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Abstract  
 
Antibiotic resistance is now a recognized problem in global health. In attempts to find 
solutions to detect bacteria causing antibiotic resistance we turn to technological solutions 
that are miniaturized, portable and cheap. The current diagnostic procedures cannot provide 
correct information outside laboratory settings, at the point-of-care, within necessary time. 
This has led to ineffective treatment of urinary tract infections causing recurrent infections 
and multi-drug resistant bacteria to spread. The bacteria genes show which antibiotic that is 
required to eliminate disease and spread of resistance. Hence, the solution would be to 
perform nucleic acid testing at the point-of-care. By using new DNA amplification methods it 
is possible to miniaturize the diagnostic test to a so-called Lab-on-a-chip. These solutions 
would enable sample-in-results-out capability of the system at the point-of-care. For this to 
work one of the most important factors is fluorescent signal read-out from DNA amplification 
products.  

In this project the design parameters of such a read-out device was investigated with 
focus on image sensor sensitivity and device integration. During the project it was found that 
a low-cost commercial image sensor could be used to record images of a (3.76 x 2.74 mm2) 
micro well array of nanoliter sized PCR chambers. Different imaging artifacts appearing 
during sample partitioning were observed, distance dependency between sensor surface well 
array was investigate, and finally the image sensor function was compared to a fluorescent 
microscope. 
 
Keywords: CMOS, CCD, image sensor, fluorescence imaging, Lab-on-a-chip, digitalPCR, 
urinary tract infections, point-of-care 
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Sammanfattning 
 
Antibiotikaresistens är numera ett välkänt problem inom den globala hälsan. I försök att hitta 
lösningar för att upptäcka bakterier som orsakar antibiotikaresistens vänder vi oss till tekniska 
lösningar som är miniatyriserade, portabla och billiga. Dagens diagnostiska förfaranden kan 
inte ge korrekt information utanför laboratorier, vid patientnäraenheter, inom den tid som 
krävs. Detta har lett till ineffektiv behandling av urinvägsinfektioner som orsakar 
återkommande infektioner och sprider multiresistenta bakterier. Bakteriers gener påvisar 
vilken antibiotika som krävs för att råda bot på sjukdom och spridning av resistens. En 
lösning på detta skulle vara att utföra nukleinsyra testning vid patientnäraenheter. Med hjälp 
av nya DNA-amplifieringsmetoder är det möjligt att miniatyrisera sådana diagnostiska tester 
på så kallade Lab-on-a-chip. Dessa lösningar skulle möjliggöra prov-in-resultat-ut kapacitet 
hos patientnäraenheter. För att möjliggöra detta är en av de viktigaste faktorerna att 
fluorescerande signaler kan utläsas från DNA-amplifieringsprodukter. 

I detta projekt har konstruktionsparametrarna för en sådan avläsningsanordning 
undersökts med fokus på bildsensorkänslighet och enhetsintegration. Under projektet 
konstaterades det att en kommersiell och prisvärd bildsensor kunde användas för att ta bilder 
(3,76 x 2,74 mm2) på en mikrobrunsarea med nanoliter stora PCR-kammare. Olika 
avbildningsartefakter observerades under provpartitionering, avstånds beroende mellan 
bildsensorytan och mikrobrunsarean undersöktes, och slutligen jämfördes bildsensorns 
funktion med ett fluorescerande mikroskop. 
 
Nyckelord: CMOS, CCD, bildsensor, fluorescent avbildning, Lab-on-a-chip, digitalPCR, 
urinvägsinfektion, point-of-care 
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Chapter 1  
 
Introduction 
 
This chapter provides the introduction to the Master´s Thesis project. The first 
section of the introduction presents the background and an overview of the areas 
concerned in the project, beginning with explaining the needs for devices to 
enable more effective medical diagnostics for infectious diseases. The second 
section discusses previous work in lensless microscopy and future aspects for 
this type of diagnostic methods. The third section presents the objectives, the 
purpose and the aim of the project. The forth section declares the demarcations 
of the project and the last section gives an overview of the thesis structure.   

1.1 Background  
 
This section presents the background of the project by introducing current 
issues within diagnostics of infectious diseases. The discussion is then 
elaborated further to a specific infectious disease called urinary tract infection 
(UTI). Issues concerning diagnosis of infectious diseases like UTIs could be 
effectively handled with so-called Lab-on-a-chip (LOC) devices. An 
introduction to this concept is given and in the end of the section a diagnostic 
method called digital polymerase chain reaction (dPCR) will be presented as a 
suitable candidate for LOC diagnosis of UTI.   

1.1.1 Diagnostics and global health 
 
Medical diagnostics play a critical role in the health care system in the 
developed world, such as providing the information necessary for appropriate 
and timely care of patients, and ensuring the correct treatment within an 
acceptable time frame. In the global health care systems that encompasses 
institutions, organizations, and resources to deliver health care services, there is 
an essential need for low-cost and low-resource diagnostic methods [1]. Low-
cost medical diagnostic technologies will significantly improve global health by 
providing appropriate tools for faster and more available diagnostics methods. 
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Especially those that can be applied on the most common infectious diseases in 
the world [2].      

Infectious diseases cause an enormous economical burden in the health 
care systems in the world and continuous to be the source to millions of deaths 
every year [2]. At the same time, the global explosion of antimicrobial 
resistance has drastically reduced antibiotic choice. In the developing world 
lack of technical solutions for medical diagnosis is one of the biggest challenges 
for reducing antibiotic resistance while in the developed world the struggle with 
antibiotic resistance to a larger extent depends on the work overload in the 
health care system. The World Health Organization (WHO) has identified 
antibiotic resistance as one of the currently largest threats to modern health [3].  

A central action to prevent antibiotic resistance propagation is to create 
tools which can provide diagnostic information in health care centers without 
laboratory settings, or even wherever the patient is located; at the so-called 
Point-of-care (POC) [2]. POC diagnosis offer great potential to detect and 
monitor infectious diseases at resource-limited settings if the diagnostic 
instrument used is: (i) disposable, (ii) cost-effective (iii) easy to use, and (iv) 
portable [4]. In order to decrease the cost of POC diagnostic technologies, Le et 
al. [4] gives a few aspects that should be considered: (a) minimal use of 
expensive reagents, (b) inexpensive manufacturing for mass production, (c) 
quality control, and (d) miniaturization.    

High-quality POC tests that do not depend on the availability of a 
centralized laboratory or highly trained personnel, are available today, however 
they lack of established criteria for licensing, and suffer from difficulties in easy 
introduction of new diagnostic tests, which delays the progression of these 
technologies [2]. 

1.1.2 The need for improved diagnosis of urinary tract infections 
 
One of the most common infectious disease in the world is urinary tract 
infection (UTI) [5]. An UTI is a bacterial infection that almost 50 % of the 
global population will experience. It affects all patient demographics and is the 
most common healthcare-associated infection. Even though UTIs are rarely 
fatal they are yet highly morbid and patients can have more than three episodes 
of infections per year if the patient suffer from a complicated UTI  [6].   

The golden standard for phenotypic identification of the majority of 
agents causing bacterial infections such as UTIs is culturing of bacterial 
samples in a centralized clinical laboratory [6]. Mach et al. describes why this 
process is time consuming, and that this process typically causes a delay of two 
to three days from sample acquisition to delivery of the antibiotic susceptibility 
results [6]. The reason that such extensive time is needed is due to sample 
transport to the centralized clinical laboratories and due to time-consuming 
routines for phenotypic identification of the bacteria.  

Phenotypic identification is a traditional method for bacterial 
identification and requires time for bacteria to grow on artificial media.  
Bacterial phenotypes are typically determined by culture-based detection or the 
morphology of colonies on various culture media, biochemical tests etc. A 
drawback with phenotyping is that these tests cannot detect genes but only the 
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result of the gene expression. Hence, phenotyping cannot discriminate the 
difference between antibiotic resistance genes [7].  

The delay for sample culture testing, and the absence of bacterial gene 
identification at the POC, have contributed to widespread miss- and overuse of 
antibiotics since physicians commonly initiate empirical antibiotic treatment 
because of these issues [6]. Thus, there is a need for improved diagnosis of 
UTIs at the POC which gives genotypic information about the bacterial strain, 
and if there are any multi-drug resistant bacteria causing the UTI. Key barriers 
towards improving the detection process and POC management of UTIs is the 
absence of effective easy-to-use, low-cost, rapid, and accurate diagnostic testing 
giving the information necessary for direct treatment decisions at the POC. To 
enable this information a diagnostic instrument which performs nucleic acid 
testing is needed. 

Nucleic acid testing (NAT) is a molecular technique used to identify and 
quantify bacterial genes. NAT can be used for a variety of infectious diseases 
but is almost exclusively performed in centralized laboratories using advanced 
instrumentation and skilled personnel. However, diagnostic methods based on 
nucleic acid testing are beginning to enter clinical practice at the POC [8]. 

1.1.3 Lab-on-a-chip devices 
 
Requirements that must be addressed in order to provide POC tests for 
diagnosis of infectious bacteria outside laboratory settings are miniaturization, 
low cost, and user-friendly so called Lab-on-a-chip (LOC) devices. LOC is a 
concept initially born from microfluidic technologies, and has during the last 
two decades undergone rapid development  as a powerful approach which could 
address the challenges imposed by conventional diagnostic devices [4].  

In clinical diagnostics LOCs give advantageous aspects such as 
simplification, portability and more automation (human participation reduced) 
[9]. The goal of LOC systems is to enable integration of all features required for 
the operation including features such as sample processing, sensing, signal 
processing and read-out. This encompasses a combination of bio-recognition 
elements or other sensors, with optics and electronics in a single microfluidic 
system. By using LOCs the whole complexity of a hospital laboratory could fit 
on a single chip.  

LOC applications offer a number of useful capabilities: (i) ability to use 
small sample quantities of sample and reagents; (ii) use of low-cost setups; (iii) 
possibility to carry out separations with a high resolution; and (iv) short time 
performing a complete analysis [10]. Additionally, miniaturized devices are 
likely to impact economy and improve health care significantly in third world 
countries, brining cheaper and smaller, but still sophisticated analytic tools to 
rural areas and resource-poor regions [11].  

During the two latest decades significant interest has been raised in low-
cost LOC NAT systems, i.e. systems for detecting bacterial genes that mark the 
bacterial species and their antibiotic susceptibility profile. The new technologies 
have the potential to improve specimen processing, to enrich diagnostic targets, 
and to amplify signals for rapid detection.  
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1.1.4 A method for enabling urinary tract infection diagnosis on lab-on-
a-chip devices  

 
Currently, the most common method for gene detection of infectious diseases in 
clinical diagnostics relies on Polymerase Chain Reaction (PCR) methods [8]. 
PCR is a well-established and reliable biochemical technique for amplification 
of DNA, and is used in hospitals all over the world. The most popular PCR 
technique is called real-time quantitative PCR (qPCR) in which one follows the 
amplification in real-time by using fluorescently labeled probes. qPCR is used 
in a verity of applications to measure the presence and concentration of a 
specific DNA sequence in a sample. By using a so-called ΔCt-method the 
concentration of target DNA molecules could be determined if a proper 
reference sample is used. A drawback with qPCR is that it requires a control 
either to a reference or to a standard curve, allowing only relative quantification. 
Furthermore, variations in amplification efficiency may affect the results and 
distinguishing between low concentration of different target genes can be 
problematic because the sensitivity is not high enough [12].  

A recently developed, extremely sensitive and quantitative PCR based 
detection technique is the so-called digital PCR (dPCR) method. dPCR is a 
refined version of qPCR and utilizes the same primers and probes as qPCR but 
is capable of higher sensitivity and precision, providing an increased 
quantitative resolution [13], which rendering dPCR highly suitable for clinical 
diagnosis. 

In contrast to qPCR, dPCR enables quantification of nucleic acids 
without the need for standard curves and references. The key method relies on 
the partitioning of a diluted sample into hundreds of thousands up to millions of 
reaction chambers typically being microwells- or droplet-arrays. The sample is 
thus partitioned (called digitalized) into hundreds or thousands of nanoliter or 
even picoliter PCR reaction volumes instead of one big reaction volume as in 
qPCR. dPCR sample analysis is then completed after the PCR step by counting 
the number of positive reaction chamber partitions typically using fluorescent 
imaging [14]. The basic procedure of dPCR is illustrated below (see figure 1).  

 
Figure 1. Schematic procedure of basic dPCR method. Schematic procedure of basic dPCR 
method. 1) Prepared bulk sample. 2) Sample spread into many partitions - the sample is 
partitioned into the small reaction volumes, approximately one molecule per reaction volume. 3) 
PCR reaction - PCR reaction amplifies the sample by thermo cycling in order to generate multiple 
copies of DNA. 4) Fluorescent read-out – PCR have now amplified DNA in the reaction volumes 
containing target DNA. Those positive reaction volumes can be detected with fluorescence 
molecules attached to the DNA.         
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dPCR applications typically require optical techniques to examine the 
sample and one excellent method to do so is through fluorescence imaging.  

Fluorescence imaging can be combined with dPCR which is both 
conceptually simple and extremely robust in terms of assay performance for 
quantitative gene detection with high sensitivity and precision. Fluorescence 
imaging typically requires sophisticated optical setups e.g. fluorescence 
microscope, camera or detector, with integrated optical filters. These are 
typically big, bulky and expensive, requiring trained personnel. Thus an 
imaging system that is suitable both in size, cost and portability for detecting 
UTI with a dPCR method on a small LOC device is desirable. A simple CMOS 
image sensor would be the perfect choice for such an application.       

1.2 Previous work 
 
This section discusses the previous work concerning solutions for imaging of 
dPCR utilizing fluorescence in LOC applications. The imaging systems should 
in the future be suitable for use in LOC diagnosis of infectious diseases within 
POC settings.      

1.2.1 Lensless microscopy 
 
Optical detection is based on one of several optical modalities, including light 
absorbance, fluorescence, luminescence, polarization, colorimetry, or  
spectrometry [15]. However, optical detection with fluorescence microscopy 
remains as one of the most widely used methodologies in biomedicine because 
it offers exquisite sensitivity and compatibility with standard biochemical 
reactions [16]. On the other hand, fluorescence imaging generally suffer from 
several limitations from a POC perspective. This includes lack of 
miniaturization, expensive manufacturing, and requires expensive components 
[4]. This typically makes fluorescence microscopes unsuitable for POC [9] 
applications.  

Instrument modifications such as miniaturization, simplification, and 
removal of expensive components are favorable for POC. For example, removal 
of lenses from a fluorescence microscope would reduce size and the sample 
placement could be closer to the image sensor. These simplifications have 
previously been done, and called lensless optical detection. It enables 
development of low-cost and more compact imaging devices without expensive 
optical components [9]. ‘Lensless’ and ‘lensfree’ is often used interchangeably 
and means that the lenses are not used in the imaging system. It should be 
mentioned that simplifications like this might lower the performance of the 
system, and the impairments are most significant in contrast resolution and 
detection of very small objects (from a few micrometer and lower).  

Greenbaum et al. present features of lensless microscopy and also the 
current challenges that lensless on-chip microscopes face [17]. For a lensless 
on-chip microscope, there are different designs that can be selected from. In 
general, lensless bright-field microscopy are categorized into: (i) contact-mode 
shadow imaging-based microscope and (ii) diffraction based lensless 
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microscopes [17]. The first categories of lensless microscopes are designed to 
minimize the distance between sample and active area of the sensor array so 
diffraction can be significantly reduced. In this way the sensor array can 
effectively capture the shadows of object e.g. cells and thus enable cell 
counting. The second category of lensless microscopes relies on computation to 
undo effects of diffraction. In this way, compared to contact-mode shadow-
imaging approaches, a sizable distance between sensor and chip can be 
accommodated. Bright-field microscopy solutions are more competitive in 
imaging resolution and image quality compared to lensless fluorescence 
microscopy. However, lensless fluorescence imaging does not need 
computational methods in the same sense due to the good contrast properties 
because of the fluorescence light (see figure 3) [17]. 

   

 
 

Figure 2. Fluorescence imaging significantly improves contrast in images. This picture illustrates 
the difference between bright-field microscopy and fluorescence microscopy. Reprinted with 
permission from [18].   
 

A main challenge with lensless fluorescence imaging is that fluorescence 
emission is not directional, which means that the signal strength will drop much 
faster as a function of vertical distance compared to a transmission counterpart. 
This lowers the signal-to-noise ratio (SNR) and therefore it is important to place 
the sample close to the sensor surface in the case of fluorescence microscopy, in 
Greenbaums study they suggest <400-500 μm [17]. Thus, the integration of an 
emission filter is challenging because in a lensless configuration the required 
thickness of the filter has to be small in order to maintain a short distance 
between the sample and the sensor surface.   

Nonetheless, several studies have demonstrated that lensless on-chip 
fluorescence microscopy show future prospects [9, 19-21]. In summary, the 
most powerful benefits with fluorescence lensless imaging are its contrast 
properties which simplify monitoring in a wide range of applications.   

1.2.2 Image sensors suitable for lab-on-a-chip lensless fluorescence 
microscopy 

 
To enable lensless microscopy in miniaturized scale for LOC applications small 
consumer electronic devices called image sensors that can be found in smart-
phones would be the perfect choice. That is because image sensors can be 
inexpensive and mass produced. Currently, there are typically two types of 
image sensor technologies that are used in cameras, mobile devices, machine 
vision applications, surveillance systems etc, they are based on either a charge 
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coupled device (CCD) or complementary metal oxide semiconductor (CMOS) 
technology [22, 23].  

CCD sensors have been historically chosen over their CMOS counterpart 
due to less noise and higher signal gain. However, recent improvements in 
CMOS technology have favored the growth and appearance in consumer 
electronics as a consequence of the advantages in size and functional 
convenience in small camera applications. CMOS technology offers more 
compact imaging solutions which are beneficial for small systems. The CMOS 
technology also have advantages as low cost, high integration density, and 
signal processing versatility [9]. CMOS can be efficiently utilized to implement 
contact imaging arrays with on-chip signal conditioning and processing 
capabilities.  

Recently, several proof-of-concept fluorescence contact imaging systems 
employing CMOS technology and high-performance emission light filters have 
been reported [19-21]. Some of them have provided important proof-of-concept 
systems that would be adequate for POC applications. One of them are 
Beiderman et al., they presented a fluorescence low light contact CMOS image 
sensor with emission filter for cell detection for biosensing applications. They 
emphasize that contact image sensors (no lenses needed) compared to 
conventional images (utilizing lenses) provide better collection efficiency 
without optical loss. Contact image sensors offers more compact solutions and 
are cheaper because lenses are not needed, however the minimum sample size is 
limited by the finite pixel size in the image sensor. They also developed an 
emission filter to be mounted on top of the fabricated imager thus allowing on-
chip fluorescence detection [19].  

Two other examples of developed emission filters directly on the sensor 
surface were presented by Singh et al. [20] and Li et al. [21]. Singh et al. 
presented a hybrid CMOS/thin-film microsystem for fluorescence contact 
imaging, where a high-performance emission filter and sensor was fabricated. 
The system performance was experimentally validated by imaging spots of 
Cyanine-3 fluorophores, which are conventionally used in DNA detection, and a 
human DNA microarray was imaged with the sensor experimental setup [20].  

Li et al. presented an on-chip integrated lensless fluorescence imaging 
module which were used for morphology and fluorescence imaging of 
mammalian cells of the size 15-20 μm. The biological samples were sustained 
in disposable sterilized microfluidic chips which were assembled on the surface 
of 5 megapixel CMOS image sensor. The sensor surface was smoothened using 
SU-8 photoresist spin-coating and coating with Plasma-Ion Assisted Deposition 
thereafter which create an interference filter [21]. 

1.2.3 Summary of previous work 
 
The two greatest benefits with lensless imaging is the reduced complexity of the 
system used to acquire useful pictures, and reduced size of the imaging system.  
Hence, in order to design and build an imaging system for on-chip LOC with 
dPCR applications for POC the following parameters should be considered:    
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• Use an image sensor (e.g. CMOS) with high sensitivity and low noise 
[17, 19-21]  

• Use appropriate pixel size according to objects to be imaged. The size 
of the partitions should not be smaller than the pixel size [19]  

• Use an emission filter [17, 19-21]  
• Placing of specimens close to/on sensor surface, <400-500 μm 

maximum from sensor surface [17], to acquire acceptable resolution 
[17, 19-21]  

 
An overview of how miniaturized and simplified imaging systems reduce 

complexity of an imaging system can be found below (see table 1). Imaging 
system is here and in the entire thesis referred to the components used to image, 
e.g. light source, emission filter and image sensor. In the table one can see that 
with increased complexity come more features within the imaging system. With 
increased complexity and features the portability of the imaging system 
probably decreased due to bulky equipments. The more complex system it is 
potentially more costly to manufacture the system. However, if a high-volume 
production system is enabled then the price of the product will go down. 
Disposability of the imaging system is a recommendation that is beneficial for 
an imaging system for POC use. There are commercial products which utilize 
disposable biochips with CMOS image sensors [24]. However, in the provided 
studies about lensless imaging systems mentioned below no disposable imaging 
systems were reported.    

The imaging system of this project should be designed to reduced 
complexity and cost, thereby making the imaging system portable and possibly 
disposable.    
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Table 1. Illustrates how the complexity of an imaging system can be reduced by simplifying the imaging device down to an image sensor with emission filter and a light source. Both the 
complexity, cost and size of the imaging system is reduced. However, the simpler the imaging system becomes the fewer are the features and versatility of the imaging system. 
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1.3 Objectives  
 
In this section the objectives of the Master´s Thesis project is presented by first 
explaining the purpose and then clearly state the aim of the project. The 
demarcations and then the strategy for implementing the project are presented. 

1.3.1 Purpose 
 
The purpose of this Master´s Thesis was to investigate important parameters that 
have to be considered for fluorescence image sensor integration in POC devices 
that can be used for UTI diagnostics. The goal of this project was to enable on-
chip fluorescence imaging suitable in low-cost, sample-in-result-out LOC devices 
aiming to be used for dPCR diagnosis of bacterial resistance genes. The read-out 
device should enable fluorescence imaging of several dPCR sample partitions 
which are in the nanoliter range. Thus, the focus of this work is to provide design 
parameters needed to enable a fully integrated on-chip fluorescence read-out unit 
for imaging of an array of fluorescent dPCR partitions.       

1.3.2 Aim 
 
The aim of the project was to: 
 

• Investigate the complexity, features, limitations and cost for integration 
of an imaging device to a system with fluorescent micro-well array 

• Design, fabricate and characterize the imaging functions  
• Find the important design parameters that are needed to build an imaging 

device for a dPCR-chip 

1.3.3 Strategy 
 
The strategy implemented for achieving the aims of the project was first to make 
a literature survey on image sensors and imaging systems used for LOC 
applications, both with and without fluorescence techniques. Based on the 
literature survey the most important parameters for an imaging system were 
found and those were kept in mind when building an experimental setup. By 
designing experiments for the experimental setup based on the important 
parameters found in literature, and also by investigating the different parameters 
theoretically, it was possible to find limitations of the imaging system.   

1.4 Demarcations  
 
This Master´s Thesis project presents the requirements and critical parameters for 
an imaging system utilizing fluorescence for imaging of a dPCR-chip. The 
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imaging system was based on only one type of CMOS image sensor, and no other 
sensors were evaluated. The emission filter optical density was not evaluated and 
tested. The experimental setup was not evaluated for temperature changes like 
those used for PCR (thermo cycling). The intensity of the light source was not 
fully investigated. Different exposure time for fluorescence microscope and 
experimental setup was used. 

1.5 Structure of the Thesis 
 
The thesis will now continue with a theoretical background chapter providing the 
necessary information to comprehend the important concepts which are involved 
in design, fabrication and characterizing the imaging device that was built (the 
experimental setup). The chapter presents fluorescence imaging and fluorescence 
microscope basics, how an image sensor works and where they can be found in 
our everyday life. In the same chapter dPCR is explained further. The chapter 
ends with an explanation of the concept of the project. Chapter three presents the 
method and experiments were the building of the experimental setup is explained 
in detail and the procedures in the experiments. In chapter four the results of the 
experiments is presented. Chapter five interprets the results with a discussion 
about the experimental setup and the measurements and ends with some 
concluding remarks and future challenges. The final conclusion of the project is 
presented in chapter six. 
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Chapter 2  

 
Theoretical background 

 
This chapter focuses on presenting and explaining the theoretical background of 
the project. It includes topics already mentioned in the previous introduction 
chapter namely fluorescence imaging, image sensors and aspects of dPCR. The 
chapter begins with explaining the essential aspects of detection and physics 
behind fluorescence imaging and the second section provides the theory behind 
image sensors and color imaging. The third section further explains the dPCR 
technique and finally in the last section the concept of the project is presented.     

2.1 Fluorescence Imagining 
 
Fluorescent techniques make use of the fluorescence phenomena occurring when 
a molecule absorbs energy in form of photons and then emits visible photons 
when returning to ground state. The absorbed photon moves the molecule’s 
energy level from its ground state S0 to a higher energy level called the excited 
state S1. A photon that excites the molecule have a certain energy, hfex, where h is 
Planck´s constant and fex is the frequency. The molecule will later undergo 
relaxation by emitting a photon, which lowers the energy level and the molecule 
drops down to ground level again. At this stage the molecule emits a photon with 
lower energy and longer wavelength than the excitation photon and the emitted 
photon energy is given by hfem, where fem is the frequency of the emission light. 
The emission photon has longer wavelength, usually in the visible region. Photon 
emission due to relaxation from the higher energy state to ground state is called 
fluorescence light (see figure 3a) [25].  

Fluorophores are in the excited state for about 10-15 to 10-9 seconds and this 
time interval is called the excited lifetime of the fluorophore. A fluorophore can 
in theory repeatedly undergo the cycle of fluorescence indefinitely which is very 
useful because it can then generate multiple signals, like a continuous loop (see 
figure 3b). However, in reality the structural instability of the flourophore will 
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after some time degrade and change the structure of the fluorophore and thus lose 
the ability to fluoresce. This phenomenon is called photobleaching [25]. 

 

 
Figure 3 a-b. a) Illustrates the process needed for a molecule to fluoresce. 1. The molecule 
becomes excited by excitation light with suitable wavelength for the molecule. Higher excitation 
energy gives higher excitation level. 2. The excited molecule will start to vibrate and during the 
same time lose energy as heat to the surroundings. When the lowest excitation level S1 is reached 3. 
The molecule will emit light in order to return to its ground state again. b) Illustrates the cycle of 
fluorescence. A fluorescent molecule can repeat the fluorescence signal multiple times.     
            

Flourophores has excitation maximum and excitation minimum where they 
emit the largest amount of photons respectively smallest amount of photons. In 
addition, fluorophores are excited by wavelengths within a bandwidth around the 
maximum, however less efficiently than the maximum wavelength (see figure 
4a). When excited fluorophores returns to ground state the light emitted from the 
fluorophore is most likely to occur at a particular wavelength called the emission 
maximum. The emission maximum has the same intensity as the excitation 
maxima. Illumination at higher or lower wavelengths affects only the intensity of 
the emitted light. 

 The emission maximum has a longer wavelength and therefore lower 
energy then the excitation maximum, which is a result of the molecular vibration 
occurring within in the excited state. The molecular vibration of the fluorophore 
causes some loss of energy as heat to the surroundings. The difference in energy 
between the excitation maximum and the emission maximum is known as the 
Stokes´ shift (see figure 4b). The Stokes´ shift is characteristic for the fluorophore 
and the magnitude is determined by the electronic structure of the fluorophores 
molecule.  

The properties of excitation and emission of fluorescence molecules are 
often presented in line graphs showing the likelihood that excitation and emission 
will occur as a function of wavelength. Excitation and emission spectra of 
flourophores contains important practical information about what wavelengths 
are needed in order to supply and detect flourephores efficiently.  
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Figure 4 a-b. a) Illustrates the excitation maximum and emission maximum of fluorescence line 
graphs which are very useful to image the properties of fluorescence molecules. b) Illustrates the 
same steps as in figure 4 a) and during step 2 the Stokes shift occur, which is a fundamental 
cornerstone for of fluorescence, without the Stokes shift fluorescence would not occur.     

2.1.1 Fluorescence microscope  
 
Micro scale investigations in life science are largely dependent on different light 
source instruments like conventional light and fluorescence microscopes, also x-
ray and infrared light are commonly used. These technologies and instruments are 
well suited for hospital laboratories and are heavily used in a wide range of 
applications; they are indispensable for hospitals daily needs.  

Fluorescence microscopy is by far the most popular microscope due to the 
high contrast which allows selected molecules can be incited to emit light and 
stand out against a black background. Fluorescence microscopy has limitless of 
applications and the advantages over other optical methods including sensitivity, 
specificity, reliability, adaptability, and easy to use for trained personnel and are 
used for a wide array of biomedical applications [9].  

In this project an image sensor device, emission filter and a light source 
was used to try to create a minimized fluorescence microscope which could 
hopefully be used for a LOC device. In order to understand the key features of a 
fluorescence microscope an overview of the fundamental parts of a fluorescence 
microscope is given from Kubitscheck et al. [15]. The main focus is directed on 
the filtering system of the fluorescence microscope because it was useful for the 
imaging system built in this project.  

The basic parts in a fluorescence microscope are a light source, usually a 
mercury-vapor lamp or a xenon lamp, filters and a dichroic mirror.  

The filters in fluorescence microscopes must be chosen to match the 
spectral excitation and emission characteristics of the fluorophores to be used. 
The most basic construction of filter cubes in a fluorescence microscope is 
illustrated below (see figure 5). The light source emits excitation light with a 
wide range of wavelengths, usually white light. When the excitation light from 
the lamp encounters the excitation filter it blocks most of the wavelengths. For 
example in figure 5, only the green light passes through the excitation filter and 
on to the dichroic mirror. The dichroic mirror reflects the green light down to the 
sample which excites the fluorescence molecules in the sample. The fluorescence 
light (red) emitted by the excited molecules and refracted background light 
(orange) travels to the dichroic mirror. The dichroic mirror allows longer 
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wavelengths to pass and since the fluorescence light have longer wavelengths 
than its excitation light; the light (red and orange) from the sample can pass 
through the dichric mirror. The emission filter will only allow light that the 
fluorphores emit (red) and reject the background light. Thus the fluorescence 
light (red) is what can be seen with the fluorescence microscope. 

 

 
 

Figure 5. This is the basic construction of the filter cubes used in fluorescence microscopes. Note 
that the construction of the fluorescence microscope also includes lenses and objectives etc. Here, 
the basic filters are presented. White light containing all wavelengths shines upon the excitation 
filter. Only a narrow spectrum of wavelengths (in this case green light) can pass the excitation filter. 
The green light shines on the dichroic mirror that bends the light down on the sample. The green 
light now excites the sample casing it to start fluoresce. The sample spreads light in all directions as 
from a point source. The fluorescence light reaching the dichroic mirror can pass through because it 
has the right wavelength. However, both background light and fluorescence light comes through. 
The background light is removed by emission filter so that only the light of fluorescence light 
remains and can be observed. 
 

The construction of a fluorescence microscope allows excitation of 
fluorescence followed by a separation of the relative weak fluorescence emission 
from the strong excitation light to enable the detection of the fluorescence. 
However, it is important to realize that the efficiency of converting exciting light 
into fluorescence is usually low and only one out of many excited photons is 
converted into a photon of a longer wavelength and can be detected. Moreover, 
fluorescence is emitted by the sample in all directions and only a fraction can be 
detected due to limited light amount. Consequently, fluorescence is weak in 
comparison with excitation light and has to be efficiently separated and detected. 
High-quality optical filters are used to select exclusively the desired exciting 
wavelength (using excitation filter) and the fluorescence emission bands (using 
emission filter). 

To summaries, it is important to know that fluorescence light has much 
lower intensity compared to excitation light. It is also important to know which 
wavelengths that one use as light source, filters and fluorescence molecules in 
order to find filters with the right properties for the application and to block 
unwanted light because it will reduce image quality.   

2.1.2 Emission filter to enable fluorescence detection 
 
Optical filters can range from simple color glass filters to highly engineered 
interference filters that selectively allows light of certain wavelengths to pass 
while blocking out undesirable wavelengths. For selective excitation a filter that 
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transmits a narrow range wavelength is typically used. Such a filter is called a 
bandpass excitation filter, commonly used in fluorescence microscopes [15].  

Filters are important for selecting excitation wavelength, they are also 
important for isolating the fluorescence emission originating from a fluorescence 
dye of interest. Detecting fluorescence emission is complicated by the presence of 
stray light arising from sources other than the emitting fluorophore. For example 
from the excitation source, the stray light must be kept from reaching the light 
sensitive detector in order to ensure that the only thing that image sensor detects 
comes from the light emitting fluorophore.  

Filters that blocks out excitation light to reduce background noise and 
transmits the desired wavelengths are often a good choice in order to maximize 
the signal from the fluorophore. Such a filter is called a long pass emission filter. 
Single color LEDs are ideal for low-cost instrumentation where they can be 
combined with simple longpass filters, which block the LED excitation while 
allowing transmission of the emitted fluorephore. Careful filter selection helps to 
ensure that a detector registers only the light that is interesting, which is the light 
emitted from the fluorophore. Color filters improve contrast, while isolate 
spectral regions and is thus interesting because the emission filter purpose is to 
allow light emitted by the fluorescent liquid in the wells while block the 
excitation light from the LED lamp, it is thus a long pass filter and this type of 
filter was used in the experimental setup built in this project. 

2.2 Image Sensors  
 
This section provides information about image sensors and focus on two types of 
technologies which are currently used in a wide range of applications. The image 
sensor technology based on CMOS was further investigated and used during the 
project and the choice for this type of sensor is evaluate here. The most important 
performance aspects of an image sensor for LOC dPCR applications is elaborated 
and discussed.  

2.2.1 Photodetection principle 
 
Image sensors are used for converting electromagnetic waves into images. Image 
sensors are available for almost all wavelengths in the light spectrum. In the 
visible range there are typically two major technologies used; CCD (Charged 
Couple Devices) and CMOS (Complementary Metal Oxide Semiconductor). Both 
of these technologies are solid imaging technologies and are based on photon 
detection in silicon, which make use of the photoelectric effect. The principle of 
the photoelectric effect is to register the charges released when a semiconductor 
such as silicon is illuminated with radiation frequency of the photons f and 
photonic energy hf. In a semiconductor there are few free electrons thus the 
valence band is completely filled and the conduction band is empty, and these 
two bands are separated by an energy gap Eg (1.12 eV for silicon). In order to 
generate an electrical signal, electrons have to be excited from the valence band 
into the conduction band. Hence, when the energy of a photon is greater than the 
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energy difference between the valence band and the conduction band (Eg=EC-EV), 
the silicon atom can create an electron/hole pair by absorbing the photon and thus 
create an electric current (see figure 6). That band transition is associated with 
photodetection in silicon and is a fundamental cornerstone in detecting and 
registration of pixel elements in an image [26]. 

 
Figure 6. Illustrates the photoelectric effect in silicon. 

         

2.2.2 CMOS and CCD technologies 
 
Image sensors in the visible light range have become major industry due to the 
high demand from different applications such as digital cameras, personal 
computers, automotive safety, security systems and not least mobile phone 
cameras. The CCD and CMOS technologies are two approaches that are regularly 
in direct competition. In a historical perspective both CCD and CMOS 
technologies was invented during the late 1960s. CCD technology has from the 
beginning had a head start compared to the CMOS technology because the 
CMOS technology was limited by available lithography technology back then. 
This gave the CCD technology a dominant position which has now made it a 
mature technology used for a wide range of applications from mobile phones to 
high performance applications in medical equipment [23].  

The CMOS technology has a more winding road. Since the development of 
the CMOS technology there has been a strive to renew the CMOS image sensors 
as a competitor to CCD technology. This strive has largely been driven by the 
anticipation of enabling CMOS technology to have the same production lines as 
memory device fabrication, which would deliver economies of scale for CMOS 
imager manufacturers. The initial prediction and arguments for the advantage of 
CMOS technology was not materialize as intended, but it is not because the 
underperforming rather that conditions changed during the decades.  

The prediction that CMOS image sensors would have lower power 
consumption and higher integration for small components than CCDs have 
significantly affected the focused efforts of the CMOS designers. Mobile phones 
are the highest volume of image sensor applications and due to CMOS 
advantages it is almost exclusively use in this kind of applications where size and 
power consumption are essential. A perfect example is the smart phone industry 
where the number of megapixels is steadily increasing while the volume shipment 
increases and cost goes down. A good overview of the CMOS image sensor 
landscape can be found below (see figure 7).  
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Figure 7. CMOS image sensor market landscape report presented by Yole Development in January 
2015. Note the average selling price for smart phone CMOS image sensor. Reprinted with 
permission from [27].    
 
CCD and CMOS technology architecture 
 
In CCDs and CMOS image sensors the process of the incident photon into 
electron-hole pair conversion is the same, however in CCDs the charge is 
converted into voltage at the output node of the pixel array during readout while 
in CMOS image sensors the charges are converted directly in the pixel itself. This 
is a important architecture parameter that reduces cost of supporting circuitry 
required, as well as camera complexity, sensor size, speed of processing  and also 
power consumption [22]. 

However, integration of amplifiers in each pixel in a CMOS image sensor 
contribute to fixed pattern noise, which arises during fabrication due to process 
variation in the transistors. Compared to CMOS, CCDs are less susceptible to 
noise because the amplifiers are not placed in every pixel. This has another 
disadvantage for the CMOS image sensors because the amplifier placed in the 
pixel occupies the space that is used to capture photons, and this reduces light 
collection area of the pixel. Hence, the amplifier is not placed in the pixels in 
CCDs this problem does not exist for CCDs image sensors. This is why CMOS 
image sensors have yet not been able to replace CCDs in the applications where 
very low noise operation is desired [22].  

While CCDs only has pixel array, color filters and analog signal output 
integrated, CMOS offers the same together with digital control, A/D converter 
and digital output (compare in figure 8).      
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Figure 8. Illustrates the integrated parts of CCDs and CMOS image sensors.  

  
It is not obvious which image sensor technology to prefer since both have 

its strengths and weaknesses. It is thus important to understand that the selection 
of image sensor technology must be conducted with a trade-off for the application 
which the images sensor will be used for. In this project a CMOS image sensor 
was chosen because the project aim was to find a solution that is of low-cost, 
have possibility to be mass produced for disposable applications, be functional 
and small and have low power consumption. In the table below the choice of 
sensor technology is justified (see table 2).  

 
Table 2. Table comparing CCD and CMOS in terms of parameters that are important for this 
project.  

Important features of image sensors compared between CMOS and CCD 
Integration possibilities of imager  
functions (e.g. timing, exposure control and color 
processing) 

Greater integration in CMOS then 
CCD [19] 
 

 
Reduced power consumption 

 
CMOS ahead of CCD [23] 

 
Resolution  

 
Comparable [23] 

 
Future prospects in terms of cost 

 
CMOS ahead of CCD [20] 

 
Size constraints 

 
More beneficial for CMOS [19] 

  

2.2.3 Important parameters to consider for CMOS sensor  
 
The performance of a CMOS image sensors are defined by numerous parameters. 
This section explains some of them, such as quantum efficiency, dark current, 
pixel conversion gain, fill factor in the pixels and the noises affecting the image 
sensor. There are a number of terms for describing characteristics of image 
sensors. Some of most important parts and parameters that were considered when 
choosing a CMOS sensor are explained: 
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Field of view (FOV) – The area that can be imaged with the sensor, this 
parameter was particularly important when choosing the image sensor. The larger 
FOV the larger microwells can be imaged.      
Image sensor resolution – Refers to the amount of pixels in the image array, for 
example 2592 x 1944 pixels which gives a resolution of ~ 5 MP (megapixels).       
Pixel size – Simply the size of the pixel, usually in the micrometer range. This 
parameter was also important when choosing the image sensor for the project. 
The pixel size should be smaller than the object to be imaged.  
Active pixel area – Light sensitive area on a sensor.          
Image sensor sensitivity – is typically defined as the ratio of the output charge to 
the input light charge, expressed in volt per lux-second or electrons per lux 
second etc. In order to answer how low light levels the image sensor can detect it 
is necessary to know the ratio of the input/output changes and the sensors noise 
level [28]. The main CMOS issues affecting overall image sensor sensitivity are 
fill factor, quantum efficiency (QE), and charge conversion.        

• Quantum efficiency – Describes the imager efficiency in which each 
photon is converted to an electron. The number is calculated by simply 
dividing electrons with photons, QE= Nsig/Nphoton, where Nsig is the the 
number of electrons generated by incident photons and Nphoton is the 
number of photon incident on the light detection surface [22]. Normally 
the efficiency is different for various frequencies; it is thus useful to 
consider a graph of this when choosing a sensor.  

• Fill factor – The amount of a CMOS pixel that actually captures light. In 
a CMOS pixel both the light sensitive diode and amplifier competes 
about the space. The amplifier is not sensitive to light so this part of the 
pixel is lost when taking a picture. The fill factor is the percent of the 
pixel that is sensitive to light. Typically for an active sensor area the fill 
factor is about 30 %.       

• Conversion gain – Gives a value of how well a pixel converts light to an 
electric signal. It is defined as the output voltage produced for one 
electron detected at a charge detection node. 

These parameters were also important when choosing the image sensor to be used 
in the project.          
Dark current – Dark current is a noise component that is found in all imagers. 
Dark current corresponds to noise which occurs in absence of light input due to 
thermal emission and hence produces a low amount of noise which is measured in 
electrons per second. This parameter is important to consider because it is a 
function of the layout and manufacturing process. Note that the dark current 
increases with increasing temperature  [22]. The dark current was not 
experimentally evaluated for the chosen image sensor.  
Cross-talk – Cross-talk is a term used in the context of degradation in image 
sensor measurements caused by photon and electron leakage that can occur 
between neighboring pixels due to optical refraction and minority carriers 
(electrons or electron holes). This means the signal of the image sensor at a given 
pixel depends not only on the incident light at a specific pixel but also on its 
neighbors. From a signal processing perspective, cross-talk can be considered as a 
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random noise or noise having pattern. It is worth mentioning that  it is well 
known that noise increases as the geometry of the pixels shrinks and cross-talk 
complicates the reconstruction of the desired image signals, especially in color 
reconstruction [29]. There are models and algorithms present to compensate for 
cross-talk [29, 30], this problem is however good to keep in mind when using 
image sensors with micrometer-sized pixels. This parameter was investigated in 
distance measurement experiments in this project.   
Intensity – The total amount of energy per unit area passing through a cross-
section per unit time or simply the brightness or flux density of light energy 
perceived by the eye. The term intensity is the average energy (photon flux) per 
unit area per unit time, or watts/m2 [31]. The intensity in pictures were measured 
with MATLAB and Image J in the project.   
Background noise in fluorescent microscopes – are detectable light, considered 
as noise, because it is not part of a specimen signal or part of a fluorescent 
emission signal in fluorescence microscopy. Background noise is created from 
crosstalk between excitation and emission filters, light leaking from artifacts in 
excitation and emission filters and electronic noise in digital camera systems [32]. 
Image quality – describes the overall appearance of an image and its suitability 
for it purpose. Image quality depends largely to factors: 

• Contrast –Contrast is the perceived difference in intensity between an 
object and its surroundings and is given by the ratio of the light intensity 
of an object Io to the light intensity of the objects background Ib. Hence 
the formula for contrast is С = ( Io − Ib )/ Ib [31]. 

• Resolution – the ability to detect fine detail and quantifies how close 
objects can be to each other and still be visibly resolved. The resolution 
of the experimental setup was measured in the distance measurement 
experiment.   

Signal-to-noise-ratio (SNR) – SNR is an important term in imaging and is 
defined as the ratio of signal power to the noise power corrupting the signal. 
Hence, the SNR compares the level of a desired signal with the level of the 
background noise. SNR is defined by a simple formula SNR = S/N, were S is the 
detected signal divided by the total noise N. The generation of these quantities is 
however more complicated because the signal S (electrons) is calculated by 
multiplying the input light level I (photons/s), the QE (electron/photon) of the 
detector, and the integration time T (s).Total noise N is the square root of the sum 
of the noise generated by the camera and the noise that is a component of the 
signal itself. The combination of both noise terms becomes the total noise N [33]. 
These parameters requires sophisticated measurements, in addition there is a 
more traditional way to use in order to measure data directly from an image. SNR 
can thus be estimated by a more applicable formula:  
 

SNR = average signal value /standard deviation of background     (1) 
 
The SNR was measured in background noise experiment.  
Noise –corresponds to any unwanted electrical signal. CMOS sensors have two 
main types of noise associated:  
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• Temporal noise – is a randomly occurring noise generated by the basic 
noise characteristics of electronic components.   

• Pattern noise – is caused by the local amplifiers in each pixel and that the 
amplifiers due to manufacturing have different offset and gain 
characteristics. 

Both of these contribute to worsening of image quality [22]. The noise of the 
experimental setup was partly measured in background noise experiment. 
Limit of Detection (LOD) – is a useful way to estimate the minimum detection 
limit. According to International Union of Pure and Applied Chemistry (IUPAC) 
the lower LOD is the lowest quantity of a substance that can be distinguished 
from the absence of the substance (a blank value) within a stated confidential 
interval. The detection limit can be approximated from mean of a blank 
measurement, the standard deviation of blank measurements and a chosen 
confidential factor. The limit of detection expressed as the concentration, cLOD, or 
the quantity, qLOD, is derived from the smallest measure, xLOD. xLOD itself is the 
instrument LOD that can be detected with reasonable certainty for a given 
analytical procedure. The value of xLOD is given by the formula: 
  

blankblankLOD skmx ��   (2) 
 

Where mblank is the mean of the blank measures, sblank is the standard deviation of 
the blank measures, and k is a numerical factor chosen according to the 
confidence level desired, usually three [34]. This calculation was used in the 
background noise experiments.  

2.2.4 Color filter and color imaging  
 
Capturing color pictures requires color filters because the pixels can only capture 
brightness of light, not color. The pixels record grey values ranging from pure 
black to pure white. A color filter only allows certain wavelengths while rejecting 
others. The most used color filter in current image sensors is the so-called Bayer 
filter. The Bayer filter system use three different color filters, blue, green and red 
(because daylight is made up of blue, green and red light) and every pixel on the 
image sensor is covered with either a blue, green and red filters which makes the 
traditional Bayers pattern (see figure 9) [35]. The color of the filters presents 
which wavelengths (color) they allow to pass down to the light sensitive diode. 
For example, if a pixel covered with a red filter is exposed to red light, the light 
can pass the filter and the intensity of the light is registered by the light sensitive 
diode. If the pixel with red filter is exposed to blue light the light sensitive diode 
will not register any light because the filter do not allow the light to pass through.  

There are usually twice as many green filters in a Bayer filter system 
because the human eye is more sensitive to this color and this makes accuracy of 
the green color more important than the two other colors.           
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Figure 9. Illustrates the architecture of the common Bayer filter and what light that is allowed to 
pass the color filters.   
 

     The pixels under the filters only records the level of brightness of the 
light allowed to pass the filters and this brightness (intensity) is registered as the 
amount of photons that is converted to electrons which in turn is converted to a 
signal that the processor can read in the image sensor. The processor knows the 
position of the pixels and which filter they have. Now, in order to create pictures 
with other colors than blue, green and red the pixels are compared to its neighbors 
(see figure 10). The eight pixels surrounding the target pixel (which color is to be 
determined) all contribute their grey values to calculate the color of the target 
pixel. By the calculation called interpolation the color of the target pixel can be 
determined. Interpolation is computed in the processor and the actual color of 
each pixel by combining brightness of the pixels surrounding the pixel. Each time 
a picture is taken millions of calculations are made by the processor [35]. Below 
are a few simplified examples of how the color of a pixel is determined (see 
figure 11).  

 

 
 

Figure 10. Illustration of Bayer filter and how a target pixels color is calculated by interpolation. 
Interpolation is a calculation which takes place in the processor. The processor collects values from 
the eight surrounding pixels (see arrows) and uses these values to compute and determine the color 
of the target pixel.  
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Figure 11. Illustrates a simplified example of how the color of a pixel is decided by the processor 
on the image sensor. Each of the three boxes represents a pixel with its respective color filter. The 
red filter allows red to pass, the green allows green and blue allows blue light to pass. In a) only the 
pixel with red filter have registered light and since the other two pixels do not contribute with light 
of other colors the target pixel will be represented as red by the processor in the image sensor. In b) 
and c) there are similar events leading to that the processor makes the target pixel green in b) and 
blue in c). In d) it becomes more interesting since all of the three contributing pixels have registered 
the same amount of light but for different wavelengths. The processor interprets this as a white 
target pixel. In e) there is the opposite, no light at all is registered and thus the target pixel is 
interprets as black. The grey scale in between white and black target pixels are determined of the 
brightness (intensity) of the light registered, as long as it is the same amount of light for all three 
pixels the color will be in the grey scale. The brighter the light the more white will the target pixel 
become. In the last example f) it starts to become a little more complicated, since the red and green 
pixels have registered light but not the blue pixel. The processor knows that the color yellow is 
composed of red and green light and thus after calculations the processor knows that the target pixel 
is yellow. 

 
Something that is important to consider in color representation is to take 

into account the gamma correction of the pictures. If you capture pictures on a 
computer monitor and measure on these without gamma correction the picture 
may look too dark or bright because gamma correction controls the brightness of 
the picture. Fortunately, it is easy to take this in to account, e.g. doing it with 
MATLAB, JPG images have a gamma correction of 2.2. This is done in the 
imaging processing in this project.   

2.2.5 Camera module on Raspberry Pi 
 

An image sensor must be able to allocate data to enable investigation and 
processing with computational power. Currently, a number of control boards are 
available on the consumer market. The experimental setup in this project was 
built with a Raspberry Pi, developed in the United Kingdom by the Raspberry Pi 
Foundation [36].  The Raspberry Pi is a credit card-sized single-board computer 
built on a single circuit board, with a microprocessor, memory, timers, 
input/output (I/O) etc. In this project a Raspberry Pi 2 model B 1 GB to which a 
keyboard, mouse, screen (HDMI cable), internet cable, camera module and 4 
USB devices can easily be attached (see figure 12). The Raspberry Pi has an 
attachable camera module that can be used to take high-definition video, as well 
as stills photographs. The camera modules are easily attached to the Raspberry Pi 
by a ribbon cable in the centre of the Raspberry Pi. The reason for choosing the 
Raspberry Pi camera module is that it is has a CMOS image sensor (OmniVision 
OV5647) which has the appropriate characteristics that was intended, e.g. pixel 
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size and sensor FOV and resolution for this project. The camera module provides 
great opportunities to operate an image sensor.  

The camera module was of the model Pi NoIR, where NoIR (No Infrared) 
means that pictures/videos taken can register infrared wavelengths because it has 
no filter preventing these wavelengths. If a picture is taken by daylight it will 
look decidedly curious, but it gives you the ability to see in the dark with infrared 
lighting. NoIR is therefore suitable for infrared photography or images with very 
low light. 

 
 

Figure 12. Raspberry Pi with the associated ports; 4 USB ports, 1 internet port, 1 HDMI port, SD 
card connection, power supply and camera module bracket. 
     

2.3 Digital PCR 
 
This section provides further fundamental information about the biochemical 
process that the imaging system is aimed to image. First of all, the basic 
Polymerase Chain Reaction (PCR) method is explained and the refined digital 
PCR (dPCR) method and last the readout of dPCR is explained.  

PCR is a widely used biochemical method that has been used extensively 
throughout molecular research and diagnostics over the last 25 years [12]. PCR is 
used to amplify sequences within DNA and RNA by using short sequences of 
specially designed oligonucleotides, called primers. The primers can recognize 
specific regions on DNA strands in a sample. The primers are mixed with the 
sample (containing the DNA to be investigated) together with a pH controlled 
buffer consisting of enzymes (DNA polymerase), nucleotides and ions. DNA is 
double stranded and primers are designed so that each primer attach to the 
original strands of the DNA. Thus, primers attach to the sense strand and the 
other to the antisense strand. The primers then acts as starting points for an 
enzyme (called DNA polymerase) that, with the help of the buffer and 
nucleotides, amplifies the intervening DNA strand in cyclical processes until an 
amplification plateau is reached. The most common way to enable measurements 
of the copied genetic material is to label it with fluorescence.  

After a dozen cycles, many million copies are formed. The amplification 
process requires a temperature cycle program. Each cycle starts with heating of 
the PCR mix which separates the DNA chain into two single stranded DNA 
chains. The sample must then be cooled down to enable the primer to bind to the 
specific regions, if there is some on that single DNA strand. The primers serve as 
a starting point for the DNA polymerase which then synthesizes a complementary 
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strand. The synthesizing only works if the polymerase can enable base pairing of 
complementary bases during the process. This means that the purine bases 
adenine (A), guanine (G), thymine (T), and cytosine (C) only pairs according to 
A-T and G-C. Before the onset of this stage the amplification is exponential, then 
it starts to level off and the reactions slows down before leveling off and no more 
product is accumulated, the plateau is reached. One has to verify this using a 
fluorimeter or gel electrophoresis [37]. 

dPCR is an application of the PCR method and the concept that was first 
described in 1992 by P.J. Sykes [38]  and then a few years later in 1999, by 
cancer research pioneers K. Kinzler and B. Vogelstein. They named the method 
digital PCR after they modified the standard PCR method in order to improve 
sensitivity for cancer diagnostics [39]. A brief introduction to dPCR was given in 
section 1.1.4 and will now continue to further explain the dPCR method.   

The name dPCR comes from the quantification method were positive 
reactions volumes are counted as “1” molecule while wells with only background 
fluorescence are negative reactions and has “0” molecules. Hence, the individual 
readout signals are qualitative or “digital” in nature [12]. After counting all the 
positive wells, one can calculate that the total amount of positive wells is equal to 
the amount of target molecules in the whole volume of the sample. The total 
amount of wells with reaction is multiplied by the individual well volume and 
equals the total volume sample. Hence, the absolute concentration of the target is 
calculated as being equal to the total amount of target molecules divided by the 
total measured volume of the sample. This “absolute” measurement has 
uncertainties which come only from error in the measured volume or the presence 
of more than a single target molecule in a well. Hence, dPCR methods which 
control for these two factors provide very high accuracy. Since each well is 
expected to contain a “0” or “1” (or a few molecules), the ratio of positive and 
negative signals will follow a classical Poisson distribution [40]. For example, if 
you have a DNA sample and a PCR reagent mixture that contains 10 000 copies 
of your target, you merge the sample and mixture and then split the mixture into 
10 000 partitions. Mathematically, you would expect to have approximately 1 
copy in each reaction. Of course, by chance there would be a significant number 
of reactions that contain zero, two or more than two copies.  

In order to accurately quantify nucleic acid concentrations with dPCR two 
key assumptions must be satisfied. First, at least one target molecule in a well to 
generate a positive signal. Secondly, the target molecule cannot interact with 
other molecules or well surfaces. If both these assumptions are satisfied then 
quantitative results can be obtained with Poisson and binominal statistics [40]. 
Mathematically, the Poisson distribution gives the probability, p, that there are k 
target molecules in a volume (or well) with an average concentration per 
well, O�v , where v is the volume (mL) of the well and λ is the concentration 
(molecules/mL). The probability of target molecules in a well is given by (3) for k 
>0. If a well is empty (or negative), then (3) will be simplified to (4) because k=0 
for empty wells.    
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In systems with single-volumes, p can be estimated by the number of empty 
wells, b, out of the total amount of wells, n, thus expected results can be 
estimated from known concentrations, or observed results can be used to 
calculate probable concentrations λ (5).  
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The probability, P, that a specific experimental result (with a specific number of 
negatives, b, and positives, n-b, out of the total number of wells, n, at each 
volume) will be observed, on the basis of  λ is given by the binomial equation (6) 
[40]. 
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In this project a silicon chip with a well array was used as a dPCR-chip. 

The silicon chip was fabricated by first using photolithography to pattern 
photoresist on a silicon wafer. Then, the wells were created using deep reactive 
ion etching (DRIE) which is an etch process used to create deep penetration in 
silicon wafers. After etching, the wafer was oxidized to create a hydrophilic SiO2 
surface on the wafer. Finally, the wafer was cut into single chips by wafer dicing. 
The silicon chips were provided when the project started. 

The aim with the silicon chip with well array was to mimic a well array of 
a dPCR array on a LOC that uses two liquids. One liquid that fills the wells (the 
fluorescence liquid) in the wells of chip and the other liquid surrounding the 
outside of the micro chip and wells and thus prevents air from entering the 
system, and evaporation of liquid from wells during PCR. The silicon chip was 
also trapped between two cover glasses. 

2.4 Concept of project 
 
Reduction of cost, complexity and size are cornerstones in the miniaturization 
community that LOC devices were born from. The concept of this project is to 
follow these cornerstones and built a functional experimental setup for 
fluorescent imaging that is cheap, small and simple to use. Thus, cheap 
commercial electronics were used to build the experimental setup. From a health 
care perspective, simple and automated devices that are cheap and disposable are 
the future for POC devices. In the next chapter the material used in this project is 
be presented.  
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Chapter 3 

 
Method and experiment  
 
This chapter provides the method and experimental procedure used in the project. 
In the first section the building of the experimental setup is explained and a 
description of a well array is given. Detailed information about the instruments 
used in the building is also provided. In the second section the experiments of the 
project are presented as well as the aim with them.   

The project began with a literature survey. Based on the literature survey 
the required instruments for building an experimental setup were identified. The 
experimental setup was used to conduct investigating experiments. 

3.1 Building the experimental setup 
 
An experimental setup was built and a well array setup was also constructed. The 
experimental setup refers to an image sensor with an emission filter mounted on 
the sensor surface and a light source mounted on a stand is also included in the 
experimental setup. A well array on a small silicon chip was placed between two 
cover glasses and then placed on the emission filter. The different parts of the 
experimental setup and the well array can be found below (see table 3, figure 13 
and 14).  
 
    Table 3. Overview of the instruments used in the project. 

Instruments in the project 
Experimental setup Microwell array 

CMOS image sensor Silicon chip with micro wells 
Emission filter Cover glasses (2) 
Light source  
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Figure 13. Illustrates the experimental setup and the microwell array to be placed on the emission 
filter on the image sensor. The camera module with COMS image sensor is attached to a Raspberry 
Pi. The emission filter is placed directly on the image sensor surface. The microwell array is a 
silicon chip with wells in the nanoliter range. The light source is placed over the well array. 
 
  

 
 
Figure 14. Photograph of the same setups as in figure 13. The well array was placed on the 
emission filter which was attached to a cardboard box in order to fit the optical stage that the image 
sensor is placed on. Thus when in use, the emission filter is placed over the image sensor. Over and 
in line with the image sensor the light source is placed on a strand. In the figure to the right a close 
up when the emission filter with well array is placed directly on image sensor. The cardboard box 
was used in one of the experiments.       
 

The instruments, materials and chemicals used in the setups are described 
more in detail below.         

3.1.1 Image sensor on camera module 
 

The important features of the CMOS image sensor on the camera module is 
presented below (see table 4) [41, 42]. Initially the image sensor was placed 
under a lens on the camera module. The lens was removed by using a scalpel and 
by gently loosening the glue attaching the lens and image sensor undercarriage 
(see figure 15). The whole camera module was then mounted on an optical stage 
with a vertical positioning knob to enable vertical movement.  
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                         Table 4. CMOS image sensor characteristics. 

CMOS image sensor model OmniVision OV5647 
 
Supply Voltage 

 
1,5 V 

Pixel size 1,4 μm x 1,4 μm 
Fill factor  ~30 % 
Sensor resolution 2592 x 1944 pixels 
Field of view 3,76 x 2,74 mm2 

Quantum efficiency Not found 
Frames per second Up to 120 fps 
Temperature range Operating: -30 – 70 °C 

Stable range: 0 – 50 °C 
Dark current 16 mV/s 
Output resolution 8-/10-bit 

 
 

 
 

Figure 15. Illustrates how the image sensor lens was attached before removal. The lens was gently 
removed by losing the edges of the lens with a scalpel.   

3.1.2 Emission filter  
 

The emission filter used in the experimental setup was a commercial Kodak 
Wratten filter no. 29 bought from Edmund Optics. The light source (LED lamp) 
has a peak wavelength at 502 nm and suites the emission filter. The transmission 
of the emission filter is illustrated below (see figure 16). Wavelengths longer than 
640 nm is approximately 90 % transmitted through the emission filter, while 
wavelengths shorter than 600 nm will not pass.  
 

 
Figure 16. Illustrates which wavelengths of the chosen Kodak Wratten emission filter that is 
transmitted through the filter. Reprinted with permission from [43].      
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3.1.3 Fluorescence liquids  
 
Fluorescent liquids filled the micro wells in the well array. The wells were filled 
by a filling method explained later. The fluorescence liquid used in this project 
was different concentrations of Rhodamine B (Rh B). Rh B has an excitation 
wavelength maximum at 540 nm, emission wavelength maximum at 625 nm. 

3.1.4 Light source  
 
A LED 67-21UBGC/TR8 from Everlight Electronics Taiwan was chosen as light 
source with power supply of a small battery (9 V). Below is the properties of the 
lights source (see table 5). 
    
                Table 5. Properties of the light source used in the experimental setup. 

Electronic Optical Characteristics of LED 
Peak wavelength 502 nm 
Dominant wavelength 505 nm 
Spectrum radiation wavelength 30 nm 

 

3.1.5 Silicon chip with well array 
 
The wells on the silicon chip are cylindrical with a diameter of ~67 µm, and the 
chip thickness is 300 μm (see figure 17). 

 
Figure 17. Scale of microchip and micro wells. 

 

3.2 Experiments 
 
This section describes the experiments and what to measure, why and how. The 
first subsection presents the procedure for deciding a filling method for the 
microwell array. In the second subsection the procedure to observe distance 
dependency of image sensor is presented. The contact angle of the microwell 
array was measured and finally, in the last subsection the experimental procedure 
to measure background noise of the experimental setup is presented.    
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3.2.1 Filling methods for the well array 
 
The intension with this experiment was to find a filling method for the 
background noise measurements and also observe how the well array looked like 
under different surrounding media (fluorescent liquid, water, oil and air). The 
investigated filling methods are described below (see table 6).  

   
Table 6. Filling methods tested in the project.  

Filling method Approach 
 
 

a) Capillary force 
filling 

Fluorescence liquid (1 mM Rh B and deionized water) 
was applied on top of the chip and over the wells to be 
filled. The idea was that the capillary force would fill the 
wells with the applied liquid. An oil layer (7 μl oil) was 
applied with pipette on both sides of the chip to ensure 
that liquid in the wells were trapped there and did not 
evaporate.    
 

 
 
 
 

b) Vacuumed chamber 
filling 

Fluorescence liquid (1 mM Rh B and deionized water) 
was applied on top of the chip and over the wells to be 
filled. The chip was then placed in a vacuumed chamber 
to further remove the air in the wells. The chip was 
placed on a strand so that the wells were uncovered on 
both sides of the chip and then vacuumed for 120 
seconds. After, an oil layer (7 μl oil) was applied with 
pipette on both sides of the chip to ensure that liquid in 
the wells were trapped there and did not evaporate.   
    

 
 
 

c) Plasma treatment 
filling 

The chip was plasma treated (with Femto standard from 
Diener plasma surface technology, Germany) before 
filling liquid was applied over the wells. Plasma 
treatment oxidizes the surface and increases the 
wettability. After, then the same procedure as for 
capillary force was conducted. 
 

 
 
 
 

d) Cup filling 

The chip to be filled was placed in the bottom of a 
plastic cup. Then the liquid that the wells would be filled 
with was applied (30 ml) in the cup and over the chip. 
Next, oil (30 ml) was applied in the cup and the oil 
placed itself over the liquid (due to their different 
densities). The chip was then vertically drawn out of the 
cup. This method was tested both with and without 
vacuum treatment after the first step when the first liquid 
was applied.   

 
After filling, the well arrays were placed on a cover glass so that the filled well 
arrays could be moved without too much disturbance (see figure 18). A cover 
glass was also gently applied on the upper side of the chip to protect the chip 
from evaporation and movements. The filled chips were then investigated with 
both fluorescence microscope (Nikon Microphot-FXA, USA) and experimental 
setup. Three chips were investigated for every filling method. The most important 
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aspects to investigate were how repeatable the filling method was and that the 
edges of the wells in the well array could be resolved. At least 50 percent of the 
wells on the well array should be resolvable and have defined edges in order for 
the filling method to be counted as acceptable.  
 

 
Figure 18. . Illustrates a cross-section of well array when put between the cover glasses and then 
placed on emission filter and sensor surface. 
 

3.2.2 Contact angle measurement 
 

The contact angle measurement was conducted to investigate the surface 
properties and explain why mineral oil tended to fill the well array better then the 
liquids (Rh B + deionized water and deionized water). One of the filling 
problems, disappearing wells, could hopefully be explained too. The 
measurements were conducted with a contact angle instrument (Theta lite from 
Biolin Scientific, Sweden).  

In order to find if deionized water would fill the wells rather than mineral 
oil, the contact angle measurements were performed on the silicon chips surface 
(SiO2). Using mineral oil, deionized water and deionized water mixed with Rh B 
of concentration 900 nM. No cleaning steps were used before measurements. By 
applying 1 μl liquid the contact angle could be measured with the instruments 
software. Three samples were measured for every liquid (triplicate samples) and 
mean values and standard deviations of these were calculated.    

3.2.3 Distance measurements with experimental setup 
 
To investigate the distance dependency of the experimental setup a calibration 
photo mask (see figure 19) was imaged from different distances. To get proper 
visibility and transparency of every well on the chip air was the medium used in 
the wells. The light source was centralized over the wells with a distance of 3 cm 
and then images were taken as the distance was increased. The distance was 
increased from zero (although the emission filter thickness and cover glass 
between sensor and photo mask/chip) to 5 mm with 1 mm steps for both cases.   
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Figure 19. Photo mask to the left and cross-section of the measurement procedure to the right. The 
distance d was increased and the results were observed and documented for every new distance.  
 

3.2.4 Background noise measurements 
 
The background noise measurement experiment was aimed to measure the 
background noise of the experimental setup for three different concentrations of 
fluorophores in order to observe if fluorescence liquid could be distinguished 
from a liquid without fluorescence. Two different concentrations and one blank 
sample were used.   
 
1 mM concentration (Rh B + deionized water) –The purpose with this 
concentration was to investigate if a high concentration of fluorophores could be 
detected with the experimental setup.   
 
900 nM concentration (Rh B + deionized water) – In contrast to 1 mM 
concentration of fluorophores, 900 nM is a common concentration of flourophors 
for conventional PCR and one of the highest concentrations [44].  
 
Blank sample (deionized water only) – A zero concentration of florophores were 
used in order to decide the background noise. In an ideal case the experimental 
setup would image a zero concentration samples with black wells and thus a 
black picture.  

 
The filling method for applying the liquids in well arrays has the following 

procedure; all chips used in the background noise measurement were cleaned by 
rinsing the chips with acetone, then isopropanol and last deionized water to 
reduce the risk of contamination of dust and residues from fabrication. The chips 
were then quickly dried with nitrogen gas. After drying the chips were oxygen 
plasma treated (with Femto standard from Diener plasma surface technology, 
Germany) for 60 seconds on both sides of the chips. Then the filling of the chips 
was conducted through a filling method. First, the oxygen plasma treated chips 
was put in the bottom of a plastic cup (diameter 3,5 cm). 30 ml of Rh B/distillated 
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water were applied into the plastic cup. The chips was turned (in the liquid) so 
that air bubbles could escape and then the plastic cup was put in a vacuum pump ( 
-1 bar from best value vacs) for 3 minutes to further eliminate air bubbles in the 
wells of the chip. After vacuum treatment 30 ml of mineral oil was applied in the 
plastic cup and folded a layer over the liquid in the plastic cup due to their 
different densities. The difference in densities is very useful for the filling 
because the chip will first acquire liquids in the wells and the surface of the chip. 
Then when the chip was vertically drawn out of the bath with a pipette it acquired 
a thin film of oil over the liquids without air in between these layers (see figure 
20).  

 
 
Figure 20.  Cup filling method with chip vertically drawn out of a plastic cup containing liquid with 
Rh B at the bottom of the cup and with a mineral oil layer over the Rh B layer.  
 

The chip was then gently laid on a cover glass with additional 7 μl mineral 
oil. Then another cover glass was gently laid over the upper side of the chips as 
well. The cover glasses allow transfer of chip between the fluorescence 
microscope and the experimental setup, while keeping the liquid in place.  

The chip was then put on the emission filter and the position of the chip 
was adjusted so that pictures could be taken with the image sensor. The chip was 
then gently flipped to investigate the other side of the chip. Pictures were taken 
both the experimental setup and the fluorescence microscope (Nikon Microphot-
FXA, USA) in order to compare the filling of wells between photo shoots.  

For every concentration three chips was used and treated with the same 
filling method. The chips were gently placed on the emission filter that covered 
the image sensor surface. The silicon chip was adjusted so that the well array 
would cover the imaging area of the image sensor so that it could be imaged. 
Pictures were taken with the built in camera command raspistill of the Raspberry 
Pi camera module. The raspistill-command “raspistill –o “filename”.jpg” takes a 
picture with 3 seconds exposure time and default settings, all fixed. With the 
image sensor a picture of both sides of the chip was taken. After that pictures 
were taken with an fluorescence microscope (both sides of the chip) with manual 
exposure with exposure time 1/30 seconds, gain 19.20x and contrast set on high, 
to check that the wells are properly filled and also to be able to compare the 
pictures taken with the image sensor.  
 Two pictures were examined for every chip, one picture taken with the image 
sensor and one taken with the fluorescence microscope. The pictures that were 
chosen and measured on can be found in Appendix A (see figure A1-A3).  In 
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addition, the pictures were divided in three color channel (see figure 21) with a 
MATLAB script (see Appendix B), this was done to get gamma correction of the 
pictures.  

 

Figure 21. Illustration of picture acquisition in background noise experiment. For every 
concentration three chips were investigated and for every chip an experimental setup picture and 
fluorescence microscope picture were collected. These pictures were then divided into red, blue and 
green color channels which were then investigated with ROI in Image J.      

 
The obtained color channel pictures where further examined in Image J 

(version 1.46r; Java 1.60_20 64 bit) to measure the intensity of light in the wells 
in the pictures. 10 wells were examined (with so-called regions of interests 
(ROI)) (see figure 22). The ROI was locked so that the same ROI was used for all 
pictures and the fluorescence microscope pictures had its own ROI because the 
wells are imaged larger with the fluorescence microscope. The ROI was selected 
to be a circle since the wells are circular.    

A mean grey intensity value of the ten ROIs for every color channel picture 
was calculated. Hence, a mean value of intensity for red color channel, blue color 
channel and green color channel for 1 mM concentration was obtained. The same 
procedure was used for the two remaining concentrations. The intensity values 
generated was subtracted in a table with mean intensities and standard deviations 
of the measurements. The mean and standard deviation values of the color 
channels of the different concentrations were used to calculate SNR (equation (1), 
section 2.2.3) and LOD (equation (2), section 2.2.3).  

 
 
Figure 22. Red channel picture with 10 ROI which gives the intensity of the area that it covers. 
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Chapter 4  

 
Results 
 
This chapter presents the results of experiments presented in the previous chapter. 
The first section presents the experimental results of the filling method of the well 
array. The second section presents the result of the contact angle measurements 
and the third section shows the distance measurements result for the experimental 
setup. In the final section the background noise measurements presented.  

4.1 Filling methods for the well array   
 
Four filling methods were investigated and the following results were obtained 
(see table 7). The outcome of the filling method tests was that only one of the 
four methods could be accepted due to the requirements that at least 50 percent of 
the wells have resolvable edges. But none of the methods were repeatable 
enough.  The cup filling method was chosen for the background measurements 
even though it lacks repeatability.   
 
Table 7. Results of the filling methods.   
Filling method Comment 
 

a) Capillary force filling 
Most if not all of the wells could not be 
resolved, although this were not the case 
for all chips tested, however about 50 % 
showed similar results (see figure 23a). 
Not repeatable enough.   

 
 

b) Vacuumed chamber filling 

 
Most of the wells can be resolved, 
however these wells have a light point in 
the middle of the well (see figure 23b) and 
that is not desirable. Thus less than 50 % 
was resolvable. Not repeatable enough.  
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Filling method Comment 

 
c) Plasma treatment filling 

Most of the wells were resolved, however 
the wells shows different appearance and 
just about 50 % are correctly resolved (see 
figure 23c). Not repeatable enough.    
 

 
d) Cup filling 

Almost all of the wells in the well array 
can be resolved, although a few wells are 
blurry more than 50 % of the wells edges 
can be detected (figure 23d). Not 
repeatable enough. 

 

 
 

Figure 23 a-d. Shows selections of the four filling methods that were tested in this project. In a) 
capillary filling method is presented and in b) vacuumed chamber filling method. In c) the plasma 
treated filling and in d) the cup filling method. 
 

Below is one of the few images that show a well array that is filled 
properly and all wells are filled and the edges are resolvable. The results of 
imaging using the cup filling method with the experimental setup and 
fluorescence microscope are found below (see figure 24).    
 

 
 

Figure 24 a-b. Suitable filling: illustrates the same chip in both pictures with well defined wells 
that are filled with fluorescence liquid. In a) the wells are imaged with the experimental setup and in 
b) the wells are imaged with fluorescence microscope.    
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There were quite a few undesirable filling phenomenons encountered 
during the experiments. Those that were most apparent are illustrated below and 
will be further discussed in the next chapter. In the picture below (see figure 25) 
most of the wells are blurry and not as well defined as the wells in the triangle.  
      

 
 
Figure 25 a-c. Blurry wells: a) the cover glass was tilted and thus b) some of the oil withdrawn 
from the upper part of the wells and hence c) the picture was taken with the experimental setup and 
wells outside the triangle are blurry wells.    
 
In the second picture (see figure 26) about one third of the wells are black. 
 

 
 
Figure 26 a-b. Black wells: Two pictures of the same chip, in a) the picture is taken with the 
experimental setup and in b) with the fluorescence microscope. Here one can see that some wells 
are black while others are shining red.   
 
In the third picture (see figure 27) the wells in the circle shines lighter in the 
middle of the wells.  
 

 
 
Figure 27 a-b. Light point wells: In a) the picture is taken with experimental setup and the 
encircled area the wells are shining bright in the middle of the wells. In b) one can observe with 
fluorescence microscope that the same wells are less bright than other wells.       
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In the forth picture (figure 28) the wells change its appearance during time and 
become red in the outer parts of the well.  
     
 

 
 
Figure 28 a-c. Disappearing wells: In a) the well array is shown and a well filled with liquid is 
observed. b) After some time the well will change its appearance and a red circle can be seen in the 
outer portions of the well. In c) all wells that were initially red have become red in the outer parts of 
the wells.        

4.2 Contact angle measurement 
 
From the contact angle experiments it could be observed that all substrates were 
hydrophilic since the contact angle for deionized water on the substrates was 
below 90 degrees (see table 8). Adding Rh B to the deionized water did not 
significantly change the wettability. However, it could also be observed that oil 
had a significantly lower contact angle than water on the silicon chip. 
 
Table 8. Contact angle measurements 

Contact angle measurement  of 1 μl drops 
Liquids Mean Std 
Deionized water 52° 3° 
Deionized water with Rh B (900 nM) 51° 5° 
Mineral oil 13° 1° 
*number of samples tested n=3. 
 

4.3 Distance measurements with experimental 
setup 

 
The minimum resolvable object on the photo mask imaged with the experimental 
setup was a 20 μm cube. Thus the experimental setup can resolve 20 μm objects.  
Images of light penetrating a photo mask at different distances d between the 
image sensor and the photo mask are showed below (see figure 29). It could be 
seen that most of the cubes on the photo mask remained visible until the distance 
d between image sensor surface and photo mask was 5 mm. The cubes edges 
become blurry at the distance of 2 mm. However, they are still resolvable due to 
the distance between the cubes (see figure 29c). In the pictures of the well array 
the resolvability drops significantly after 1 mm distance and the wells cannot be 
resolved at distances larger than 1 mm (see figure 30b). Thus the distance 
dependency is 1 mm because after this distance the wells on the well array cannot 
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be resolved. The resolution of the image sensor is a least better than 40 µm which 
was the distance between the wells since they are resolvable.  
          

 
 
Figure 29 a-f. In a) the distance d between image sensor is zero (although the emission filter and 
cover glass is in between). In b) the distance d is changed to 1 mm and in c) 2 mm. In d) the 
distance is changed to 3mm and in e) to 4 mm. Last, in f) the distance is 5 mm and this was the last 
picture that could resolve (with bare eye) the cubes on the photo mask.     
 

 
 
Figure 30 a-f. In a) the distance d between image sensor is zero (although the emission filter and 
cover glass is between). In b) the distance d is changed to 1 mm and in c) 2 mm. In d) the distance 
is changed to 3mm and in e) to 4 mm. In both case e) and f) it is hard to see the chips. 

4.4 Background noise measurements 
 
The results from the background noise measurements and the obtained intensity 
measurements are gathered below (see table 9). In the table one can observe that 
the experimental setup has higher values in there standard deviation compared to 
the fluorescent microscope. The highest standard deviation for the fluorescent 
microscope is 2, compared to the highest standard deviation for the experimental 
setup is 32. Notice that the intensity values of the green and blue color channels 
are significant for the experimental setup but low for the fluorescent microscope 
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except for the blank sample. However, the value for the red channel is in the same 
range.      

 
Table 9. Data acquisition from background noise measurements both experimental setup and 
fluorescence microscope (FM) intensities are presented.  

 
 

The intensity values together with corresponding standard deviation for red 
color channel in experimental setup and fluorescence microscope are presented in 
two respective bar diagrams below (see figure 31 and 32). Graphs for the green 
and blue color channel can be found in Appendix A (see figure A6-A7) together 
with graphs where all the data is gathered for both experimental setup and 
fluorescence microscopy (see figure A4-A5). In the bar diagrams below the mean 
intensity represents the y-axis and on the x-axis are the concentrations of the 
liquids used in the wells labeled. The LOD for corresponding imaging modality is 
presented as a horizontal line in the graphs. The LOD line was calculated with 
equation (2) (see subsection 2.2.3).    

In the graph below (see figure 31) one can observe the two concentrations 
and the blank sample. The calculated LOD gives a value that is higher than the 
measured intensities for the three sample concentrations.  

 
Figure 31. Illustrates the mean intensities from the measurements in the red channel for the 
experimental setup. Three chips were measured for every concentration. The horizontal line is the 
calculated LOD of the experimental setup.  
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Hence, the graph indicates that the experimental setup cannot detect 
concentrations below the LOD line and hence concentrations below at least 1 
mM.  

The bar diagram for the fluorescent microscope showed that the highest 
concentration of 1mM can be detected since it passes the LOD with a notable 
margin. However, the other two, the concentration of 900 nM and the blank 
sample cannot be detected (see figure 32).   

 
Figure 32. Illustrates the mean intensities from the measurements in the red channel for the 
fluorescent microscope. Three chips were measured for every concentration.    
 

The SNR was calculated for both the experimental setup and fluorescence 
microscope and the results are presented below (see table 10). The fluorescent 
microscope has a significant SNR for 1 mM concentration.     
 
Table 10. SNR measurements for the investigated concentrations.   

SNR  (red color channel) 
Concentration (nM) Experimental setup Fluorescent microscope 
0 3 6 
900 7 4 
 1000000 2     996 

 
 
.     
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Chapter 5  

 
Discussion  
 
This chapter focuses on evaluating the results obtained in the previous chapter as 
well as discussing the instruments used to build the experimental setup. The 
chapter is completed with presenting some improvements for future work.    

5.1 Building the experimental setup 
 
This section provides an explanation and discussion for choice of instruments and 
approaches for testing and execution of the results. The first and most important 
thing in the instrumental choice for building the experimental setup and well 
array was the functionality. Other cornerstones in choosing material for this 
project were simplicity and affordability. 

One of the main issues in the beginning of the project was which type of 
image sensor to be used during the project. It turned out that the choice was made 
by doing a trade-off between the CMOS and CCD technology and comparing 
different commercially available color CMOS and CCD sensors. A 
monochromatic sensor might as well have been used since emission filters are 
used for the other two sensor types. It was found that a Raspberry Pi was cheap 
and easy to use since it could be connected to a user-friendly interface (camera 
module). The camera module was easy to use and integrate. The image sensor 
had a favorable FOV (3.76 x 2.74 mm2) which was beneficial because the bigger 
the FOV the bigger could the well arrays be and more wells could be imaged. 
This would in turn allow better PCR product concentration resolution. Another 
parameter that was considered was the pixel size of the sensor. In this project the 
wells of the well array was the objects to be imaged and they are ~63 μm in 
diameter so that was not a problem because at present most pixels are just a few 
microns. Other parameters that were considered when choosing the image sensor 
were the image sensor sensitivity and the dark current of the sensor. These 
parameters were compared for the chosen image sensor and literature image 
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sensors so that the chosen image sensor was essentially the same as the image 
sensors form the literature survey.           

When comparing the cost of the camera module in this project to high-
performance microscope sensors the cost is very much cheaper. Instead of 
hundreds of thousands of SEK the price for a Raspberry Pi camera module is just 
a few hundreds of SEK.  

To protect the image sensor from static electricity and to make the image 
sensor adjustable vertically it was placed on an optical stage with a vertical 
positioning knob.  

The choice of emission filter was selected for its function by blocking 
wavelengths lower than 600 nm and having a reasonable thickness < 300 µm. The 
price was quite high, but cheaper compared to the thick glass filters used for 
fluorescence microscopes. Studies demonstrated that the proximity between the 
image sensor surface and the emission filter should be as small as possible [20, 
21], and that is why the emissions filter was placed directly on the image sensor 
surface. The fluorescence liquid (with Rh B) had a max wavelength at 625 nm, 
and the transmission of the emission filter at this wavelength was approximately 
60 percent. Ideally, it should be at least 80 percent. The emission filter also 
showed that it is not working entirely as expected because it was observed that 
some amount of light could still pass through the emission filter when just holing 
the filter under the LED. It could be that the filter lets through light because the 
LED light source is heated and shifts the spectrum toward higher wavelengths. 
However, the CMOS used in this project should probably not register 
wavelengths further than 940 nm and thermal radiation is higher. This needs to be 
further investigated though.     

The light source needed to be placed in close proximity to the image sensor 
surface in order to obtain as collimated light as it were possible. In addition, the 
light source cannot be placed too near since the emission filter could not block 
the light from the light source. The positioning of the LED was decided to be 3 
cm from the image sensor. Since no literature suggested an appropriate distance 
the placement was subjectively decided and a drawback is that the light was not 
collimated which can cause non-uniform illumination. During the experiments 
with the experimental setup the surroundings was completely dark to eliminate 
stray light within the images. 

The wavelength of the LED did not match the Rh B flourophores entirely 
because the spectrum of the LED is 505 ± 30 nm and Rh B has an excitation 
maximum at 540 nm. In the end of the project it was realized that the LED had 
been using a current of 33 mA while the recommended current is 20 mA. This 
might give higher wavelengths then those given from the manufacturer. By 
adding a resistor in series with the LED this could be solved.     

In summary, the system reached most of the functionality requirements that 
were the aim initially in the project. However the emission filter might be a 
source to background noise since it does not block all the light from the LED. 
The LED might be placed at the wrong distance to the image sensor surface since 
the placement was approximated subjectively and the incorrectly used current of 
30 mA instead of 20 mA might contribute to higher wavelengths. Matching of 
LED wavelengths and Rh B flourophores could also be further optimized.  
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5.2 Evaluation of results  
 
This section discusses the results that were obtained in the previous chapter. First 
the result of the filling method of the well array is discussed, followed by the 
contact angle measurements. Thereafter, the measurements of the distance 
measurements with experimental setup discussed followed by the background 
noise measurements.          

5.2.1 Filling method for the well array   
 
The main challenges during the filling methods were to obtain wells that were 
filled without too many imaging artifacts. The repeatability of the filling methods 
was another problem that was encountered for all four filling methods. The filling 
method that provided most wells with resolvable edges was the cup filling 
method (see section 3.2.1 and 4.1, method d). The cup filling method had 
problems with the repeatability as the other filling methods and this have to be 
further optimized for future work.   

During the testing period of the filling methods unsatisfying filling causing 
artifacts in pictures of the wells was a recurring problem observed with both 
fluorescence microscope and experimental setup. Beside blurry wells there were 
also completely black wells and well that has a lighter point in the middle of the 
wells. It was important to ensure that the wells in the well array were filled to 
enable background noise measurements. The unsatisfactory filling is important to 
highlight because this results gives indications on how the well array of a dPCR-
chip should be filled in order to ensure proper filling in future work. In addition 
to recognize what is causing the unsatisfactory filling. The most prominent 
problems are therefore explained below. The unsatisfying filling of wells is 
referred to as blurry wells, black wells, light point in wells are illustrated below 
(see figure 33) and also acceptable wells are illustrated.    

 

 
Figure 33 a-d. Illustrates the different filling problems that were encountered during filling testing 
of the well array. Under the illustrations are the corresponding pictures taken with experimental 
setup. In a) the possible appearance of blurry wells are illustrated and in b) the black wells are 
shown. In illustration c) the light point in wells are shown. In d) acceptable wells with defined 
edges and uniform color.   
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Blurry wells are most likely to occur when air has gotten into the wells in 
the upper part of the well. It may be due to imbalanced pressure during lifting of 
the system causing the cover glass to lift from the chip and allow air to come in 
between the chip and the upper cover glass. This was observed during 
experimentation and when the cover glass was gently tilted due to imbalance (see 
figure 25a, section 4.1) and the oil were to some extent withdrawn from the upper 
part of the wells (figure 25b, section 4.1). Hence, the picture taken with the image 
sensor shows that wells with oil are bright and well defined while wells where the 
oil has withdrawn to some extent are blurry and poorly defined (see figure 25c, 
section 4.1). In the figure one can observe that the wells properly filled are the 
once that forms a triangle in the lower part of the left image. Blurry wells 
correspond to illustration (see figure 33 a, or figure 25, section 4.1). 

Black wells are most likely to occur when air has gotten into the wells and 
is trapped by liquid (see figure 33b or 26, section 4.1). One example of that is 
when the cover glass is lifted as in the explanation of the blurry wells and then 
the cover glass is put in place again, thus air can be trapped under the cover glass 
and in the wells. Another example is that the chip and lower cover glass loses 
contact and thus the liquid in the wells sucks down and allows air to enter the 
wells from above. This also gives the same imaging artifacts. Both these 
examples can be explained by the following, when almost collimated light goes 
from a denser (noil=1,43) to a less dense medium (nair=1,0) the light will bend 
away from the normal. In this case a less dense “lens” (air bubble) will act as a 
divergent lens, thus the light will be absorbed in the well walls and will not come 
down to the sensor surface (see figure 34). 

 
Figure 34. Illustrates a well that will appear black when imaged. That is because when the light 
beam (arrows) moves from a denser medium (noil/water) into the air bubble (nair < noil/water) the light 
will bend to the walls of the wells and no light will reach the image sensor.   
 

Light point in wells is a phenomenon that only occurs when there are two 
different liquids in the system and air enters the system. Due to some incautious 
handling of the system or during filling of the wells air may enter the wells and 
during the same time capture an oil droplet in the air pouch (see figure 33c or 27, 
section 4.1). It is not possible to detect this with the fluorescence microscope 
because the air pouch containing the oil droplet is far down in the well, it should 
be possible when zooming in on the wells. However, with the florescence 
microscope one can observe that the brightness of the wells is lower and hence a 
possible conclusion could be that there is something in the well that hampers the 
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light and excitation of the whole well. To ensure that this explanation is correct 
further investigation must be done.   

Disappearing wells is another problem that was observed and this only 
occurs when two different liquids in the system. Here, disappearing means that 
oil separates the liquid in the wells and fills the entire well with mineral oil while 
the liquid is pushed out along the walls. When looking at the process in 
fluorescence microscope the wells first light red because of the liquid (Rh B and 
deionized water) in the wells (see figure 28a, section 4.1). But after time some 
wells will disappear and become black with a red circle around the well perimeter 
(see figure 28b, section 4.1). A possible explanation for this phenomenon is that 
the surface tension energy of mineral oil is stronger than the liquid and hence it 
can separate the liquid in the wells (see figure 35), but this have to be further 
investigated. When the system has stabilized all wells that were filled with liquid 
has transformed into disappearing wells (see figure 28c, section 4.1). This 
phenomenon was only observed with the fluorescent microscope.  

 
Figure 35. Illustrates the possible phenomenon behind the disappearing wells. 

 
Air bubbles and air trapped between surfaces showed to be the source of many 
artifacts. Due to the lubricating properties of the oil the movement of the cover 
glasses surrounding the well array caused generation of moving liquids and air 
pockets. Although the cup filling method must be more repeatable and accurate it 
fulfilled its purpose and significantly reduced air bubbles and allowed the 
measurements that were planned in the project. Improvements for future work are 
to use a closed system for the wells to completely eliminate air from entering the 
wells during filling and allow easier handling of the well array which is sensitive 
when fluorescent liquid be applied.        

5.2.2 Contact angle measurement 
 
The measurements showed that mineral oil has lower contact angle than the two 
other liquids that were measured. Lower contact angle means that the mineral oil 
easier fills the wells and possibly is the problem in the disappearing wells. 
However, this need to be further investigated to ensure, although this result is 
important because if a dPCR-system is using two liquids, e.g. fluorescent liquid 
and mineral oil then the mineral oil would fill the wells instead of the dPCR mix 
and thus the dPCR process would not be possible to complete. A drawback with 
this experiment is that the contact angle was measured in air. To further 
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investigate the surface energies a three phase system should be investigated for 
water, oil and silicon dioxide (SiO2).  

A recommendation for a system with two liquids is to make sure that for 
example the water has better wetting properties than the oil, and that the surface 
is oleophobic, meaning that it has a strong affinity for oils rather than water to 
counteract filling of oil in the wells. 

5.2.3 Distance measurements with experimental setup 
 
This experiment was initially conducted to observe how well the wells on well 
array were resolved as the distance between the image sensor surface and the 
object was increased and also to measure the resolution of the experimental setup. 
These are important parameters for image processing in future work. Another 
important feature with the distance measurements was to see how much cross-talk 
and noise that is added as the distance between microwell array and image sensor 
is increased.    

When the photo mask was initially placed on the emission filter at zero 
distance the smallest object (cube) resolved was 20 μm x 20 μm. It was initially 
thought that the measurements would at least resolve the smallest cube on the 
photo mask which was 5 μm x 5 μm, because previous work [19, 21] have 
resolved objects in somewhat the same range as the pixel size. The pixel size of 
the image sensor in this project is 1.4 μm x 1.4 μm. However, the emission filter 
thickness and cover glass lifts the photo mask about 220 μm from image sensor 
surface and it could be that it degrades the resolution.  

The observations in section 4.3 showed that the distance between sensor 
surface and object becomes critical after 1 mm. In the photo mask case the 
distance between the cubes allows a greater distance but the smallest cubs 
disappeared as distance increased (see figure 29, section 4.3). In the well array 
case it was much more critical due to the small distances between the wells (see 
figure 30, section 4.3). The resolution of the image sensor is a least better than 40 
µm.  

In future work it would be important to investigate the resolution of the 
image sensor, meaning how close two objects can be and still be resolved. This is 
also important for the geometry of the microwell array. How many wells that can 
fit on the silicon chip and still be resolved. Another important aspect is the 
distance between the image senor surface and the object to be imaged. A dPCR-
chip should according to these measurements not be placed further away from the 
image sensor than 1 mm, longer distances would be hard to image without 
sophisticated image processing and reconstruction algorithms.        

5.2.4 Background noise measurements 
    
The background noise measurement experiment was aimed to measure the 
background level (noise level) of the experimental setup and observe if intensities 
of two different concentrations and a blank sample could be detected from the 
background noise level. If a difference could be measured this would allow 
detection of positive wells on a dPCR-chip. It is important to be able to detect 
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different concentrations because on a dPCR-chip it would be useful to be able to 
tell just from the intensity if there is a concentration difference between two 
samples and also to verify that the light intensity from the concentrations is above 
the LOD. LOD is a value that is calculated according to equation (2) (see 
subsection 2.2.3) and corresponds to the instruments limit for detection. The 
values of intensity for the blank sample gives mean intensity  of mblank which was 
53, and the standard deviation of the blank sample sblank was 21 and k was chosen 
to 3 for a 95 % confidential interval.       

Measurements below the LOD cannot be detected by the instruments. 
Since the experimental setup does not have any measurements above the LOD no 
concentrations below 1 mM can be detected with the built setup (see figure 31, 
section 4.4). More work has to be carried out to reach an acceptable LOD in order 
to enable detection of conventional concentrations for dPCR. 

The data in the graphs show that the experimental setup cannot 
discriminate between the concentrations that were used because the LOD line is 
above the concentrations. Either the background noise is too high to discriminate 
the different concentrations or the image sensors sensitivity is too low. 
Background noise in the experimental setup could be caused by the emission 
filter or that the LED did not give the wavelength that is intended due to heating 
and to high current (33 mA instead of 20 mA). However, most likely it is the 
emission filter that cannot filter out the excitation wavelengths because some 
amount light from the LED comes through the emission filter. Even though the 
emission filter is supposed to block wavelengths of the LED lamp it seems that 
the emission filter is not good enough. Previous studies have demonstrated the 
same problem with poor blocking abilities of emission filters [19, 21].  Thus, it 
would be interesting to investigate the emission filer more and measure how 
much it actually blocks out or try another filter. One could also try different 
distances of the mounted LED lamp. Perhaps it was mounted to close to the 
image sensor and thus the intensity from the fluorophores disappears in the strong 
light and is not detected. Thus other distances between image sensor and LED 
lamp could be investigated further. If it is not the emission filter then it has to be 
the image sensors light sensitivity that is not good enough and thus another image 
sensor should be used.      

The standard deviations of the experimental setup were higher compared to 
the fluorescent microscope (see table 9, section 4.4). It could be interpreted as the 
stability of the system for the experimental setup worse compared to the 
fluorescent microscope. This could both depend on the built system and also on 
the imaging settings before a picture was taken (e.g. exposure time, gain, etc.). 
The experimental setup and fluorescent microscope did not have the same 
exposure time and the fluorescent microscope had a high gain. The image 
acquisition could be improved by choosing the same image settings for the 
systems. In this project this is a big drawback because the systems had different 
exposure time. A recommendation would be to try to have the same settings as far 
that it is possible. It is hard to tell if the image processing (in MATLAB and 
Image J) affect the image quality and noise. This have to be further investigated.       

The SNR measurements showed that there was no significant difference 
between the different concentrations of the experimental setup. 
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5.2.5 Summary  
 
During the project important imaging parameters to build an imaging device for a 
dPCR-chip have been identified. The functionality of the experimental setup and 
well array was not satisfying and improvements have to be made. In a complexity 
point of view of the experimental setup only the most fundamental components to 
acquire pictures of a micro well array were used and pictures could be acquired. 
The experimental setup was functional and inexpensive to build. The features of 
the experimental setup are that it allows fluorescence color imaging on distances 
below 1 mm from the object. However, the experimental setup could 
unfortunately not detect flourophore concentrations below 1 mM. Key parameters 
found in the project:  
 

• A filling method that eliminates air in the well arrays would be a 
substantial improvement 

• The liquids that are used in the well array should have different densities 
to avoid that the sample liquid is not stable in the micro wells 

• The distance between the object to be imaged and the image sensor 
should be less than 1mm else sophisticated image processing is required   

• Background noise measurements of the experimental setup imaging 
abilities showed that concentrations below 1mM cannot be detected with 
the experimental setup 

• The intensity of the light source has to be reduced 
• Investigate the emission filter further          

5.3 Improvements for future work 
This section gives suggestions of what the next step for the project would be. 
Summary of future work:  
 

• Make more repeatable filling methods that eliminates air to enter the well 
array 

• Use the LED in its appropriate range (20 mA instead of 33 mA) 
• Investigate the distances between image sensor and LED lamp and find 

the optimal distance suitable for the image sensor and emission filter  
• Investigate the emission filter or try other emission filters in order to 

block out the excitation light 
• Use the same image settings for the experimental setup and the 

fluorescent microscope 
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Chapter 6  

 
Conclusion  
 
The conclusion of the project is presented and a few concerns and outlooks for 
the future are shortly highlighted.   

6.1 Conclusion of project 
 
A fluorescent imaging experimental setup has been built and the complexity, 
limitations and features of the system have been evaluated. The experimental 
setup was built to enable fluorescent detection of micro wells on a well array by 
using an image sensor, emission filter and a light source. The experimental setup 
was designed to be functional and cheap and to enable dPCR imaging. The 
imaging functions have been characterized and it showed that the background 
noise of the experimental setup is too high to acquire images of concentrations 
below 1 mM. The imaging characteristic need to be further optimized.      

6.2 Outlooks for the future  
 
In the beginning of the project a number of aims were identified with the overall 
goal to build an experimental setup that could take pictures of wells in a well 
array that contained fluorescent liquid. There were also a requirement that the 
experimental setup should be able to block the excitation light from light source 
while still be able to detect fluorescent signals from the wells on the well array. It 
is clear that the experimental setup is far from the final prototype. However, the 
results shows interesting results and by adjusting the instruments more to each 
other the imaging parameters and background noise can be significantly 
improved and thus hopefully allow detection of different concentrations below 
1mM. So while the different between concentrations cannot yet be detected as 
planned, most of what was set out to be accomplished was reached.             
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Appendix A 
 
 

1 mM concentration (Rh B and deionized water)     
 

 
Figure A1. Three chips filled with 1 mM concentration of Rhodamine B. The upper row are images taken 
with the experimental setup while the images below are taken with fluorescence microscope. Both sides of 
the chip are taken to see if the wells are not properly filled. Here one can see that all the images illustrate the 
wells well except some cases where air probably entered during the imaging session.        

 
900 nM concentration (Rh B and deionized water) 
 

 
Figure A2. Three chips filled with 900 mM concentration of Rhodamine B. Still the upper row are images 
taken with the experimental setup while the images below are taken with fluorescence microscope. Both sides 
of the chip are taken to see if the wells are not properly filled. Here there is a significant change in intensity in 
the second row, the fluorescence microscope images. This is due to the lower concentration of Rhodamine B. 
Note that there is not such a drastic change for the upper row taken with the experimental setup.      

 
Blank sample (deionized water only) 
 

 
Figure A3. Three chips filled with blank sample. Still the upper row are images taken with the experimental 
setup while the images below are taken with fluorescence microscope. Both sides of the chip are taken to see 
if the wells are not properly filled, but now in the second row only on side of the chip is illustrated and the 
images that lights white are taken with transmission imaging. There is again a significant change in intensity, 
the black images are fluorescence images and the transmission images next to them are just to visualize that 
the chips actually are there. With no fluorescence liquid in the wells, no wells can be seen with the 
fluorescence microscope. But with the experimental setup on the other hand one can still visualize the wells 
on the chips. 
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Figure A4. Shows all the measured chips with the associated color channels. Up to the right in the figure, one can 
see what the different symbols represents and the color of the symbols shows which color channel the 
measurement corresponds to. For example a red square is a measurement taken for the red color channel with the 
image sensor. There are multiple measurements in the 0 concentration area, but there are actually to different 
concentrations it is just that the scale between them are so small. This part of the graph is zoomed in the next 
figure A5.    

 

 
Figure A 5. Shows an in zooming of figure 42 to further visualize that there are difference in intensity between 
zero and 900 nM concentration, although it is hard to distinguish in figure 42.   
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Figure A 6. Shows the mean intensities from the measurements in the different color channels and the standard 
deviation for the experimental setup. 
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Figure A 7. Shows the mean intensities from the measurements in the different color channels and the standard 
deviation for the fluorescence microscope. 
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Appendix B 
 
Color channel separation in MATLAB 
 
%%Color channel separation%% 
  
clear 
close all 
clc 
  
% fix intensity, contrast, and gamma 
%http://www-rohan.sdsu.edu/doc/matlab/toolbox/images/enhanc12.html#20256 
%J1IntGamma = imadjust(Ired,stretchlim(Ired),[0 1],2.2); 
  
% Extract the individual red, green, and blue color channels. 
% redChannel = rgbImage(:, :, 1); 
% greenChannel = rgbImage(:, :, 2); 
% blueChannel = rgbImage(:, :, 3); 
%  
% Then, to reverse the process and create an RGB image from three separate color 
channels: 
%  
% % Recombine separate color channels into a single, true color RGB image. 
% rgbImage = cat(3, redChannel, greenChannel, blueChannel); 
  
RGBimage = imread('1mM_chip7_FM_flipp.jpg'); 
  
% adjusting intensity and gamma, calculating mean and std 
Ired = imadjust(RGBimage(:,:,1), stretchlim(RGBimage(:,:,1),0), [0 1], 2.2); 
mean_red = mean(Ired(:)) 
% std_red = std(double(Ired(:))) 
Igreen = imadjust(RGBimage(:,:,2), stretchlim(RGBimage(:,:,2),0), [0 1], 2.2); 
mean_green = mean(Igreen(:)) 
% std_green = std(double(Igreen(:))) 
Iblue = imadjust(RGBimage(:,:,3), stretchlim(RGBimage(:,:,3),0), [0 1], 2.2); 
mean_blue = mean(Iblue(:)) 
% std_blue = std(double(Iblue(:))) 
  
% plot histogram and figure 
%figure(2) 
%imhist(Ired) 
figure(3) 
imshow(Ired) 
%figure(4) 
%imhist(Igreen) 
figure(5) 
imshow(Igreen) 
%figure(6) 
%imhist(Iblue) 
figure(7) 
imshow(Iblue) 
  
%computes an integral image of the input intensity image, I. The function zero-pads 
the top and left side of the output integral image, J. 
J1 = integralImage(Ired); 
J2 = integralImage(Igreen); 
J3 = integralImage(Iblue); 
  
[sR sC eR eC] = deal(1,1,length(Ired(:,1)),length(Ired(1,:))); 
regionSum1 = J1(eR+1,eC+1) - J1(eR+1,sC) - J1(sR,eC+1) + J1(sR,sC); 
regionSum1 
clear sR sC eR eC  
[sR sC eR eC] = deal(1,1,length(Igreen(:,1)),length(Igreen(1,:))); 
regionSum2 = J2(eR+1,eC+1) - J2(eR+1,sC) - J2(sR,eC+1) + J2(sR,sC); 
regionSum2 
clear sR sC eR eC  
[sR sC eR eC] = deal(1,1,length(Iblue(:,1)),length(Iblue(1,:))); 
regionSum3 = J3(eR+1,eC+1) - J3(eR+1,sC) - J3(sR,eC+1) + J3(sR,sC); 
regionSum3 
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Background noise graphs made in MATLAB 

%%Background noise measurements%% 
clear all 
close all 
clc 
clear c 
  
a1red=[70.571, 29.9864, 58.6306]; 
a1blue=[6.3953, 7.6517, 48.3661]; 
a1green=[4.729, 6.2524, 38.5218]; 
a2red=[10.2015, 7.7831, 7.4702]; 
a2blue=[7.2612, 7.3403, 6.6315]; 
a2green=[3.4831, 2.5821, 4.1767]; 
  
meana1=mean(a1red); 
meana2=mean(a2red); 
stda1=std(a1red); 
stda2=std(a2red); 
meana1b=mean(a1blue); 
meana2b=mean(a2blue); 
stda1b=std(a1blue); 
stda2b=std(a2blue); 
meana1g=mean(a1green); 
meana2g=mean(a2green); 
stda1g=std(a1green); 
stda2g=std(a2green); 
  
b1red=[92.2032, 125.3451, 109.1444]; 
b1blue=[38.2542, 28.7469, 14.3258]; 
b1green=[32.3733, 16.8024, 9.5332]; 
b2red=[5.4168, 8.5897, 5.9121]; 
b2blue=[1.3686, 1.9122, 1.9048]; 
b2green=[0.6792, 0.4476, 0.5605]; 
  
meanb1=mean(b1red); 
meanb2=mean(b2red); 
stdb1=std(b1red); 
stdb2=std(b2red); 
meanb1b=mean(b1blue); 
meanb2b=mean(b2blue); 
stdb1b=std(b1blue); 
stdb2b=std(b2blue); 
meanb1g=mean(b1green); 
meanb2g=mean(b2green); 
stdb1g=std(b1green); 
stdb2g=std(b2green); 
  
  
c1red=[50.507, 113.2371, 69.6984]; 
c1blue=[7.9607, 11.8128, 14.904]; 
c1green=[8.2781, 7.6775, 10.2541]; 
c2red=[252.1775, 251.7484, 252.1952]; 
c2blue=[0.1176, 0.054, 0.0935]; 
c2green=[0.0248, 0.0217, 0.0177]; 
  
meanc1=mean(c1red); 
meanc2=mean(c2red); 
stdc1=std(c1red); 
stdc2=std(c2red); 
meanc1b=mean(c1blue); 
meanc2b=mean(c2blue); 
stdc1b=std(c1blue); 
stdc2b=std(c2blue); 
meanc1g=mean(c1green); 
meanc2g=mean(c2green); 
stdc1g=std(c1green); 
stdc2g=std(c2green); 
  
mean=[meana1,meanb1,meanc1]; 
std=[stda1,stdb1,stdc1]; 
con=[0, 900*10^(-9),1*10^(-3)]; 
meanb=[meana1b,meanb1b,meanc1b]; 
stdb=[stda1b,stdb1b,stdc1b]; 
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meang=[meana1g,meanb1g,meanc1g]; 
stdg=[stda1g,stdb1g,stdc1g]; 
  
meanFMr=[meana2,meanb2,meanc2]; 
stdFMr=[stda2,stdb2,stdc2]; 
meanFMb=[meana2b,meanb2b,meanc2b]; 
stdFMb=[stda2b,stdb2b,stdc2b]; 
meanFMg=[meana2g,meanb2g,meanc2g]; 
stdFMg=[stda2g,stdb2g,stdc2g]; 
  
meanFM=[meana2,meanb2,meanc2] 
stdFM=[stda2,stdb2,stdc2] 
  
con1=ones(1,3)*(1*10^(-3)); 
con2=ones(1,3)*900*10^(-9); 
con3=ones(1,3)*0;   
  
figure(1) 
plot(con3,a1red,'r s',con3,a1blue,'b s',con3,a1green,'g s',con3,a2red,'r 
o',con3,a2blue,'b o',con3,a2green,'g o'... 
    ,con2,b1red,'r s',con2,b1blue,'b s',con2,b1green,'g s',con2,b2red,'r 
o',con2,b2blue,'b o',con2,b2green,'g o'... 
    ,con1,c1red,'r s',con1,c1blue,'b s',con1,c1green,'g s',con1,c2red,'r 
o',con1,c2blue,'b o',con1,c2green,'g o') 
%plot(con1,c2red,'r o') 
%axis([-100*10^(-9) 1000*10^(-9) 0 150]) 
axis([-0.1*10^(-3) 1.1*10^(-3) 0 265]) 
title('Intensity for different concentrations, red blue green channel') 
xlabel('Molar concentration') 
ylabel('Intensity') 
%legend('s = sensor','o = Fluorescence microscope') 
  
figure(2) 
plot(con3,a1red,'r s',con2,b1red,'r s',con1,c1red,'r s') 
axis([-0.2*10^(-3) 1.2*10^(-3) 0 150]) 
title('Intensity for sensor, red channel') 
%set(gca,'XTick',0:900*10^(-9):1*10^(-3)) 
%set(gca,'XTickLable',{'0','900 nM','1 mM'}) 
xlabel('Molar concentration') 
ylabel('Intensity') 
  
figure(3) 
%plot(con3,a2red,'r o',con2,b2red,'r o',con1,c2red,'r o') 
plot (con,meanFM,'r o'); %plot(con,mean,'r s'); 
%axis([-100*10^(-9) 1000*10^(-9) 0 150]) 
hold on 
errorbar(con,meanFM,stdFM,'b.'); 
%axis([-0.2*10^(-3) 1.2*10^(-3) 0 275]) 
  
title('Intensity for fluorescence microscope, red channel') 
xlabel('Molar concentration') 
ylabel('Mean Intensity') 
  
  
figure(4) 
plot(con,mean,'r s'); 
hold on 
errorbar(con,mean,std,'b.'); 
axis([-2*10^(-4) 12*10^(-4) 0 150]) 
%axis([-100*10^(-9) 1000*10^(-9) 0 150]) 
xlabel('Molar concentration') 
ylabel('Mean Intensity') 
title('Intensity for sensor, red channel') 
% figure(5) 
% bar([meana1, meanb1, meanc1]); 
% hold on 
% errorbar([meana1,meanb1,meanc1],[stda1,stdb1,stdc1],'r.'); 
  
% figure(6) 
% bar([meana2, meanb2, meanc2]); 
% hold on 
  
  
figure(7) 
plot(con,meang,'g s'); 
hold on 
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errorbar(con,meang,stdg,'b.'); 
axis([-2*10^(-4) 12*10^(-4) 0 150]) 
%axis([-100*10^(-9) 1000*10^(-9) 0 150]) 
xlabel('Molar concentration') 
ylabel('Mean Intensity') 
title('Intensity for sensor, green channel') 
  
  
figure(8) 
plot(con,meanb,'b s'); 
hold on 
errorbar(con,meanb,stdb,'b.'); 
axis([-2*10^(-4) 12*10^(-4) 0 150]) 
xlabel('Molar concentration') 
ylabel('Mean Intensity') 
title('Intensity for sensor, blue channel') 
  
figure(10) 
plot(con,meanFMb,'b o'); 
hold on 
errorbar(con,meanFMb,stdFMb,'b.'); 
%axis([-100*10^(-9) 1000*10^(-9) 0 265]) 
axis([-2*10^(-4) 12*10^(-4) 0 150]) 
xlabel('Molar concentration') 
ylabel('Mean Intensity') 
title('Intensity for fluorescence microscope, blue channel') 
  
figure(11) 
plot(con,meanFMg,'g o'); 
hold on 
errorbar(con,meanFMg,stdFMg,'b.'); 
%axis([-100*10^(-9) 1000*10^(-9) 0 265]) 
axis([-2*10^(-4) 12*10^(-4) 0 150]) 
xlabel('Molar concentration') 
ylabel('Mean Intensity') 
title('Intensity for fluorescence microscope, green channel') 
 
figure (12) % Experimental setup red channel  
name= {'Blank sample', '900 nM', '1 mM'}; 
x=[1:3]; y = [53,109,78]; 
bar(x,y); 
set(gca,'xticklabel',name) 
%axis([0 300]) 
ylim([0 270]) 
xlabel('Molar concentration') 
ylabel('Mean intensity') 
title('Intensity experminetal setup, red channel') 
hold on 
errorbar([y],[21,17,32],'r.'); 
xlim=get(gca,'xlim'); 
hold on 
plot(xlim,[115.63 115.63]) 
  
  
figure (13) % FM red channel  
name= {'Blank sample', '900 nM', '1 mM'}; 
x=[1:3]; y = [8,7,252]; 
bar(x,y); 
set(gca,'xticklabel',name) 
ylim([0 270]) 
xlabel('Molar concentration') 
ylabel('Mean intensity') 
title('Intensity flourescence microscope, red channel') 
hold on 
errorbar([y],[2,2,0.2],'r.'); 
xlim=get(gca,'xlim'); 
hold on 
plot(xlim,[12.96 12.96]) 
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