366 319 447 -10 
3. Pipetting Reagent 336 365 261 420 -15 
4. Clot formation 

(Bilirubin 17.1md/dl) 
320 356 220 406 No change 

 
 

Table 2. Difference in Photodiode output for test conditions. 
 

Condition Photodiode O/P, mV 

 White 
Red 

640 nm 
Yellow 
590 nm 

Blue 
470 nm 

Green 
525 nm 

Sample+ Reagent 30 1 58 27 5 
Clot formation 16 9 41 14 0 

 
 

Table 3. Results of PT and APTT. 
 

  Developed Inst. COAT-1 % Error 
Sample Bilirubin PT APTT PT APTT PT APTT 

        
1. 0.6 16.2 32 17.1 34.2 5.26 6.43 
2. 1.4 17.0 29.6 15.9 28.3 -6.92 -4.59 
3. 1.9 22.6 40.9 22.8 45 0.88 4.88 
4. 2.7 13.5 45.6 14.3 46.8 5.59 2.56 
5. 3.1 20.8 42.1 23.1 44.4 9.96 0.71 
6. 3.6 32.1 49.2 33 35.9 2.73 -7.89 
7. 3.9 32.3 62.5 30.2 75.3 -6.95 -4.58 
8. 4.7 66.7 89.2 --- --- --- --- 
9. 5.3 102.1 124.4 --- --- --- --- 

10. 5.5 76.1 86.4 --- --- --- --- 
11. 6 65.2 128.3 --- --- --- --- 
12. 6.2 132.9 175.1 --- 180.9 --- 2.70 
13. 6.8 208.6 141.2 --- --- --- --- 
14. 7.4 --- 123 ---- --- --- --- 
15. 8.2 131.9 204.8 --- --- --- --- 
16. 11.4 221.3 143.2 --- --- --- --- 
17. 14.2 128.7 189.4 --- --- --- --- 
18. 16.4 145.1 313.2 --- --- --- --- 
19. 17.1 138.2 232.1 --- --- --- --- 
20. 19.8 117.9 135.8 --- --- --- --- 
21. 22.3 178.4 146.5 --- --- --- --- 
22. 26.4 --- ---- --- --- --- --- 

 
 
Fig. 4 shows the output of the photodiode for various 
test conditions like open, sample, mixing reagent 
with sample and clot formation. Third column group 
in the Fig. 5 shows that the change in the photodiode 
output is wider for yellow LED when the reagent is 
mixed with sample as well as when there is a clot 
formation. This enables us to choose yellow LED 
(590 nm) for eliminating the interference due to high 
bilirubin samples in measurement of PT and APTT 

values. The Table 3 shows the measurement PT and 
APTT results from a hospital laboratory where 
COAT-1 coagualtion analyzer is used. From the 
Table it is observed that the COAT-1 instrument is 
capable of measuring PT and APTT values in 
samples with bilirubin ranging from 0 to 3.9 mg.dl. 
That is only about 31.8 % of samples (7 out of 22 
samples measured in a day) are measurable for PT 
and APTT values with COAT-1 analyzer. But the 
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developed instrument measures the PT and APTT 
results for the samples with bilirubin level up to  
22.3 mg/dl. This performance of the Instrument 
provides an economical means of coagulation 
analysis for basic level laboratories. The developed 
Instrument showed a possible performance of 90.9 % 
of samples for PT (20 out of 22 samples) and 95.5 % 
for APTT (21 out of 22 samples). 
 
 

 
 

Fig. 4. Selection of 590nm LED using phodiode output. 

 
 

 
 

Fig. 5. Photodiode output in mV for different LEDs at 
various test conditions. 

 
 
4.1. Clinical Significance 

 
The normal range of bilirubin in human blood is 

0-0.8 mg.dl. But it’s elevated even up to 35 mg/dl 
and above in cases of obstructive jaundice and liver 
cirrhosis. In these patients the measurement of PT 
and APTT becomes a tedious process as conventional 
instruments can not work with such samples beyond 
certain limitations. This interference of coagulation 
tests in patients with hyperbilirubinemia is eliminated 
in the designed instrument which uses yellow LED 
(590 nm) [15]. This possibility of low cost 
measurement of PT and APTT values in samples 
with high bilirubin is of immense important in 
deciding the course of treatment. The instrument is 
also an open system that is any commercially 
available regent of the user’s choice can be used for 
analysis. 

 

4.2. Statistical Analysis 
 

Linear regression analysis is carried out for the 
results obtained from the developed and the 
conventional instrument to check the accuracy of the 
instrument. From the Table 3, the PT and APTT 
results of samples with bilirubin level up to 3.9 mg/dl 
are compared and show a correlation coefficient of 
0.97 for PT and 0.94 for APTT (Fig. 6 and 7). The 
percentage error between the developed and 
conventional instrument is observed to be less than 
10 % for PT and less than 7 % for APTT.  

 
 

 
 

Fig. 6. Linear regression curve for PT results 
 (bilirubim up to 3.9mg/dl). 

 
 

 
 

Fig. 7. Linear regression curve for APTT results (bilirubil-
upto 3.9 mg/dl). 

 
 

5. Conclusion 
 
A low cost high efficient coagulation analyzer is 

developed by analysis and selection of suitable 
wavelength of light to be effective in eliminating the 
interference of yellow color of the blood plasma 
samples due to the presence of high levels of 
bilirubin (above 4.0 mg/dl). Minimum absorbance of 
light is observed only for LED with a wavelength of 
590 nm and so the change of photo detector output is 
wider when there is a change in the test procedure 
like mixing with reagent or clot formation due to 
reaction. In the hospital where the measurement is 
made the results were possible for samples with 
bilirubin level only up to 22.3 mg/dl. By suitable 
modification in the software we can also perform a 
quantitative estimation of PT and APTT. Similar idea 
can be implemented for eliminating the interference 
of PT and APTT measurements due to Hyperlipemic 
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(High Cholesterol) and Hemolysed (Hemoglobin 
ruptured) samples. 
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Abstract: This study presents a new method to selectively detect the components in a gas mixture. The 
proposed apparatus comprises of a commercially available non/partially selective semiconductor gas sensor and 
a cm-long capillary porous media. The attachment is arranged so that upon exposure, the target gas is forced to 
pass through a porous medium by drift and diffusion before alerting the sensor. It is found that the components 
with less molecular mass in the mixture passes much faster than heavier components and is sensed at an earlier 
stage of the device response. The response of the proposed sensor to a gas mixture of two components is 
mathematically analyzed. The results indicate that the existence of a predetermined target gas can be detected 
explicitly by mathematical analysis of the device transient response. The experimental verification of the 
analytical results was carried out by assembling prototype sensor configuration. It was shown that the prototype 
sensor can distinguish two individual reducing and combustible gases from their mixture.  
Copyright © 2013 IFSA. 

  
Keywords: Chromatography, Diffusivity, Gas sensor, Porous media, Gas identification. 
 
 
 
1. Introduction 

 
Detection of a specific gas among a gas mixture is 

very important in some industrial applications such as 
in oil and gas industries. In oil industry, during 
drilling process of the oil wells, we face the gas 
reservoir before reaching the oil [1]. The significance 
of gas detection can be related to two major reasons; 
firstly, the exploration operations for oil & gas 
reservoirs directly depend on the detection of gas 

compounds. For instance, detection of Methane 
during drilling indicates that the drilling is at the third 
layer of Kerogen (The organic component of an oil 
shale). Detection of some heavier natural gasses like 
Ethane and Butane indicates that the drilling is 
continuing into oil reservoirs. Secondly, gas detection 
in a gas compound regards the safety of workers and 
facilities; each natural gas requires different safety 
measures [2]. Detection of unwanted gases is 
important in the natural gas refineries. Nowadays, 
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there are two gas detection methods in the industry. 
In the first method, each gas is detected 
independently by a series of selective sensors in 
which the existence of any particular gas causes a 
chemical change in respective sensor and this 
chemical reaction alters the output voltage of the 
sensor [3]. The speed of gas detection in this method 
is high; however, there is no ability to exactly detect 
the concentration of specific component. The second 
method is gas chromatography [4]. Gas 
chromatography is a method that analyzes and 
separates the components of a mixture. This method 
recognizes each component by employing the gas 
mobility in a column. By this method, which is 
common in gas and oil industry, we can separate the 
components of a mixture quantitatively and 
qualitatively. Fig. 1 shows a schematic of this type of 
chromatography, which is called chromatography by 
column. 

 
 

 
 

Fig. 1. Schematic of conventional gas chromatography  
by column. 

 
 

Gas detection principle in chromatography is the 
difference in mobility coefficient. Due to different 
mobility coefficients, components of incoming mixed 
gasses do not reach to the end of the column at the 
same time. The gases with a high mobility coefficient 
reach the end faster than the others with low mobility 
coefficient. Thus, the gasses will be separated from 
each other. The main limitation of this system is 
periodical column wear out and damage. The 
columns are expensive and must be changed 
periodically which increases the detection cost. On 
the other hand, access to the columns similar to the 
old applied one is difficult or sometime impossible. 
In order to solve such problems of chromatography, a 
new and cost-effective method was proposed. In this 
method, the chromatography was achieved by 
replacement of column with a porous medium.  

Replacement of porous media instead of 
expensive columns makes the system cost efficient. 
Application of porous media has already been 
reported [5] in which only gas diffusion takes place 
in the media. In this new method we used gas drift 

and diffusion simultaneously for gas separation. This 
creates a fast and flexible system for detection. 
 

 
2. Theory 

 
Schematics of the proposed gas transfer trough 

the porous media system is shown in Fig. 2. It is 
comprised of a gas sensor (e.g. a thick-film resistive 
gas sensor) and a glass pipe of known diameter. The 
sensor is located at the closed end of the pipe and is 
connected to a digital recorder. The pipe is filled with 
a porous media of finite length. An evacuation 
system is attached at the end of the pipe to cause the 
gas drift. The front of the pipe is toward surrounding 
polluted atmosphere and the concentration of Target 
Gas (TG) is supposed to be C. By starting the 
evacuation system, the gas mixture is forced to 
transmit through a porous medium and different 
gasses will exhaust with different speed. This will 
separate from each other. The separation of gas 
components is due to the difference of their 
penetration coefficient.  

In a two components mixture, at the front of the 
system (Fig. 2) two gasses are combined and injected 
to the porous medium. Due to different diffusivity, 
the component with high penetration coefficient 
moves faster than the other one. Thus, while passing 
the porous medium, their molecules distance from 
each other. The gas with higher penetration 
coefficient reaches the end of the porous medium 
before the other one. In the same way, this system 
can separate more than 2 gasses. 

 
 

 
 

Fig. 2. Mechanism of gas chromatography  
by a porous medium. 

 
 

In a gas mixture of two components, A and B at the 
same pressure and temperature, and based on gas 
dynamics theory, the average of motivation energy of 
A molecules is equal to that of B. According to 
"molecular diffusion" principle, from energy of two 
substances we have: 
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where vA and vB are the thermal velocities, mA and mB 
are the molecular mass of gas A and B, respectively. 
Inside a porous medium, molecules of A and B will 
deal with molecular penetration process. Penetration 
speed (r) is equal to the speed at which the molecules 
collide to the pore and is proportional to the 
molecule's velocity (v). Molecules with higher 
velocity gain higher penetration speed as: 
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This rule is the important basis which is employed in 
this research. 

 
 

2.1. Mathematical Simulations Approach 
 
To prove the possibility of gas chromatography in 
porous media, we solve the dominant equation of gas 
dynamics by the results of some experiments. From 
gas drift and diffusion theory, the dominant equation 
governing the gas transfer inside the porous media 
can be defined as [6]: 
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where C is the gas congestion, D is the gas diffusion 
coefficient and µ is the gas viscosity factor. To solve 
this equation, the finite difference method is 
employed. 

Both explicit and implicit methods are available 
to solve the differential equation, however, due to 
some limitations of explicit method which may cause 
instability in the results, we use the implicit method. 
To facilitated the solution, the time must be 
considered in "forward" and the "position" can be 
consider in "backward" or "central" format. We have 
proposed both "backward" and "central" formats for 
position parameter as below [7]:  

 

forward
t

c





 

central
x

c
2

2





 

backward
x

c





 

(4) 

 
By replacement the derivations with the implicit 
relations as below, we have the following equation: 
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Replacement of (Eq. 5) into (Eq. 3) leads to: 
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For solution of the equation, the tube length, L, was 
divided to m units of smaller pats, so l= L/m, and 
after some mathematical operations the (Eq. 6) in 
each part (i) can be considered as below: 
 

                І        І        І        І        І        І        І  
0        1        2        3        4        5        6 

 

Bccc 1ii1i     (7) 
 

For each time interval, the (Eq. 7) should solve in all 
individual parts. 
 

1210 Bccc1i    

2321 Bccc2i    

3432 Bccc3i    

4543 Bccc4i    

nnnn Bccc5i    

(8) 

 
As boundary conditions, the TG concentration at i=0 
is defined as Co. the other hand concentration at i= 6 
is the TG detected by the sensor which creates system 
response. The equations (8) can be written as a 
matrix: 
 

     BCA   (9) 

 
In which A, B, and C are as below: 
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By solving the matrix (Eq. 10), the gas concentration 
inside the tube at each part can be obtained in the first 
time interval. The output for any other time intervals 
can be calculated by further solution steps of the 
equation. For calculation of Eq. 10, we have applied 
Thomson method in the MATLAB software 
(Mathwork Co.) [8]. Gas concentration at the end of 
tube (C6 (t)) was considered as the system response. 
 
 
2.2. Experimental Approach 
 

The results of the theoretical analysis were 
verified experimentally. Fig. 3 schematically depicts 
an assembled prototype system. A 500 mm long 
silica tube with 15 mm in diameter was attached to a 
commercially available resistive gas sensor (MQ5) 
which had to be removed from its standard 
encapsulation for proper fitting [9]. The about  
450 mm of tube was filed by fiber glass as the porous 
medium. The front and end of the tube was connected 
to the injection point and evacuation system, 
respectively. By activating the evacuation system, the 
sample gas compound passes the porous medium and 
affects the sensor connected at the end of the tube. 
The sensor response is detected by a data acquisition 
system and recorded by a digital oscilloscope. Due to 
different penetration coefficient the components 
expected to be passed by different speed and 
recognized by the sensor at different time [10]. 

Some technical considerations should be noted for 
selection of the sensor, porous media, evacuation 
system, and the system to monitor the results [11]. 
For instance, after studying different sensor data 
sheets and their practical applications, the MQ5 was 
selected as the proper candidate for our system. This 
sensor has some suitable specifications; good 
sensitivity to most of available gasses such as LPG-
natural gas, alcohol, paper smoke, and piped natural 
gas.  
 
 

 
 

Fig. 3. Schematic of assembled laboratory system. 
 
 
3. Results and Discussions 
 

Fig. 4 shows one of the results of simulated gas 
concentration at the end of the tube for two 
penetration coefficients of town piped natural gas and 

alcohol. The expected response to gas mixture also 
presented as solid line. This figure shows that the gas 
with higher coefficient arrives to the outlet sooner 
than other one. 
 
 

 
 

Fig. 4. Simulation of system output for two gases  
of different diffusivity and a mixture. 

 
 
To study the effect of differences in penetration 

factors at the system outlet, the simulation is repeated 
for many different penetration factors (Fig. 5). The 
porous medium in this simulation was 15 cm long. In 
Fig. 5 a, the penetration factor of one gas is supposed 
to be 110-5 and the other one is 210-5. By 
increasing the penetration factor to 210-5 and 410-5, 
the output was calculated as Fig. 5b. Increasing of the 
penetration factor caused the gas to pass the porous 
medium rapidly and thus, the detection will be done 
faster. Although, the penetration factor of second gas 
is two times more that the first gas (Fig. 5), the higher 
factor causes the peaks to occur closer to each other. 
This presents a limitation of system for the detection 
of gas mixtures. This means that in some conditions, 
the second peak may be overshadowed by the first 
peak and the detection of gas components may be 
impossible. The deficiency can be overcame by 
increasing the length of the porous medium.  

It is expected that by increasing the length of the 
porous medium, the peaks separate from each other 
[12]. To verify this hypothesis, the simulation of  
Fig. 5b was repeated for a 20 cm long porous 
medium (Fig. 6). Comparison of Figs. 5 b and 6 show 
that by increasing the length of the porous medium 
from 15 cm to 20 cm, the response time and peak 
spacing is increased from 7 to 15 seconds. Thus, the 
system has flexibility on response time, whoever, 
there is a limitation on the length, and to optimize the 
system for a specific gas, an appropriate length must 
be considered. 

The simulated result was experimentally verified 
by recording the response of proposed system. For 
the first experiment, a sample of piped natural gas 
was injected to the test system (Fig. 7a). The test was 
repeated many times to assure the result. Qualitative 



Sensors & Transducers, Vol. 149, Issue 2, February 2013, pp. 193-198 

 197

compassion of this figure by theoretical simulation 
shows the validity of proposed system. As second 
experiment, the system response was to the alcohol 
gas at the same condition (Fig. 7 b). The recorded 
results completely comply with the results of the 
simulations. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 5. Simulation result for gas mixtures of different 
penetration factors in 15 cm long porous medium cm. 

 
 

 
 

Fig. 6. Simulation result for gas mixtures in a 20 cm long 
porous medium. 

  
 

(a) 
 

 
 

(b) 
 

Fig. 7. System output to, (a) natural (town) gas,  
and (b) alcohol vapor. 

 
 

By defining the response peak as the detection 
time, it seems that the detection times of two samples 
are different. The gas with higher penetration 
coefficient (piped natural gas) reaches faster to the 
end of the porous medium. This phenomenon verifies 
the theoretical estimations: the high penetration 
coefficient causes the gas to penetrate rapidly through 
the porous medium and consequently reaches to the 
end of tube sooner. In contrary, the gas with low 
penetration coefficient moves slower and reaches the 
end of the porous medium later. In addition, the 
amplitude of their responses (the peaks) is also 
different which depends on sensitivity of the sensor 
to gases.  

To study the system response to more complex 
gas mixture, a combination of those two samples is 
injected to the system (Fig. 8). The test conditions 
were same as what was reported for the single gas. 
As expected from theoretical analysis (Fig. 6), the 
system response to gas mixture presents separate 
peaks which can be corresponded to the number of 
gas components. 
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Fig. 8. Final output Availability of 2 different gasses  
is seen easily. 

 
 
2. 4. Conclusions 

 
By theoretical and experimental methods we 

showed that the new chromatographic system can be 
suggested to detect target gases in the atmosphere. It 
can also be applied to detect components in gas 
mixtures. This system is cost efficient and can 
eliminate the main weaknesses of conventional 
systems which is the application of rather expensive 
columns. By calibration of the system, we can 
recognize specific gas among gas mixtures. The 
system has flexibility on response time that is by 
choosing appropriate length of the porous medium. 
The response time can be optimized for specific gas. 
By using this new method, the high cost of 
chromatographic systems can be optimized to the 
applications. We can use different porous media for 
different accuracy. High similarity of simulation 
results with the experimental is another capability of 
this system. This capability can be used to achieve 
the most optimized system design in industries with 
specific applications such as oil and gas drilling 
industry which may otherwise cause life casualties 
and financial losses. The agreeing results of the 
simulation with the theory and that of the experiment, 
it seems that this method can offer a reliable control 
on separating the gasses in a gas mixture. 

The method of gas chromatography by a porous 
medium can separate the combined substances that 
are much difficult in other methods. When substances 
pass the chromatographic system, their minute 
differences will become multiplied. If the differences 

become more, the separation will become more 
powerful. 

Another advantage of the new system is that it 
requires a small quantity of the gas mixture to 
separate. Chromatographic system could be widely 
used in drilling industry, and it's vital because it may 
cause life and financial losses. 
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Abstract: The development of the aroma and flavour of cooked meat is a very complex process in which 
different components react to produce chemical intermediates or final flavour volatiles compounds. The aim of 
the present research was to study the odour profile of beef produced under different feeding regimes and 
cooking conditions using an electronic nose based on MOS sensors to monitor the odour characteristics. Odour 
profiles of different grilled-cooked muscles were evaluated. A clear discrimination between groups 
corresponding to muscle was observed. Grilled-cooked samples of Longissimus dorsi muscle from animals fed 
to other cooking process. under different diets showed a clear discrimination between groups. Finally, Striploins 
samples cooked by moist-heat method tend to be different when compared. Copyright © 2013 IFSA. 
 
Keywords: Electronic nose, Volatile compounds, Meat, MOS-sensors. 
 
 
 
1. Introduction 

 
During the last decade, the demand of meat 

consumption has increased due to the fact that the 
preferences of meat consumers are associated to their 
high nutritional value and sensory characteristics, 
primarily tenderness, juiciness, and flavour.  

The complex flavour, combination of odour and 
taste, is mainly produced by chemical compounds. 
Meat flavour from lean or fat tissues can be divided 
into two categories: at first, those related to common 
flavour to all species of animals and in second place 
from specific flavour of each species [1]. Mottram et 

al. [2], reported that sugars, amino acids, organic and 
inorganic salts are responsible for the sweet, sour, 
salty, and bitter flavour, typical of meat. 

The development of the aroma and flavour of 
cooked meat is a very complex process in which 
different components react to produce chemical 
intermediates or final volatile flavour [3]. Several 
authors have stated [2, 3] the role of fatty acids in 
meat flavour formation, since thermal lipid 
degradation is a major contributor to aroma volatiles. 
Hundreds of volatile compounds have been identified 
in cooked meat, including aliphatic hydrocarbons, 
aldehydes, ketones, alcohols, carboxylic acids and 
esters [4]. 
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Sensory and instrumental studies are the most 
common methods for measuring flavour. In sensory 
analysis, the taste and aroma aspects of food products 
are evaluated by panels, specially trained people. 
Consumer studies, on the other hand, provide unique 
information about the acceptance levels of a food and 
it is also widely used for the determination of overall 
quality. The most important problem affecting 
sensory analysis includes standardization of 
measurements, correctness of training, stability, 
accuracy and reliability.  

Sensory analysis is one of the most important and 
straightforward research methods in food analysis 
and provides information about the overall quality of 
food products. Even though, the relatively low 
sensitivity and discrimination capabilities of the 
human nose, coupled with olfactory fatigue, has led 
to the need for electronic instruments with sensors 
capable of performing repeated discriminations with 
high precision to eliminate human fatigue [5]. It 
should be noticed that odour derived from organic 
sources may be included hundreds of different 
compounds all of which contribute to the unique 
qualities and characteristics of the typical aroma. 

Different artificial-nose devices have been 
developed to discriminate complex vapor mixtures 
containing many different types of volatile organic 
compounds. These devices comprise several sensor 
types including metal-oxide, semi conductive 
polymers, conductive electroactive polymers, optical, 
surface acoustic waves, and electrochemical gas 
sensors. Metal-oxide sensors exhibit very high 
sensitivity, sub-ppm levels for some gases. The 
sensing reaction is based on an oxygen exchange 
between the volatile gas molecules and the metal 
coating material: electrons are attracted to the loaded 
oxygen and result in decreases in sensor conductivity 
[5]. 

An electronic nose system typically consists of a 
multisensors array, an information-processing unit 
such as an artificial neural network, software with 
digital pattern-recognition algorithms, and reference-
library databases.  

The sensor array in an electronic nose performs 
very similar functions to the olfactory nerves in the 
human olfactory system. The sensors present in the 
array are chosen to respond to a wide range of 
chemical classes and discriminate diverse mixtures of 
possible analytics. The output from individual 
sensors is integrated to produce a distinct response 
pattern that represents the odour profile of the sample 
[5]. 

The effectiveness of the electronic nose in the 
quality control of red meat has been stated by several 
authors. According to Barbri et al. [6], the electronic 
nose system can be used as an alternative tool, for 
shelf-life determination (i.e. quality assessment) and 
spoilage classification (safety assessment) in red 
meats.  

The aim of the study is to comprise different 
assays in order to address the ability of a MOS-based 
electronic nose to monitor beef odour characteristics. 

2. Material and Methods  
 

2.1. Samples 
 
Different types of meat were used according to 

the diet conditions of the animal. The study was 
divided in three parts, under different conditions.  

 
 

2.1.1. Experiment 1 
 
The study was carried out at the Agricultural 

Experiment Station of INTA Anguil, La Pampa, 
Argentina. Angus steers of similar age and weight 
were fed with different treatment: 1) Finished on pure 
stands of cereal rye (Rye); 2) Triticale (Trit);  
3) Tricepiro; 4) Oats.  

After slaughter, carcasses were individually 
graded and chilled at 2 °C. Forty eight hours after 
slaughter, Longissimus dorsi, Gluteus medius, Psoas 
major and Semitendinosus muscles were removed 
from the left side of each carcass, vacuum packaged 
and stored at (-20 ± 1) °C. 

 
 

2.1.2. Experiment 2 
 
The study was carried out at the Agricultural 

Experiment Station of INTA Villegas, Buenos Aires, 
Argentina. Steers from the Angus breed received a 
grain-based diet. Thereafter, they changed to the 
following diets. Grain diet: 39 % corn silage (37 % 
grain), 59 % whole corn and 2 % mineral premix 
with monensin. Pasture diet: Triticale, Triticosecale 
Wittmack in vegetative growth stage with a daily 
forage allowance equivalent to 2.5 % of live weight 
[8]. Forty eight hours after slaughter, Triceps brachii 
muscle was removed from the left side of each 
carcass, vacuum packaged and stored at (-20 ± 1) °C.  

 
 

2.1.3. Experiment 3 
 
Fresh beef striploins were bought at a commercial 

slaughterhouse in Buenos Aires, Argentina. Samples 
were vacuum packed following commercial practice, 
transported to the Lab and stored at (-20 ± 1) °C until 
analysis.  

Three different types of samples were considered. 
Samples from Angus breed steers exclusively fed 
through pasture grazing since their weaning, Angus 
breed steers from feed-lot, and selected crossbred 
steers with less than 50 % of breeds of the zebu type 
fed with forage and supplemented with finely 
chopped maize grain and sorghum. 

 
 

2.2. Meat Sample Preparation 
 
Samples were kept at (-20 ± 1) °C before 

analysis. After thawing at (4 ± 1) °C for 24 h, steaks 
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were deboned and trimmed of subcutaneous fat and 
epimysium.  

For electronic nose measurement, samples were 
minced and an aliquot of (2.5± 0.01) g of each 
sample was placed in a 10 mL glass vial equipped 
with a screw cap and silicon septum. The following 
cooking methods were considered in the experiments. 
 
 
2.2.1. Grill 

 
Samples were grilled on a pre-heated Philips 

electric grill until internal temperature reached 71 °C 
(AMSA, 1995). Cooked steaks were cooled to less 
than 10 °C overnight. Internal temperature was 
monitored with a T-type thermocouple inserted in the 
geometric centre of each sample.  

 
 

2.2.2. Dry Heat 
 
Samples were cooked in a pre-heating oven at  

165 ± 0.5 °C. The temperature was kept constant 
until the steak reached at (71 ± 0.5) °C, controlled 
with a T-type thermocouple inserted in the geometric 
centre of the sample. Then, the sample was removed 
from the oven and maintaining at room temperature 
during 30 min. After that, it was stored at (4 ± 0.5) °C 
up to its measurement, protected from desiccation. 

 
 

2.2.3. Moist Heat 
 
Sample was placed in a plastic bag, sealed 

without air inside and then put in a water bath at  
(70 ± 0.5) °C for 1 h. Then, it was cooled in water at 
room temperature during 30 min and maintaining at 
(4 ± 0.5) °C until analysis, protected from 
desiccation. 

 
 

2.3. Electronic Nose Protocol 
 
An electronic nose comprising 18 semi-conductor 

oxide metallic sensors pure and doped semiconductor 
(MOS), coupled with a mass spectrometer system 
(NE-MS, Alpha Prometheus, Alpha MOS) was used.  

The used device is equipped with two types of 
sensors: P and T sensors and LY ones. P and T are 
metal oxide sensors based on tin dioxide SnO2  
(n-type semiconductor), the difference between them 
resides in the geometry of the sensors. The LY 
sensors are metal oxide ones based on chromium 
titanium oxide (p-type semiconductor) and on 
tungstene oxide (n-type semiconductor). In the 
presence of a reducing gas, there is absorption with 
an electronic exchange of gas towards the sensors: 
the conductance of the n-type increase while for the 
p-type the resistance will increase [9].  

Doping with different elements increases SnO2 
selectivity for different gases. The adopted 

configuration results are very flexible for general 
purposes and convenient for a wide range of 
applications. Sensors are relatively non-specific and 
can combine the response of all the sensors in a 
unique signal. In Fig. 1, each curve represents a 
different sensor. The curves represent the sensor 
conductivity (Y-axis) over time (X-axis) when the 
volatiles from the meat reach the measurement 
chamber, respect to the value measured when the 
carrier gas reaches the sensor. As it was shown in 
Fig. 1, the response of the sensors gradually changed 
and, finally they reached a stable equilibrium. 

An electronic nose system must satisfy 
reproducibility, long term stability, identification 
capability and model robustness. In order to monitor 
these requirements, standardized chemicals aqueous 
solutions were analyzed. The solutions used were 
propanol (Aldrich) 0.1 %v/v, ketone (Aldrich)  
0.1 %v/v and isopropanol (Aldrich) 0.05 %v/v; all 
solutions were prepared with HPLC degree water. 
Measurements were performed regularly at intervals 
of 15 days. 

The analysis was defined as follows: during the 
acquisition process, samples were kept at 90 °C for 
40 min while shaken at 500 rpm to reach the 
equilibrium in the headspace. The device was 
continuously purged with dry air (synthetic air N35, 
Air Liquid) set at 150 mL/min. The acquisition time 
was set at 120 s and the delay time (time elapsed 
between subsequent analyses) was 18 min. These 
experimental conditions ensured that each step during 
data acquisition was enough to establish a correct 
baseline to collect volatile compounds and to allow 
the recovery up of sensors between sample analyses. 
The maximal amplitude for sensor response curve 
was considered for analysis. 
 
 

 
 

Fig. 1. Signals of the 18 semi-conductor metallic oxide 
sensors with pure and doped semiconductor. 

 
 
2.4. Statistical Analysis  

 
Statistical analysis was applied to the maximal 

intensity response of each sensor. Principal 
Component Analysis (PCA) is an extraction method 
used to reduce dimensions and to analyze the 
inherent structure of the data. Linear Discriminant 
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Analysis (LDA) estimates a linear combination of the 
original variable to build a discriminant function and 
allows visualizing the distribution of points in the 
same group and the distance between them.  

Leave-one-out cross-validation technique is often 
used to evaluate the classification performance. 
During cross-validation, all sample data of each class 
are used for training except one, which is left for 
testing. That is, for a given dataset with “n” 
observations in each class, one observation is 
randomly removed and the rest (n−1) of the 
observations is used for training. This process of data 
separation and subsequent validation of the created 
model is continued “n” time, and the average 
classification accuracy for all these times is 
computed. This procedure gives an almost unbiased 
estimate of the expected generalization error [10]. 
Data processing methods were performed by SPSS 
software (version 12.0, Illinois, USA).  

 
 

3. Results and Discussion  
 
Electronic nose data was analyzed applying PCA 

and LDA methods. LDA was chosen due that it 
considers the relation of data points for the specified 
classes, taken into account the distribution within 
classes and the distances between them. Therefore, it 
allows us to collect information from all sensors in 
order to improve the resolution of classes [10]. 

 
 

3.1. Experiment 1 
 
Odour profile of different muscles (Longisiismus 

dorsi; Gluteus medius; Psoas major and 
Semitendinosus) were compared from steers finished 
on pure stands of cereal rye (Rye). All samples were 
submitted to grill cooking process. 

Fig. 2 shows the results obtained for grilled 
samples according to different muscles. Three 
discriminant functions (LDA) were found, 
accounting for 84.3 %, 11.4 % and 4.3 % of the total 
variation respectively, with a success rate of correct 
classification of each sample in their respective group 
(i.e.: muscle) of 96.9 % and 89.1 % of the original 
cases and after cross validation. A clear 
discrimination between groups corresponding to 
muscle can be observed.  

Fig. 3 shows the results as obtained with 
electronic nose data corresponding to grilled samples 
of Longissimus dorsi muscle from animals fed under 
different treatment (Tricepiro; Triticale; Rye and 
Oats). Two discriminant functions (LDA) were 
found, accounting 98.6 % of the total variation, with 
a success rate of correct classification of each sample 
in their respective group (i.e.: feeding) of 98.2 % and 
91.1 % of the original cases and after cross 
validation. A clear discrimination between groups 
corresponding to different feeding systems was 
observed.  

 
 

Fig. 2. Discriminant function analysis of electronic data for 
different types of muscle Longisiismus dorsi (■); Gluteus 
medius (●); Psoas major (●) and Semitendinosus (▲) from 
steers finished on pure stands of cereal rye (Rye). 

 
 

 
 

Fig. 3. Discriminant function analysis of electronic data for 
grilled samples of Longissimus dorsi muscle of animals fed 
by different treatments. Tricepiro (■);  
Triticale (●); Rye (▲) and Oats (♦). 
 
 
3.2. Experiment 2 

 
In this experiment different cooking methods 

were compared. Meat samples belonging to animals 
fed under the treatment of pasture (P) and grain diets 
(G) were analyzed. Two discriminant functions 
(LDA) were found, accounting 64.4 % of the total 
variation (Fig. 4). No clear discrimination between 
groups was achieved; even though, samples were first 
differentiated according to the base diet of the 
animals pasture (P) and grain diets (G). Odour 
profiles of samples cooked by moist-heat method 
tend to be different if it was compared with other 
cooking processes. 
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Fig. 4. Discriminant function analysis of electronic data for 
samples of two types of diet, pasture (P) and grain (G), 
compared to different treatment (cooking process: moist 
heat; dry heat and grilled). (Grain (G) moist heat (○); Grain 
(G) dry heat (□); Grain (G) grilled (∆): Pasture (P) moist 
heat (●); Pasture (P) dry heat (■); Pasture (P) grilled (▲)). 

 
 

3.3. Experiment 3 
 
Odour profile of grill-cooked striploins samples 

were compared, results are shown in Fig. 5. Two 
discriminant functions (LDA) were found, 
accounting for 88.6 % and 11.4 % of the total 
variation respectively, with a success rate of correct 
classification of each sample in their respective group 
of 99.0 % and 92.4 % of the original cases and after 
cross validation. A clear discrimination between 
groups can be observed.  
 
 

 
 
Fig. 5. Discriminant function analysis of electronic data for 
grill-cooked samples belonging to different types of diet 
(Forage (●); Feedlot (▲); Pen (●)). 

 
 
According to previous results, differences in beef 

odour from animals under different feeding regimes 
were observed. Even more, it was possible to distinct 
odour profiles from different muscles. Unexpectedly, 

no clear discrimination was achieved when 
comparing cooking methods. 

The volatile compounds in simulated beef flavour 
and compared flavour compounds in roasted and 
boiled beef analyzed under the same conditions [11]. 
The simulated beef flavour was provided by 2-
methyl-3-furanthiol with various pyrazines 
contributing roasted notes, while other aroma 
compounds including terpenoids, along with the 
absence of various aldehydes and ketones, resulted in 
the subtle differences between the simulated beef 
flavour and cooked beef. 

Wisner et al. [12] stated that difference in 
genetics, feeding and management practices in cattle 
confer different flavour attributes. These 
characteristic should be associated to differences in 
fat deposition, which in turn have been attributed to 
differences in fatty acid profiles of beef due to 
differences in diet, breed type and sex. In this 
context, Elmore et. al. [14] compared the volatile and 
fatty acid compositions of grilled beef from animals 
fed either concentrates or silage, belonging to 
Aberdeen Angus and Holstein-Friesian breed. The 
stated author mentioned that it is still necessary to 
understand how the observed differences in both 
profiles impact on to the characteristic notes of beef 
odour and flavour. 

Descalzo et. al [14] studied how feeding 
influences overalls antioxidant power in meat and its 
possible relation with meat odour characteristics 
assessed by electronic nose. Authors found a linear 
correlation between a set of MOS-sensor and 
antioxidant activity, expressed by FRAP (total ferric 
reducing antioxidant power) levels, of fresh meat. 
Electronic nose methodology successfully 
discriminated the odour characteristics of samples 
corresponding to pasture- and grain-based diet.  

 
 

4. Conclusions 
 
Electronic nose analysis was able to discriminate 

odour profiles from different muscle and from the 
same muscle of animals under different feeding 
treatment. These results can be attributed to 
differences in the volatile fraction composition 
impacting on their odour profiles. The observed 
differences between different feeding treatment, 
muscle and cooking process must be considered 
when odour profile in meat is analyzed. 

Nowadays, the development of the electronic 
nose methodology, including a chemical sensory 
array, provides a powerful tool to analyze odour as a 
set of odorants present in a given sample.  
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