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ABSTRACT 

 

Recently, the demands on various odor detection system in many areas of application are 

growing significantly. The development of odor sensor based on olfactory receptor (OR) of 

human or animal olfaction system is a promising approach for realizing highly selective and 

highly sensitive sensor since the performance of a current artificial sensor is insufficient. Among 

the techniques available in biosensor transducer, fluorescence microscopy offers advantages of 

noninvasive technique with high sensitivity. However, the main problem of this technique is the 

presence of ambient light when the measurement is not performed in dark condition since the 

intensity of fluorescence light is very weak. A lock-in measurement technique can be applied to 

the system to acquire a weak fluorescent signal buried under the strong ambient light and noises. 

Furthermore, a compact, low power, and robust measurement system is very demanding. The 

purpose of the research is to develop a portable fluorescent instrumentation system robust against 

ambient light using lock-in measurement technique. 

The system consists of a cell based biological sensing element, an optical transducer, a lock-

in amplifier, and a microfluidic system (MFS) chamber. Sf21 cell expressing the insect OR and 

calcium ion (Ca2+) indicator fluorescent protein was used as sensing element. The bindings of 

odorant molecules by the OR triggers the increase of intracellular Ca2+ concentration since the 

OR and co-receptor forms an ion channel. The fluorescent protein is used to monitor the activity 

of Ca2+. The higher odorant concentration is, the more Ca2+ influx is. Then, the increase of Ca2+ 

concentration makes the cell emit higher fluorescent intensity when it receives the excitation light. 

The optical system is used to provide the cell sensor with the proper blue (488nm) excitation light 

from laser diode and to capture the emitted green (512nm) fluorescent light on a complementary 

metal–oxide–semiconductor (CMOS) camera. Processing the fluorescent intensity and 

performing the lock-in technique were done using Matlab on PC. Cell immobilization and odorant 

exposure were performed in an acrylic chamber for static system and a MFS made of glass and 

polydimethylsiloxane (PDMS) for flow system. The cell immobilization was done by letting the 

cell be adsorbed firmly at the base on the chamber. 

Both static and flow systems were evaluated in this study. First, several experiments were 

performed on the static system. Both cells, expressing Or56a and BmOR3, responded to geosmin 

and bombykal with concentrations from 5μM to 100μM, respectively. It was difficult to obtain 

the responses to odorant with concentration smaller than 5μM in static system since it was almost 

the artifact level due to odorant dropping. 

Then, the apparatus for flow system consists of pump, micro pipe, flow chamber, solenoid 

valve and sink. Two types of pumps were used, micro-pump and syringe-pump. The applied 

flowrate of odorant should be kept less than 400l/min to avoid the cell removal. Typical 
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characteristics of micro-pump are small size and low power dissipation. Thus it is suitable for 

realizing a portable system. However, micro-pump cannot be used for the experiment on small 

concentration since it produces the artifact. Experimental results show that microfluidic system 

using micro-pump was suitable for measuring odorant concentration between 5M and 100M 

(or above). Syringe pump has precise and stable flowrate. However, it cannot be used for portable 

applications because of its weight and dimension. In low flowrate (100l/min.), almost no artifact 

was produced by syringe pump. Syringe-pump was used to investigate the detection limit of the 

cells response to the odorant. Experimental results show that the detection limit of Or56a cell 

lines to the geosmin odorant was 100nM while the detection limit of Or13a cell lines to the 1-

octen-3-ol odorant was 50nM in the dark condition. 

A lock-in measurement technique was incorporated into the system to avoid the influence of 

the ambient light. In the ambient light condition, the CMOS camera captures not only the 

fluorescent light, but also unwanted light such as background, offset, and noise. Lock-in 

measurement technique consists of fluorescent signal modulator, high-pass filter (HPF), phase 

sensitive detector (PSD), reference signal, and low-pass filter (LPF). The fluorescent signal was 

modulated by the laser diode system. The other blocks were implemented offline using Matlab. 

Experimental results in dark condition show that application of lock-in measurement technique 

slightly improved the detection limit down to 50 nM geosmin concentration and 25nM 1-octen-

3-ol concentration for Or56a and Or13a, respectively. Compared with dark condition, applying 

the lock-in technique to both low (500 flux) and high (1000 flux) ambient light conditions, the 

limits of detections were almost the same for both cell lines with their associate odorants. The 

improvement of the detection limit reached approximately three orders of magnitude under the 

ambient light condition. Without lock-in technique, the limit of detection deteriorates much in 

ambient light condition.  

Several improvement should be made by implementing the image and lock-in technique 

processing on FPGA platform to improve the speed, power dissipation, and compactness in the 

near future. Moreover, the cells with two or more OR types can be captured in one image to form 

a sensor array. Thus the system can be used to implement a compact and sensitive odor sensing 

system. 
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Chapter 1 

Introduction 

 

1.1 Background and Motivation 

Smell or odor sensing system is beneficial for quality control in many areas of 

industry such as fragrance [1], food, and beverage [2]. The odor detection is found 

important in the environmental monitoring [3], chemical purity analysis, medical 

diagnosis [4], or even in drug and explosive material detection, etc. [5]. Currently, the 

artificial odor sensing system is not adequate for most of applications and most of odor 

related activities are performed by human or animal such as dogs [6]. With enough 

training, both human and dog have capability with most of important characteristics of 

sensing system such as selectivity, sensitivity and real time. They suffer from subjectivity 

since their performance depends on physical and physiological wellness [7]. Thus, they 

lack in repeatability and unavailability for mass production. Another drawback of using 

living body as a sensor is the expensive training cost. There are growing demands and 

area of applications for selective, sensitive and real time odor sensing system. 

Most of the odors are composed of mixtures of many odorant molecules with different 

concentrations [8]. Therefore, individual gas sensor is not adequate for the purpose of 

odor detection. Inspired by human olfactory system composed of many types of odor 

receptors, an array of sensors forms an odor sensing system called electronic nose (e-

nose) [9]. The first e-nose was reported by Wilkens and Hatman in 1964 [10]. However, 

the concept of e-nose as an intelligent chemical sensor appeared 20 years later [11]. Since 

then the artificial odor sensors have been developed for many areas of applications. 

However, the performance of artificial odor sensor is inferior to living organism capability 

[12]. Utilization of odor biological sensor is intended to meet the performance 

requirement of e-nose. The olfaction sensory organ of living creature has been developed 

through long time of evolution, the smell (odor) detection contains useful information for 

sustaining their life such as danger, food, mating [13]. Utilization of olfactory organ as a 

sensor expected to exceed the capability of living creature. Possibility of using olfactory 

organ as a sensor becomes realistic by discovery of olfactory receptor (OR) [14] and 

advanced development of bio engineering to express an OR on in another cell or organ 

[15]. 

   OR based sensing element coupled with optical fluorescent technique is one of 

the well-known techniques for odor biosensor since it is sensitive, non-invasive 

techniques and easy to prepare or immobilized [16]. In response to the odorant, biosensor 

produce the biological signal in the form of increasing calcium ion inside cell expressing 
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OR and fluorescent protein. A transducer based on fluorescent microscopy is used to 

detect the change of calcium ion activity. Basically, the cell illuminated by an excitation 

light emits the fluorescent light with intensity which reflects the concentration of odorant. 

The main problem of optical fluorescent technique is the presence of background light 

(disturbance) when it is used under ambient light condition since the intensity of 

fluorescent light is very small [17]. Special instrumentation technique called lock-in 

amplifier or lock-in measurement can be applied to the system where the signal is buried 

under the noise [18]. Another current issue in designing an electronic system is portability 

[19] which has characteristic small in dimension, low-power and light weight. This 

research is intended to develop a compact odor sensing system based on insect olfactory 

receptors and fluorescent instrumentation robust against disturbance.  

 

1.2 Mechanism of olfaction 

  Olfaction, According Mirriam-Webster dictionary, is the sense of smell or the act 

of smelling. Any substance that have distinctive smell known as odorant, a volatile 

chemical compound. The organ or nerve concerned with the sense of smell known as 

olfactory organ. Olfaction contained many important/useful information. The olfactory 

perception consist of four-step process: (1) stimulation – an odorant stimulus impinge on 

an odorant receptor; (2) transduction - the stimulus energy produces electrochemical 

nerve impulses in the dendrites of the sensory neuron; (3) transmission - the axon of the 

sensory  neuron conducts action potentials along an afferent pathway to the central 

nervous system (CNS) or brain; and (4) interpretation - the brain creates a sensory  

perception from the electrochemical events produced by afferent stimulation [20]. 

Basically, the odorant receptor (OR), the olfactory receptor neuron (ORN), glomeruli, and 

olfactory cortex (brain) are responsible for each step. 

There are two types of olfactory system of terrestrial creature (air breathing), insect 

and vertebrate. In vertebrate, OR and ORN are located in olfactory ephithelium while 

glomeruli located in olfactory bulb. In insect, OR and ORN are located in antenna and 

maxillary pulp while glomeruli located in antennal lobe. 

 Figure 1.1 shows the schematic diagram of human olfactory system which is typical 

for vertebrate. The process of olfaction begins when odorants are inhaled and get through 

an aqueous medium (mucus) layer prior to contact with the olfactory epithelium. The 

odorant binding protein (OBP) carries the odorants towards cilia where the odorant 

molecules bind its associate OR and start the signal transduction mechanism [21]. There 

are several theories describing the mechanism by which odorants bind to the ORs which 

are based on shape, vibration, and tunneling [22].  
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Figure 1.2 shows the process of signal transduction mechanism of vertebrate. When 

the odorant molecules bind to the ORs, their attachment induces a change in the shape of 

the olfactory receptor [23]. The modification in the structure of the receptor induces their 

binding to the G-protein (comprised of α, β, and γ) which activates the adenylyl cyclase 

(AC). The AC converts adenosine triphosphate (ATP) into cyclic-3’,5’-Adenosyl 

monophosphate (cAMP), known as second messenger. As the intracellular concentration 

of cAMP increases, it activates the gated ion channel (cyclic nucleotide-gated, CNG 

channel) which permits the entry of extracellular ions (Na+ and Ca2+) which causes the 

inside of cell to become less negative. The Ca2+ influx causes an opening of calcium-gate 

chloride channels, resulting in Cl- efflux that causes depolarization which activates the 

action potentials of the receptor cell and provides the neural signals to the olfactory bulb. 

Sensory information received from olfactory receptors is processed (decoded) in olfactory 

bulb before it is transmitted to the olfactory cortex located on the brain for odor 

identification [24]. Most of odors are composed of multiple odorant molecules and each 

of them activates several ORs. There are more than 400 ORs on human olfactory organ 

[25]. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic diagram of the human olfactory system [21].  
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Figure 1.2 Schematic diagram of the signal transduction in vertebrate [23]. 

 

 

 

Figure 1.3 Olfaction mechanism in insect [27] 
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The mechanism of olfaction in insect begins in antenna and maxillary pulp when 

odorants molecules get through the pores and then aqueous medium (lymph) layer prior 

to contact with the receptor. The OBP assists the molecules to go towards sensila where 

the odorant molecules bind its associate receptor (ORx) and start the signal transduction 

mechanism [26]. The mechanism of signal transduction in insect is simpler than human 

(vertebrate). Figure 1.3 (right) shows the signal transduction model in insect. Specific 

receptor (ORx) forms heteromeric complex with the common receptor (Orco) and 

function as an odorant-gated ion channel [27]. When the ORx bind the odorant molecule, 

odorant-gate ion channel become an “open” gate and allows the calcium ion influx from 

extracellular to intracellular. Calcium ion act as a signal transduction which activates the 

action potentials of the receptor cell and provides the neural signals to the glomeruli 

located in antennal lobe. Sensory information received from olfactory receptors is 

processed (decoded) in glomeruli before being transmitted to the olfactory cortex located 

on the brain for odor identification [28]. There are more than 60 types of ORs available 

in insect. 

 

1.3 Related work 

1.3.1 Odor Sensor for E-nose. 

Odor is a mixture of molecules that are able to stimulate odorant receptor when it is 

in contact with sensory systems. Odorant molecules have some basic characteristics such 

as: light (relative molecular masses up to approximately 300 Dalton), small, polar, and 

mostly hydrophobic [29]. Simple odor such as alcohol, contains only one chemical 

component while complex odor can be made up of hundreds or even thousands of 

different molecules each in varying concentration. Table 1.1 shows several examples of 

common simple odorant with their main chemical constituents [30]. The threshold is for 

the detection by normal and healthy person, which have wide range of values. Most of 

natural smells, perfumes, and flavors are complex mixtures of chemical species. Table 

1.2 shows the chemical components included in coffee aroma [31]. People can detect 

coffee aroma easily, but it has many constituents which may change over time. 

Mimicking the biological olfaction system, which employs a large number of OR 

types, odor sensor is developed. Odor sensor or e-nose is a sensing system using an array 

of sensors with partially overlapping specificities to a wide range of odorants [32]. The 

collection of data obtained from many sensors is then processed using an appropriate 

pattern recognition system. Typical schematic diagram of e-nose system with its associate 

organ in human olfactory system is shown in Figure 1.4 [33]. 
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Table 1.1. Some examples of simple odor [30]. 

Odor type Main chemical species Threshold (ppb in water) 

Beer Diacetyl 500 

Green leaves Trans-2-hexenal 316 

Rose Geraniol 290 

Thyme 5-Isopropyl-2-methylphenol 86 

Lemons Limonene 10 

White fish Cis-4-heptenal 0.04 

Butter Octa-1,5-diene-3-one 0.01 

Green papers 2-Isobutyl-3-methoxypyrazine 0.002 

Grape fruit -Therpinethiol 0.00002 

 

 

Table 1.2. Constituents of coffee aroma by chemical class [31] 

Class of chemical species Number in class 

Furans 108 

Pyrazines 79 

Pyrroles 74 

Ketones 70 

Phenols 44 

Hydrocarbons 31 

Esters 30 

Aldehydes 28 

Oxazoles 28 

Thiazoles 27 

Thiophenes 26 

Amines 21 

Acids 20 

Alcohols 19 

Pyrydines 13 

Thiols/Sulfides 13 

Total 631 
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Figure 1.4. Typical schematic diagram of e-nose system (below) with associated block 

of human olfactory system (above) [33]. 

  

 

Figure 1.5. Typical schematic diagram of sensor used in a sensor array.  

 

Sensor technology for e-nose has developed rapidly over the past decades. Figure 1.5 

shows the schematic diagram of typical sensor. It consists of sensing element and 

transducer. Odorant molecules interact with the sensing element by either binding, 

absorption, adsorption, or chemical reactions [34]. There are two types of sensing 

elements, artificial and biological ones. Artificial sensing element normally interacts with 

odorant molecules in the gas phase and produces physical or chemical changes. As in 

human or animal olfaction system, biological sensing element normally works in the 

liquid phase and resulted in biological change after the interaction with odorant molecules. 

The non-electrical signals (physical, chemical, and biological signal) produced by sensing 

elements are then converted to electrical signal by transducer for further processing.  

The sensors employed for e-nose should meet several criteria. They should have 

broad selectivity and high sensitivity to different types of chemical species (analyte), fast 

response time, short recovery time, low sensitivity to physical and environmental variable, 

robust, stable, and reproducibility [35]. Small size and low power sensor system are also 

desired for portable device implementation. 
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1.3.1.1 Artificial sensor for e-nose. 

 The most common sensing elements to capture odorant molecules in artificial sensor 

is chemical interactive material [36]. Several common physical properties change due to 

the interaction between odorant molecules and sensing element summarized in Table 1.3. 

A brief description of some sensor technologies given next. Most of the commercial 

artificial system are based on conductivity, piezoelectric, and MOS sensors. 

 

Table 1.3. Physical changes in the sensor and the sensor devices used to transduce them 

into electrical signals 

Physical changes Sensor type Sensor 

Conductivity Conductivity sensor  Conducting polymer [37,38]. 

Mass Piezoelectric sensor QCM [39,40 ], SAW [41,42 ]. 

Work function Metal oxide sensor MOSFET [43 ], MESFET [44] 

Optical Optical sensor. Fluorescent detector[45] 

 

1.3.1.1.1 Conducting polymer sensor 

Conducting polymer sensor is based on measuring the conductivity or resistance of 

a thin-film polymer coated between two electrodes when the odorant molecules are 

adsorbed or absorbed into the polymer. The sensor response is correlated with the 

concentration of odorant. Sensor is fabricated by forming electro-polymerizing thin 

polymer films across a narrow electrode gap. Figure 1.6 shows the basic schematic 

diagram of conducting polymer sensor.  

Conducting polymer material such as polypyrrole, polythiophene and polyaniline are 

typically used for e-nose sensing [46]. Several examples of gasses detected by conducting 

polymer are CH4, CHCl3 and NH4 [47]. Several features of conductive polymer include 

fast and reversible response, easy to produce, long lifetime and low power. The main 

drawback of conducting polymer is the sensitivity toward humidity and temperature. 

 

 

 

 

 

 

 

Figure 1.6. Schematic diagram of conducting polymer sensor. 
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1.3.1.1.2 Piezoelectric sensor 

Piezoelectric sensor exploits the stable frequency resonance of piezoelectric 

materials such as quartz when acoustic wave passes through the crystal. The adsorption 

of gas molecules onto the coating film on the surface induces a shift in the oscillation 

frequency that is directly related to the mass of the adsorbed compound [48]. There are 

two types of piezoelectric sensors used in odor sensing, the surface acoustic wave (SAW) 

device and the quartz crystal microbalance (QCM). The SAW device produces a surface 

acoustic wave that travels along the surface of the piezoelectric substrate while the QCM 

produces a bulk acoustic wave that travels through the bulk of the sensor. 

Figure 1.7 shows the schematic diagram of SAW sensor composed of piezoelectric 

substrate with an input and output interdigital transducer deposited on top of the substrate 

[49]. A gas sensing film is coated on the area between both transducers and an alternating 

current (AC) signal is applied to the input transducer creating a wave that propagates 

along the surface of the substrate. When the film interacts with analyte gas it has mass 

change and the frequency of the wave become changed. The materials for substrate are 

normally prepared from ZnO on silicon substrate, lithium niobate or quartz while for the 

sensitive membrane is usually polymer, liquid crystal, phospholipids or fatty acids.  

SAW sensor can detect a broad spectrum of odors due to the wide range of gas sensitive 

coatings available with high sensitivity and fast response times [50]. However, SAW 

devices suffer from poor signal to noise performance and high sensitivity to humidity and 

temperature [51]. 

Quartz crystal microbalance (QCM) sensors works on the same principle as SAW 

sensor. Figure 1.8 shows the schematic diagram of QCM sensor is made of a quartz disc 

coated with the adsorbing polymer layer and a set of gold electrodes evaporated onto both 

side of the polymer/quartz structure [52]. An AC voltage is applied to the piezoelectric 

quartz crystal and make the material oscillates at its resonant frequency. The wave 

produced, travels through the entire bulk of the crystal. When the sensor is exposed to 

vapor and the crystal adsorbs the associated molecules, its mass increases and alters the 

resonant frequency of the quartz crystal. A QCM coated with Polyvinylpyrrolidone has 

been used to detect various organic vapors and had a linear frequency shift with 

concentration of ethanol, n-heptane and acetone [53]. The advantages of using QCMs are 

fast response times. However, QCM gas sensors have disadvantages in poor signal to 

noise ratio [54]. 
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Figure 1.7. Schematic diagram of SAW sensor.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Schematic diagram of QCM sensor. 

 

1.3.1.2 Odor biosensor 

 An odor sensor based on biological phenomena (biological sensor or biosensor) 

currently gains more attention since its performance is expected to exceed the artificial 

sensor [55]. An animal, for example, a dog is able to detect odorant much more accurately 

and faster than the current artificial sensors [56]. Biosensor consists of two parts, sensing 

element and transducer. The sensing element is biological components taken from 

biological olfactory systems that can recognize biological or chemical analytes (odorant 

molecules) in solution (liquid phase) or in atmosphere (gas phase) [57].  

The sensing element may be a tissue, a cell, a receptor (OR), a sensory neuron, a 

protein, or a gene. The transducer is used to convert the biological signal produced by 

sensing element to electrical signal for further processing. Examples of common 

Gas sensing 
coating 

Input transducer 
(interdigital structure) 

Output transducer 

(interdigital structure) 

Piezoelectric 
substrate 

AT-cut quartz crystal plate 

Gold electrode 

Polymer film 

http://img.diytrade.com/cdimg/1454299/21229788/0/1305190825.jpg
http://img.diytrade.com/cdimg/1454299/21229788/0/1305190825.jpg
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transducer used for odor biosensor includes: microelectrode, SPR (surface plasmon 

resonance), Field Effect Transistor (FET), and optical fluorescent. 

1.3.1.2.1 Sensing element of odor biosensor 

A sensing element responds to the external stimuli, odorant molecules, and generates 

a biological signals as follows, 

- Specific odorant receptor bind its associate odorant molecule and activates the 

specific receptor (intracellular or extracellular). 

- Odorant receptor triggers a biochemical chain of events inside the cell. 

- The cell elicits the response, such as: generating the nerve signal, alter the cell 

metabolism, shape, gene expression, or ability to divide. 

Typical common organ used as sensing element are tissue, cell, or odorant receptor 

(OR) [58]. Some examples of olfactory organ tissue that can be used for sensing element 

are olfactory epithelium and olfactory bulb. Figure 1.9 shows the schematic diagram of 

both tissues. There are two types of cells used as sensing element, olfactory receptor 

neuron (ORN) cell and host cell expressing receptor or protein as illustrated in Figures 

1.10(a) and (b). Figure 10(b) shows as Sf21 cell expressing ORx and fluorescent protein 

GCaMP6s. ORx and Orco form an ion channel. Figure 1.11 shows illustration of odorant 

receptor (OR) sensing elements. Odorant receptor belongs to G protein coupled receptor 

(GPCR) family which contain 7 hydrophobic transmembrane domain [59]. It is suggested 

that the binding of odorant molecule occurs in an odorant binding pocket formed by the 

third, fifth, sixth transmembrane domain. Table 1.4 summarizes the advantages and 

disadvantages of several types of odor biosensor characteristics. 

 

Table 1.4. Characteristics of several types of odor biosensors [58] 

Type Advantage disadvantage Remarks 

Tissue Low cost, easy to use, and 

more natural  

Less specificity, varies, 

difficult to maintain.  

Need to kill 

animal 

Cell High selectivity and 

sensitivity. 

Necessity of culturing, 

difficulty of handling 

 

Receptor Stable, high selectivity and 

sensitivity. 

Difficulty in purification 

and isolation, less natural. 
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Figure 1.9. Schematic diagram of some olfactory organ tissues. (a) Olfactory epithelium 

[60] (b) Olfactory bulb [ 61]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Schematic diagram of some olfactory organ cells. (a) ORN cell. Sf21 cell 

expressing ORx and GCaMP6 fluorescent protein [62]. 

 

 

  

 

 

 

 

 

 

 

Figure 1.11. Schematic diagram of some olfactory organ olfactory receptor (OR). 
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1.3.1.2.2 Transducers for odor biosensor. 

Several techniques can be used to convert biological signal to electrical signal such as 

electrochemical, optic, acoustic, colorimetric techniques, etc. A living cell of Xenopus 

oocyte expressing an olfactory receptor (OR) with amperometric transducer was 

successfully used as an odor sensor [63]. This technique requires inserting electrodes into 

a cell (invasive technique). It makes the cell easily damaged in addition to the short life 

span of the cells. One of the non-invasive technique is optical fluorescent one [64]. The 

non-invasive technique is useful since the cells are very small and easy to be damaged. 

Fluorescent technique is one of the non-invasive optical techniques suitable for a cell-

based sensing system. The cell response to the odorant is obtained by detecting the 

intensity of fluorescent light emitted by the cell when it is illuminated by the excitation 

light. Thus, the cell should be prepared with the fluorescent protein inside it. Table 1.5 

summarizes several types of transducers commonly used for odor biosensor. 

Table 1.5 Several types of odor biosensor transducer. 

Type Principles Reference 

Microelectrode 

array (MEA) 

- Electrodes inserted to the cell to extract the electrical signal. 

- Invasive method. 

[65] 

Quartz crystal 

microbalance 

(QCM) 

- Its functionalized surface coated with OR. 

- Increase in mass by the binding of Odorant and OR, causes 

reduction of resonant frequency. 

[66] 

surface plas-mon 

resonance (SPR) 

- SPR is an optical phenomenon that occurs when polarized 

light hits a prism covered with gold surface, at a specific 

incident angle. 

[67] 

Field Effect 

Transistor (FET) 

- Ion or charge sensitive gate layer. 

- Detect potential change. 

[68] 

Optical 

(fluorescent) 

- Additional fluorescent dye (protein) at biological 

element. 

- Fluorescent intensity change with ion activities. 

[69] 

Electro anten-

nogram (EAG) 

- Measuring the average output of an insect antenna t 

for a given odor 

[70] 

Light address-

able potentio-

metric sensor 

(LAPS) 

- Light can induce photo current in semiconductor. 

- Detect the potential variation caused by an 

electrochemical event. 

[71] 

 

https://en.wikipedia.org/wiki/Insect
https://en.wikipedia.org/wiki/Antenna_(biology)
https://en.wikipedia.org/wiki/Odor
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1.3.1.2.3 Classification of odor biosensor 

a. Tissue based odor biosensor 

Living body organ itself can be used for detection of several volatile components. 

The advantages of tissue based sensor is easy to fabricate, easy to immobilize, and low 

cost. The disadvantages are need to kill animal, difficulty in storage, olfactory fatigue, 

individual difference, and lack of specificity. Figure 1.12 shows the basic principle of one 

of the olfactory epithelium (tissue) based odor sensor. The specific response of olfactory 

epithelium can be detected and analyzed when the membrane depolarization is triggered 

due to the interaction between odorants molecules and ORs on cilia [72]. Connected to 

olfactory nerve, MEA (Microelectrode Array) was used to record the electrophysiological 

activity of the olfactory receptor as shown in Figure 1.12. Table 1.6 shows several types 

of tissue based odor biosensor. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12. Schematic view of olfactory epithelium (tissue) based odor sensor with 

MEA transducer [72]. 

 

Table 1.6 Several types of tissue based odor biosensor. 

Tissue type Transducer Odorant Notes Lit 

Olfactory  

epithelium 

(Sprague 

dawley rat) 

MEA Acetic acid, etc.  Fast, Gas phase [73] 

LAPS Acetic acid, etc. Fast, liquid phase [74] 

Olfactory  

bulb (Wistar 

rat) 

MEA Glutamic acid Fast, liquid phase [75] 

EAG Hexanoic acid, etc. Fast, gas phase [76] 
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b. Cell based odor biosensor 

In cell based odor biosensor, the cell utilize for sensing element can be a cultivated 

olfactory receptor neuron (ORN) cell or host cells which express the olfactory receptor 

(OR). ORN cells from insect antenna and mouse cilia have been used for biosensing 

application [77]. Typical cells for OR expression are human embryonic kidney cell 

(HEK293), Xenopus laevis oocyte, Sf21 (Spodoptera frugiperda), and a yeast 

(Saccharomyces cerevisiae). Table 1.7 shows some examples of cell based odor biosensor 

both from cultivated ORN cells (without OR) and host cells expressing OR. The 

advantages of cell based odor sensor are easy isolation and transformation, high 

sensitivity and high selectivity. The disadvantages are difficulty of long term handling, 

low stability, and necessity of culturing [59].  

Biological signal produced by OR including: 

- Conformational (shape) change in OR caused by the binding of a ligand. 

- Dissociation of -subunit of G-protein from activated OR. 

- Ions (Ca2+, Na+, Cl-) influx caused by signal transduction in cells. 

Figure 1.13 shows as example of cells based odor sensor with light addressable 

potentiometric (LAPS) transducer [78]. LAPS has a structure of electrolyte-insulator 

(SiO2)-semiconductor (Si). The light from the laser illuminates the silicon wafer to 

generate the photocurrent. When the extracellular potential of ORNs cultured on silicon 

changes due to odorant molecules binding to OR, the photo current generate 

corresponding signal. Thus, the change of extra cellular potential can be monitored by the 

measurement of photocurrent fluctuation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13. Schematic view of cell based odor sensor with light addressable 

potentiometric sensor (LAPS) transducer [78] 

ORN cell 

http://www.sciencedirect.com/science/article/pii/S095656630800420X#gr1


16 
 

Table 1.7 Several examples of cell based odor biosensor. 

Cell type OR Transducer Odorant  Ref 

ORN (insect) - EAG Hexanol, butyric acid [79] 

ORN (rat) - LAPS Acetic acid, oxtanol, 

hexanol. 

[80] 

ORN (pig) - Optical fluorescent TNT, RDX, [81] 

Neuronal cell 

(wistar rat) 

BmOR1 Optical fluorescent 

Ca2+(EGFP) 

Bombykol [82] 

HEK-293 

(human) 

I7    QCM Helional, heptanal, 

Octanal 

[83] 

S. cerevisiae  

(yeast)         

I7   Optical fluorescent 

Ca2+(EGFP) 

Helional, heptanal, 

Octanal 

[84] 

Xenopus oocytes 

(mammals) 

BmOR3 Conductivity Bombykal [63] 

Sf21 

(insect) 

BmOR3 Optical fluorescent 

Ca2+(EGFP) 

Bombykal [85] 

 

c. Receptor based odor sensor. 

In receptor based odor sensor, the odorant receptor protein is used as sensing element 

to detect the odorant. There are several methods of odorant receptor protein production 

including extraction (isolated) from olfactory organ, overexpression in heterologous cell 

lines, cell free production and chemical synthesis [86]. Heterologous expression is 

commonly used for the production of large amount of odorant receptor protein.  

Following its production, the protein immobilized on the surface of transducer. 

Currently, there are three methods are mainly used to immobilize the odorant receptor 

protein on the surface of transducer: physical adsorption, self-assembled monolayer 

(SAM), and SAM with biotin/avidin interaction [59]. The first method, physical 

adsorption is the most common method due to its simplicity. 

The advantages of receptor based biosensor including high selectivity and sensitivity 

and longer term stability while the disadvantage is difficulty of olfactory receptor protein 

purification and isolation [59]. Figure 1.14 shows the example of the receptor based odor 

sensor [87]. An OR17-40 (human) and a Gα protein were expressed in Saccharomyces 

cerevisiae cells from which membrane nanosomes were prepared and then immobilized 

via interaction on the surface of gold film. Using a surface plasmon resonance (SPR), OR 
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stimulation by an odorant, with the presence of guanosine triphosphate (GTP), can be 

evaluate quantitatively by a shift of the SPR response level.  

Table 1.7 shows several types of receptor based odor biosensor. Their transducer are 

piezoelectric, CPNT-FET (carboxylated polypirrole nanotubes-field effect transistor), 

SPR, EIS (electrolyte-isolator-semiconductor), swCNT-FET (single wall carbon 

nanotube-field effect transistor), and QCM. 

 

 

Figure 1.14. Detection mechanism of olfactory receptor based odor sensor with SPR 

transducer [87]. 

 

Table 1.8 Several types of receptor based odor biosensor. 

OR type Production                                                                                                                                                                                                                                                                                                                                            Transducer Odorant Notes Ref. 

Bullfrogg 

OR protein 

Isolated 

(extracted) 

Piezoelectric n-Caproic acid, 

etc. 

10-7–10-6 

(detection 

range) 

[88] 

hOR2AG1 

(human) 

Heterologous 

expression on 

E. coli. 

CPNT-FET Amyl butyrate 100fM 

(detection 

limit) 

[89] 

OR17-4 

(human) 

Cell free SPR Undecanal 1.2-100M [90] 

OR17 

(rat) 

Heterologous 

expression on 

S. cerevisiae. 

EIS Octanal, 

heptanal, 

helional 

10-13 – 10-4 

(detection 

range) 

[91] 

Polypeptides 

(OR binding 

sites) 

Chemical 

synthesis 

swCNT-FET 

 

Trimethylamine 10fM-1M 

(detection 

range) 

[92] 

Polypeptides 

(OR binding 

sites) 

Chemical 

synthesis  

QCM 1-hexanol,  

1-pentanol 

2-3 ppm 

3-5 ppm 

(det. limit) 

[93] 
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1.3.2 Microfluidic system. 

The dimension of biological sensing element (tissue, cell, receptor, etc.) is in the 

order of micrometer or less. A chamber with the scale of m3 dimension is needed to 

immobilize the biological element and to expose it to the analyte (odorant). Thus, a 

microfluidic system (MFS) is needed for a sensing system. The microfluidic is a 

miniaturized platform with advantages such as small dimension, low sample (cells) 

volume, low reagent (odorant) consumption, short processing time (because of rapid 

mixing), high throughput, enhanced analytical performance, less waste, low unit cost, and 

reduced energy consumption [94]. The requirements for chamber material used for 

biosensor are: 

- Compatibility with biological element which is non-toxic to the elements..  

- Possibility of immobilizing the cells. 

- Possibility of precise control of odorant concentration. 

- In case of optical fluorescence instrumentation the material should be transparent to 

allow excitation light to reach the cell  

Several types of materials available with those requirement such as acrylic, glass and 

PDMS (polydimethylsiloxane) [95]. Microfluidic systems (MFS) for biosensor normally 

consist of a set of fluidic operation procedures that allow odorant molecules to be detected 

and assayed in an easy and flexible way. MFS is capable of sampling, filtration, pre-

concentration, separation, restacking, and detection for odorant molecules. MFS normally 

consists of micro-pump, micromixer, valve, separator and concentrator [96]. Based on 

their flow type, MFS can be categorized into two main types, discrete and continuous one. 

The discrete microfluidic system based on droplet, while the continuous microfluidic 

system based on continuous flow of liquid (odorant) [97].  

In case of odorant sensing system, continuous microfluidic system offers a more 

similarity to the real world problem compared to discrete microfluidic system. As a results, 

with more complicated system and more reagent needed compared to discrete 

microfluidic system. Continuous system suffers from the problems of mixing and reagent 

diffusion. Figures 1.15(a)-(c) shows an example of microfluidic system used for 

investigation of the OR space using microfluidic micro-well array [98]. There are around 

2900 cells involved in the simultaneous investigation using calcium imaging technique 

(Figure 1.15(a) and (b)). Figure 1.15(c) shows how to arrange the cells on array of 20 μm-

diameter, 10 μm-depth wells. First, the cells were loaded into the assembled device gently 

(top). Then the flow was stopped to allow cells to deposit into the well (middle). Finally, 

the flow was continued with saline to flush the movable cells (bottom). The process 

leaving ~70–90% of the wells filled with the cells for further experiment. 
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Figure 1.15. Example of microfluidic system (MFS) [98]. (a) Photo of the MFS, (b) 

Magnification of MFS, and (c) How to arrange the cells on the chamber. 

 

1.3.3 Fluorescent Instrumentation 

Fluorescence is the emission of light (photon) by a substance that has absorbed an 

excitation light or other electromagnetic radiations. The emission light has a longer in 

wavelength than the excitation light and known as Stokes shift. Fluorescent 

instrumentation takes advantage of this shift phenomenon which enables separation of 

both lights using appropriate optics [99]. The intensity, spectrum, life time, and 

polarization of the fluorescent are typically measured by the instrumentation [17]. Typical 

fluorescent instrumentation consists of excitation light source, specimen (sample) 

chamber, optical components, and sensitive fluorescent (emission light) detector.  

Figure 1.16 shows the basic fluorescent instrumentation system with blue 

excitation light and green emission (fluorescent) light. A pair of light source and 

excitation filter is used to obtain the proper excitation light wavelength. Currently, 

(a) 

(b) 

(c) 

https://en.wikipedia.org/wiki/Electromagnetic_radiation
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specific laser diode or light emitting diode (LED) are often used as excitation light 

generator. Dichroic mirror is used to direct the excitation light and filter the emission light. 

The emission filter is used to filtered out the light outside the fluorescent light wavelength 

before reached detector. If the sample is very small, additional lenses can be added in 

front of the sample (objective lens) or detector (ocular lens).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16. Schematic diagram of fluorescent instrumentation. 

 

Fluorescent mechanism is found in many area of applications such as fluorescent 

lamp, mineralogy, sensor, biological detector, etc. A fluorescence-based artificial nose 

system that incorporates fiber-optic sensors as the vapor sensitive dyes had been 

developed [100]. Sensor responses are recorded during the vapor exposure using a CCD 

camera.  

A material or chemical compound that can re-emit light upon light excitation and 

can be used as an indicator or reporter is called fluorophore. One of the common 

fluorophore in biological system is green fluorescent protein (GFP) as a reporter of an 

intracellular signal transduction pathway [101]. Signal transduction occurs when an 

extracellular signaling molecule activates a specific receptor located on the cell surface 

or inside the cell such as in the mechanism of olfaction which involved increasing calcium 

(Ca2+) ion activities. By expressing the GFP and receptor, it is possible to use a fluorescent 

instrumentation to monitor the activity of calcium ion inside cell [102]. The optical 

fluorescent method is proven to be suitable for applications with high sensitivity and for 

further device miniaturization, especially when it is combined with a microfluidic system 

[103].  

https://en.wikipedia.org/wiki/Cell_surface_receptor
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1.3.4 Ambient light and lock-in measurement technique 

Typical emitted fluorescent light is very weak, therefore an image processing technique 

has to be developed to increase the signal to noise ratio. Another major problem is 

ambient light as a background of image signal since it has much higher intensity 

compared to the intensity of fluorescent light. Ambient light originating from the sun or 

indoor lighting has a component of its wavelength around the fluorescent light. The higher 

intensity of background, the less sensitivity of the sensor system. Although covering the 

instrumentation with black box is effective, it reduces the flexibility of measurement 

activities. Lock-in amplifier or lock-in measurement technique is a well-known technique 

to overcome the problem of finding a small signal buried under the noise [104]. De 

Marcellis et.al has applied the lock-in amplifier technique to accurate measurement of gas 

sensor down to ppb level [105]. Moreover, lock-in technique was used to improve the 

signal to noise ratio of the measurement [106].  

Figure 1.17 shows the block diagram of typical lock-in amplifier technique. Sensor 

output is modulated by a signal (m(t)) with a known frequency (fm) and resulted in x(t). A 

bandpass filter (BPF) is used to remove the noise (unwanted, n(t)) contribution at all 

frequencies except for small frequency span around modulated signal fm. The BPF output 

(v(t)) is then attenuated (optional) before it is input to phase sensitive detector (PSD). The 

next block is a mixer or PSD, which multiplies the v(t) by the reference signal (r(t)) to 

obtain the w(t). Both multiplied signals v(t) and r(t) should be properly synchronized to 

have the same frequency and phase. Finally, the DC component of the processed signal 

(w(t)) is extracted by means of a low-pass filter (LPF) with a suitable cut-off frequency. 

The magnitude of output signal y(t) is attenuation of signal generated by the sensor.  

Novak et al. had been implemented a fluorescent detection system with lock-in 

amplifier to enable measurement under ambient light conditions [107]. The LED 

excitation light was modulated to have a modulated fluorescent signal. Then, the 

modulated fluorescent signal was processed by a high pass filter (HPF), a demodulator, 

and LPF, respectively. In another application, an optical lock-in detection (OLID) method 

has been used to enhance the contrast of a living cell fluorescent image in the presence of 

a large background [108].  
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1.4 Field measurement of odorant and biosensor 

Measurement (assessment) of odorant in ambient air is required in many areas of 

applications such as in environmental monitoring [109]. Among the methods of field 

measurements are field olfactometers, marker’s chemical analysis, gas detector tube, and 

electronic nose. Table 1.8 shows some common methods in field measurement of odorant. 

Although the measurement process in field olfactometer method is a definable task, 

several factors related to individual inspector such as health status, alertness, and attention 

need to be considered. The examples of field olfactometer popular product are Nasal 

Ranger and Scentroid SM110 [110, 111].  

In Markers’ chemical analysis, the chemical marker of an odourous emission should 

be chosen based on its high concentration in the emission, representativeness of the 

emission, absence in the background air, and the ease of chemical analysis [112]. Ambient 

air is sampled on a special tube or bags through a vacuum pump and then analyzed using 

Gas Chromatograph/Mass Spectrometer to analyze the present of chemical marker. 

Measurement (assessment) of odorant in ambient air using a portable and robust e-nose, 

especially using biosensor, is a demanding task. One of the main obstacles in developing 

electronic nose for field measurements is the presence of many odorant backgrounds with 

significant intensities [113].  

Another method of field measurement for odor (gas) is gas detector tube, a glass tube 

filled with a chemical reagent that produces a color change when exposed to the gas [114]. 

It is used with a hand pump that will draw a sample into the tube. Detector tubes are 

available for hundreds of compounds, and have been around in a practical format since 

the 1930s. It is easy to use, relatively inexpensive, intrinsically safe, and allowing it to be 

used in almost all occupancies. However, its accuracy is not high since the color change 

is checked by manual inspection. 

Biosensor with very high selectivity such as immunosensors seems to be suitable for 

specific applications of detecting chemical substances in ambient air because of its 

selectivity and sensitivity. A surface plasmon resonance immunosensor using Au 

nanoparticle has successfully used for detection of trinitrotoluen (TNT) [115]. 

Figure 1.17. Schematic diagram of the lock-in amplifier  
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Table 1.9. Several methods in field measurement of odorant 

Methods Principles  Notes 

Field 

olfactometer 

A dilution-to-threshold dilution (D/T) 

factors is obtained by dynamically dilutes 

the ambient air with carbon-filtered air in 

distinct dilution ratio. 

A trained inspector is 

needed to run the 

instrumentation and do 

measurements. 

Markers’ 

chemical 

analysis 

Ambient air is sampled on a special tube 

or bags through a vacuum pump and then 

analyzed for the present of chemical 

marker using GC/MS. 

A chemical marker 

represent odourous 

emission on ambient air 

should be chosen. 

Gas detector 

tube 

A glass tube filled with a chemical 

reagent that will produce a color change, 

when exposed to the gas 

Easy to use, safe, and 

cheap. 

Electronic 

nose 

Odor sensing system is applied directly 

on the field. 

Continue of developing.  

  

1.5 Research purpose 

The main purpose of this research is to develop a portable fluorescent instrumentation 

system robust against ambient light using lock-in measurement technique and to achieve 

a lower detection limit of sensing. The more detail research purposes are: 

1. To develop a compact fluorescent instrumentation system. 

There are many advantages of developing a portable odor sensing system instead of 

the fixed one. Mostly, the needs or applications of odor sensing system is outside room 

or laboratory. Thus, having a compact and robust sensing system is demanding. 

2. To apply the lock-in measurement technique on the instrumentation system. 

The developed fluorescent instrumentation system intended to be used in many areas, 

not only inside laboratory where the external condition can be adjusted. Ambient light 

condition dominated the fluorescent light. To handle that problem, a lock-in measurement 

technique is applied to the system. Lock-in measurement technique is used when signal 

information buried in the noise. The performance of the developed instrumentation 

system should be analyzed in terms of how much the ambient condition affect the 

measurement results before and after the application of lock-in measurement technique 

3. To achieve lower detection limit of sensing. 

In ambient light condition the background light from the sun or lightning is dominant, 

thus deteriorate measurement results and decreasing the detection limit. Application of 

lock-in measurement technique in fluorescent instrumentation system should be lower the 
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detection limit compare to without application of lock-in technique in any conditions of 

ambient light. 

 

1.6 Organization of the Thesis 

The block diagram of the research strategy is shown in Figure 1.18. A biosensor is 

used since typically it has more selective characteristics than artificial sensor. In the 

biosensor an olfactory receptor (OR) based sensor is taken because it is more flexible than 

other biosensor such as immuno-sensor. In terms of its olfaction mechanism, insect OR 

is simpler than mammal’s one. Biosensor using OR can be classified into tissue-based 

sensor, cell-based sensor, and receptor-based sensor. The cell-based sensor is expected to 

have characteristic close to that of living body. Moreover, this sensor uses fluorescence 

since it is a non-invasive technique and is easy to extent to array of sensors. The sensor 

system uses lock-in technique which provides robustness against ambient light.  

The thesis covers background, motivations, related works, research instrumentations, 

experimental set-up, system development, experimental results and their discussion. The 

thesis is made up of 9 chapters, 

- Chapter 1 presents in brief about background and motivation of the research, olfaction 

mechanism, and some related works. 

- Chapter 2 presents the instrumentation development and experimental setup. 

- Chapter 3 presents an experiment on static measurement system. 

- Chapter 4 presents a development of flow measurement system. 

- Chapter 5 presents an experiment of flow measurement system. 

- Chapter 6 presents a development of lock-in measurement system for fluorescent 

instrumentation. 

- Chapter 7 presents an experiment on lock-in measurement system. 

- Chapter 8 presents discussion on performance of developed instrumentation system. 

- Chapter 9 presents a conclusion of the research. 

The block diagram of the thesis organization is given in Figure 1.19. 
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Figure 1.18. Block diagram of research strategy.  

 

 

 

OLFACTORY SENSOR 
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Easy to make a 

sensor array 
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Figure 1.19. Block diagram of thesis organization. 
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 Chapter 2. 

Instrumentation Development and Experimental Set-up 

 

This chapter discusses the experimental set-up for observing the response of the cell 

to the odorant. It consists of the topics about fluorescent microscopy instrumentation 

system, chamber, fluidic system, cells preparation and odorant preparation. Figure 2.1 

shows the basic schematic of instrumentation set-up for experiment on odorant exposure. 

The cells as a sensor are put on the pool of the chamber. Then, the liquid with specific 

concentration of odorant is introduced to the cell by the flow. Several types of odorant 

liquids are available on the reservoirs and are flowed out with specific flow rate by syringe 

pump. The solenoid valve is used to select the type of odorant flow to the cell. The optical 

fluorescent instrumentation system is used to observe the cells response to the odorant. A 

light of 488 nm wavelength (blue) generated by a laser diode is directed towards the cells 

to excite them (thus it is called excitation light) followed by the fluorescent light (515 nm 

wavelength, green). The fluorescent image of the cell is capture by a camera and is send 

to the computer for further processing. Thus, the fluorescent instrumentation basically 

consists of a laser system to generate the excitation light, an optical system to direct the 

excitation and emission lights, a camera to capture the fluorescent image, and a computer 

for process the obtained images. Basic experiments for the purposes of setting-up the 

measurement system such as using fluorescent instrumentation system and microfluidic 

are also discussed in this chapter. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Basic schematic of instrumentation set-up.   

 



28 
 

2.1 Fluorescent instrumentation construction. 

Basic diagram of fluorescent instrumentation is shown in Figure 2.2. A blue excitation 

light produced by a laser system (discussed in section 2.1.1 in detailed) is concentrated 

using collimator lens (all wavelength, US-Laser Inc.) and is filtered (MIL-C-48497A) to 

only allow, the light with blue wavelength to pass through it. The focal length of the 

collimator (fcol) lens is 3.41mm. Through the blue optical filter, the blue light is reflected 

by a dichroic mirror (MIL-STD-810F) and is directed toward objective lens to be 

concentrated on the cells. The dichroic mirror is placed so that it can guide the blue light 

from the laser system to the chamber and pass only the green fluorescent light from the 

cell to the camera. An objective lens (MPlanFL N 10/20, Olympus) is placed in front of 

the cells. Its magnification (M) of the objective lens and the focal length (fobj) of the 

objective lens are 10 or 20 and 18 mm, respectively. An objective lens with proper 

magnification is needed since the cell size is tiny (20 μm). The green optical filter (MIL-

C-48497A) is placed for fluorescent light before captured by the CMOS (Complementary 

Metal Oxide Semiconductor) camera (Bitran, CS-52C). A CMOS camera is cooled down 

to 0C using a peltier device to enhance signal to noise ratio. The cooling function was 

implemented into the camera.  

In designing the fluorescent instrumentation with construction shown in Figure 2.2, 

the distances of focal lengths of both objective lens (fobj) and collimator lens (fcol) should 

be precisely determined. Thus both distances need adjustments. fcol needs to be adjusted 

for proper laser beam while fobj needs to be adjusted to obtain clear image. fcol is the 

distance between laser diode and collimator lens while fobj is the distance between object 

(cell) and objective lens. 

The collimator lens and the laser diode are located at the laser housing. The position 

of laser diode is fixed while the position of collimator lens toward laser diode can be 

adjusted backward and forward, thus the fcol can be adjust in that way. The cells are placed 

at the chamber located at the chamber holder. The position of the chamber holder toward 

objective lens can be adjusted up and down, thus fobj can be adjust by adjusting chamber 

holder. The other distances such as x and y are freely determined and can be optimized to 

have a compact system. In this thesis, we made 14 cm and 18 cm for x and y, respectively. 
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Figure 2.2 Basic schematic of instrumentation set-up for flow system experiment  

 

2.2 Design of laser system 

Laser (Light Amplification by Stimulated Emission of Radiation) diode is a device that 

produces monochromatic, coherent and highly collimated light beam. The laser diode has 

been chosen as excitation source since it has characteristics of low power in spite of small 

size, thus it the best excitation light source in this study. The replacement of the heavy 

lamp house in fluorescent microscope with laser diode enables a compact system. The 

beam emitted from a semiconductor laser typically has an elliptical spatial profile caused 

by diffraction. The output of laser diode fluctuating both in its wavelength and amplitude. 

The sources of fluctuation are vibration, stress, and temperature change. A laser diode 

driver typically consists of a slow starter circuit, current regulation, transient suppression, 

and automatic optical power control (APC). Laser driver circuit is used as both to drive 

and to control the laser diode. 

Laser system consists of Sky blue laser diode and its driver. Two types of laser diodes 

from NICHIA were prepared, NDS1316E and NDS4116E. Both NDS1316E and 

NDS4116E are 4-pin laser diodes with 488 nm peak wavelength. The optical output 

power of NDS1316E and NDS4116E are 25mW and 60mW, respectively [116, 117]. The 

photo of the laser diode and its schematic diagram is shown in Figure 2.3. It can be seen 

from Figure 2.3(c) that the laser diode includes diode (PD). Since photo diode also 

receives the light generated by laser diode, it can be used to monitor the optical power 
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generated by laser diode. With some additional external component such as resistors and 

capacitors, it is possible to develop automatic optical power control. Typical operating 

voltage (Vop) and operating current (Iop) for NDS1316E is 6.2V and 80mA respectively, 

while the typical operating voltage (Vop) and operating current (Iop) for NDS4116E is 5.9V 

and 100mA respectively. 

 

 

 

 

 

 

Figure 2.3 NDS1316E and NDS4116E [116, 117]. (a) Picture. (b) pin-out. (c) 

Schematic symbol. 

 

The main component of laser driver is an integrated circuit (IC) for specific application, 

ELM185BB Laser Diode Driver from ELM Technology [118]. This device was chosen 

mainly because of its low operation voltage (2 volt) and thus its power dissipation and its 

size are small (SOT-026 package), and is easy to use. Figures 2.4 (a) and (b) show the 

functional block diagram of the ELM185BB and its pin description, respectively. 

Moreover, some important electrical characteristics of the ELM185BB is shown in Figure 

2.4 (c).  

The driver circuit based on ELM185BB is shown on Figure 2.5 (a) while its printed 

circuit board (PCB) layout is shown in Figure 2.5 (b). The driver can be used for both 

continuous mode (CM) and pulse mode (PM). In the continuous mode the laser is always 

on, while in the pulse mode the laser is on-off in specified frequency. Pulse mode 

operation is obtained by applying the square wave to pulse in node. Operation in pulse 

mode can be used to decrease the power of the laser and to implement the lock-in 

measurement technique described later into the system.  

 

(a) (b) (c) 
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Figure 2.4 ELM185BB Laser Diode Driver [118] (a) Functional block diagram. (b) 

Pin description. (c) Electrical characteristics. 

 

 

There are three (3) electrical parameters of laser diode needed to design the laser driver. 

They are operating current Iop (max), monitor current mirror Im (min and max) and Vcc. 

Minimum and/or maximum values of those electrical parameters given in the data sheet.  

Several equations are provided for calculating the components which are: 

 𝑅1 =
𝑉𝑎𝑚𝑑

𝐼𝑚(max)
 

 𝑉𝑅1 =
𝑉𝑎𝑚𝑑

𝐼𝑚(min)
 - R1  

 𝑅2 =
0.15

𝐼𝑜𝑝(𝑚𝑎𝑥)
 

𝑅3 = 𝑅1

𝑉𝐶𝐶 − 𝑉𝑎𝑚𝑑

𝑉𝑎𝑚𝑑
 

Monitoring diode voltage Vamd = 0.3 volt (from data sheet) and Vcc is set to 6 volt. The 

(a) (b) 

(c) 
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calculation of the components needed for both laser diode NDS1316E and NDS4116E 

summarized in Table 2.1. Capacitors C1 and C2 were set to 3300pF (ceramics) and 47F 

respectively. The resistor R = 3.3 k is used to reduce the Vcc while 7 volt applied at Vp. 

Vp = 7 volt or higher is needed to make laser diode in its operating condition. The 

ELM185BB is easy to be broken if Vcc is 6 volt or higher. A 7 volt zener diode Z is used 

for overvoltage protection. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Driver for laser diode, (a) Schematic diagram [118] (b) PCB 

 

Table 2.1. Components for NDS1316E and NDS1316E.  

 

Device 

Im (mA) Iop (mA) R1 

(ohm) 

VR1 

(ohm) 

R2 

(ohm) 

R3 

(ohm) min max max 

NDS1316E(25 mW) 0.8 4.0 100 75 300 1.5 1500 

NDS4116E(60 mW) 0.2 1.8 130 200 1500 1 3800 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Picture of the driver for laser diode. 
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The driver for both 25mW and 60mW laser diode has been implemented for laser 

system. Laser diode is a sensitive component and suffer from electrostatic damage. 

Manual handling should be minimized and direct soldering should be avoided. A socket 

(S8060, thorlab) is used for that purpose. The picture of the laser system composed of 

laser diode, collimator lens and driver circuit is shown in Figure 2.6. At the operation, 

laser diode is covered with the laser house. Collimator lens is installed at one side of the 

laser house. There is an adjuster at that side, thus the distance between laser diode and 

collimator lens can be adjusted. Laser house is made of metal, thus it has another 

important function as a heat sink since the performance of the laser diode is influenced a 

lot by temperature. The dimension of the laser diode system is 3cm x 1cm x 2cm.  

Both 25mW and 60mW laser diode systems have been tested as excitation light source 

for cell based odor sensor. Both types of laser diodes show possibilities of being used. 

However, 25mW laser diode dissipates less power than to 60mW one. Moreover, the 

optical power generated by 60mW laser diode is too high for the cells, resulted in higher 

photo bleaching effect than 25mW laser diode. Photo bleaching reduces capability of cell 

to emit the fluorescent light.  

 

2.3 Laser system testing 

Several experiments were done for the purpose of laser system testing. The experiment 

includes: voltage and current of the laser system at operation condition, effect of using 

heat sink (laser housing), optical power emitted by the laser system, the effect of 

temperature to the current of the laser driver. A 60 mW (NDS4116E) laser diode system 

was used in the experiments. The schematic diagram of the circuit is shown in Figure 

2.7(a). The voltage at VP was set to 7 volt. A photodiode for visible light detection (GaAsP 

photodiode, Hamamatsu) was used to observe the optical power stability of the blue laser 

[119]. Figure2.7 (b) shows the circuit diagram of the photodiode [120]. 
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Figure 2.7 Schematic circuit for testing the laser diode. (a) Laser driver circuit [118], (b) 

Photodiode circuit [119]. 

 

2.3.1 Voltage and current of the laser system at operation condition. 

The experiment was intended to measure the voltages and currents of the laser system 

at operation condition. The laser housing (heat sink) was not applied to laser diode and 

the measurement was done 10 minutes after the circuit was turned on. Several 

measurement results are shown in Table 2.2. The power dissipated by laser diode is VOP 

x ILD = 5.6 volt x 66.7 mA = 373.52 mW. This power was mainly converted to laser beam 

and heat produced by the laser diode. For the purpose of pulse mode application, VAMD 

should be less than (VCC*R1)/(R1+R3). 

 

Table 2.2 Measurement result of driver circuit at operating condition.  

VCC 

(volt) 

VAMD 

(volt) 

VOP  

(volt) 

VOC  

(volt) 

VILM 

(volt) 

ILD  

(mA) 

IILM  

(mA) 

2.7 0.15 5.6 1.3 0.15 66.7 66.8 

 

(a) 

(b) 

IPD 
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2.3.2 The effect of heat sink. 

The experiment was intended to observe the effect of heat sink laser diode current (ILD). 

There were two experiments here. In the first experiment, laser house was removed from 

the system before the laser system was turned on. After 4 minutes, the laser house was 

put on the laser diode and experiment continued for the next 3 minutes. The results are 

shown in Figure 2.8 (a). Without heat sink (laser house), laser diode easily became hotter 

and then the generated optical power was decreasing. After the current increased up to 

around 65mA, the heat sink was used at t = 240 s (4 minutes), the laser diode current 

decreased immediately down to around 50mA. This is because the heat at the body of the 

laser diode transferred to the laser house and then it was cooled by the air.  

Both heat sink and automatic power control (APC) are important for laser diode. Heat 

sink dissipates the heat generated by laser diode thus its temperature is kept low while 

APC is used to control the optical power generated by the laser diode. When the 

temperature of the laser diode increased, the optical laser power decrease. The APC help 

to control optical power to become constant by increasing the diode current. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Effect of heat-sink to laser diode current. (a) Start without laser house 

followed by with laser house and (b) Start without laser house followed by with laser 

house. 

The opposite treatment was performed in the second experiment. First, the laser house 

was put on the laser diode. After the laser diode current settled at around 50 mA (4 

minutes) the house was removed from the laser diode. It was found that heat-sink removal 

made the temperature at laser diode body increase suddenly. To compensate for the 

temperature, laser diode current became higher. The plot of laser diode current in this 

experiment is shown in Figure 2.8(b). 
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There are several effects of using heat-sink (laser housing): 

1. Reduce the laser diode current ILD from 65mA to 50mA. This reduces the power 

dissipation. 

2. Reduce the settling time of the laser diode current ILD from around 4 minutes to 

around 2 minutes. 

3. Reduce the temperature of the laser diode, thus it can prolong its lifetime. 

 

2.3.3 Optical power emitted by laser diode 

The purpose of the experiment is to observe response stability of the laser. A 

photodiode was placed in front of the laser diode with the distance 5 cm. Both laser diode 

and photodiode circuit are shown in Figure 2.9. In this experiment, laser house was put 

on the laser diode. Both laser diode (ILD) and photodiode currents (IPD) were recorded for 

30 minutes just after the circuit was turn on. It can be seen that the laser diode current 

started from 48.5mA and settled at around 50mA. This current behavior indicates that 

once the driver was turned on, the temperature of laser diode increased. The current of 

laser diode was increased to compensate for the increase in its temperature until it reach 

the equilibrium after around 4 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 2.9 Effect of heat-sink to laser diode current. 

 

P
h

o
to

 d
io

d
e 

cu
rr

en
t,

 I
P

D
 (

m
A

) 

L
as

er
 d

io
d

e 
cu

rr
en

t,
 I

L
D
 (

m
A

) 

Time (second) 

1.15 

1.05 

1.25 

1.20 

1.10 



37 
 

In case of photodiode current (red curve), indicating the optical power of the laser 

beam, its value was decreasing before the equilibrium. This power decrease indicates that 

the temperature of the laser diode increases, whereas the laser diode current increases. 

The power of the laser beam (optical power) becomes stable after around ten minutes. 

Settling time of the laser diode current (blue curve) was around twice faster than its beam 

power (red curve).  

 

2.3.4 Effect of ambient temperature 

The purpose of this experiment was to observe the influence of ambient temperature 

upon the laser diode current. A blower of the hot air was used to increase the ambient 

temperature around the area of laser diode. After the laser system settled, four minutes 

(240s) after it was turned on, hot air from the blower was applied to surrounding the laser 

system for about 1500s (25 minutes) before it was turned off. The thermometer of laser 

diode surrounding was monitored by commercial digital temperature (see Figure 2.10). 

Laser diode current (ILD) and ambient temperature were recorded for about 1 hour (3600s). 

The experiment results are shown in Figure 2.10. The blue curve shows the ambient 

temperature. After four minutes, the temperature increased slowly until it reached 50C 

and constant for several minutes. The ambient temperature measured by thermometer 

decreased when the blower was turned off.  

The laser diode current (ILD), indicated as red curve, increased with the ambient room 

temperature. It seems that ILD reaches the saturation at temperature around 40C while 

the ambient temperature was still increasing. When the ambient temperature started 

decreasing, after about 30 minutes (1800s), ILD also started decreasing. Automatic power 

control (APC) worked in the case of ambient temperature change. It seems that there is 

hysteresis relationship between the laser diode current and its ambient temperature. 
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Figure 2.10 Effect of heat-sink to laser diode current. 

 

2.3.5 Laser diode on pulse wave setting. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 shows the magnitude change as the change of duty cycle. 

 

The purpose of this experiment was to observe the optical power when the pulse mode 

(PM) was applied to the laser system. A square wave signal is applied to pulse in node 

(see Figure 2.5 (a)) to control the on-off state of laser beam output. A photodiode was 

placed in front of the laser diode with the distance of 5 cm to observe the optical power 

of laser beam. Both laser diode and photodiode circuits are shown in Figure 2.7. In this 

experiment, laser house was put on. Normalized photodiode currents (IPD) was recorded 
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to obtain the optical powers as a function of square wave control signal duty cycle.  

In the experiment, a square wave signal (0 – 3.3 volt) with frequency of 1kHz was 

applied to the pulse in node. The duty cycle of the signal were changed during the 

photodiode current measurement. The measurement results were normalized by the 

current at 100% duty cycle (continuous mode). Figure 2.11 shows the magnitude change 

versus duty cycle. The relationship between duty cycle and output optical power is linear. 

For example, at 50% duty cycle, the output will be around 45% of that one in continuous 

mode.  

 

2.4 Chambers and microfluidic 

Microfluidic system (MFS) is used to immobilize the cells, to provide the cells with 

odorant, and it works as sensing chamber. Based on its liquid flow, MFS can be 

categorized into discrete and continuous one. The discrete microfluidic system is based 

on droplet, while the continuous microfluidic system is based on continuous flow of liquid 

(odorant). Both types of fluidic systems were used in this research. Discrete system was 

used on static chamber to observe the sensor response to the odorant through optical 

fluorescence instrumentation system. Continuous system on flow chamber was used to 

observe the sensor response before/after the application of lock-in measurement 

technique on the optical fluorescent instrumentation system. Open chamber was applied 

to both static and flow chamber to optimize the number of cells involved for observation. 

Some considerations in designing the chambers are: 

• Transparent base for excitation and emission light. 

• Easy to control the cells on the chamber. 

• Easy to handle the experiment variables (odorant concentration, flowrate, etc.) 

• Easy to clean up. 

Two types of chambers suc as static chamber and flow chamber were prepared for 

experiments, as shown in Figures 2.12 (a) and (b) respectively. The pictures of both 

chambers are shown in Figures 2.13 (a) and (b) respectively.The bottom plates of both 

type of chambers were transparent, thus the laser beam can pass throuh it and the 

fluorescent light can be observed from bottom side of the chamber. The cell was put on 

the pools of the chamber. In the static chamber, the odorant liquid does not move once it 

is introduced (static) to the cell. In the flow chamber, the odorant liquid flows from the 

inlet, through the cells and out to the outlet. 

Static chamber is made of acrylic plate. In this type of chamber, the liquid is kept in the 

pool without flow. The cells are adsorbed at the bottom of the pool. The maximum volume 

of the pool is 21.21l. During the experiment, first 18l cell within ringer solution cells 
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are injected using micro pipet into the pool. After about 20 minutes, the cells are attached 

to the bottom of the pool and are ready for odorant exposure. The odorant liquid is 

introduced to the cell by dropping it onto the pool. The 2l liquid with known 

concentration of odorant is introduced to the cells inside the pool using micro pipet. Using 

this volume, concentration of odorant is known. For example, if the concentration of the 

odorant introduced to the cells is 10μM, then the concentration of the odorant is diluted 

according to the following equation 

 10μM x 
2𝜇𝑙

2𝜇𝑙+18𝑢𝑙
 =1uM 

The intensity change of fluorescent light caused by odorant introduction is measured 

using the optical instrumentation. 

The flow chamber is made of Polydimethylsiloxane (PDMS) material and the glass 

plate for the base. There are two holes in both ends of the chamber as either odorant liquid 

inlet or outlet. A large hole in the middle of the chamber is used to put the cells into the 

pool at the beginning of the experiment. Around 20 minutes was needed for the cells to 

go down and to be attached to the base of the chamber. A thin flow path along the glass 

plate between inlet and outlet was used to flow the odorant liquid with known 

concentration, followed by the passage through the cell area at the middle of the chamber. 

In order to flow the liquid from inlet to outlet, the top hole of the pool had to be closed. 

A pump was used to allow the liquid to flow from inlet through the path and out to outlet. 

Micro-pump (mp6, Bartels) and syringe pump were used on the experiment. The flow 

rate should be kept low enough to avoid cell removal from the chamber. The fluorescent 

observation of cell in the flow chamber was done using the optical instrumentation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. The cells chambers. (a) Static chamber and (b) Flow chamber. 

 

(a) (b) 
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Figure 2.13. Photos of the chambers. (a) Static chamber. (b) Flow chamber. 

 

2.5 Fluorescent beads observation 

Two samples were prepared for the observations. Each sample was a 4um fluorescent 

beads (T7283, TetraSpeck) on slide glass. Observation was performed at both 20 

objective lens magnification microscope (BX43, Olympus) and assembled fluorescent 

instrumentation. Both samples are shown on Figures 2.14(a) and (b), respectively. It was 

confirmed that assembled instrumentation can be used to observe florescent phenomena 

in the same as that of the fluorescent microscope. 

 

 

 

 

 

 

 

 

 

Figure 2.14. 4 m fluorescent beads image. (a) From developed fluorescent 

instrumentation. (b) Using fluorescent microscope. 

 

2.6 Cells: types, preservation and preparation 

2.6.1 Type of cell 

Sf21 cells expressing BmOR3, Or56a and Or13a were used in this study. BmOR3 is 

a type of ORs which responds to bombykal, a pheromone of silkworm moth. OR56a is a 

fruit fly (Drosophila melanogaster) OR which responds specifically to geosmin. OR13a 

is also fruit fly OR which responds mainly to 1-octen-3-ol. 

 

2.6.2 Cell preservation 

The cells maintained inside the 70ml flask (353082, Falcon) with 5 mL grace medium 

(a) (b) 

(a) (b) 
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with additional 3 antibiotics zeocin (invitrogen), blasticidin (gibco), and gentamicin 

(gibco). Each of them is 5l. The grace medium consist of 90% SBF (11605-09, gibco) 

and 10% FBS (10082-139, gibco). The life time of the cell is around 8 days. The cells 

tend to live and grows on the bottom of the flask. The life time of the cell is around 10 

days and it is cultured every 4 days. The cell gives maximum response at 3-4 days after 

culturing. In the experiment, the cell of 3-4 days after culturing were mostly used. Since 

the cells are sensitive to ambient temperature, the cells are preserved in the incubator with 

the temperature of 27C. 

2.5.3 Cell Preparation 

Prior to the experiment, the cells were prepared replacing the grace medium with the 

ringer solution. Since the cells were attached to the base of the flask, a cell scraper was 

used to detach the cell. Then, a small volume of cell solution (for example 18ul) was put 

into the chamber and was settle for a while. After several minutes, the cells were ready 

for odorant exposure. 

2.7 Odorant preparation 

Several type of odorants were used in the experiment including ionomycin, 

bombykal, geosmin, and 1-octen-3-ol. Ionomycin is an ionophore to induce Ca2+ influx 

into the cell forcibly. Bombykal is a pheromone component of silkworm moth. Geosmin 

is an organic compound produced by a type of Actinobacteria. Geosmin has a typical 

smell of mold. 1-octen-3-ol is a type odorant produced by most mycotoxigenic fungi, and 

can be used as an indicator of fungal contamination in grain. To obtain the proper 

concentration all odorants were dissolved in dimethyl sulfoxide (DMSO) since it is not 

possible to dissolve them directly into water. The concentration of the DMSO was kept 

less than 0.1%. 

 

2.8 Observation of cell response 

There are two types of images provided by Bitran Camera, full mode and VGA mode 

[121]. Figure 2.15 shows the illustration of area covered by both types of images. The 

camera resolution for full mode is 2048 x 1536 pixels. The length or width of full mode 

image is 4 times bigger than VGA mode. Since VGA mode covers smaller area, it needs 

smaller memory thus can be operated faster than in full-mode. When the capture time is 

set to 500ms, in VGA-mode it can be used for sampling time 1s while in full-mode 

minimum sampling time around 2s or more. Using the same setting 500ms capture time, 

for tif file, using VGA-mode it takes around 1.8kbyte while using full-mode it takes 

around 18kbyte memory.     

http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Actinobacteria
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Typical fluorescent images captured by the camera are shown in in Figures 2.16(a) and 

(b). Each small circle in the image is a Sf21 cell expressing olfactory receptors (ORs) 

such as BmOR3, Or56a, or Or13a. The diameter of a cell is around 20μm. Image taken 

in full mode have wider view area compared to VGA mode. However, image taken in 

VGA mode has a smaller view (part of full mode area) area but faster in capturing and 

smaller in data size. Thus, VGA mode offers a higher sampling rate than full mode. 

 Photos taken at static chamber and flow chamber are almost the same. When the more 

ringer solution mixed with the cell is used, the density of the cell becomes lower (Figure 

2.16 (a)) while Figure 2.16 (b) show the image with denser cells. When the odorant liquid 

is introduced to the cell, the fluorescent intensity changes with time. It increases, reaches 

the maximum and then decreases. The intensity calculation is performed using Matlab. 

 

    

    

    

    

 

Figure 2.15 Image on Bitran Camera: Full-mode (All area) and VGA-mode (blue 

rectangle are)  

 

 

 

 

 

 

 

Figure 2.16. Typical fluorescent image. (a) Full mode and (b) VGA mode. 

 

As shown in the previous figures, many cells are involved in the image. However, not 

all cells responded to the odorant. Moreover, the responses were different from cell to 

cell. These characteristics are shown in Figure 2.17(a) which shows the responses of five 

Or56a cells to 10M geosmin. It can be seen that the response varies in terms of intensity 

and transient behavior. Thus it is essential to use a group of cells as a sensor to increase 

the response stability and decrease the variance among sensors. This is shown in Figure 

(a) (b) 

VGA-mode area 

location 

Full-mode  
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2.17(b). The upper line shows the sum of the intensities of all pixels in the image while 

the lower lines show the individual five cells responses.  

Since the brightness (intensities) are varies from one experiment to another, 

normalization (standardization) is needed to bring all the data into proportion with one 

another. In this thesis, the response is normalize by the data before odorant exposure, for 

example by the first measurement data. The normalized response curve is shown in Figure 

2.18. Sensor response to the odorant is defined as the maximum brightness change of 

fluorescent intensity while the response time is defined as the time needed to increase the 

response from 10% to 90% of maximum intensity. Figure 2.16 shown a measurement 

results of Or56a cell to 10M geosmin which has response 12% and response time 20 

second. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17. Cells response. (a) Individual cell. (b) Total cell. 

 

 

 

Figure 2.18. Normalized cells response to the certain odorant and some measurement 

definition. 
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2.9 Summary 

In this chapter, experimental set-up for observing the response of the cell to the 

odorant was discussed. The related topics includes fluorescent instrumentation system, 

cells and their related odorants, and observing the cells responses. Fluorescent 

instrumentation system consists of the laser system. Some experiments have been done 

to observe the behavior of laser system especially its APC (automatic power control) since 

it is very important to have stable optical power of laser beam. Experiment results shows 

that the automatic power control works properly. The fluorescent bead image taken using 

developed instrumentation system shows the image comparable with fluorescent 

microscope. The next topic is related to the cells and their related odorant preparation for 

experiments using both static chamber and flow chamber. The materials of the experiment 

were discussed in this chapter. The last topics were related to observation and 

measurement of cell responses to odorant.  
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Chapter 3 

Experiment on measuring sensor response using static system 

 

Chapter 3 discusses experiment on observing the responses of the cells using a static 

system, where the odorant remains in the pool together with cells without flow. Detailed 

explanation about static chamber was given in Chapter 2. The Sf21 cells expressing two 

types or OR, BmOr3 and OR56a were used. BmOr3 responds specifically to bombykal 

while Or56a responds specifically to geosmin. The experiment using static chamber 

consists of several steps. The first step is to put the cells on the pool of the chamber. After 

several minutes, the cells are adsorbed on to the bottom of the pool and are ready for 

odorant exposure. The next step is to drop the odorant liquid to the cells using 10l micro-

syringe. Dropping the odorant should be done carefully in order to minimize the artifact. 

The last step is the observe the cell responses using the fluorescent instrumentation. 

Observation of the fluorescent intensity emitted by cells starts from the time before the 

odorant exposure and stops at the time several minutes after the exposure.  

 

3.1 Purpose 

The main purpose of the experiment was to investigate the odorant detection by the 

cell under the static condition. The specific purpose of the experiments includes: 

1. To investigate the fluorescent intensity emitted by the cells under continuous exposure 

of excitation light. 

2. To investigate the influence of dropping odorant liquid on the cell response. 

3. To investigate the influence of DMSO solvent on the cell response. 

4. To investigate whether the Calcium ion (ionomycin) is able to influx into the cell. 

5. To investigate the response of the cell to the odorant with different concentration. 

 

3.2 Experimental set-up. 

3.2.1 Preparing the odorant 

There are many liquids involving in experiments including ringer solution, dimethyl 

sulfoxide (DMSO), ionomycin, bombykal, and geosmin. Ringer solution is used as 

isotonic solution for the cell and also used to prepare for the proper concentration of 

odorant liquids. DMSO was used to dissolve geosmin and bombykal into the ringer 

solution and then the ringer solution was added to adjust the concentration.  
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3.2.1.1 Ringer solution 

Ringer's solution is a solution of several salts dissolved in water for the purpose of 

creating an isotonic solution for establishing the environment fluids of a cells. Ringer’s 

solution with PH 7.2 contains of 140nM NaCl, 5.6nM CaCl2, 11.26nM MgCl2, 19nM 

HEPES, and 9.4nM D-glucose. Ringer solution is used as isotonic solution for the cells 

and as solvent to dilute odorant. Ringer solution is provided by University of Tokyo. For 

the use as concentration adjustment, ringer’s solution with 0.1% dimethyl sulfoxide 

(DMSO) was used. To make ringer’s solution with 0.1% DMSO, 50mL ringer’s solution 

was mixed with 50ul DMSO. 

 

3.2.1.2 Dimethyl sulfoxide (DMSO) 

DMSO ((CH3)2SO) is a colorless solvent widely used as chemical solvent composed 

of many kind of compounds and is miscible in a wide range of organic solvents as well 

as water. In this research, DMSO (99%, Wako) is used as solvent for geosmin and 1-

octen-3-ol. 

 

3.2.1.3 Ionomycin (Sigma-Aldrich) 

Ionomycin is an ionophore to induce Ca2+ influx into the cell forcibly. It is used in 

research to raise the intracellular level of calcium (Ca2+) and as a research tool to 

understand Ca2+ transport across biological membranes. To prepare for several 

concentration (10 M and 100 M), Ionomycin was dissolved to ringer solution with 

dimethyl sulfoxide (DMSO) concentration less than 1%. 

 

3.2.1.4 Bombykal 

A 1 mM Bombykal odorant dissolved in DMSO (1mM, 100% DMSO) was obtained 

from University of Tokyo. To prepare for the others concentration, bombykal dissolved 

to the ringer solution. Mixing between 1 part of bombykal and 999 parts of ringer solution 

resulted in a bombykal odorant with concentration 1μM with 0.1% DMSO. The 

concentration can be obtained in the similar way. For example, to get 100nM bombykal, 

1 part of 1μM bombykal is mixed with 9 parts of 0.1% ringer solution.  

 

3.2.1.5 Geosmin (Wako) 

Geosmin is commercially available in many types of packing. One of them is Geosmin 

Standard 20mg in a bottle from Wako. Geosmin odorant with 100mM concentration was 

obtained by mixing 1 bottle of this package with 1075 μl of DMSO. Thus, a stock of 

100mM geosmin with 100% DMSO was created. Mixing 1 part of 100mM geosmin with 

https://en.wikipedia.org/wiki/Isotonic_solutions
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Sulfur
https://en.wikipedia.org/wiki/Sulfur
https://en.wikipedia.org/wiki/Miscible
https://en.wikipedia.org/wiki/Calcium
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999 parts of ringer solution resulted in 100μM, 0.1% DMSO.  

 

3.2.1.6 1-octen-3-ol (Sigma-Aldrich, China) 

Two types of solvents, DMSO and ringer solution, were used for the purpose of preparing 

the proper concentration of odorant liquids. DMSO was used to dissolve 1-octen-3-ol into 

the ringer solution and then some ringer solution was added to adjust the concentration.  

 

3.2.2 Preparing and immobilized the cell 

The cells are preserved inside the flask with 5 ml grace medium as explained in chapter 

2. Normally, the cells are attached to the surface of the bottom of the flask. The cells are 

cultured every 4 days since the life time of the cells is at most 2 weeks. A 3 to 4 days cells 

(after culturing) is usually used for experiment. The procedure for preparing for the cells 

for experiment includes: 

1. Remove the grace medium from the flask. 

2. Wash the cells with ringer solution. Using the syringe, put 1 mL ringer solution 

into the flask and then take it out. 

3. Using the syringe, put 4 ml ringer solution into the flask. 

4. Using the cell scrappers, scrap the cells to remove them from the surface of the 

bottom parts of the flask. 

5. Using the syringe, take 18 ul solution with cells from the flask and put at the pool 

of static chamber. 

6. Wait for several minutes to let the cell attached firmly to the base of the chamber 

before odorant exposure 

 

3.2.3 Preparing for the instrumentation for measurement. 

Preparation for the instrumentation for measurements includes, 

1. Turn on the laser system, set the supply voltage 7 volt. Wait for 10 minutes to let the 

power of the laser beam stable. 

2. Turn on the CMOS camera and open its software application. Set the cooling 

temperature at 0C. While waiting for the temperature becoming 0C (shown in the 

menu) for 1 minute, several options such as camera mode (full mode), capture time 

(1 second), optical attenuation (50%), and number of image to be taken should be set. 

3. Put the chamber on the holder so that the laser beam illuminate the cells. Set the image 

capture on. Adjust the distance between the cells and the objective lens (objective 

length focal point) to have the appropriate image. 

4. It is ready for experiment. Before starting the experiment, set the file type of image 
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to save. In this experiment, two types of image tiff and jpg files are used. The tiff files 

is used for further processing by matlab while jpg files is used for observing the image 

since it is shown in computer display. 

 

3.3 Experimental results and discussion 

3.3.1 Exposing the odorant  

In the experiment to observe the effect of odorant, the cells were exposed to the odorant 

for several seconds after experiment started. Thus, the transient response of the cells can 

be observed. The odorant liquid is introduced to the cells by dropping the odorant with 

known both in its concentration and volume onto the pool. Illustration of the odorant 

exposure is shown in Figure 3-1. Normally, during the experiments, the odorant volume 

is one-tenth of total volume of odorant and cell liquids. Thus final concentration of the 

odorant applied to the cells is one-tenth of odorant concentrations. In most of the 

experiment, the volume of cells and odorant liquids were 18μl and 2μl, respectively. If 

the concentration of odorant is 100μM, the final concentration of odorant becomes 10μM. 

The dropping should be done carefully and the tip of the needle should be approached as 

close as possible to the liquid surface to avoid the artifact. Liquid was dropped to the cell 

several seconds after observation started. 

 

 

 

 

 

 

 

Figure 3-1. Introduction of odorant to the cells by dropping. 

 

3.3.2 Image of the cells 

Figure 3-2 shows the image of the cells captured by the camera. In this experiment, 

BmOR3 was used. The density of the BmOr3 cells shown in Figure 3-2(a) is higher than 

that in Figure 3-2(b). The volume of the ringer’s solution (section 3.2.2) for the 

experiment shown in Figure 3-2(b) is more than the one for experiment in Figure 3-2(a). 

The ringer’s solution for the experiment was 4 ml and normally the cells image is more 

like in Figure 3-2(a) while 6 ml was used for image shown in Figure 3-2(b). The more 

cells density is, the more response is since more cells are involved in measurement. 

Around 18kbyte memory was used to save each tiff file image shown in Figure 3-2.  
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Figure 3-2. Cell image. a) High density. b) low density. 

 

3.3.3 Experiment without odorant 

Figure 3-3 shows the response of the Or56a cells without odorant exposure. 

Fluorescent intensity of the cell decreases exponentially by the time. There was about 2% 

drop in fluorescent intensity brightness of the cell after continuous exposure for 120 

second. This reduction in fluorescent intensity is due to decreasing cell capability of 

emitting the light after illumination of excitation light. The characteristics of cell itself 

change due to laser exposure (effect of photo bleaching), probably the brightness of the 

fluorescent even if the laser power is constant. Thus the optimum laser power should be 

optimized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. Typical Or56a cells responses without odorant applied. 
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3.3.4 Response to ionomycin 

The experiment was performed for the purpose of investigating the ability of ion gate 

to influx the calcium ion into the cell. Another purpose was to investigate the responses 

of the cell to the odorant in static condition. The cells expressing Or56a and ionomycin 

odorant were used in this experiments. 

The volume of the Or56a cells (with ringer’s solution) put on the pool chamber was 

18l. 5 second after observation started, the odorant was introduced to the cells. This was 

done by dropping 2l of ionomycin with concentration of 1mM to the cells. The final 

concentration of ionomycin introduced to the cells was 100M. The results of the 

experiments are shown in Figure 3-4. Although there was an artifact at odorant 

introduction, the intensity of the cells increased sharply until it reached the maximum in 

the next 35 second. The maximum response reached around 100% (2x) of cells brightness 

change compared with brightness before ionomycin exposure. The 3 cell images, before 

ionomycin applied, with maximum brightness, and several tens of seconds after recovery, 

show the change of brightness. 

From the Figure 3-4, the process of calcium ion influx into the cell has been confirmed 

by the response of the cell to the ionomycin 100uM. The response was large since 

ionomycin is an ionophore and its concentration (100uM) was high. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. Responses of the Or56a to the 100μM ionomycin. 
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3.3.5 Influence of DMSO 

Several experiments were performed to investigate the influence of DMSO on the cells. 

Three types of liquids were prepared, pure ringer solution (0% DMSO), ringer solution  

with 0.5% DMSO, and ringer’ solution with 1% DMSO. Experiment without odorant was 

performed here for the purpose of response comparison among several concentration of 

DMSO. The odorants were introduced to the cells 5s after observation started by dropping 

it using micro syringe. The observation were performed for 120s. The results of the 

experiments are shown in Figure 3-5.  

The cells response to pure ringer solution (0% DMSO), ringer solution with 0.5% 

DMSO, and ringer solution with 1% DMSO shown in green, red, and light blue, 

respectively. As a comparison, the cell response without any liquid exposure is given 

(dark blue curve). An artifact due to liquid dropping is very likely to happen to any 

odorant introduction including pure ringer solution even if it was done carefully. However, 

its peak did not exceed 4% as is shown in orange line Figure 3-5. If maximum 4% 

response is considered to be an artifact, the effect of 0.5% or even 1% DMSO solvent can 

be ignored since the response is almost the same that to solvent with 0% DMSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. Responses of the BmOR3 to DMSO with several concentrations compared 

with the response of BmOR3 without any exposure. 
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3.3.6 Experiment results with Or56a cell line 

In the experiments, 18μl ringer solution with OR56a cells was put on the pool of the 

chamber. After 20 minutes, the cells were ready for odorant exposure and the chamber 

was put on the experiment holder. A 2μl geosmin with concentration of 1mM was put 

into the pool using micro-syringe 5s after the observation started. In this case, the cells 

were exposed to 100 μM geosmin. Total concentration of DMSO on the cell was 1%. The 

observation was done for 240 seconds (4 minutes). The image was obtained every 1s. The 

brightness was integrated over the whole image and it was normalized by its value at 0s. 

The plot of brightness with the time is shown in Figure 3-6 (blue curve). Several 

experiment results using different final concentrations of geosmin, which were 1 μM, 5 

μM, and 50 μM, respectively shown in Figure 3-6. The 2μl of geosmin solution with the 

concentration 10 times higher than the final concentration was added to the pool in each 

case. The cells for experiment is used only once, every experiment used different cells. 

From this experiment, several conclusions can be obtained: 

- The OR56a cells responded to the geosmin odorant as its brightness increased, for 

example, the cell response to the 100M geosmin reached maximum brightness 

change around 31%. The higher concentrations the higher maximum brightness 

change occurs. The responses to other concentrations 50M, 5M, and 1M were 

around 18%, 6% and 3%, respectively. 

- It can be seen that the higher concentration the faster response time (tr). It was around 

20s for the 100M geosmin, whereas they were 23s and 25s for the concentrations 

50M and 5M, respectively. The response time for 1M was hardly observed. 

- The dropping liquid contributed to the intensity change (at time about 5s). Even with 

the carefully handling, the artifact usually exists. A few percent change in brightness 

(intensity) was considered as an artifact. 

- It can be observed that the OR56a cells were able to detect the odorant as low as 5 

M for about 15 second. The response to 1 M geosmin can be considered as artifact 

since it reached the peak for short time with small (around artifact) brightness change. 
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Figure 3-6. Typical responses of the OR56a to geosmin with several concentrations 

 

3.3.7 Experiment results with BmOR3 cell line 

Several experiments were performed for BmOR3 cell line in responses to several 

concentrations of bombykal odorant, 1M, 5M and 10M, respectively. Different cells 

were used in different experiments. In every experiment, the volume of the cells were 

18L while the odorant volume is 2l. Thus, the final odorant concentration was 10% of 

odorant concentration introduced since the volume of the odorant liquid is 10% of the 

total liquid on the chamber. The experiment results are shown in Figure 3-7. The response 

of the BmOr3 cell line to 10M odorant was clearly observed (around 12%) while the 

response to 1M was not clear since the response was as small as artifact. The response 

to 5M odorant can be observed (around 6%) although it was not so clear. From this 

figure, it can be seen that BmOR3 cell line was able to detect the bombykal odorant with 

concentration as low as 5 M. 
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Figure 3-7. Typical responses of the BmOR3 to bombykal with several concentrations 

 

3.3.8 Concentration dependencies 

Several experiments for some concentrations using both Or56a and BmOR3 cell lines 

with geosmin and bombykal odorants, respectively were performed. Four experiments 

were done for each concentration. In case of Or56a, it was from geosmin concentration 

of 5μM, 50μM, and 100μM. 1μM concentration was not used since the results were closed 

to artifact. In case of BmOR3, the concentration dependencies to bombykal odorant was 

from 5μM to 10μM. 100μM and 1μM concentration were not used since for the first case 

the DMSO concentration was around 10% and for the second case since the results were 

almost artifact. These plot of cells responses to several concentration of odorant shown 

in Figure 3-8. The responses shows the dependencies to the odorant concentration. 
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Figure 3-8. Concentration dependencies of cells responses to its associate odorant. 

 

3.4 Summary 

Chapter 3 discussed about experiment on observing the Or56a and BmOR3 cells 

response to its associates odorant, geosmin and bombykal, respectively using the static 

chamber. The odorant does not flow through the cells but of remains in the pool together 

with the cells. Sf21 cells expressing Or56a and BmOR3 were used in the experiments. 

Or56a is a type of OR which specifically respond to geosmin while BmOR3 is a type of 

ORs which specifically responds to bombykal. Before the cells exposed to their 

associated odorant, the experiment were done for: 

- Without odorant exposure cells. 

- BmOR3 cells exposed to DMSO with several concentration of DMSO. 

- Or56a cells exposed to ionomycin. 

- Or56a cells exposed to geosmin. 

- BmOr3 cells exposed to bombykal. 

Several conclusions can be obtained from the experiments including: 

1. Without the odorant exposure, fluorescent intensity of the cells decreases 

exponentially by the time due to photo-bleaching effect. 

2. DMSO concentration less than 1% does not affect the cells responses. 

3. The dropping liquid contributed to the artifact, even with the carefully handling, the 

artifact usually present around 4% in brightness change.  

4. The process of calcium ion influx into the cell has been confirmed by the response of 



58 
 

the cell to the ionomycin. 

5. The Or56a cells respond to geosmin. The cells could not detect the geosmin 

concentration below 1μM since the artifact was dominant. The response dependency 

upon the concentration from 5μM to 100μM was obtained. 

6. The BmOR3 cells respond to bomykal. The cells could not detect the bombykal 

concentration below 1μM since the artifact was dominant. The response concentration 

from 5μM to 10μM was observed. 

7. For the reason of our stocks availability, the maximum concentration for Or56a and 

BmOR3 used were 100μM and 10μM, respectively since their DMSO concentration 

were 1% in both cases. Above that concentrations, the DMSO contains will be above 

1%.  
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Chapter 4. 

Development of flow measurement system. 

 

The main purpose of experiment on odor detection system with static odorant is to 

verify that the cells can be used as a sensor and their responses can be detected using 

developed measurement system. Dependency of the sensor response upon odorant 

concentration can be obtained. Using static chamber for odor detection, the preparations 

and procedures were very simple. Moreover, the amount of materials such as cells and 

odorant were very small. However, the artifact due to odorant dropping often happens, 

even with carefully handling in dark condition. This is one of the disadvantages of static 

system. The odorant normally flows in the air or liquid. Thus, system such as flow system 

was investigated.  

In this chapter, preparation for flow measurement system is discussed. It consists of 

materials, chamber preparation, simple fluidic system, and discussion of the experiment. 

The cell and its preparation were discussed in previous chapters. 

 

4.1 Material 

4.1.1 Flow Chamber 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 Flow chamber, Upper view (up) and side view (bottom).  
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The figures of both upper and side views of the chamber for flow system is shown in 

Figure 4-1. It has dimension of 5cm x 2cm x 0.5cm and made of Polydimethylsiloxane 

(PDMS) material (above) and glass (bottom) plate for the base. There are two holes at 

both ends of the chamber as odorant either liquid inlet or outlet. A large hole in the middle 

of the chamber is used to put the cells into the pool at the beginning of the experiment. A 

thin flow path along the glass plate between inlet and outlet is used to flow the odorant 

liquid which passes through the cell area at the middle of the chamber. In order to flow 

the liquid from inlet to outlet, the top hole of the pool has to be sealed by a tape covering 

the pool. Total volume of the chamber, composed of pool and two inlet/outlet, is around 

50μl. During the experiment, the bubble inside the observation area should be avoided. 

Thus, the chamber should be fully filled with the liquids. 

 

4.1.2 Pipette, disposable tip, and pipe 

The main function of a pipette (with disposable tip) is to put the ringer’s solution and 

the cells into the pool of the chamber prior to the experiment. A pipette, a tip, micro-pipes, 

a flow chamber, and a sink formed a simple fluidic system. A pipette is used to push the 

odorant liquid manually by hand. An odorant put at the tip of the pippette flows through 

the pipe and then passes the cells placed in the chamber before finally goes to the sink 

through the pipe. Pushing the pipette should be done carefully to avoid cells removal. The 

odorant flowrate should be in the order of several hundred microliter per-minutes or less. 

Figures 4-2.(a), (b) and (c) show the pictures of pipette (Discovery comfort, HTL Lab 

Solution), disposable pipette tips (200μL, AS ONE), and micro-pipe (R-3603, Tygon), 

respectively. A 20μL pipette (single channel, discovery comfort Inc.), tips and micro pipe, 

are used to connect the pipette with the chamber. The inner diameter of micro-pipe is 

500um and the volume of 10cm pipe is around 0.008μL. 

 

 

 

 

 

 

 

 

 

Figure 4-2. Apparatus for manual flow experiment. (a) Pipette, (b) Disposable tip, and 

(c) micro-pipe.  

(a) (b) (c) 
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4.1.3 Micro pump. 

Although using pipette to generate flow for fluidic system is very simple but it is 

very difficult to control or to have precise and stable liquid flowrate. Using micro pump 

(mp6-pp, Bartels Microtechnik GmbH.) has some advantages over pipette to generate the 

flow. Micro pump is a candidate for compact and portable system because of its small 

dimension (30mm x 15mm x 3.8 mm), very light weight (2 g), and low power 

consumption (<200mW). It can be used for liquid, gas, and their mixture. In case for 

liquid application, the pump can be operated at maximum flowrate around 5mL/min (at 

100 Hz) and back pressure: 650 mbar (100 Hz) for liquid. Its principle is based on a 

piezoelectric diaphragm in combination with passive check valves. A piezo electric 

ceramic mounted on a coated brass membrane is deformed when voltage is applied. When 

the voltage decreases, deformation of the piezoelectric material causes an upstroke of the 

membrane. The medium is sucked in and the chamber is filled again. For every second, 

the pump can do several hundred pumping cycles.  

Although there is a controller (mp-x controller or mp6-OEM) available for mp6-pp, 

our laboratory developed our own controller for the reason of flexibility. Basically the 

pump should be provided by a periodic signals in the form of either sinusoid, rectangular, 

or SRS (sounding reference signal). Beside the form of the signal, the other two 

parameters for driving the pump are frequency and amplitide of the signal. With available 

controller from bartels, the range of amplitude of the signal is between 0V and 250V while 

the range of frequency is between 0 to 300Hz. In our controller, the range of frequency 

can be set up to several kHz. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. Micro pump (Bartels Microtechnik GmbH). 
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4.1.4 Syringe pump 

Experiment with precise and stable flowrate was needed to observe the cells behavior 

under specific flowrate. To have a precise and stable flow-rate, a syringe pump should be 

used. For example, KDS (kd scientific) Legato 111 with Dual Syringe Infuse/Withdraw 

Programmable Syringe Pump is shown in Figure 4-4. It has flowrate between 0.5µl and 

10 mL ±0.5% per minutes. The pump can be run based on time frame or total volume 

has been infuse/withdraw. Beside its advantages, the main disadvantage of syringe pump 

is its dimension and weight which are 22.6cm x 19.05cm x 15cm and 2.66 kg respectively. 

Thus, it is not possible to implement the compact system using syringe pump. It is shown 

in Figure 4-4 that two syringes can be used but only one was used for the current 

experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. Syringe pump (kd scientific).  

 

4.1.5 Solenoid Valve 

A solenoid valve is an electromechanically operated valve controlled by an electric 

current through a solenoid. In a two-way valve the flow is switched on or off to release 

or shut off fluids. Solenoids offer fast and safe switching, high reliability, long service 

life, low control power and compact design. A 2-way solenoid valve from Takasago 

electric ((2 ways, Clean Valve EXAK-2-NC, takas ago electric) was used. Since the valve 

is normally closed (NC), the valve is closed (off) when the solenoid is not energized, 

otherwise it is on. In this thesis, solenoid valve was used to control the liquid flows in 

automatic system. 

https://en.wikipedia.org/wiki/Electromechanical
https://en.wikipedia.org/wiki/Valve
https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Solenoid
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Figure 4-5. Solenoid valve (a) Schematic symbol and (b) Illustration of solenoid valve. 

 

4.2 Preparing for the cells in flow chamber. (Chamber preparation)  

The cells need to be placed properly on the flow chamber. Two important things to 

be noticed before the experiment is that the cells should be firmly attached to the base of 

the chamber and that there is no bubble along the liquid path. The bubble does not affect 

the results in case of experiment in dark situation, but it does affect in the present of 

ambient light. The procedure for preparing the cells in flow chamber is as follows: 

1. Using a 20μl-pipette get 20μl ringer solution (with 0.1% DMSO) and put it in the pool 

of flow chamber. 

2. Using another 20μl-pipette take OR cells from the prepared flask (Cell preparations, 

explained in chapter 3) and put it in the pool drop by drop (little by little) until the 

chamber is full with the liquid as shown in Figure 4.6. Avoid the presence of the 

bubble in this step. 

3. Seal the top area of the chamber by tape. 

4. Wait for 20 minutes or more to let the cells go down and be attached to the bottom of 

the chamber (Figure 4-7) 

5. Ready for experiment. Inlet and outlet is the place to enter and to release odorant. 

 

 

 

 

 

 

 

Figure 4-6. Introduction of ringer solution and cells in flow chamber 

(a) 

(b) 

Ringer solution 

OR Cells 

http://www.triem.com/sites/default/files/product_images/symbols/Simbol_52_55_66_67_68_93_95_99_2.jpg
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Figure 4-7. The chamber ready for experiment. 

 

4.3 Experiment on microfluidic manual system. 

Microfluidic system was developed from materials or parts explained above. There 

were two scenarios of creating the liquid flow and handling the measurement results, 

manual system and automatic system. In the manual system, the flow was created by 

pushing the plunger of the pipette, while in automatic system pump was used. Two types 

of electrical pumps were used here, micro pump and syringe pump. Manual system was 

used to observe in deep the fluidic system behavior, especially how to avoid the bubble 

inside the flow system. The presence of bubble in observation area affects the fluorescent 

light intensity under the ambient light. In automatic system, the flow operation (on and 

off) can be controlled automatically from the computer and it was combined with data 

handling. The automatic system will be discuss in chapter 5.  

The micro pump is very light and small but it is not so easy to keep constant flowrate. 

However, it is suitable for implementing portable measurement system as long as the cells 

is not removed. The syringe pump is bulky, strong and heavy. Thus, it is not suitable for 

portable implementation. However, it can be used to generate precise and constant 

flowrate. The automatic syringe pump was used to the experiment where the precise 

flowrate is needed. 

 

4.3.1 Experiment construction. 

Figure 4.8(a) shows the schematic diagram of experiments on manual flow system. 

It consists of pipette, pipes, flow chamber, and waste. The prepared chamber previously 

discussed connected to the pipette and sink with pipes. Both pipe 1 and pipe 2 has inside 

diameters 1mm and length 5cm and 10cm respectively. Volume of both pipes can be 

ignored since they are very small compared with the volume of the chamber. A tip was 

used to connect the pipette to the pipe. 20μl odorant were placed on the pipette and flowed 

it through the pipe to the cell by pushing the pipette plunger carefully. A sink made of 

glass was used to collect the overflow liquid. 

Tape Inlet Outlet 
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Figure 4-8. Manually flow system. (a) Schematic diagram of experiment using 

manual flow system and (b) Pipette plunger. 

 

Figure 4-8(b) shows the length of the syringe plunger, which is 14mm. For example, 

If it was pushed by hand until it stopped for 10 second, it means that the average flowrate 

was 20μl/10s or 120μl/minute. Using the hand it was very difficult to make the flowrate 

constant, sometimes stop and another time faster than 120μl/minute. 

Several cells images obtained from flow chamber are shown in Figures 4-9. 

Objective lens of 20 magnifications was used for those images. Figure 4.9 (a) shows an 

image out of focus. A typical image of dead cells is shown in Figures 4-9.(b). This image 

is normally obtained from the cells several days after preparation or the cells after exposed 

to the air for some time. Figure 4.9(c) shows the image with low cell density, prepared 

with 6.5 ml ringer solution. Figure 4.9(d) shows an image with normal density. The cells 

was prepared with 4.5 ml ringer solutions.  

14mm 

(a) 

(b) 

http://www.htl.pl/wp-content/uploads/2015/10/discovery-pipette-singlechannel2.jpg
http://www.htl.pl/wp-content/uploads/2015/10/discovery-pipette-singlechannel2.jpg
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Figure 4-9. Typical cell images in full mode. (a) Out of focus, (b) Dead cells, (c) Low 

cell density and (d) Good images. 

 

4.3.2 Experiment on the effect of flowrate. 

The construction of the experiment is shown in Figure 4.8(a). The OR was Or56a 

and pure ringer solution was flowed. The experimental variable was odorant flowrate by 

means of the total time needed to push pipette plunger toward the end. The speed of 

pushing plunger tried to be as uniform as possible even if it was not so easy. Without 

skills, it was very difficult to flow the odorant without cells removed. Figures 4.10(a) and 

(b) shows one of the examples of image when cells were removed. Total time needed to 

push the pipette plunger was 5 second, thus the average of the odorant flowrate was 

around 3000μl/minute. Figure 4.10.(a) shows the image before odorant exposure, while 

Figure 4.10.(b) shows  the image after pushing the plunger finished (5 second). About 

75% of the cells were removed. This kind of experimental results cannot be used.  

 

(a) (b) 

(c) (d) 
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Figure 4.10. Cell image by manual flow (a) Before and (b) After the flow of ringer 

solution with average flowrate around 500l/min. 

 

4.3.3 Experiment on the response of cells to the odorant 

In this experiment Or56a cells was used incorporated with ionomycin 10μM as an 

odorant. The odorant was introduced to the cells 10 second after observation started. The 

pipette plunger was pushed slowly and carefully. It took around 20 seconds to finish it. 

Thus the average flowrate was around 60μl/minute. After 20 second, the liquid flow was 

stopped and the odorant remain around cells. In this experiment, no cell was removed 

during the odorant introduction. The response of the cells to the inomaycin odorant is 

shown in Figure 4.11. The orange block (lower-left of the figure) indicates the time 

duration of introducing odorant to the cells. It can be seen that artifact was present during 

the odorant introduction. The artifact could not be ignored since it was quite significant. 

Although the response of the cells to the odorant can be obtained at t = 55 second with 

around 55% change in brightness, however, still not easy to quantify the cell response to 

the odorant using described method. 

 

 

 

 

 

 

 

 

 



68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11. Or56a response to 10μM ionomycin odorant. Orange box represent time 

duration of pushing the pipette. The artifact is dominant since the manual system was 

used to introduce odorant to the cells. 

 

 

4.4 Chapter summary 

This chapter discussed about the development of flow system for introducing the 

odorant to the cells. The reason for this development is that in static system the artifact 

was dominant and static system was difficult to apply. Thus microfluidic flow system 

need be developed. The discussion started with material for flow system for both manual 

and automatic system. In this chapter, only manual system was discussed. In this system, 

liquid flow generated manually by pushing pipette plunger which, using pipe, flown the 

odorant to the cells before discarded to the sink. Since it was done manually, it was 

difficult to have a constant flowrate using this system. Flowrate is an important factor in 

a flow system. High flowrate resulted in cell removal. The odorant with flowrate around 

500μl/min was made the cells removed. In manual system, repeatability was difficult to 

obtain and skill was needed to perform the experiment. Although the system was quite 

suitable for application, the artifact was still very significant to the results of the 

experiment. 
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Chapter 5. 

Sensor Responses Using Flow System 

 

In real conditions, odorant molecules are mixed with the air or liquid and flowed in 

certain direction. Previous chapter discussed about development of odorant detection in 

a liquid flow system. Basically it consists of a flow generator to generate liquid flow, a 

piping to transfer liquid flow and a chamber to facilitate odorant exposure to the cells as 

a sensor. Thus the responses of the cell to the odorant provided by instrumentation system 

take place at the chamber. A simple manual system using micro pipette was developed to 

mimic the real condition on micro fluidic system. Although it is possible to make a 

manual flow system, artifact is dominant. It was hard to obtain the constant flowrate at 

manual system and the flowrate should be low enough to prevent the cells from their 

removal. 

In this chapter, measurement system on automatic flow condition is discussed. To 

generate the automatic flow system, two types of electric pumps such as micro-pump and 

syringe pump were used. Micro-pump was needed for portable system while syringe 

pump was used to observe the behavior of cell responses at flow system. Using the flow 

chamber, it is possible to flow the odorant to the cells, stop for a while or change to 

another odorant. The flow chamber is suitable for the most of the applications. The first 

step of the experiments was put the cells on the pool. Then, the condition for about 30 

minutes was kept to let the cells be attached to base of the pool and the hole at the top of 

the pool was sealed. The exposure of the cell to odorant was done by flowing the odorant 

liquid for several seconds.  

  

5.1 Purposes 

The main purpose of the experiment is to establish microfluidic system for measuring 

the cell response to the odorant for confirming the possibility of portable implementation 

of odor sensing system. The next purpose is to observe the cells responses at relatively 

low concentration of odorant. Finally, to find the detection limit of the cells. 

 

5.2 Microfluidic system with micro-pump 

5.2.1 Hardware system 

Figure 5.1 shows the diagram of the automatic flow system experiments using micro 

pump. It consists of bottles, micro-pipes, flow chamber and micro pump. The micro pump 

was used to generate liquid flow from odorant bottles (2 ml bottle), micro chamber, micro 

pump and finally the sink. As mentioned in Section 4.1.3, three (3) electrical parameters 
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available to control micro pump are wave form, amplitude and frequency. In this 

experiments the wave form and amplitude were fixed, that is, square wave and 250V, 

respectively. The signal frequency was set as variable. The length of pipe 1 was 10 cm, 

while both pipe 2, and pipe 3 were 5 cm in the length. The detail information about flow 

chamber was discussed in Chapter 4. Excitation light was applied to the cells from bottom 

part of the chamber. A serial communication interface circuit has been implemented in 

order to be able to control the micro-pump synchronized with image (camera) 

automatically from computer. 

 

 

 

 

 

 

 

 

Figure 5.1. Diagram of automatic experiments with micro-pump 

 

5.2.2 Software system 

Together with interface circuit, a computer program based on Visual Basic was 

developed to implement the controller and its user interface for micro-pump. The 

frequency of the square wave signal applied to the micro-pump was the only variable to 

control the flowrate. The frequency range spans from dc (0 Hz) to several kHz. Several 

important menus for the micro pump are start, reset, and frequency setting. The driver 

can be automatically synchronized with the tools for collecting the image of the cells. 

 

5.2.3 Flowrate measurement 

There is no direct information about micro-pump flowrate on data sheet. However, 

the flowrate at specific frequency can be measured by the liquid volume collected during 

a specific time duration. The volume (liter) can be measured using liquid weight (gram) 

collected for certain range of time (minute) and then multiplied by liquid density 

(liter/gram). Most of liquids used in experiment were ringer solution and 98% of ringer 

solution was water. Thus, water was used as odorant liquid for calculating the flow rate. 

Moreover, cells were not used here and an excitation light was not applied.  

Liquid weight can be converted to liquid volume (liter) by multiply it with liquid 

density. In case of drink water, its density is 0.9983ml/gr [117]. For example, at frequency 
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150 Hz, the weight of collected water for 10 second was 0.545 gr. The flowrate can be 

calculated as 0.545gr x 0.9983ml/gr = 0.544 ul/10sec or 3.264 ml/min..  

The procedure of the experiment includes: 

1. Using pipette and micro pump, fill the microfluidic system (Figure 5.1) with 

water. Avoid the presence of bubbles. 

2. Set signal frequency of the driver. 

3. Using “start” and “reset” menu, run the micro pump for 10 second and get the 

weight of the water. 

4. Convert the weight of the water collected for 10 second to the flowrate. 

5. Run the frequency from 0 to 300Hz with 25Hz step.  

Figure 5.2 shows some weight for several frequencies from 0Hz to 300Hz. The 

different color means different sequence of experiment. There were 6 different sequences 

of experiments. There are some variances of the weight for each frequency. The maximum 

weight, which means the maximum flowrate, was obtained at frequency of 150 Hz. This 

is almost the same as that in micro pump data sheet, the data at 100Hz. The experiments 

were expanded in term of frequency. Figure 5.3 shows flowrate as a function of the 

frequency. Every flowrate value is the average of several measurements. The maximum 

flowrate (3 ml/min) reaches at frequency around 150Hz. Compared with data sheet, the 

flowrate and frequency are slightly different from data sheet, which is 5 ml/min at 100Hz. 

Probably this is because this measurement was done in a flow system while the data sheet 

the measurement was done without load or not in certain fluidic system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. The weight of collected liquid as a function of frequency 
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Figure 5.3 Micro pump flowrate as a function of frequency 

 

5.2.4 Experiment for finding appropriate flowrate. 

After the cells were attached firmly at the bottom of the chamber, the odorant can be 

introduced to the cells by flowing it from the inlet through the pool to the outlet. The flow 

rate should be regulated to prevent the cells from detachment during the odorant 

introduction. Using manual flow system, it was shown that the cells can be removed if 

the flowrate is too fast. However, using manual flow system it is difficult to find the exact 

flowrate that is not removed the cells. This experiment was intended to find an appropriate 

flowrate that the cells were kept in the chamber. The diagram of experimental set-up is 

shown in Figure 5-1. Either of ORs such as, Or56a or BmOr3, was used. Many different 

flowrates were applied for different experiments. The liquid flowrate controlled by 

frequency of input signal by the driver is shown in Figure 5.3. To check whether the cells 

removed or not, an image observation was used.                                                          

Figure 5.4(a)-(d) show a ringer solution with flowrate of 1ml/min applied to Or56a 

cells. This flowrate can be achieved by setting the frequency to 500Hz. Image of the cells 

before odorant introduction is shown in Figure5.4 (a). Several seconds later, the odorant 

was introduced, the cells was removed from the chamber as shown in Figure 5.4 (b),  (c), 

and (d) respectively. Flowrate of 1 ml/min was too high for the cell application. The 
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smaller flowrate was used for the next experiment. From some experiments, it was found 

that maximum flowrate for both types of cells were around 400μl/minutes. This flowrate 

was achieved by setting the signal frequency to 600Hz. This flowrate was higher than that 

of the manual system where the cells were removed at around 300μl/minutes . 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Cells removal because of odorant flowrate was too high (1ml/min). Or56a 

cells with ringer solution odorant were used in this experiments. Most of the cells 

removed withun 5 second. (a) Before, (b) 1 second after, (c) 3 second after, and (d) 5 

second after odorant exposure.  

 

5.2.5 Experiments on Or56a with Geosmin. 

In the experiments, Or56a cells with geosmin odorant were used. The odorant flowrate 

was set to 400 l/min and run for either 10s or 30s. Two geosmin concentrations  were 

used, 10M and 100M. Thus, there were four experiments with results shown in Figure 

5.5. They are: 

- Experiment with 10M geosmin odorant for 10 second (blue curve). 

- Experiment with 10M geosmin odorant for 30 second (orange curve). 

- Experiment with 100M geosmin odorant for 10 second (yellow curve). 

- And experiment with 100M geosmin odorant for 30 second (purple curve). 

(a) (b) 

(c) (d) 
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From these results, it can be seen that the odorant concentration affects the maximum 

brightness of the cell. These maximum brightness is considered as the response of the 

cells to certain concentration of odorant. Thus, responses of Or56a cells to 10M and 

100M geosmin were 5% and 30%, respectively. The concentration, not flow duration, 

also affects the rise time. The rise time for 10M and 100M geosmin were around 20s 

and 30s respectively. 

The time duration of flowing affects the recovery time. For the same concentration 

of odorant applied, the longer time duration applied the slower recovery time. Although 

it was not as big as in static system, flow system using micro pump still produced artifact. 

It can be seen in Figure 5.5. The small artifact still was produced at the beginning of micro 

pump operation (from off to on). At high concentration this artifact can be ignored. 

However in low concentration it cannot be ignored. Thus, micro pump was not suitable 

for measurement for small concentration which its small brightness change (4 % or less). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Curve responses of OR56a to two concentrations of geosmin and two time 

duration under 400l/min flowrate 

 

artifact 

Odorant flow duration 
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  Further experiments were performed to obtain the concentration dependency of 

the cells responses. The geosmin concentrations for experiment were 5M, 10M, 50M 

and 100M and time duration 30s was used. Three experiment was performed for each 

concentration. The cell response to the odorant was calculated as the maximum brightness 

change compared to the brightness before odorant applied. Table 5.1 shows the 

experimental results while Figure 5.6 shows the plot of experiment results. It can be 

concluded that the concentration dependency of the response to geosmin was observed. 

The experiment for the concentration of 1M or below was not performed since in that 

low concentration it was hard to distinguish between artifact and response. 

 

Table 5.1. Some experiment results of Or56a with Geosmin  

Concentration 

(M) 

Exp. 1 

(% change) 

Exp. 2 

(% change) 

Exp.3 

(% change) 

Mean 

(% change) 

SD 

(% change) 

5 5 4 8 5.3 2.08 

10 6 11 9 8.7 2.5 

50 13 23 17 17.7 5.3 

100 45 30 23 32.3 11.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Dependency of maximum brightness change upon geosmin concentration. 
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5.2.6 Experiments on BmOR3 with bombykal 

In this experiments, BmOR3 cells with bombykal were used. The bombykal was flown 

to the cells with flowrate of 400l/min. Two bombykal concentrations (10M and 

100M) and two time durations of the flow (10 second and 30 second) were used. The 

odorant liquid flow begined 5s after observation started and then stopped after 15s or 35s. 

The experimental result is shown in Figure 5.5. The results of cells response to 100M 

odorant flown for 10 second shown in blue line, while 10M odorant flown for 30 second 

shown in orange line. These experiment resluts support previous experiment results on 

Or56a cells with geosmin, including: 

- 35% and 15% brightness change were obtained as a responses to 100M and 10M 

bombykal concentration respectively. 

- Odorant exposure for 10 second was enough to get the cell response. 

- Exposure time affected the recovery time of the cells. 

- Exposure time did not affect the cell responses. However, more time needed to obtain 

the response to lower concentration. 

- Artifact existed at the beginning of odorant introduction. This artifact caused by the 

switch of micro-pump power from off to on. The transition was not smooth enough 

in its liquid pressure causing some of the cells moving. At high odorant concentration 

this artifact can be ignored. 

- The presence of the artifact limitted the application of micro-pump of the 

measurement for lower odorant concentration than 5M since the response is almost 

the same with the artifact. 
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Figure 5.7 Sensor response of BmOR3 to several concentrations of bombykal under 

several condition using flow chamber 

Further experiments were performed to obtain the concentration dependencies of the 

BmOR3 cell responses to the bombykal odorant. Similar to concentrations in the previous 

experiment, the bombykal concentrations were 5M, 10M, 50M and 100M. The time 

duration of introducing bombykal odorant to the cell was 30s. Three experiments were 

performed for each concentration. The cell response to the odorant calculated as the 

maximum brightness change compared to the brightness before odorant exposure. Table 

5.2 shows the experimental results and Figure 5.8 shows the plot of experiment results. 

These experimental results show that there is concentration dependencies of bombykal 

between the range of 5M and 100M. The experiment for the concentration of 1M or 

below was not performed since in that low concentration it was hard to distinguish 

between artifact and response. 

 

Table 5.2. Some experiment results of BmOR3 with Bombykal  

Concentration 

(M) 

Exp. 1 

(% change) 

Exp. 2 

(% change) 

Exp.3 

(% change) 

Mean 

(% change) 

SD 

(% change) 

5 2 5 6 4.3 2.08 

10 7 15 9 10.3 4.16 

50 12 18 22 17.3 5.03 

100 35 27 21 27.7 7.02 

 

Odorant flow duration 

artifact 
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Figure 5.8 Dependency of maximum brightness change upon bombykal concentration. 

 

5.3 Flow System with syringe pump (Or56a) 

Application of micro-pump supports the portable system because of its small 

dimension and low power dissipation. It can be used for odorant measurement at 

relatively high concentration. However, micro-pump was not quite suitable for lower 

concentration since generated artifact became dominant. This phenomenon limited the 

measurement of the cell response to a lower odorant concentration to obtain its limit of 

detection. The limit of detection is important parameter in a sensor system since it reflects 

the sensing capability. Limit of detection is also important when it is compared with 

another technique in the instrumentation system. For example, measuring the 

improvement of incorporating lock-in measurement technique in the instrumentation. 

This was the main reason for using the syringe pump on the experiment. Lock-in 

measurement technique will be incorporated at the measurement system to overcome the 

effect ambient light during the experiment on ambient light condition. To make sure that 

the artifact was minimized, the liquid flowrate was set to 100l/min. 
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5.3.1 Hardware system 

 

 

 

 

 

 

 

 

 

Figure 5.9 Diagram of automatic flow system using syringe pump. 

   

Figure 5.9 shows the diagram of the automatic flow system experiment using syringe 

pump. The structure was more complex than previous system since the new system was 

prepared for more complex fluidic system. It consists of four reservoirs to store four 

different odorants, four solenoid valves, micro-pipes, flow chamber and syringe pump. 

The solenoid valves and syringe pump were connected to the computer to control the 

liquid flow automatically.  

5.3.2 Software system 

A visual basic program to control solenoid valve was developed to implement the 

controller and its user interface for four solenoid valves. Microfluidic system can be run 

standalone or synchronized with optical system (camera) for collecting the image of the 

cells. 

5.3.3 Image mode. 

For the experiments in flow system using syringe pump, the type of image was 

change to “VGA mode” instead of “full mode” in the previous experiments (terms from 

Bitrans Camera). As already discussed in chapter 2, VGA mode produces smaller image 

area and smaller file capacity, thus it make possible to fasten the sampling time. Figure 

5.10 shows the image in “VGA mode”. Another advantage of using “VGA mode” is more 

information area (cells) in the image compare to “full mode”. In “VGA mode” 100% 

image area is information (cells) while in “full mode” only around 50% area is 

information (cells). Thus, measurement using “VGA mode” resulted in more precise 

compared to using “full mode”.  
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Figure 5.10. Image in VGA mode. 

 

5.3.4 Experiment using syringe pump. 

In this experiment, Or56a cells were used with two types of odorants, ringer solutions 

and geosmin 500nM. Ringer solution was prepared on reservoir 1 while geosmin 500nM 

was prepared on reservoir 2. The cells were exposed to the ringer solution for the first 30 

minutes followed by geosmin 500nM for the next 30 minutes. Finally, after the geosmin, 

the cells were exposed again to ringer solution for the rest of time. Figure 5.11 show the 

timing diagram of exposing the cells to the odorants and its response. The flowrate of the 

liquid was kept at 100l/minute. 

From the first 40 second response curve, it can be seen that there is no response to 

the ringer solution. However, 10 seconds after odorant change (Time = 40 second), the 

response curve start raising until reach the maximum and soon recovery. This curve 

shown the cells respond to the geosmin 500nM. After the odorant switched to ringer 

solution at time = 60 second, the cells did not response to second exposure of ringer 

solution.  

From the response curve, it can be seen that using syringe pump with low flowrate 

(100l/minute), the artifact was minimized, even during odorant switching both from 

ringer solution to geosmin and from geosmin to ringer solution. Thus, it is possible to 

observe the response of the cells in very low concentration and then calculate the 

detection limit of ORs cells. 
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Figure 5.11. Or56a response to 500nM geosmin under automatic flow system using 

syringe pump. The first 30 minutes by ringer solution, followed by geosmin 500nM and 

finally ringer solution until finished. The artifact was minimized during the syringe 

pump. 

 

5.3.5 Experiment for detection limit of the cells. 

In the experiment, Or56a cells lines was used with several concentrations of geosmin 

odorant. The odorant exposure was performed by flowing the odorant with the flowrate 

100L/min. First, the geosmin odorant flowed for 60 second followed by ringer solution 

until observation was finished. There were several geosmin concentration used here, 0nM, 

25nM, 50nM, 100nM, and 200nM. For every concentration, the experiments were 

performed 5 times. Figure 5.12 shows some typical response curves of the cells. 

Responses curves from several concentration were shown here. The blue line (Ringer) 

means the cells was expose to 0nM of geosmin concentration.  

Table 5.3 shows the individual experiment results. Mean and standard deviation (SD) 

of every concentration were calculated. Moreover, Statistical analysis (t-test) for every 

concentration compared to 0nM geosmin (Ringer solution) were also performed. The 

analysis resulted in P value as is shown in the last column of Table 5.3. Geosmin odorant 
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concentration which has statistically significant differencewere 100nM and 200nM. Thus 

it can be concluded that the detection limit of the Or56a cells to odorant geosmin under 

developed instrumentation system is 100nM. One of the convenient way to describe the 

distribution of data is using a non-parametric statistical plot or Boxplot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Typical Or56a response to 500nM geosmin 

 

 

Table 5.3. Experiment Results  

Conc 

(nM) 

Exp1 

(%) 

Exp2 

(%) 

Exp3 

(%) 

Exp4 

(%) 

Exp5 

(%) 

Mean 

(%) 

SD1) 

 

P value2) 

0 1.0 0 2.5 5.5 1.5 2.1 2.10 -  

25 1.5 4 6 2.5 2 3.2 1.82 0.4027 

50 5.5 6.5 1.5 4 2 3.9 2.16 0.2189 

100 7 4 3.5 5 8 5.5 1.9 0.0288*) 

200 8 5.5 6 3.5 9 6.4  2.16 0.0129*) 

1)  Standard Deviation (SD)  
2)  P value was calculated with online tool from Quick Calcs (Graph Pad software) 

*) The difference from 0nM concentration is considered to be statistically significant. 

 

 

Geosmin Ringer 
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A boxplot to show the distribution of the experimental results is shown in Figure 5.11. 

It consists of 5 information, minimum, first quartile, median, third quartile, and maximum 

data. The blue box (IQR or interquartile range) spans the first quartile to the third quartile. 

The red line indicate the median of the data. In case of 100nM, the response spans from 

3.5 to 8 with median 5.  

The stars (*) indicate that particular concentration has significant different 

statistically compare to 0M concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Boxplot of the experimental results of Or56a with geosmin odorant. 
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5.4 Chapter summary 

In this chapter, sensor response on automatic flow system has been discussed. One 

of the main part of the system is a pump which is responsible for initiating the flow. Two 

types of pump were used here, micro-pump and syringe-pump. From the experimental 

results, the applied flowrate for OR cells should be low enough in order not to remove 

the cell. The odorant flowrate should be around 400l/minutes or below. 

The main characteristics of the micro-pump is small and low power, thus it is suitable 

for portable application. However, micro-pump cannot be used for small concentration 

since it produce the artifact. In small concentration the artifact from micro-pump was 

about the same as response of the odorant. Experimental results show that microfluidic 

system using micro-pump suitable for measuring odorant concentration between 5M to 

100M (or above) for both Or56a and BmOR3 to geosmin and bombykal odorants, 

respectively. 

On the other hand, syringe pump has main characteristics of precise and stable but it 

cannot be used for portable applications because of its weight and dimension. In low 

liquid flowrate (100l/minute), almost no artifact was produced by syringe pump. 

Syringe-pump was used to investigate the detection limit of the cells response to the 

odorant. Experimental results show that the detection limit of Or56a cells lines to the 

geosmin odorant was 100nM. 
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Chapter 6 

 

Design of measurement system using lock-in technique. 

 

 

An image captured by the camera includes not only fluorescence but also noise, 

background and offset lights. Noise is randomly changing intensity regardless of 

fluorescence. Background is an intensity captured by camera in the absence of any cells. 

Background signal mainly comes from ambient light such as sun and room lighting. 

Offset is magnitude captured by camera without any light. Its value depends on camera 

setting. Noise, background and offset are unwanted intensity and deteriorate measurement 

sensitivity. In the previous chapters, the measurements were performed at dark condition 

where the background was minimized. However, noise and offset still existed in the image. 

Measurement in ambient light condition, background can be very dominant since its 

intensity is much higher than fluorescent light. The ambient light also increases the 

artifact and noise. Figures 6.1 (a) and (b) show images obtained under dark condition and 

image obtained under ambient light condition, respectively. It can be seen that at ambient 

light condition, the background becomes dominant. 

This chapter discusses about incorporating lock-in measurement technique into the 

developed fluorescent instrumentation system to handle the influence of ambient light. It 

consists of lock-in measurement technique design and its implementation 

 

 

 

Figure 6.1 Captured cell images. (a) Image obtained at dark condition. (b) Image 

obtained at ambient light condition. 

 

(a) (b) 

50m 50m 
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6.1 Measurement in ambient light condition 

In dark conditions, it is easy to monitor the brightness change of the cells when they 

are exposed to the odorant. This is not the case for cells in ambient light conditions since 

the fluorescent signal is very weak compared with that of the ambient light. 

The total brightness intensity averaged over the entire image was used to measure 

the sensor response to the odorant. Plots of sensor responses as a function of time are 

shown in Fig. 6.2. Each curve was normalized by the brightness at t = 0 s. The blue and 

red lines plot the normalized brightness of OR56a cells without odorant exposure in dark 

and ambient light conditions, respectively. The brightness of the cells normally decreases 

without odorant exposure (blue line). In ambient light conditions, in spite of its high 

intensity, ambient light contains irregular noise (red line) although the phenomenon of 

decreasing intensity was not observed.  

The yellow and purple lines show the response of Or56a to geosmin in dark and 

ambient conditions, respectively. The same odorant concentration (10 μM of geosmin) 

for both conditions were applied at t = 20 s. The fluorescence intensity has a peak 

corresponding to a sensor response. It can be seen that in ambient light conditions the 

response becomes smaller than that in dark conditions. We did not take the first purple 

line at t = 25 s since it was the artifact owing to water (liquid)-surface fluctuation caused 

by the liquid injection. Without normalization, the magnitude of the signal in ambient 

conditions is much larger than the magnitude of the signal in dark conditions. It was found 

from Fig. 6.2 that the ambient light deteriorates the sensor response unless we perform 

signal processing. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Comparison of experiment results between in dark condition and in 

ambient light condition.  
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6.2 Lock-in amplifier development 

In fluorescent instrumentation system CMOS camera captures the fluorescent light x(t), 

background b(t), offset, and noise n(t). Only fluorescent light x(t) is wanted signal, the 

others are unwanted. To suppress unwanted intensity, lock-in measurement technique has 

been added to the fluorescent instrumentation. Figure 6.3 shows the block diagram of 

lock-in measurement technique implementation used in this study. The fluorescent signal 

x(t) and its noise n(t) were modulated by setting the laser system at “pulse mode” or PM 

condition. Image captured by CMOS camera u(t) is composed of those modulated signals, 

background b(t) and offset. Since modulated signal m(t) is a 0 or 1, image captured by 

camera u(t) can be written as  

 

𝑢(𝑡) = {
𝑏(𝑡) + 𝑜𝑓𝑓𝑠𝑒𝑡,                                       𝑖𝑓 𝑚(𝑡) = 0

𝑥(𝑡) + 𝑛(𝑡) + 𝑏(𝑡) + 𝑜𝑓𝑓𝑠𝑒𝑡,             𝑖𝑓 𝑚(𝑡) = 1 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Block diagram of lock-in measurement technique. 

 

Lock-in processing is performed by filtering (high-pass filter (HPF) and low-pass filter 

(LPF)) and synchronous detection of u(t) using phase sensitive detector (PSD). HPF is 

used to remove the low frequency contents of u(t) (background b(t) and offset) and 

outputs v(t). Synchronous detection by multiplying v(t) with reference signal r(t) results 

in w(t). The reference signal r(t) should be synchronous (in phase) with modulated signal 

m(t). In this research, the reference signal r(t) is -1 or 1. A LPF is used to remove high 

frequency contents (noise n(t)). Thus the remaining output signal y(t) is fluorescent signal 

x(t). Illustration of lock-in technique process is shown in Figure 6.4. 
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Figure 6.4 Lock-in measurement technique 

 

6.3 Lock-in amplifier design. 

The image of fluorescent light x(t) is sampled every second (fs = 1Hz). According to 

sampling theorem, both modulated (fm) and reference (fr) frequencies should be 500mHz 

or less. In this research, both modulation and reference frequencies both were set to 100 

mHz with 50% duty cycles generated from signal generator (1606 clock synthesizer, NF 

Electronics Instrumentation). The spectrum of the signal capture by CMOS camera u(t) 

(N = 1100) shown in Figure 6.4. The primary frequency is around 115 mHz with third 

order harmonics at 345 mHz. This is because the reference frequency is a square wave. 

From this figure, it was reasonable to choose cut-off frequency for high-pass filter (fCH) 

= 60 mHz. A 5th order Butterworth filter has been chosen to implement HPF. The filter 

coefficient was calculated using Matlab with following command, 

 

 [B,A] = butter(N, Wn, 'high') 

 

with N is filter order (N=5) and Wn = fCL/0.5fs = 0.06/0.5 = 0.12. B and A are numerator 

and denominator of the filter transfer function, respectively. Calculation using Matlab 

resulted in the coefficients of LPF as follows, 

 

n0 = 0.5409; n1 = -2.7046; n2 = 5.4091; n3 = - 5.4091; n4 = 2.7046; n5 = -0.5409 

d0 = 1.0000; d1 = -3.7821; d2 = 5.8375; d3 = -4.5777; d4 = 1.8193; d5 = -0.2926 
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The filter transfer function in z transform is 

 

H(z) =
0.5409𝑧5 − 2.7046𝑧4 + 5.4091𝑧3 − 5.4091𝑧2 + 2.7046𝑧 − 0.5409𝑧

𝑧5 − 3.7821𝑧4 + 5.8375𝑧3 − 4.5777𝑧2 + 1.8193𝑧 − 0.5428
 

 

High-pass filter removed low frequency component of the u(t) signal including dc 

component. The output of the HPF, v(t), was a periodic signal with average 0. This signal 

was then multiplied by -1 or 1 as reference signal. Since the lock-in calculation was 

perform offline, m(t) and r(t) were assumed in-phase. A PSD with its reference frequency 

can be replaced by a full wave rectifier. If there is a phase difference between modulated 

signal and reference signal a PSD cannot be replaced with a full-wave rectifier. Rectifying 

v(t) resulted in w(t).  

It can be seen from any curve response (fluorescent light) of the cells that the 

fluorescent signal x(t) has a low frequency characteristics. Figure 6.6 shows the spectrum 

of the fluorescent signal x(t) (N = 600). It was reasonable to have low pass filter (red 

curve) with cut-off frequency (fCL) = 30 mHz. A 5th order Butterworth filter was chosen 

as LPF. The filter coefficient was calculated using Matlab with following command, 

 

 [B,A] = butter(N, Wn, 'low') 

 

with N is filter order and Wn = fCL/0.5fs = 0.03/0.5 = 0.06. B and A are numerator and 

denominator of the filter transfer function, respectively. Calculation using Matlab resulted 

in the coefficients of LPF as follows, 

 

n0=5.56x10-6; n1=2.78x10-5; n2=5.56x10-5; n3=5.56x10-5; n4=2.78x10-5; n5=5.56x10-6 

d0 = 1.0000; d1 = -4.3903; d2 = 7.7429; d3 = -6.8543; d4 = 3.0447; d5 = -0.5428 

 

The filter transfer function is 

 

H(z) =
5.6 × 10−6𝑧5 − 2.8 × 10−5𝑧4 + 5.6 × 10−5𝑧3 − 5.6 × 10−5𝑧2 + 2.8 × 10−5𝑧 − 5.6 × 10−6𝑧

𝑧5 − 4.3903𝑧4 + 7.7429𝑧3 − 6.8543𝑧2 + 3.0447𝑧 − 0.5428
 

 

A low-pass filter removed the high frequency component of w(t) followed by output 

signal y(t), which is a recovered signal of fluorescent signal x(t). 
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Figure 6.5. Spectrum of the signal capture by SMOS camera u(t). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Typical spectrum of the fluorescent signal x(t) (blue line). The red 

line is transfer function of 5th order LPF with cut-off frequency 30 mHz..    
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6.4 Lock-in measurement technique implementation 

Figure 6.7 shows the schematic diagram of fluorescent instrumentation system. 

Lock-in measurement system has a laser diode system to modulate the fluorescent light 

and personal computer (PC). A schematic circuit laser driver that facilitating a “pulse 

mode” operation shown in Figure 6.8(a). A pulse mode operation is possible by applying 

the square wave signal to “pulse in” terminal of driver circuit. When the “pulse in” is high, 

the laser diode is off and when the “pulse in“ is low the laser diode is on. In this research, 

a pulse mode with its 3.3 V amplitude, 100 mHz frequency, and 50% duty cycle was used. 

The lock-in measurement technique was implemented offline using Matlab on the 

computer. The functional blocks of lock-in measurement technique includes 

1. 5th order high pass filter with fCH = 60mHz. 

2. Full wave rectifier, to implement phase sensitive detector and -1 or 1 square wave 

reference frequency (r(t)). 

3. 5th order high pass filter with fCL = 30mHz. 

 

 

 

 

 

 

 

 

 

 

Figure 6.7.  The schematic diagram of fluorescent instrumentation system. Lock-in 

technique is realized using laser diode driver and offline Matlab 
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6.4 Chapter summary 

Fluorescence-based instrumentation system suffers from ambient light condition 

which affects the sensitivity. Since the intensity of fluorescent light emitted by the cells 

is much weaker than the ambient light, the sensitivity deteriorates due to the ambient light. 

To deal with this problem, a lock-in measurement technique was incorporated into the 

fluorescent measurement system. Lock-in measurement technique basically consists of 

fluorescent signal modulator, high-pass filter, phase sensitive detector, reference signal, 

and low-pass filter. Based on the sampling signal used in the developed fluorescent 

instrumentation, requirements, specifications and implementation of each functional 

blocks of lock-in measurement technique were discussed.  

The fluorescent signal modulation was performed by setting the “pulse mode” for 

the operation of laser diode system. The other blocks were implemented offline using 

Matlab. Since the modulation signal m(t) and reference signal r(t) are assumed to be in-

phase, phase sensitive detector together with reference signal works as full-wave rectifier. 

The experiments using measurement system with lock-in technique is discussed in the 

next chapter. 

 

Figure 6.8. Laser diode driver. (a) Circuit diagram the pulse mode operation. 

(b) 100 mHz, 50% duty cycle, square wave signal to control pulse mode 

operation. 

(a) (b) 
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Chapter 7 

Experiment on lock-in measurement technique. 

 

Chapter 6 discussed about development of fluorescent instrumentation system with 

incorporated lock-in measurement technique including its design and implementation. 

The incorporation of lock-in technique on fluorescent instrumentation system is important 

for instrumentation system applicable to ambient light conditions. This chapter discusses 

about the experiments on ambient light conditions.  

 

7.1 Experimental set-up and procedures. 

There is not so much difference between previous experiment (without lock-in) and 

current experiment (with lock-in). The slight differences are: 

1. In the experiment in this chapter, the laser system was run on pulse mode (PM) 

instead of continuous mode (CM) which was applied in previous system. The 

pulse mode was for the purpose of fluorescent signal modulation. 

2. A signal processing needed to further process the collected image intensities in 

experiments (lock-in processing). In the previous experiment, image intensity 

was calculated to get the cell response. The lock-in processing includes low-pass 

filtering, full-wave rectification and high-pass filtering. 

There is no different procedures during experiment in terms of cells preparation and 

fluidic system. Flow system using syringe pump with flowrate of 100l/min was used in 

the experiments. 

 

7.2 Experiment using Or56a cells line without odorant in several ambient light conditions. 

The purpose of this experiment is to observe both signals captured by camera u(t) and 

output y(t) at three conditions: 

1. Dark condition. The chamber is covered with the black box (0 lux). 

2. Low intensity of ambient light (ambient 1). The ambient light comes from day 

light outside laboratory and some laboratory lamps (500 lux). 

3. High intensity of ambient light (ambient 2). The ambient light comes from day 

light outside laboratory and all lamps in the laboratory (1000 lux). 

In the experiments, the cell was Or56a cell line and the cell was not exposed to the odorant. 

The three experiments used exactly the same prepared cells. The experiments at all 

conditions were performed for 250 s. The experiment results are shown in Fig. 7.1. Since 

the plots were not normalized, the absolute magnitude of measured brightness at every 

condition is given here. 
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The three upper square wave signals were the measured signals u(t)s at 3 different 

conditions before further process of lock-in technique was applied. Square wave signals 

appeared in u(t). In each curve, low signal indicates the laser diode in “off” condition 

while high signal indicates the laser diode in “on” conditions. It can be seen that the DC 

(direct current) level of u(t) at ambient 2 (green line) was approximately 2-3 times higher 

than at ambient 1 (blue line) and dark condition (red line). Although the intensity of the 

ambient light at those three conditions were different, those three output signals had 

similar AC (alternating current) level.  

Further process (lock-in processing) was applied to each of u(t)s using Matlab. The 

processes include: 

1. High-pass filtering. 5th order butterworth with fCH = 60mHz, resulted in v(t). 

2. Full-wave rectifying of v(t), resulted in w(t). 

3. High-pass filtering, 5th order butterworth with fCL = 30mHz, resulted in v(t). 

 The results shows that the outputs from any condition were similar except its dc 

level. In other words, the same fluorescent AC signal was obtained regardless of ambient 

light condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Captured and output signals of Or56a cells without odorant exposure 

under three different conditions. 

 

Signals captured 

by camera u(t) 

Output signals y(t), after 

lock-in processing of u(t) 
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7.3 Experiment using Or56a cells line with Ringer solution and odorant 

The purpose of the experiments was to observe the effect of incorporating lock in 

measurement technique in fluorescent instrumentation system. For that purpose, 

comparison to the measurement without lock-in technique was also performed. Flow 

system with micro-pump was used for experiment. In the experiment the odorant (500nM 

geosmin or ringer solution) was flown to the cell at flowrate 100 L/min for 20 s, followed 

by ringer solution. Three experiments were performed using OR56a cells with ringer 

solution and 500 nM geosmin. They were: 

1. Experiment with ringer solution at ambient light condition (1000 lux) with lock-in 

measurement technique (blue line). 

2. Experiment with 500nM geosmin odorant at dark condition without lock-in 

technique (orange line) 

3. Experiment with 500nM geosmin odorant at ambient light condition (1000 lux) 

with lock-in technique (yellow line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. Or56a response to ringer solution and 500 nM geosmin at several 

conditions with and without lock-in technique. 
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Figures 7.2 shows the experiment results. The plots were normalized using their own 

values at t = 0 s and thus the responses to the odorant at both conditions were observed. 

The results of the experiments are as follows: 

1. The blue line shows the result of the first experiment. Small change in brightness 

after the exposure indicates as an influence of ringer solution.  

2. The arange line shows the results of second experiment. The response was hardly 

detected even under dark condition without lock-in measurement 

3. The yellow line shows the results of third experiment. The response was clearly 

detect (12%) even under ambient light condition using lock-in measurement 

technique  

It can be concluded that the lock-in measurement technique enables the detection of 

odorant with relatively low concentration even under the ambient light condition, whereas 

the response without lock-in technique was almost the noise level. Related to the response 

time, it took longer time to obtain the response from the measurement using lock-in 

technique compared with the response without lock-in technique. This is due to time 

constants of the filters used incorporating lock-in technique.  

 

7.4 Experiment using Or56a cell line with low geosmin odorant concentrations. 

The purpose of these experiments were to find the detection limit of Or56a cells to 

geosmin odorant under three conditions. The flow system with syringe pump was used 

for the experiments. In the experiments, the odorant exposure was performed by flowing 

the odorant liquid with specific concentration to the chambers for 60 second followed by 

the ringer solution with the flowrate 100L/min.  

There were three ambient light conditions of experiments, dark (no ambient light), low 

intensity (around 500 lux), and high intensity (around 1000 lux) of ambient lights. In 

every experiment the cells were exposed to many concentrations of odorant from 0nM to 

at most 100M. For every concentration in any conditions, the experiments were 

performed several times to obtain the valid data. These data were used for statistical test 

(t-test) to check whether there was significant difference between condition with 0nM 

odorant concentration and that with specified sample concentration. 

 

7.4.1 Experiment in dark conditions. 

The experiment was done in dark conditions (0 lux). Several concentrations of 

geosmin odorant were prepared: 0nM (ringer solutions), 25nM, 50nM, 100nM, 500nM, 

and 1M. Experiment on each concentration was done 6 times. Figure 7.3(a) shows the 

typical response curves of Or56a cells to several concentration of geosmin odorant. Figure 
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7.3(b) shows the Boxplot distributions of cells responses under various concentration of 

geosmin odorant. Statistical analysis (t-test) was performed to each concentration in pair 

with 0M concentration. Cells responses to 50nM concentration and above has statistically 

significantly different from the response to 0M. Thus the detection limit of Or56a cells at 

dark conditions was around 50nM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. Or56a response curves to geosmin at dark conditions. (a) Typical response 

curve. (b) Response distribution on Boxplot under various concentration. Response with 

(*) indicates the limit of detection.  

 

 

7.4.2 Experiment in low intensity of ambient light condition. 

The experiment was done at low intensity of ambient light conditions (around 500 

lux). Several concentrations of geosmin odorant were prepared: 0nM (ringer solutions), 

25nM, 50nM, 100nM, 500nM, and 1M. Experiment on each concentration was done 6 

times. Figure 7.4(a) shows the typical response curves of Or56a cells to several 

concentrations of geosmin odorant while Figure 7.4(b) shows the Boxplot distributions 

of cells responses under various concentration of geosmin odorant. Statistical analysis (t-

test) was performed to each concentration in pair with 0M concentration. Cell responses 

to 100nM concentration and above has statistically significant difference from the 

response of 0M. Thus the detection limit of Or56a cells at dark conditions is 100nM. 
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Figure 7.4. Or56a response to geosmin at low intensity of ambient light conditions.   

(a) Typical response curve. (b) Response distribution on Boxplot under various 

concentration. Response with (*) indicate the limit of detection.  

 

7.4.3 Experiment in high intensity of ambient light condition. 

The experiment was done at high intensity of ambient light conditions (around 1000 

lux). Several concentrations of geosmin odorant were prepared: 0nM (ringer solutions), 

25nM, 50nM, 100nM, and 500nM. Experiment on each concentration was done 6 times. 

Figure 7.5(a) shows the typical response curves of Or56a cells to several concentrations 

of geosmin odorant while Figure 7.5(b) shows the Boxplot distributions of cell responses 

under various concentration of geosmin odorant. Statistical analysis (t-test) was 

performed to each concentration in pair with 0M concentration. Cell responses to 100nM 

concentration and above has statistically significant different to the response of 0M. Thus 

the detection limit of Or56a cells at dark conditions is 100nM. 
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Figure 7.5. Or56a response to geosmin at high intensity of ambient light conditions.   

(a) Typical response curve. (b) Response distribution on Boxplot under various 

concentration. Response with (*) indicate the limit of detection. 

 

7.5 Experiment using Or13a cell line with low 1-octen-3-ol odorant concentration 

The purpose of these experiments were to find the detection limit of Or13a cells to 1-

octen-3-ol odorant under three conditions. Flow system with syringe pump was used for 

experiments. In the experiments, the odorant exposure was performed by flowing the 

odorant liquid with specific concentration to the chambers for 60second followed by the 

ringer solution with the flowrate 100L/min.  

There were three ambient light conditions of experiments, dark (no ambient light), low 

intensity (around 500 lux), and high intensity (around 1000 lux) of ambient lights. In 

every condition of experiments, the cells were exposed to many concentrations of odorant 

from 0nM to at most 100M. For every concentration in any condition, the experiments 

were performed several times to obtain the valid data. These data were used for statistical 

test (t-test) to check whether there was significant difference between condition with 0nM 

odorant concentration and that with specified sample concentration. 

 

7.5.1  Experiment in dark conditions. 

The experiment was done at dark conditions (around 0 lux). Several concentration of 

1-octen-3-ol odorant were prepared: 0nM (ringer solutions), 25nM, and 50nM. 

Experiment on each concentration was done 5 times. Figure 7.6(a) shows the typical 

response curves of Or13a cells to several concentration of 1-octen-3-ol odorant while 

Figure 7.6(b) shows the Boxplot distributions of cell responses under various 

concentration of 1-octen-3-ol odorant. Statistical analysis (t-test) was performed to each 
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concentration in pair with 0M concentration. Cell responses to 25nM concentration and 

above has statistically significant different from the response of 0M. Thus the detection 

limit of Or13a cells at dark conditions is around 25nM 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6. Or13a response to 1-octen-3-ol at dark conditions. (a) Typical response 

curve. (b) Response distribution on Boxplot under various concentration. Response with 

(*) indicate the limit of detection. 

 

7.5.2 Experiment in low intensity of ambient light condition 

The experiment was done at low intensity of ambient light conditions (around 500 

lux). Several concentration of 1-octen-3-ol odorant were prepared: 0nM (ringer solutions), 

25nM, and 50nM. Experiment on each concentration was done 5 times. Figure 7.7(a) 

shows the typical response curves of Or13a cells to several concentration of 1-octen-3-ol 

odorant while Figure 7.7(b) shows the Boxplot distributions of cell responses under 

various concentration of 1-octen-3-ol odorant. Statistical analysis (t-test) was performed 

to each concentration in pair with 0M concentration. Cells responses to 25nM 

concentration and above has statistically significant difference from the response of 0M. 

Thus the detection limit of Or13a cells at dark conditions is around 25nM 
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Figure 7.7. Or13a response to 1-octen-3-ol at low intensity of ambient light conditions.   

(a) Typical response curve. (b) Response distribution on Boxplot under various 

concentration. Response with (*) indicate the limit of detection. 

 

7.5.3 Experiment in high intensity ambient light condition 

The experiment was done at high intensity of ambient light conditions (around 1000 

lux). Several concentrations of 1-octen-3-ol odorant were prepared: 0nM (ringer 

solutions), 25nM, and 50nM. Experiment on each concentration was done 5 times. Figure 

7.7(a) shows the typical response curves of Or13a cells to several concentration of 1-

octen-3-ol odorant while Figure 7.7(b) shows the Boxplot distributions of cell responses 

under various concentration of 1-octen-3-ol odorant. Statistical analysis (t-test) was 

performed to each concentration in pair with 0M concentration. Cells responses to 50nM 

concentration and above has statistically significant difference from the response of 0M. 

Thus the detection limit of Or13a cells at dark conditions is around 50nM. 
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Figure 7.8. Or13a response to 1-octen-3-ol at high intensity of ambient light 

conditions. (a) Typical response curve. (b) Response distribution on Boxplot under 

various concentration. Response with (*) indicate the limit of detection. 

 

7.6 Chapter summary 

In this chapter, some experiments using lock-in measurement technique on 

fluorescent instrumentation were performed. The purposes of the experiments were: 

1. To observe the ability of lock-in measurement technique to extract the low 

intensity fluorescent light under ambient light conditions. 

2. To do experiment on three different ambient light conditions (dark, low intensity, 

high intensity) and comparing the results among them. 

3. To obtain the detection limit of the developed instrumentation with lock-in 

measurement technique incorporated.  

Experiment using Or56a cells line without odorant in several ambient light 

conditions (section 7.2), shows that the outputs waveform obtained from three different 

conditions were similar except its dc level. In other words, the same fluorescent signal 

was obtained regardless of ambient light condition when we used lock-in amplifier 

technique. The dc level of the captured signal reflect the ambient light and it is not 

constant.  

Experiment using Or56a cells line with Ringer solution and odorant (section 7.3) 

shows that the lock-in technique has ability to extract the low intensity fluorescent light 

under ambient light conditions. A lock-in technique shows the effectiveness in fluorescent 

measurement. Lock-in technique also improve the sensitivity of the instrumentation, thus 

a relatively low concentration of odorant can be detected at ambient light condition.  

* 

(a) (b) 
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Experiment using two cell lines (Or56a and Or13a) with low concentration of their 

associate odorants (geosmin and 1-octen-3-ol) summarize in Table 7.1. The table shows 

that lock-in technique can be used at relatively low odorant concentration. It is also shown 

that the limit of detection at various conditions were relatively the same. 

 

Table 7.1 Detection limit of Or56a (geosmin) and Or13a (1-octen-3-ol) under several 

conditions. 

 Dark 

(0 lux) 

Low intensity 

(500 lux) 

High intensity 

(1000 lux) 

Or56a 50nM 100nM 100nM 

Or13a 25nM 25nM 50nM 
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Chapter 8 

Performance of fluorescent instrumentation system with lock-in technique. 

 

This chapter discussed improvement achieved by applying lock-in technique on 

fluorescent instrumentation system. The analysis was done by comparing experimental 

results in chapter 7 and chapter 5. Experiments in both chapters were conduct using flow 

system with syringe pump. In chapter 7, lock-in measurement technique was applied, 

while in chapter 5 was not. Previous experiment results from both static chamber and 

flow system with micro-pump showed a concentration dependency of the cell response. 

This dependency is expected to appear on experiment using flow system with syringe 

pump since it has better accuracy compared with micro-pump. 

 

8.1 Analysis of the output signal of lock-in measurement technique. 

The signals came from the experiment using Or13a cell line exposed to 50nM 1-

octen-3-ol odorant at high intensity of ambient light condition. This concentration was 

impossible to be detected using developed measurement system without lock-in technique.  

Figure 8.1 Plots of signal captured by camera u(t) and output signal y(t) from 

experiment using Or13a cell line and 50nM 1-octen-3-ol. 

Ringer solution Ringer solution 

1-octen-3-ol 
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The cells were exposed to the ringer solution for the first 3 minutes followed by exposure 

to 50nM 1-octen-3-ol for 1 minute. Then, the solution was switched to the ringer one until 

the measurement was finished. Thus, the odorant was exposed at t = 180 second for about 

60 second. Figure 8.1 shows the plot of signal u(t) captured by camera. The plot was not 

normalized, thus the value came from the image intensity calculated by camera. The width 

of u(t) was considered as fluorescent signal x(t). Processing of u(t) by high-pass filter, 

phase sensitive detector, and low-pass filter resulted in output signal y(t). From y(t) 

response (orange line), it can be seen that it took around 200 second for the system to be 

settled.  

Figure 8.2 Magnification of u(t) in Fig. 8.1 

 

The cell response to the odorant appeared at around t = 250 second, as it can be 

clearly seen in Figure 8.2. At t = 250 second, the magnitude of fluorescent signal was 

maximum which was around 9x107 (arb. unit). The maximum value of y(t) achieved at 

around t = 300 second as shown in Figure 8.3. The constant time of lock-in measurement 

technique, combinations of its three blocks, was 50 second. At t = 300 second the 

magnitude of y(t) = 3.55x107. In this section, the process of the analysis using lock-in 

technique was shown. 

Maximum 

Fluorescent 

magnitude 
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Figure 8.3 Magnification of y(t) in Fig. 8.1 

 

8. 2 Improvement of detection limit. 

Comparison of the detection limit in several conditions of ambient light both 

without and with lock-in technique applied shown in Tables 8.1 and 8.2 respectively. 

Table 8.1 is for Or56a cell with geosmin odorant while Table 8.2 is for Or13a with 1-

ocnten-3-ol. The data for both tables obtained from chapter 5, for without lock-in, and 

chapter 7, with lock-in. The plots of data in tables 8.1 and 8.2 are shown in Figure 8.4 (a) 

and (b) respectively. 

Table 8.1 Comparison of detection limit for Or56a with geosmin odorant 

 Dark 

(0 lux) 

Low intensity 

(500 lux) 

High intensity 

(1000 lux) 

Without lock-in 

(chapter 5) 

200nM 10M 100M 

With lock-in 

(chapter 7) 

50nM 100nM 100nM 

improvement 4x 100x 1000x 

Maximum output signal 
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Table 8.2 Comparison of detection limit for Or13a with 1-octen-3-ol odorant 

 Dark 

(0 lux) 

Low intensity 

(500 lux) 

High intensity 

(1000 lux) 

Without lock-in 

(chapter 5) 

50nM 10M 100M 

With lock-in 

(chapter 7) 

25nM 25nM 50nM 

improvement 2x 400x 2000x 

 

 

Figure 8.4 Plot of odorant detection limit of cells as a function of ambient light 

intensity. (a) Or56a cells with geosmin odorant and (b) Or13a cells with 1-octen-3-ol 

odorant. 

 

From tables and figures, it was clear that application of lock-in technique improves 

sensitivity of the instrumentation system, especially when the intensity of ambient light 

becomes higher. Moreover, the fluorescent instrumentation with lock-in technique has 

stable detection limit. In this case either detection limits were around 50nM to 100nM for 

both Or56a and Or13a to geosmin and 1-octen-3-ol odorants respectively.  
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8.5 Summary 

Fluorescent instrumentation system with incorporated lock-in measurement 

technique has been developed. Around 200 second was needed for the system to settle 

while the response time was around 50 second. This is due to very low sampling time (1 

second). However, the developed instrumentation system has low and stable detection 

limit over the wide range of ambient light intensity compared to the system without lock-

in technique. Moreover, the developed system has higher and more stable dynamic range 

compared to the system which does not have lock-in technique. 
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Chapter 9 

 

 

9.1 Conclusions 

The topic of the research is compact odor sensing system based on insect olfactory 

receptor fluorescent instrumentation system robust against disturbance. Fluorescent 

instrumentation system allows olfactory receptor based odor sensor to be realized. 

Development of small size and low power laser system contributed to the compact system. 

Moreover, small size chamber and micro-pump were also has contribution to compact 

system. Incorporating lock-in measurement technique in fluorescent system allows the 

system to be robust against disturbance such as the ambient light. Experimental results 

show that the system has low level stable detection limit under wide range of ambient 

light intensity. Moreover, the system has wide-stable dynamic range over various ambient 

light conditions. The conclusions from the development of odor sensing system and its 

experimental activities were: 

- Using static chamber, the cells respond to the odorant and show a response 

dependence upon odorant concentration. However artifact occurs especially at 

odorant introduction. 

- Using flow chamber with micro-pump the cells respond to the odorant and show a 

response dependence to odorant concentration. Although small artifact occurs, it is 

possible to realize a portable system using micro-pump. 

- Using flow chamber with syringe-pump, the artifact can be minimized, thus it was 

possible to do measurement at low concentration of odorant and to find the detection 

limit. 

- The presence of ambient light reduces the accuracy of measurement. However, by 

applying the lock-in measurement technique, the influence of ambient light can be 

reduced. 

- A lock-in technique shows the effectiveness in fluorescent measurement. 

Experimental results show that the fluorescent signal can be extracted even under 

strong ambient light condition.  

- The system has low-level & stable detection limit over wide range of ambient light 

intensity. 

- The system has wide-stable dynamic range over various ambient light conditions. 

- The improvement of the detection limit reached approximately three orders of 

magnitude under the ambient light condition. 

 



112 

 

 

9.2 Future works. 

This research is an early stage of development a compact odor sensing system based 

on insect olfactory receptor and fluorescent instrumentation system robust against 

disturbance. From both developed instrumentation prototype and measurement procedure, 

it is possible to implement a robust, real time, and sensitive instrumentation system. 

However, several improvements should be made. 

1. Image and lock-in processing was performed off-line using Matlab on a laptop PC 

which made the system slower and less compact. Another researcher in our group is 

implementing the image and lock-in technique processing into a FPGA platform. 

This will make improvement on speed, power dissipation, and compactness. 

2. Several functional blocks of the system can be still optimized such as power of the 

laser for excitation light and the distance among the optical blocks to have more 

compact and less power dissipation. 

3. Although the image of the cell was processed, only the fluorescent intensity was 

taken into account. This is because only one type of cells was used. Using the image 

data, observation can be extended to extraction of individual cell with high sensitivity. 

4. More than one type of OR in one image can be involved to form a sensor array. Thus 

the system can be used to implement a compact and sensitive electronic nose. 
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