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  ABSTRACT 

Diabetic nephropathy is a serious complication of both Type 1 and 2 diabetes. Islet 

transplantation, a cell-based therapy, has become a successful therapy for T1D that is able to 

achieve tight glycemic control without the needs of insulin injection.  

In order to achieve long-term glycemic control, it is essential to have better evaluation of 

isolated human islet mass and function prior to islet transplantation. In Aim1 of the thesis, we 

developed a smartphone-fluidic Digital Imaging Analysis (SFDIA) System, in combination with 

a microfluidic technique for islet mass assessment. With the system, we quantified islets by 

tracking multiple moving islets in a microfluidic channel and received a relatively consistent result. 

Furthermore, the software can analyze and extract key human islet mass parameters, including 

quantity, size, volume, IEq, morphology, and purity, which are not fully obtainable from the 

traditional manual counting methods. In Aim2, we equipped the SFDIA system with fluorescence 

imaging capability, and used the system to study the islets’ functionality. We evaluated the system 

capability by performing real-time fluorescence imaging on mouse islets labelled with either 

chemical fluorescence dyes or genetically encoded fluorescent protein indicators (GEFPIs). The 

results showed that the system was capable of analyzing key beta-cell insulin stimulator-release 

coupling factors in response to various stimuli with high-resolution dynamics and good signal to 

noise ratio.  

Creatinine is a waste product of muscle metabolism that is filtered out of the blood by the 

kidneys. High levels of creatinine in the blood indicates impaired renal function. As a result, 

creatinine has been an important indicator to monitor post-islet-transplant. In Aim3, we attempted 

to build a point-of-care (POC) paper-based device for whole blood creatinine measurement. We 

tested the device with mice whole blood samples, and proved that the device was able to take 

quantifiable readings to reflect creatinine concentration. Furthermore, we developed a multi-well 

enzymatic fluorescence assay with the help of the SFDIA system to measure creatinine in serum. 

We validated the assay using 30 human samples, and proved that the measurement from the assay 

aligned with the clinical readings.  
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CHAPTER 1. Introduction 

1.1 Type 1 Diabetes and islet transplantation 

Diabetes mellitus is a chronic disease characterized by abnormally high levels of glucose in the 

blood. It occurs when the pancreas does not produce enough insulin or when the body cannot 

effectively use the insulin it produces[1]. 

1.1.1 Insulin and blood glucose regulation 

Insulin is a peptide hormone produced by beta cells of the pancreatic islets. It originates from 

the proinsulin, which is a single-chain polypetide that is composed of three domains: A, B chains, 

and C-peptide[2]. Before secretion, the proinsulin is packaged into transport vesicles and 

undergoes enzymatic cleavage by endopeptidases, known as prohormone convertases (PC1 and 

PC2), along with the exoprotease carboxypeptidase E. These enzymes cleave at two sites on the 

C-peptide, liberating insulin, a two-chain polypeptide hormone (A chain and B chain connected 

by disulfide bonds), and C-peptide, which are both stored in the vesicle until they are released into 

the bloodstream upon glucose stimulation[3].  

The primary job of insulin is to facilitate the absorption of glucose from bloodstream into cells 

of various tissues. It does so by binding to insulin receptors on the surface of cells. This leads to 

the activation of the insulin receptor's intrinsic tyrosine kinase activity, which further 

phosphorylates insulin receptor substrates inside the cells. As a result, the PI3K-AKT pathway is 

activated, and promotes the movement of glucose transporter vesicles to the cell membrane, 

facilitating the uptake of glucose into the cell[4].  

1.1.2 Type 1 and Type 2 Diabetes 

Diabetes can be mainly categorized into Type 1 Diabetes (T1D) and Type 2 Diabetes (T2D). 

T1D, also known as insulin-dependent diabetes, typically develops early in life but can occur at 

any age. It's an autoimmune disease, meaning it arises from an erroneous attack by the body's 

immune system. Specifically, the immune system targets and destroys the insulin-producing beta 

cells in the pancreas, leading to little or no insulin production. As a result, glucose cannot enter 

cells and instead builds up in the bloodstream, resulting in high blood glucose levels[5]. T2D, on 

the other side, is relatively more common and often develops later in life. In T2D, the body 
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develops resistance to insulin, meaning that cells are less responsive to insulin's effects and 

consequently do not take up glucose efficiently. Initially, the pancreas compensates by producing 

more insulin. Over time, the beta cells cannot keep up with the increased demand for insulin, 

leading to its relative deficiency. Both insulin resistance and deficiency contribute to high blood 

glucose levels in Type 2 diabetes[6]. In this work, studies were developed for a small aspect of 

T1D treatment. 

Type 1 diabetes (T1D) is a devastating disease affecting ~1.6 million Americans and costing 

~$18 billion per year in the US [7]. T1D can typically be diagosed through blood tests. One 

example is the Glycated hemoglobin test. This is done by measuring the percentage of glycated 

Hemoblobin A1c (HbA1c) in the plood, and assess the extent of glucose attachment to hemoglobin 

to estimate the average blood suger level over the lifespan of red blood cells. As a result, this test 

can give an estimation of blood sugar level over the past two to three months [8]. An A1c level 

below 5.7% is normally considered to be normal, an A1c level between 5.7%-6.4% is normally 

considered to be pre-diabetes, while 6.5% or higher A1c level can be considered to be diabetes. 

Another example is the fasting blood glucose test, which is a test that measures the level of blood 

glucose after a period of fasting (normally, individuals are required to abstain from consuming any 

food or beverages for 8 hours before the test) [9]. As a result, the fasting blood glucose test can 

measure the baseline blood glucose level, and blood glucose level lower than 5.6 mmol/L is often 

considered to be normal, blood glucose level of 5.6 mmol/L to 6.9 mmol/L is considered 

prediabetes, and blood glucose level above 7.0 mmol/L is considered to be diabetes. 

1.1.3 Treatments for T1D 

1.1.3.1 Insulin therapy 

Currently, the standard treatment for T1D involves lifelong insulin therapy, where the patients 

need to take exogenous insulin to replace or supplement the body’s natural insulin to maintain the 

blood glucose level. This therapy was first introduced in the early 1920s [10], and became popular 

when animal insulin was made commercially available for clinical use. More recently, 

manufactured ‘human’ insulin became available. This is done through the process called 

recombinant DNA technology [11], where the insulin production gene is inserted into the bacteria 

or yeast cell. Insulin can be harvested from the culture mediums of the genetically modified cells, 

and made aviable to use after purification. Patients can take insulin through multiple daily 
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injections using syringes. Nowadays, insulin pump, which is also referred as artificial pancreas 

[12], has been made available for diabetes treament, and can continuously infuse insulin into 

human body. With the help of insulin sensor and a closed-loop controlling system to adjust the 

amount of insulin, the insulin pump is proved to be more efficient in insulin delivery and can 

greatly alleviates patients’ discomfort [12]. While insulin therapy is effective in managing blood 

sugar levels, it still has several drawbacks including does not restore the natural regulatory 

mechanisms of insulin production and can be burdensome for patients [13].  

1.1.3.2 Immune therapy 

Although at the current stage, no treatments have been proven to  effectively reverse diabetes, 

attempts has been made on this task. One example is immune therapy, which aims to restore the 

immune tolerance of human body and halt the destruction of beta cells by the immune system, and 

thereby preserve/restore the insulin production [14]. One example is the regulatory T cell therapy. 

This therapy is currently undergoing phase 2 clinical trial. Regulatory T cells (Tregs) are known 

to suppress excessive immune responses and prevent autoimmune reactions. In this therapy, Tregs 

can be isolated from patients’ own blood from a healthy donor. The isolated Tregs are expanded 

in laboratory and infused back into the patient through intravenous injection, or administered 

directly into a specific organ or site where immune dysregulation occurs. The infused Tregs can 

directly interact with immune cells, or secrete anti-inflammatory cytokines to suppress harmful 

immune responsese, and thus alleviate the auto-immune destruction on islet beta cells [15]. 

Immune therapy is one of the therapies that can potentially restore beta-cell funciton in the long 

term. However, this therapy is still in the experimental stage, and it can potentially induce side 

effects by modulating the immune system of the human body [15].  

1.1.3.3 Islet transplantation 

Islet transplantation is another therapy that aims at the reversal of T1D. In brief, this therapy 

involves the isolation of pancreatic islets from healthy donors[16], which is performed using 

enzymatic degradation and density centrifugation[17]. The isolated islets undergoe quantification 

and qualification anlysis before a sufficient amount of islets are transplanted into the diabetic 

patients through percutaneous cannulation of a brach of the portal vein.  
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The concept of islet transplantation first occurred back in 1893, but the first successful 

transplantation experiment took place in the year of 1972, in which rodents’ islets were 

transplanted into a diabetic rodent model with proper in vivo function [18]. However, initial human 

trials were unsuccessful, largely due to the difficulty of isolating islets from the pancreas and the 

lack of effective immunosuppression until 1990 due to the big advancement on islet isolation 

techniques, including the use of enzymes to digest the pancreas and the development of 

purification methods to separate the islets from other pancreatic cells [18]. The major breakthrough 

in islet transplantation came in the year 2000 with the Edmonton Protocol. The Edmonton protocol 

involves infusing a substantial islet mass (>13,000 islet equivalent/kg from 2-3 donors. The 

concept of islet equivalent will be introduced later in this chapter) into the liver portal vein system 

while utilizing corticosteroid-free immunosuppressants, including rapamycin and tacrolimus[19, 

20]. One study shows that most of the patients (~80%) achieved insulin independence within one 

year, but only 10% of them remained free from insulin dependency after five years [21]. Ever 

since, attempts has been made to replicate Edmonton’s protocal in multiple clinical trials [22-24]. 

Variances in success rate were observed due to the differences in islet preparation procedure, 

immuno suppresive protocal and doses of transplanted islets. In a recent multicenter study 

sponsored by the NIH, transplanted outcomes were observed on 48 patients. In the experiments, 

5000 islet equivalent/kg was transplanted initially, and 4000 islet equivalent/kg of subsequent dose 

was transplanted if the first dose did not achieve insulin indepandance. The result found that 87.5% 

of patients achieved normal HbA1c levels at one year, with a slightly lower rate of 71.0% at two 

years [24]. In our own study, the UIC protocal was used for islet transplantation. Compared to the 

Edmonton protocol, treatment with etanercept and exenatide was used on top of the 

immunosuppresion regime used in the Edmonton protocol, and a lower number of islet equivalent 

was transplanted. Based on the results from 44 subjects, 80% of patients became completely 

insulin free during the first year, with a retention rate of 55% at five years [22].  

1.1.3.4 Other cell-based therapies 

Other than the transplantation of isolated human islets, other cell-based therapy are also under 

development in the aim of curing T1D, and one example is stem cell therapy [10, 25]. Stem cells 

are the type of cells that can develop into many different cell types. For the purpose of T1D, 

researches are trying to induce the stem cell to differentiate into islet beta cells to replace the 
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destroyed beta cells to produce insulin. Efforts has been made to encapsulate progenitor cells that 

are derived from Embryonic Stem Cells (ESCs) in a device and implant the device under skin. 

These progenitor cells are designed to mature into insulin-producing beta cells after transplantation 

[10].  

Despite the different types of cell-based therapy for T1D, islet transplantation has been proved 

to be the most efficient cell therapy. However, challenges remain in the field of islet 

transplantation. However, the long term islet survival rate and insulin secretion remains a big 

challenge due to various factors including hypoxic liver enviornment, immune attacks (despite the 

immunosppression treatment), etc. Meanwhile, the shortage of pancreas doners is another 

limitation to islet tranplantion.  

1.2 Microfluidic technology 

Microfluidics is the technology that deals with the manipulation and control of small volumes 

of fluids on the micrometer scale [26]. It involves the precise handling of fluids, typically in 

channels or chambers with dimensions ranging from tens to hundreds of micrometers [26, 27]. 

Microfluidic devices are usually fabricated using bio-compatible materials, meaning that they are 

non-toxic for various biomedical applications. In my lab, Microfluidic devices are fabricated using 

a bio-compatible material called the Polydimethylsiloxane (PDMS). This is a type of silicone 

elastomer that possesses unique properties, including: Transparency, which is advantageous for 

optical detection and imaging in microfluidics; Easy fabrication, which gives it the flexibility to 

achieve different feature designs; Gas permeability, which can allow the exchange of oxygen, 

carbon dioxide, and is very helpful for various biological studies; Hydrophobicity, which means 

that PDMS can repel water, and is a big advantage in controlling fluid flow and preventing cross 

contamination [28]. In addition to the advantages brought by the materials, other strengths of 

microfluidic technology also include:  

1. Miniaturization, which is one of the most significant advantages of microfluidics. By 

scaling down the dimensions of channels and chambers, microfluidic devices can perform 

complex tasks using small volumes of fluids. 

2. Precision and Control, meaning that microfluidic devices provide precise control over fluid 

flow, mixing, and reaction parameters. This is enabled by the micro-scale dimension and 
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well-defined geometries of microchannels, and can result in better control over reaction 

conditions, reduced variability, and enhanced reproducibility. 

3. Integration, meaning that microfluidic devices have the potential to integrate multiple 

laboratory functions onto one single chip. This integration eliminates the need for manual 

sample handling and reduces the risk of contamination. 

4. Automation, which can be achieved by valve structure with external digital controller. This 

allows for high-throughput analysis, reducing human error, and improving reproducibility. 

5. Rapid Analysis, which is also the result of the miniature dimension. The small volumes and 

confined fluid flows in microchannels result in shorter diffusion distances and faster 

reaction times. This allows for rapid analysis and high-throughput screening, making 

microfluidics ideal for applications that require quick results. 

6. Portability and Accessibility, which is another advantage brought by the miniature 

dimension. This means that microfluidic technology can be applied to Point-Of-Care (POC) 

diagnostic devices that can be used in remote or resource-limited settings. 

Because of these advantages, microfluidic technology has shown great potential in various 

biomedical applications.  Some examples include: 

1. Medical diagnostics. Microfluidic technology has seen wide application in medical 

diagnosis through the determination of ions, sugars, metabolites, proteins and etc. One study 

in 2019 demonstrated a wearable microfluidic device that can monitor glucose and lactate 

level for the diagnosis of diabetes and issues with transplanted surgery[29]. Another study 

in 2020 introduced a device that implemented the idea of ELISA with the help of magnetic 

nanoparticles to detect insulin in serum samples, which can contribute to the diagnosis of 

diabetes[30].  

2. High-throughput screening. Microfluidics has the capability to do rapid screening of large 

libraries of compounds or genes, facilitating drug discovery, functional genomics, and 

identification of novel targets. One study in 2018 introduced a microfluidic design that 

incorporate similar concept of flow cytometry to screen the binding of monoclonal 

antibodies to cell surface[31]. 

3. Organ on a chip. This is a technology that aims to recreate the structure and function of 

human organs on miniature chips. It involves the development of microfluidic devices that 

incorporate living cells and tissue constructs to simulate the behavior and responses of 
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actual organs[31]. One study in 2010 introduced a lung-on-a-chip device through a multi-

regions design. The different regions are separated by thin PDMS membrane, with alveolar 

epithelial cells, pulmonary microvascular endothelial cells cultured in different regions, to 

mimic the alveolar-capillary barrier structure[32].  

The fabrication of a microfluidic device mainly involves three parts: mode fabrication, channel 

fabrication and assembly. Mode fabrication is done using a technique called the 

Photolithography[33]. A thin layer of photosensitive material called a photoresist is deposited onto 

the substrate. The photoresist is then exposed to ultraviolet (UV) light through a photomask, which 

contains the pattern of the desired microchannels and structures. The exposed photoresist 

undergoes a chemical reaction, making it either soluble (positive photoresist) or insoluble 

(negative photoresist) in a subsequent development step. After baking the photoresist at high 

temperature, the soluble part of the photo-resist can be washed away by development solution, 

leaving behind the desired pattern of channels and structures on the substrate. In channel 

fabrication step, various techniques can be employed depending on the materials used for 

fabrication. As mentioned earlier, PDMS is used in my lab. The liquid state PDMS is mixed with 

a curing agent and poured onto the mode created in the previous step. After heating for a certain 

amount of time, PDMS will cross-link and converts into solid state, and thus form the desired 

channel structures. In assembly step, the PDMS channel structure can either be bonded to glass or 

other substrate to create simple single layer device, or bounded to PDMS membrane, PDMS pillars 

and other PDMS channel structure to create multi-layer devices or very complicated 3D structures.  

1.3 Paper microfluidic  

Paper microfluidics is an emerging field that combines the principles of microfluidics with the 

simplicity and versatility of paper. It involves the use of paper as a substrate or medium to 

manipulate and control small volumes of fluids for various applications [34, 35]. 

The basic idea behind paper microfluidics is to take advantage of the unique properties of paper, 

such as its capillary action, porosity, and low cost, to create microfluidic devices. These devices 

typically consist of patterned paper channels or networks that can transport fluids, along with other 

components such as hydrophobic barriers, valves, and detection zones. 

The main advantages of paper microfluidics include simplicity, low cost, ease of use, and 

portability. Paper is widely available, inexpensive, and does not require complex fabrication 
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processes. It also allows for easy integration with other components, such as sensors or detection 

methods, making it suitable for point-of-care diagnostics, environmental monitoring, and resource-

limited settings. 

Paper microfluidics has been applied in various fields, including healthcare, environmental 

monitoring, food safety, and etc.[35] Some common applications include: 

1. Diagnostic testing: Paper microfluidic devices can be used for rapid and low-cost diagnostic 

tests by integrating specific reagents and detection methods to the device. One study in 2014 

suggests a paper microfluidic device to test nitrite in saliva based on Griess reaction, which 

can be used in the diagnosis of periodontitis[36]. One study in 2015 used paper-based 

electrochemical sensor detect nucleotide sequence characteristic of DNA from the hepatitis 

B virus[37]. Another study in 2017 describes a paper-based colorimetric biosensor for the 

measurement of glucose level in tear samples using TMB as the chromogenic reagent[38]. 

In the most recent COVID-19 pandemic, paper microfluidics also played an important role 

in the diagnosis of the disease. The concept of PCR was successfully incorporated onto the 

paper platform with the help of golden nano partials, which makes the diagnosis of COVID-

19 available for home test[39].  

2. Environmental testing: Paper-based sensors can be designed to detect various 

environmental contaminants, such as pH measurements, or detection of heavy metals, 

pesticides, and pollutants. One study in 2014 used paper microfluidics along with Android 

smartphone to measure nitrite concentration and the pH of water samples. This work 

demonstrated that paper-based device has the capability to detect multiple targets on single 

design and could obtain immediate result with simple operation. Another study in 2014 

developed a paper microfluidic device, and utilized both colorimetric and electrochemical 

detection method to quantify metal in aerosolized particulate matter filter sample. With 

smart multiplexing design, the device was able to detect 6 different heavy metals. 

3. Food safety: Paper-based assays can be developed to detect foodborne pathogens or 

contaminants, ensuring the safety of food products. One of the most common applications 

is to use the paper device for bacteria detection. One example is a work published 2017 that 

combined electrochemical and colorimetric method into one device to detect enzymes 

including β-galactosidase, β-glucuronidase, β-glucosidase that are produced by Escherichia 

coli and Enterococcus that are commonly found in food and water[40]. Another work 
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published in 2017 used a distance-based method to quantify salmonella. Since the 

quantification for this device is done by reading length of the color band, this device can 

operate with human eye[41]. 

1.3.1 Paper microfluidic fabrication 

The fabrication of paper microfluidics often involves manual cutting and folding. However, 

manual methods have the drawbacks of low accuracy, low consistency, and low efficiency. To 

resolve these drawbacks, researchers have tried different fabrication processes [42, 43], which 

include: 

1. Laser treatment. Laser treatment method utilized laser cutting machines to emit high-

powered laser beam, and by moving the laser beam across the paper according to the design 

file, the machine can cut or change the property of the paper along the desired paths. In 

2013, a work reported using CO2 laser cutting machine to fabricate paper device[44]. In the 

study, the laser can burn the paper following the pre-designed path, and can from hollow 

microstructures that act as hydrophobic barrier. According to this study, the method can 

fabricate a typical 4cm by 4cm paper device within 20 seconds. The laser treatment method 

can create patterns on paper with low time consumption and high accuracy, and the 

expensive equipment has always been a big limitation to the method [43]. 

2. Wax printing. Wax printing involves depositing melted wax onto the paper selectively to 

create hydrophobic barriers or fluidic channels. The wax acts as a physical barrier, 

controlling the flow of fluids through the paper[45]. This method is one of the most widely 

used fabrication method for paper microfluidics. One study in 2012 reported using solid 

wax printer to print wax on filter paper with pre-designed patterns. After baking the device 

at high temperature, the melted wax could penetrate into the paper to form hydrophobic 

barrier[46]. However, one big problem with wax printing method is that wax printers are 

becoming more and more difficult to access due to the low demand on market. As a result, 

wax dipping method has become an alternative strategy for wax printing. A study in 2011 

reported to use reusable iron mold to create desired structure. The mold is created using 

laser printer. The mold can be attached to paper through magnetic force, and by dipping the 

mold-attached paper into melted wax, hydrophobic wall structure can be created[47]. 
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However, due to requirement to make iron mold, this method is expensive and time 

consuming as compared to the original wax printing method.  

3. 3-D printing, which is a technology that involves printing Polypropylene filament directly 

onto paper. This method is relatively similar to the wax printing method. After the printing, 

the paper device needs to be re-baked at high temperature to allow the melted material 

penetrate into the paper and form barriers to achieve flow control. One work in 2020 

reported this method[48]. Due to the limit of access of the wax printer, this is a good 

alternative to the wax printing method. Moreover, 3-D printer can be used to print 

complicated 3-D structure on top of the paper device using materials with relatively higher 

melting point to achieve functions that are otherwise impossible for the paper microfluidic 

device. 

4. Inkjet etching. This method is migrated from the manufacturing method used in 

semiconductor. In this method, filter paper needs to be soaked in solution of polystyrene 

dissolved in toluene for a certain amount of time. The polystyrene can turn the paper to 

hydrophobic once the solvent evaporates. Then inkjet printer is used to print toluene 

following the pre-designed pattern repeatedly, so that the toluene can remove the 

polystyrene in the designated area. A work in 2010 reported this method, and used it to 

fabricate an immune-chemical sensing device to measure human IgG concentration[49].  

5. Photolithography. This is similar to the technology used in the fabrication of traditional 

microfluidic device. This is done by exposing UV light through a photomask to the paper 

that is precoated with liquid state photoresist. The photomask is printed with desired 

features, such that these feature areas will cross-link after UV-exposure, while the rest of 

the areas can be washed away by development solutions[50]. One work in 2013 reported 

coupling octadecyl trichlorosilane to paper fiber and used UV-lithography technique to 

created designed pattern[51]. This work used the technique to measure nitrite in food 

samples. Overall, photolithography technique a produce device with reasonable cost and 

time consumption at relatively high accuracy. As reported in a study in 2008, this technique 

can create channels as small as 200 μm without the requirement for clean room environment 

and the aid of expensive aligner[50].  
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6. Other techniques. In addition to the methods mentioned above, lots of other technologies 

have also been applied in the fabrication of paper microfluidic devices, like ink stamping, 

computer-controlled knife cutting, screen printing, plasma treatment and etc. 

1.3.2 Blood separation on paper 

Sometimes, a paper microfluidic device needs to separate serums from whole blood samples.  

This can be achieved by using a specifically designed separation that is made of glass fiber or 

cellulosic. The membrane is designed such that the red blood cell can be effectively trapped by the 

fiber structure while still remains a high serum permeability[52]. As reported in a study in 2012, 

wax-printing technique was used to create a blood separation device using the blood separation 

membrane and the filter paper, and the device was able to separate serum from the whole blood 

with 24-55% hematocrit without dilution in 2 min[53].  

1.4 Digital imaging system 

With the advances in computation technology in recent years, digital imaging system starts to 

be widely applied in various applications, like industrial inspection and quality control[54], 

robotics and automatic driving[55]. This is especially true in the field of biomedical research, since 

medical imaging like Computed Tomography and Magnetic Resonance Imaging (MRI)[56], 

digital microscopy and molecular imaging[57] and lots of other applications, all benefit 

significantly from the fast development of digital signaling/imaging system. A digital imaging 

system often encompasses various components including image acquisition, image processing, 

image output/display and data storage. 

1.4.1 Smartphone based imaging system 

Nowadays, smartphone has become a highly integrated mobile device that combine the 

functionality of a phone with various other features including imaging capability, internet access, 

entertainment and etc. Modern smartphones are often equipped with high resolution 

complementary metal–oxide–semiconductor (CMOS) cameras, which allows the acquisition of 

high-resolution images and videos. Combined with mini-scale magnification setups, smartphone 

can be used for imaging of single cells without the need for expensive equipment[58-60]. 

Meanwhile, the processors built into the smartphone often have a more advanced architecture and 
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fabrication technology than computer processor, meaning that in spite of more compact size, these 

smartphone processors can still produce comparable computation power. As a result, smartphone 

nowadays can handle very complicated and high-computation-cost tasks including sophisticated 

image processing, or even the training of a deep neural network[61]. Moreover, with the advances 

in wireless communication technology, and storage and computing capability of smartphone can 

be further extended with the help of cloud storage/computing. With these advantages, smartphone 

has become a very popular choice as a portable and low-cost platform for various biomedical 

researches[62]. Due to its compact size, it is often used along with microfluidic technology for 

POC applications. 

1.4.2 Microscopic setup 

As introduced in the previous section, the built-in CMOS camera can be used to acquire cellular 

images with the help of external lenses for magnification.  

Optical magnifications are often achieved using convex lenses. As light enters a convex lens, 

the rays will follow the principle of refraction[63]. Refraction can be described as the bending of 

light as it passes from one transparent medium to another. In the case of a convex lens, the two 

mediums are air and lens (glass or plastics like acrylic). The principle of refraction can be 

understood through Snell's law, which states that the ratio of the sine of the angle of incidence (θ₁) 

to the sine of the angle of refraction (θ₂) is equal to the ratio of the velocities of light in the two 

mediums. Mathematically, it can be expressed as: 

𝑛𝑛1𝑠𝑠𝑠𝑠𝑛𝑛𝜃𝜃1 = 𝑛𝑛2𝑠𝑠𝑠𝑠𝑛𝑛𝜃𝜃2 (1) 

Where 𝑛𝑛1  is the refractive index of the first medium (where the incident light is coming from), 

𝑛𝑛2  is the refractive index of the second medium (where the light is entering), 𝜃𝜃1 is the angle of 

incidence (the angle between the incident light ray and the normal to the interface between the two 

mediums), and 𝜃𝜃2 is the angle of refraction (the angle between the refracted light ray and the 

normal to the interface). When light travels from a medium with a lower refractive index to a 

medium with a higher refractive index, it slows down and bends towards the normal (an imaginary 

line perpendicular to the interface). This causes the light ray to change direction. Conversely, when 

light travels from a medium with a higher refractive index to a medium with a lower refractive 

index, it speeds up and bends away from the normal. The amount of bending or refraction depends 

on the angle of incidence and the refractive indices of the two media involved. If the angle of 
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incidence is increased, the angle of refraction will also increase. Fig. 1A is a demonstration of the 

principle of refraction in a convex lens. 

Following the principle of refraction, light rays can converge when they enter convex lens. As 

shown in Fig. 1A, when parallel rays of light are shed to the lens, they will be merged to one single 

point on the other side of the lens which is known as the focal point (f0). The distance between the 

lens and its focal point is often referred as the focal distance. The extent of convergence/focal 

length is dependent on the material as well as the curvature of the lens.  

A convex lens on its own can be used for magnification as shown in fig. 1B. The relationship 

between focal length, object distance and image distance can be expressed in the following 

equations: 
1
𝑓𝑓

=
1
𝑢𝑢

+
1
𝑣𝑣

 (2) 

Where 𝑓𝑓 represents focal length, 𝑢𝑢 represents object distance and 𝑣𝑣 represents image distance. 

When the object distance is smaller than focal length, the image distance becomes a negative 

number, meaning that a virtual image is formed at the same side of the lens with the object. When 

the object distance is larger than the focal length, the image distance is a positive number, meaning 

that a real image is formed at the opposite side of the lens with the object (Fig. 1B). The 

magnification ratio of the single convex lens can be calculated as follow: 

𝑀𝑀 =
𝑣𝑣
𝑢𝑢

=
𝑓𝑓

|𝑓𝑓 − 𝑢𝑢|
 

(3) 

From this function, it can be derived that for a real-image magnification system, the object distance 

needs to be between 𝑓𝑓 and 2𝑓𝑓 in order for the magnification ratio to be larger than 1. When the 

object is closer to the focal point, the magnification ratio becomes bigger. 

To achieve a higher magnification ratio, a compound microscope design can be employed. Fig. 1C 

shows a two-lenses magnification system. The lens closer to the object is often referred as the 

objective lens and the lens closer to the eye/sensor is often referred as the eyepiece. In the system, 

the object is placed between 𝑓𝑓 and 2𝑓𝑓 of the objective lens such that a real magnified image can 

be formed on the opposite side of the lens. The eyepiece is positioned such that the real-image 

from objective lens is located within the focal point of the eyepiece. As a result, a magnified virtual 

image can be observed by human eye, and the magnification ratio can be calculated as the 

multiplication of the magnification ratios of the two lenses. 
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Figure 1. Working principle of microscope. (A) Refraction light path in a 

convex lens. (B) Working principle of single-convex-lens magnification system. 

(C) Working principle of double-convex-lens magnification system.The real-

world microscope often utilizes much more complicated lens setups as compared 

to the ones discussed earlier. As a result, a big improvement can be made on 

chromatic aberration, spherical aberration, and other optical parameters to obtain 

higher quality images. 

1.4.3 Fluorescence imaging 

As mentioned in section 1.3, fluorescence probes are often used to mark islets for the monitoring 

of islets metabolism process. 
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Fluorescence is a phenomenon in which certain substances absorb light energy at a specific 

wavelength and re-emit it at a different wavelength. As shown in Fig. 2A, when a fluorescent 

molecule or fluorophore absorbs a photon, one of its electrons gets excited from its ground energy 

level to a higher energy level (S0), creating an excited state (S1). This photon's energy must match 

the energy difference between these two levels. After absorbing the energy, the electron stays in 

the excited state for a certain amount of time, during which it can lose energy in non-radiative 

processes. Then, the electron returns to its ground state, and releases the rest of the energy. This 

release of energy appears as a photon that we can detect as fluorescence. Due to the energy loss in 

the non-radiative processes, the energy of the emitted photon is less than the energy of the absorbed 

photon, and thus, causes the emitted light to have longer wavelength than the excitation light. Fig. 

2B shows an example spectrum of fluorescence, where the left curve represents the spectrum of 

the excitation light, and the right curve represents the spectrum of the emission light[64].  

The concept of fluorescence is widely applied in biomedical researches due to its high sensitivity, 

high specificity and etc. Other than the application mentioned in previous section, it can also be 

used for flow cytometry, cell sorting, immunofluorescence and etc.[65, 66].  

Due to the working principle of fluorescence, the optical setup for fluorescent imaging is very 

different from bright field imaging. Fig. 2C is an illustration of a simple fluorescent imaging setup 

used for fluorescence microscope. It mainly contains three optical components, including the 

excitation filter, emission mirror and the dichroic mirror. In this setup, the light source is placed 

on the right, and the light beam first goes through the excitation filter, leaving only the excitation 

wavelength left in the light beam. The light is then reflected by the dichroic mirror and casted on 

the sample. A dichroic mirror is a specifically designed optical component that can reflect the 

excitation light and pass emission light. The sample excited by the excitation light will emit the 

emission light, which will go through the dichroic mirror, and then pass through the emission filter 

before entering the optical sensor[67]. With proper setup, the sensor can only sense the part of the 

sample that are marked with fluorescence markers. 
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Figure 2. (A) Working principle of fluorescence. (B) An example spectrum of 

fluorescence (GFP). (C) Light path of a typical fluorescence microscope. 

1.4.4 Digital image/video analysis 

Digital image/video analysis involves implementing different mathematical, statistical tools 

using computer programs to understand, interpret and extract useful information from digitized 

images. Most of the images acquired by digital CMOS cameras are 8-bit images with three color 

channels. The three-color channels are Red (R), Green (G), and Blue (B). Being an 8-bit image 

means that the an 8-bit integer is used to represent the light intensity in each pixel for each color 

channels. In this work, digital image/video analysis is mainly used for cell studies. Techniques that 

are often used for cell image/video analysis are listed below: 

1. Image filtering is an essential technique in image/video analysis. The basic idea behind 

image filtering is to convolve an image with a filter kernel, also known as a convolution 

matrix or mask. This process (2-D convolution) is to slide the filter kernel over the input 

image, performing element-wise multiplication between the filter values and the 

corresponding pixel values in the image. The resulting products are summed up, and the 

sum is placed in the corresponding position of the output array. This process is repeated 

for each position in the image until the entire image is convolved[68]. To perform the 2D 
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convolution operation, the filter kernel is typically smaller in size compared to the input 

image. One of the most widely used filters is the smoothing filter, or mean filter. A typical 

setup for the smoothing filter is to have all the pixels in the filter kernel to have the same 

value (1/size of filter), such that outcome of the convolution operation is the average of all 

pixel values in the neighborhood[68]. Some other filters include: a) Edge detection filter, 

which is a filter designed to highlight boundaries and identify edges, lines and sharp 

transitions in color intensity[69].  Some example edge detection filters include the Sobel 

filter[70], the Prewitt filter[71], and the Canny edge detector[72]. b) Frequency domain 

filter, which is a filter that transform images into the frequency domain using techniques 

such as the Fast Fourier Transform[73]. These filters are used for tasks such as denoising, 

image restoration, and compression. The Wiener filter[74] and the Butterworth filter[75] 

are examples of frequency domain filters. c) Morphological filters, which are filters based 

on mathematical morphology and are used for analyzing and manipulating the shape, 

structure, and connectivity of objects in an image. Morphological filters are based on two 

fundamental operations: dilation and erosion, which are operations that can expand or 

shrink the boundaries of regions or objects in an image[76]. Based on these two operations, 

other operations like opening and closing can be done to achieve more complicated 

operations[76]. Overall, image filtering is a fundamental technique in digital image 

analysis that allows for the digital image/video analysis operations as will be introduced 

below. 

2. Feature extraction. Feature extraction is another fundamental technique in digital image 

analysis. The goal is to extract meaningful information about the object or features that 

allows further processing and analysis[77]. Some of the common features used in digital 

analysis include: a) Geometry related features, like area, slope, perimeter, centroid, and 

etc. b) Color related features, like average RGB, color histogram, mean, standard deviation 

and etc. Among the color features mentioned above, mean and standard deviation can be 

categorized into a concept called the color moment[77], where mean is the first order 

moment, and standard deviation is the second order moment. c) Texture. This feature refers 

to the visual patterns, variations, or arrangements of pixels. It is easy to be recognized by 

human eye and is often described suing adjectives like rough, smooth and etc. But the 

quantification of texture has always been a challenge. One example of textures is the Gray 
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Level Co-occurrence Matrices (GLCM), which is a method that captures the statistical 

relationships between pairs of pixels in an image. GLCM can cover the concept of entropy, 

contrast, correlation, energy, homogeneity and etc.[78] d) Other features. Besides the 

features mentioned above, there are algorithms that utilized multiple features mentioned 

above to recognize objects in the image with distinct features, the result of which can be 

used future processing steps like segmentation and classification. One example is the Scale-

Invariant Feature Transform (SIFT) algorithm which is an algorithm first introduced in 

1999[79]. This method can find key points (local maxima) that have distinctive and robust 

features, and create descriptor for each key points based on histogram of gradients 

orientation.  

3. Image segmentation. Image segmentation is a computer vision technique that involves 

dividing an image into multiple regions or segments. It plays a crucial role in extracting 

meaningful information from images and enabling higher-level understanding and 

processing[80, 81]. Different techniques have been developed to deal with segmentation in 

different scenarios. Some examples are: a) Thresholding. This is a simple but strong 

technique in the scenario that light objects are placed on shady background. This technique 

involves selecting threshold values, and classifying the color intensity of the pixel is higher 

or lower based on the threshold ranges[81]. Traditionally, thresholds were chosen manually 

meaning that priori knowledge of the object is required for thresholding. Later on, some 

automatic threshold selection algorithms emerged. One example is the Otsu thresholding, 

which can find threshold values by minimizing the intra-class variance while maximizing 

the inter-class variance of pixel intensities in each class[82]. b) Edge-based method. This 

method functions by detecting edges or boundaries between different regions in an image. 

This can be achieved by detecting abrupt changes in pixel intensities, normally using the 

Canny edge detector or Laplacian edge detector that were mentioned earlier[81]. c) 

Feature-based clustering method. This is a method that group pixels together based on their 

similarity in features like color, texture and etc.[81] One example of clustering is the K-

mean clustering, which is an unsupervised learning algorithm that can iteratively assigning 

data points to clusters based on the similarity (distance) in feature vectors, and updating 

cluster center until convergence[83]. d) Other segmentation methods. On top of the 

methods mentioned above, there are more advanced image segmentation techniques, which 
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are often used in video analysis, and can correct the segmentation result on single image 

based on information from multiple frames. Some examples are the inversion technique, 

which was designed to track muscle activities on face[80], topological alignment method, 

which is a method used in cell tracking based on the alignment of two consecutive frames 

[80].  

4. Classification. Classification is a technique that refers to the process of categorizing or 

labeling pixels or regions within an image based on their visual characteristics or patterns. 

It plays a crucial role in various applications such as object recognition, scene 

understanding, and etc.[84] In image classification, acquired data often needs to be 

preprocessed before any further processing. This is normally done using the different types 

of digital filter as mentioned previously. One commonly used filter is the smoothing filter 

which can be used to remove noise[84]. Since classification method needs to assign 

predefined classes/categories to pixels or regions based on things like color, texture and 

etc., feature extraction is also a preliminary step to classification. In most cases, features 

extracted from the image do not all have contribution to classification, so feature selection 

is normally performed to select optimal features for the task to reduce computation 

complexity and minimize over-fitting (for supervised learning)[84]. Some examples of 

feature selection method include Principal Component Analysis which is a technique that 

seeks to find a new set of uncorrelated variables (or principal components) that can capture 

the maximum variance in the data[85], and Linear Discriminant Analysis which is a 

supervised dimensionality reduction technique that aims to find a lower-dimensional 

representation of the data that maximizes class separability[86]. The selected features can 

then be used for classification purpose. In general, classification can be categorized into 

unsupervised classification and supervised classification. Unsupervised classification 

refers to the method that does not rely on labeled training data, and can automatically group 

pixels or regions-based on the similarity of their features. Some examples are the k-mean 

clustering as introduced previously, Gaussian mixture model[87], hierarchical 

clustering[88] and etc. Supervised classification on the other hand, refers to models that 

are trained using labeled training data, where each pixel or region is manually labeled with 

the corresponding class. Some examples of supervised classification include decision 

tree[89], random forest[90], support vector machine[91] and etc. 
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5. Object tracking. Object tracking is a technique that refers to the process of locating a certain 

object and follow/track the object over time in a video sequence. This is a process requires 

the recognition of object in individual image frames, and find similarity in video sequences 

against the potential position variation, scale variation, illumination changes, texture 

changes, and etc. This means that feature extraction and classification of single frames are 

the prerequisite step for tracking. Tracking is often achieved based on the similarity of 

static features (color, texture, …), and the prediction from the dynamic features (velocity, 

acceleration, …)[92]. Some tracking algorithms examples include: a) Kalman filter, which 

is a widely used method predict the object's position and update it using observed 

measurements, incorporating both motion dynamics and measurement uncertainties[93]. 

b) Particle filter, which is which is an improved version of Kalman filter that that can deal 

with non-Gaussian noises[94]. c) Mean shift filter, which is an iterative algorithm that 

seeks to locate the peak of a probability distribution in a feature space[95].  

6. Deep learning. Deep learning is a technique that emerge quickly in recent years due to the 

fast advances of computation power of computing units. Deep learning is a type of 

supervised learning, and is built based on the concept of neural network. It can be generally 

understood as a model that consists of neural network layers of different types and large 

amounts[96]. In most cases, deep learning method requires a large training dataset, and 

high computation power to function, and as a result, the technique is capable of performing 

all the image/video analysis tasks that are mentioned above with superior performance 

given appropriate structure. Some common structures in deep learning include a) 

convolution neural network, which is a structure based on the concept of convolution, and 

is often used for feature extraction in image analysis[97]. b)  Recurrent neural network, 

which is a structure that has the capability to capture temporal dependencies and sequential 

patterns in data, and often used to process time-dependent data like object tracking for 

video analysis, natural language processing[98], or analysis of other type of time-

dependent signals like the ECG signal[99], acceleration signal[100] and etc. c) 

Transformer, which is a structure built based on attention mechanism[101], and has shown 

groundbreaking performance in tasks like natural language processing as compared to 

Recurrent Neural Network. It is now being used to build the large generative language 

model and has achieved great success[102]. 
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CHAPTER 2. A Smartphone-Fluidic Digital Imaging Analysis System for 
Pancreatic Islet Mass Quantification 

2.1 Introduction 

During islet transplantation, the isolated islets need to be inspected under a microscope prior to 

the transplantation procedure. The inspection often involves the assessment of islet mass and islet 

morphology which are keys to the outcome of islet transplantation[22, 103, 104]. 

2.1.1 Islet equivalent and Dithizone staining 

Islet mass quantification, or islet quantity assessment mainly involves the assessment of islet 

size and islet purity[104]. Conventionally, size is assessed using the concept of Islet Equivalent 

(IEq) [105] in islet transplantation. IEq is defined as an islet with a diameter of 150 (size 

estimation). As shown in Fig. 3, in traditional method, IEq is assessed based on the diameter of 

islets[106]. Since islets are not perfectly spherical in most cases[107], the longest axis of the islets 

is often used to estimate the diameter of the islets. The islets are categorized into diameter of 50-

100, 100-150, 150-200. 250-300, 300+ μm, and the number in each category are multiplied with 

corresponding multipliers (0.167, 0.667, 1.685, 3.488, 6.315 and 10.352, respectively)[106]. The 

sum of the multiplication is used as the IEq assessment of a batch of islets. These multipliers are 

obtained based on the average islets’ size in each category[106]. Islet purity is often estimated by 

examining Dithizone (DTZ) stained islets under brightfield microscope[106]. When isolating islets 

from doners’ pancreas, it is inevitable to have components like acinar tissues which do not have 

the function to secret insulin in response to glucose left in the isolated islets[106]. DTZ, as a zinc-

chelating agent, can bind to the Zinc ion which is specific to islet beta cells, and display red color. 

The average percentage of red area can then be used as an estimation of islets purity.  
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 Figure 3. Demonstration of manual IEq assessment. 

A multi-center study was conducted to validate the conventional manual counting procedure for 

quantifying isolated, dithizone-stained human islets (the IEq quantification method described in 

the previous paragraph) as a reliable methodology by ascertaining the accuracy, repeatability 

(intra-observer variability), and intermediate precision (inter-observer variability)[108]. This was 

done by letting 36 technicians from 8 institutions perform IEq evaluation on 2 sets of images. Each 

image set contained 12 photographs of DTZ stained human islets of an entire islet. On top, 

software-assisted analysis was performed by 3 technicians on the 2 sets of images as a comparison. 

The intra-observer variation was assessed by letting each technician assess each image twice and 

comparing the result. The inter-observer variation by comparing the results obtained by different 

observers using coefficient of variation (CV) (variance divided by average). On top, the average 

CV across different images in each dataset was also compared. The result reveals that assessment 

obtained by software-assisted method had significantly higher accuracy and lower inter-observer 

variance, intra-observer variance, and average variance across images as compared to manual islet 

quantification method. Given that the technicians in this study underwent professional training, 

this result can be worse when individuals with less experience perform the assessment. 

Due to the problem of manual assessment in accuracy and consistency, researchers have started to 

look into the possibility of using digital imaging analysis to help with islet mass quantification. 
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2.1.2 Islet morphology 

On top of IEq and purity, islet morphology, or more specifically, the degree of fragmentation 

is another parameter that is assessed during the examination of islets under microscope. In general, 

intact islets are preferred in islet transplantation because they maintain a more optimal distribution 

of different cell types (alpha cell, beta cell, and etc.). The spatial arrangement of these cells in the 

islet contributes to their function. If islets are fragmented, it can disrupt this optimal cell 

distribution, potentially affecting their ability to respond to changes in blood glucose levels. 

Moreover, higher fragmentation can also lead to more exposure of islet cells to the immune system, 

increasing the risk of immune response post-transplant[109]. In 2021, a study was conducted on 

establishing the relationship between islets morphology and transplantation outcomes. In the study, 

human islets were transplanted into diabetic mice model. Islets were assessed on their morphology 

prior to the transplantation, and a score was created based on parameters including shape, border, 

integrity, diameter and etc. The result shows that a linear relationship can be established between 

the morphological score and the transplantation outcome[110]. 

2.2 Methodology 

2.2.1 Design of the Smartphone-Fluidic Digital Imaging Analysis system 

2.2.1.1 Design of Image acquisition system 

In the work, we built a Smartphone-Fluidic Digital Imaging Analysis (SFDIA) system for islet 

counting[111], which contains a smartphone, a set of detachable lenses, a LED light, and 

microfluidic biochips. As shown in Fig. 4, the frame was designed to hold smartphone on the top, 

optical pieces in the middle, and the microfluidic device at the bottom. Illumination was provided 

by a white diffused LED source (Adafruit Industries, New York, NY), which was placed beneath 

the microfluidic device to provide backlight illumination. The frame was 3D printed using 

MakerBot 3D printer (MakerBot® Industries, New York, NY) using Polylactic Acid (PLA) 

material, and had a length of 180 mm, width of 85 mm and height of 100mm.  
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Figure 4. Design of smartphone case. 

Two convex-plano lenses (Thorlabs, Newton, NJ) were used for magnification in this work. The 

working principle was similar to what was described in chapter 1.4.2 (Fig. 1C). In the previous 

description, the setup was used for a microscope, while in the smartphone system, the image needs 

to be captured by the smartphone camera, meaning that the image formed by the lens on the left 

(objective) needs to be a real image. The setup used for the smartphone system is shown in Fig. 5. 

The objective (lens on the left) had a focal length of 12 mm (f0) and was placed 16 mm (u0) to the 

right of the sample. In this way, a real image was formed 48 mm on the other side of the objective 

based on the calculation from Eq. 2. The eye piece had a focal distance of 15 mm (f1), and was 

placed 68 mm above the eyepiece (20 mm above the real image generated by eye piece), which 

resulted in a real image generated on the other side of the eyepiece. Based on the magnification 

equation (Eq. 3), the magnification from the objective is ~3, and the magnification from the 

eyepiece is also ~3, meaning that the total magnification that the system offers is around 9. 
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Figure 5. Demonstration of the magnification system in the smartphone-based 

imaging system.  

2.2.1.2 Design of the microfluidic device 

The microchannel (500 µm wide and 500 µm wide) was made of one layer of PDMS by soft-

photolithography (which will be mentioned in detail later in the chapter) and is bonded to a glass 

slide[112]. The device consisted of an islet loading area with a repeated loop channel and a straight 

channel as a viewing area. The repeated loop channel has a total length of 700 mm and a total 

liquid volume of 250 µL.  It is designed to preload islets and to act as a buffer zone for focusing 

islets in the middle of the channel, while also separating islets in distance (Fig. 6A). The straight 

channel is also 700 mm in length and contains a viewing area of 2 mm2 for smartphone imaging 

and video recording. In the Field of View (FOV), there are two embedded scale markers of 1 mm 

and 0.1 mm (Fig. 6B). These markers serve as a conversion scale calibrated to equivalent pixel 

density. Fig. 6C shows an example image of flowing islets taken from the FOV by smartphone 

camera.  
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Figure 6. (A) Overall design of the micorfluidic device. (B) A scale marker was 

put into the design such that the size in pixels can be transformed into size in 

µm. (C) An example image of islets flowing through the viewing area.  

2.2.1.3 Photo-lithography-fabrication of microfluidic device 

The microfluidic device was fabricated using soft- photolithography protocol. The device was 

designed in AutoCAD within a circle of 10 cm radius. The design was printed on a transparent 

film (Fineline Imaging, Colorado Springs, CO) with high resolution (16000dpi). SU-8 2150 

photoresist (Microchem, Wstborough, MA) was used to make the master mold for the microfluidic 

device. The material was pre-spun to 400 µm on top of the silicon wafers. The printed film 

functioned as a photomask, and was placed on top of the photoresist. The wafer was then exposed 

to UV light such that the transparent part of the photomask could let the UV let come through and 

shed on the photoresist. The SU-8 photoresist is a negative photoresist, meaning that when exposed 
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to UV light, the material would cross-link and solidify. The uncross-linked photoresist was then 

washed away by cleaning the wafer with SU-8 developer solution. When designing the photomask, 

the features (channel, well, and etc.) were designed to be transparent, while the rest of the mask 

were black. As a result, the parts left on the wafer should resemble the features printed on the film.  

Once the SU-8 negative mold master was fabricated, devices could be made by pouring PDMS 

was poured on top to generate positive feature at desired thickness. The PDMS was first mixed 

with curing agent at a ratio of 10:1. The mixed PDMS was then poured onto the mold and placed 

at 80°C for 6 hours for solidification. The parts with features were then cut and peeled off from 

the mold. Punchers of certain sizes were used to puncture inlets and chambers on the PDMS layer. 

The PDMS layer were bonded to a glass slide by treating both material with oxygen plasma for 5 

minutes, followed by 2hr of heating at 80 °C while pressed together with weight. 

2.2.2 Video analysis algorithm 

The first step in video processing is individual frame analysis. This consists of mainly two parts: 

cell identification and cell segmentation. The second step in video processing was to track cells 

between adjacent frames. The outline of the algorithm is shown in Fig. 7. 
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Figure 7. Flow chart of video processing algorithm. (A) Flow chart of the 

individual frame analysis. (B) Flow chart of cell matching algorithm.  

2.2.2.1 Cell identification and segmentation 

Briefly, cells are identified by setting threshold based on the differences of color intensity 

between cell and background in this work. As a result, when raw image data were acquired, 

smoothing were to be done to remove unwanted noises and prevent it from intervening with the 

thresholding process. Smoothing is one type of image filtering process, and it was done by 

convolving Gaussian filter to the image in this work. The Gaussian filter is defined as follows: 
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𝐺𝐺(𝑥𝑥,𝑦𝑦) =
1

2𝜋𝜋𝜎𝜎2
𝑒𝑒−

𝑥𝑥2+𝑦𝑦2
2𝜎𝜎2  

(4) 

The expression above is an expression for a zero mean 2D gaussian distribution with variance of 

𝜎𝜎2. 𝑥𝑥, and 𝑦𝑦 represent the two dimensions of the filter. In most cases, the two dimensions of the 

filter have the same length, and the length is often an odd number. In this work, a gaussian filter 

with kernel size of 5 and variance of 1 was used, and the filter was shown below: 

𝐺𝐺 =
1

273 �
�

1 4 7 4 1
4 16 26 16 4
7 26 41 26 7
4 16 26 16 4
1 4 7 4 1

�
� (5) 

As mentioned earlier, the image filtering is done by implementing convolution operation. A 2D 

convolution is defined as below: 

𝐼𝐼[𝑥𝑥,𝑦𝑦] ∗ 𝑘𝑘[𝑚𝑚,𝑛𝑛] = � � 𝐼𝐼[𝑥𝑥,𝑦𝑦] × 𝑘𝑘[𝑚𝑚 − 𝑥𝑥, 𝑦𝑦 − 𝑛𝑛]
∞

𝑥𝑥=−∞

∞

𝑦𝑦=−∞

 (6) 

Where 𝐼𝐼 represents image and 𝑘𝑘 represents kernel/filter (Gaussian filter in this case). [𝑥𝑥,𝑦𝑦], [𝑚𝑚,𝑛𝑛] 

are the coordinates for the image and the filter respectively.  

Then background subtraction is done by subtracting the background image from all frames of the 

input video. Considering the fact that external environmental factors, such as lighting conditions, 

the specific microfluidic device used, etc. are consistent when videos are taken, background was 

considered to be stable and stationary, and thus, background subtraction is a good way to separate 

background from foreground. A background image was taken before cells were loaded and was 

smoothed by Gaussian filter before the background subtraction. Fig. 8 demonstrates background 

subtraction.  
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Figure 8. Demonstration of background subtraction.  

The foreground is obtained by the background subtraction should contain the moving particles in 

the video. These moving particles contain the target cells as well as some acinar tissues that are 

left over from the islet isolation procedure. In general, functional islets are cell clusters with 

relatively large size, and thus are darker as compared to the acinar tissues. So, a global thresholding 

with a low threshold value was first applied to the image to filter out some of the small acinar 

tissues as well as some noise information. Then, Otsu thresholding was applied to narrow the 

selection range for the potential islets.  

Otsu thresholding was an advanced method to automatically decide threshold value. Otsu's method 

assumes that the image contains two classes of pixels following bi-modal histogram (foreground 

pixels and background pixels). The method first converts the image into histogram (256-bin 

histogram for an 8-bit image), and calculate the cumulative probability distribution of the 

histogram. Then the method searches from 0 to 255 to find the exact value that minimizes the 

weighted-within-class variance which is given by the following equation: 

𝜎𝜎2𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) = 𝑤𝑤𝑏𝑏(𝑡𝑡)𝜎𝜎2𝑏𝑏(𝑡𝑡) + 𝑤𝑤𝑓𝑓(𝑡𝑡)𝜎𝜎2𝑓𝑓(𝑡𝑡) (7) 

Where 𝜎𝜎2𝑠𝑠𝑠𝑠𝑠𝑠, 𝜎𝜎2𝑏𝑏 and 𝜎𝜎2𝑓𝑓 represent the total variance, intra-class variance for background and 

intra-class variance for foreground respectively. 𝑤𝑤𝑏𝑏 and 𝑤𝑤𝑓𝑓 represent the weight for background 

and foreground respectively. 𝑡𝑡 represent threshold. The weights are calculated as the cumulative 

sum of each class, and are represented by the function below: 
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𝑤𝑤𝑏𝑏(𝑡𝑡) = �𝑄𝑄[𝑠𝑠]
𝑡𝑡

𝑖𝑖=0

 (8) 

 

𝑤𝑤𝑓𝑓(𝑡𝑡) = � 𝑄𝑄[𝑠𝑠]
255

𝑖𝑖=𝑡𝑡+1

 (9) 

 

Where 𝑄𝑄[𝑠𝑠] represents the quantity of pixels at each bin. The variances can then be calculated as 

follows: 

𝜎𝜎2𝑏𝑏(𝑡𝑡) = �[(𝑠𝑠 −�
𝑠𝑠𝑄𝑄[𝑠𝑠]
𝑤𝑤1[𝑡𝑡]

𝑡𝑡

𝑖𝑖=0

)2
𝑄𝑄[𝑠𝑠]
𝑤𝑤1[𝑡𝑡]

]
𝑡𝑡

𝑖𝑖=0

 (10) 

 

𝜎𝜎2𝑓𝑓(𝑡𝑡) = � [(𝑠𝑠 − �
𝑠𝑠𝑄𝑄[𝑠𝑠]
𝑤𝑤1[𝑡𝑡]

255

𝑖𝑖=𝑡𝑡+1

)2
𝑄𝑄[𝑠𝑠]
𝑤𝑤1[𝑡𝑡]

]
255

𝑖𝑖=𝑡𝑡+1

 (11) 

 

Fig. 9 demonstrates the Otsu thresholding: 

 

Figure 9. Demonstration of Otsu threshold.  

The image was converted to black and white (BW) image after the thresholding, with black 

representing the background, and white representing the foreground (potential cells). The BW 

image was further processed with distance transform (DT). In this process, the distance between 
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each pixel and its nearest edge was calculated. As a result, the pixels around the center of each 

particles had higher values while the pixels at the edge of the particles have lower values. 

Threshold was then applied to the transformed image, so that ‘weak’ connection between particles 

as well as particles of small sizes (which are considered to be fragments of tissues instead of islets) 

can be removed. This process is demonstrated by Fig. 10: 

 

Figure 10. Demonstration of distance transform (DT). The BW image (top left) 

went through DT (top right) first, and then thresholding (bottom).   

Morphological open was then applied to the image. Morphological open is a two-step operation 

that involves morphological erosion and morphological dilation. Morphological erosion is a step 

to ‘erode’ the boundary and reduce the size of an object. By doing so, the unwanted connections 
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between cells as well as small particles can be further removed. Morphological erosion was done 

by convolving an ‘erosion’ kernel with the image, whose function was to set the current pixel to 1 

if all the pixels under the kernel had non-zero values, and 0 otherwise. In this work, a 5 by 5 square 

kernel was used for the erosion operation, and the operation was repeated for 2 iterations. 

Morphological dilation is the opposite operation of erosion. By doing so, the objects can be 

expanded or ‘dilated’, such that the ‘eroded’ object can be ‘restored’ to its original size. Similar to 

erosion, dilation was operated by convolving a ‘dilation’ kernel with the image, whose function 

was to set the current pixel to 0 if all the pixels under the kernel were zero, and 1 otherwise. In this 

work, a 5 by 5 square kernel was used for the dilation was used and the operation was repeated for 

2 iterations. Fig. 11 demonstrates the morphological open operation. 
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Figure 11. Demonstration of morphological operation. The DT image (top left) 

went through morphological erosion (top right), and then morphological dilation 

(bottom). 

The image obtained by the morphological open process was considered to contain the centers of 

the cells. Finally, Watershed algorithm was applied. In this algorithm, the background from the 

BW image after Otsu thresholding were considered as ‘absolute background’, the cell centers from 

the morphological open were considered as the ‘absolute foreground’, and the rest of the pixels 

(unknown pixels) were grouped to the cell centers. Intuitively, this algorithm visualizes an image 

in terms of topography (heights and valleys), and consider the cell centers as a ‘catchment basin’ 

or watershed. Initially, these basins (cells centers) were filled with water, and when water started 

to rise, the water from different basins started to merge (in unknown pixels), and barriers/lines 

were created as the segmentation result. Fig. 12 demonstrates the watershed algorithm. 

 

Figure 12. Demonstration of watershed algorithm. This algorithm requires both 

the original BW image, and the image processed by distance transform and 

morphological operations as input. It outputs a clustering result with each cluster 

representing one cell. 
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2.2.2.2 Cell tracking 

Once the analysis of each individual frame is finished, islet matching was done make sure that 

every cell is counted only once. As is outlined in Fig. 7, islet tracking is done using Euclidean-

distance-based approach[113]. A feature vector was formed for each detected islet. The vector 

includes the x-coordinate, y-coordinate, and size of the cell. Between two consecutive frames, the 

weighted Euclidean distance 𝐽𝐽  between each cell pair is calculated using the following equation: 

𝐽𝐽 = 1.0 ×
||𝑥𝑥1 − 𝑥𝑥2||𝐿𝐿2
𝑚𝑚𝑠𝑠𝑛𝑛(𝑟𝑟1, 𝑟𝑟2) + 0.5 ×

||𝑦𝑦1 − 𝑦𝑦2 − 𝑣𝑣||𝐿𝐿2
𝑚𝑚𝑠𝑠𝑛𝑛(𝑟𝑟1, 𝑟𝑟2) + 1.0 ×

||𝑎𝑎1 − 𝑎𝑎2||𝐿𝐿2
𝑚𝑚𝑠𝑠𝑛𝑛(𝑎𝑎1,𝑎𝑎2)  (11) 

where 𝑥𝑥1  and 𝑥𝑥2  were the x-coordinates, 𝑦𝑦1  and 𝑦𝑦2  were the y-coordinates, 𝑟𝑟1  and 𝑟𝑟2  were the 

radii of the two cells, 𝑎𝑎1 and 𝑎𝑎2 were the areas, and 𝑣𝑣 was a constant. In this matching method, 

cells were assumed to flow at constant velocity, which was represented by 𝑣𝑣, and 𝑣𝑣 was decided 

by the flow rate of the liquid as well as the results from multiple trials of experiments. For each 

cell in the new frame, distances between the cell and all cells in the previous frame were calculated. 

The cells pair that have the shortest distance were matched. When the shortest distance surpassed 

a certain threshold, the cell was considered as a new cell. Fig. 13 demonstrates cell tracking. 
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Figure 13. Demonstration of cell tracking. (A) Matching process demonstration 

of a cell that already exists in the frame at T-1. Distances between the cell in 

yellow rectangle in frame T and all the cells in frame T-1 were calculated. The 

cell pair with shortest distance (orange) matches. (B) Matching process 

demonstration of a cell that does not exist in the frame at T-1. Distances between 

the cell in light blue rectangle in frame T and all cells in frame T-1 were 

calculated. All the distances exceed a threshold. So, the cell in the light blue 

rectangle is new cell. 

2.2.3 Feature extraction 

Eventually, based on the results of the first two steps, features were extracted for analyzing 

mass related information. 
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2.2.3.1 Size, IEq and volume quantification 

Equivalent spherical diameter has been widely used for size quantification of irregularly shaped 

particles[114]. Intuitively, it can be seen as the diameter of a perfectly circular particle that has the 

same area as the cell. In this study, the equivalent spherical diameter of an individual islet was 

defined using the following equations: 

𝐷𝐷𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 = 2�
𝐴𝐴𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝
π

 (12) 

 

𝐷𝐷𝜇𝜇𝑠𝑠 = 𝐷𝐷𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 × 𝛿𝛿 (13) 

where 𝐷𝐷𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 represents the islet’s equivalent diameter in pixels and 𝐴𝐴𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 represents the islet’s 

area in pixels. 𝐷𝐷𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 is converted to the actual diameter measured in micrometers (𝐷𝐷𝜇𝜇𝑠𝑠) using a 

conversion factor 𝛿𝛿, which is calculated by measuring a built-in marker (1000 µm) as is shown in 

Fig.6B. The calculation of 𝛿𝛿  is shown in Eq. (13). The length of the 1000 µ𝑚𝑚  marker was 

measured to be 460 pixels. 

IEq assessment is done, as previously established, by classifying 𝐷𝐷𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 into eight size ranges 

in μm (50-100, 101-150, 151-200, 201-250, 251-300, 301-350, 351-400, and >400). Then, IEq can 

be calculated by multiplying the number of islets in each group with corresponding multipliers 

(0.167, 0.667, 1.685, 3.499, 6.315, 10.352, 15.833, and 22.750, respectively)[106].  

Under most circumstances, islets have irregular shapes. As a result, an ellipse can generally 

better represent the shape of an islet than a perfect circle in 2-D images[107]. Thus, volume 

estimation is performed based on an Ellipse-Fitting based method in this work[115]. In this method, 

all points on the contour of a cell were fitted to an ellipse using a least-square approximation. An 

ellipse can be expressed using Eq. 14: 

𝐹𝐹(𝑥𝑥,𝑦𝑦) = 𝑎𝑎𝑥𝑥2 + 𝑏𝑏𝑥𝑥𝑦𝑦 + 𝑐𝑐𝑦𝑦2 + 𝑑𝑑𝑥𝑥 + 𝑒𝑒𝑦𝑦 + 𝑓𝑓 

4𝑎𝑎𝑐𝑐 − 𝑏𝑏2 = 1 
(14) 

Where (𝑥𝑥,𝑦𝑦) are the coordinate of the points on the ellipse, and 𝐴𝐴 = [𝑎𝑎, 𝑏𝑏, 𝑐𝑐,𝑑𝑑, 𝑒𝑒, 𝑓𝑓] is the set 

of parameters to be solved in order to find the best fitted ellipse. The best fitting problem can then 

be formulated to minimizing ||𝐷𝐷𝐴𝐴||2, with the constraint of 𝐴𝐴𝑇𝑇𝐶𝐶𝐴𝐴 = 1. 𝐷𝐷 and 𝐶𝐶 are defined in Eq. 

(15) and Eq. (16): 
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𝐷𝐷 =

⎣
⎢
⎢
⎡𝑥𝑥1

2 𝑥𝑥1𝑦𝑦1 𝑦𝑦12 𝑥𝑥1 𝑦𝑦1 1
𝑥𝑥22 𝑥𝑥2𝑦𝑦2 𝑦𝑦12 𝑥𝑥2 𝑦𝑦2 1
… … … … … …
𝑥𝑥𝑛𝑛2 𝑥𝑥𝑛𝑛𝑦𝑦𝑛𝑛 𝑦𝑦12 𝑥𝑥𝑛𝑛 𝑦𝑦𝑛𝑛 1⎦

⎥
⎥
⎤
 (15) 

 

𝐶𝐶 =

⎣
⎢
⎢
⎢
⎢
⎡
0 0 2 0 0 0
0 −1 0 0 0 0
2 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0⎦

⎥
⎥
⎥
⎥
⎤

 (16) 

 

Where (𝑥𝑥1,𝑦𝑦1), (𝑥𝑥2,𝑦𝑦2), …, (𝑥𝑥𝑛𝑛,𝑦𝑦𝑛𝑛) represents all the points on the contour of the cell. By 

introducing the Lagrange multiplier 𝜆𝜆, the problem can be transformed to solving Eq. (17): 

𝐷𝐷𝑇𝑇𝐷𝐷𝐴𝐴 =  𝜆𝜆𝐶𝐶𝐴𝐴 (17) 

With the constraint of 𝐴𝐴𝑇𝑇𝐶𝐶𝐴𝐴 = 1, which could be solved by finding the generalized eigen vectors. 

Out of the six eigen vectors, the one that corresponded to the smallest positive eigen value 

contained the set of parameters that defined the best fitted ellipse. This process is demonstrated in 

Fig. 14.  

 

Figure 14. Demonstration of ellipse fitting.  
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Once the best fitted ellipse was found, the lengths of the major axis and minor axis could be 

obtained for each 2-D slice of each islet. One of the most common methods of converting from a 

2-D to a 3-D ellipse is revolving around the minor axis and using the major axis of the 2-D ellipse 

as the third axis of the ellipsoid as shown in Fig. 15[107].  

 

Figure 15. Demonstration of volume calculated by revolving 2D ellipse around 

major axis.  

The volumes of islets were estimated using the following equation: 

𝑉𝑉𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 =
4
3
𝜋𝜋𝑀𝑀𝑎𝑎2𝑀𝑀𝑠𝑠 (17) 

where 𝑀𝑀𝑎𝑎 and 𝑀𝑀𝑠𝑠 represent the long axis and short axis, respectively, of the 2-D fitted ellipse. The 

final volume is the average volume across each frame as is defined in the following equation: 

𝑉𝑉 =
∑𝑉𝑉𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝
𝑛𝑛

 (18) 

where 𝑉𝑉𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝  represents the estimated volume of a cell in a single frame using pixels, and 

𝑉𝑉𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 represents the average estimated volume of a cell using pixels. 𝑉𝑉𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 can be then converted 

to 𝑉𝑉𝜇𝜇𝑠𝑠3 using the scaling factor 𝛿𝛿 as shown in the following equation: 

𝑉𝑉𝜇𝜇𝑠𝑠3 = 𝑉𝑉𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 × 𝛿𝛿3 (19) 

The Ellipsoid-Fitting-Based Volume (EFV) was compared to the volume obtained based on IEq 

assessment (IEqV).  According to the definition of IEq, IEqV can be calculated using the following 

equation: 

𝐼𝐼𝐼𝐼𝐼𝐼𝑉𝑉 = 𝐼𝐼𝐼𝐼𝐼𝐼 × 𝑉𝑉150𝜇𝜇𝑠𝑠 (20) 
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where 𝐼𝐼𝐼𝐼𝐼𝐼 is the Islet Equivalent assessment obtained from the previous step, and 𝑉𝑉150𝜇𝜇𝜇𝜇is the 

volume of islets with a diameter of 150 µm, which is calculated to be 1.767 x 106 µm3 using the 

sphere volume equation. 

𝑉𝑉 =
4
3
𝜋𝜋𝑟𝑟3 (21) 

When estimating ellipsoid volume based on 2-D ellipse information, this work initially used Eq. 

(17) as discussed earlier. Yet there is another way of such estimation, which is to revolve a 2-D 

ellipse around its major axis, and use the minor axis as the third axis of the ellipsoid as shown in 

Fig. 16[116]:  

 

Figure 16. Demonstration of volume calculated by revolving 2D ellipse around 

minor axis.  

The resulting equation for volume estimation is shown in Eq. (22): 

𝑉𝑉𝑝𝑝𝑖𝑖𝑥𝑥𝑝𝑝𝑝𝑝 =
4
3
𝜋𝜋𝑀𝑀𝑎𝑎𝑀𝑀𝑠𝑠2 (22) 

In this work, both methods were implemented in order to see whether the choice of a different 

ellipsoid calculation method would have a significant impact on overall islet volume assessment. 

2.2.3.2 Circularity and solidity quantification 

A spherical model is generally used in the 3D representation of islets. Roundness (circularity) 

is used to measure the level of an islet’s shape regularity [117]. Circularity is a number ranging 

from 0 to 1.0. Higher circularity means that the shape of the given islet is closer to a circle. In this 

work, average circularity was calculated using the following equations: 
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𝐶𝐶 =
𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑠𝑠𝑎𝑎𝑝𝑝

𝐴𝐴𝑝𝑝𝑠𝑠𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑝𝑝𝑒𝑒
 (23) 

 

𝐴𝐴𝑝𝑝𝑠𝑠𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑝𝑝𝑒𝑒 =
� 𝑃𝑃2𝑎𝑎𝑎𝑎𝑡𝑡𝑠𝑠𝑎𝑎𝑝𝑝/(4𝜋𝜋)𝑛𝑛

0
𝑛𝑛

 (24) 

 

where 𝐶𝐶̅ stands for average circularity, 𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑠𝑠𝑎𝑎𝑝𝑝��������� stands for actual islet area, 𝐴𝐴𝑝𝑝𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠𝑎𝑎𝑡𝑡𝑝𝑝𝑒𝑒������������� stands for 

average estimated particle area, and 𝑃𝑃𝑎𝑎𝑎𝑎𝑡𝑡𝑠𝑠𝑎𝑎𝑝𝑝 stands for actual particle perimeter. 𝑃𝑃𝑎𝑎𝑎𝑎𝑡𝑡𝑠𝑠𝑎𝑎𝑝𝑝 is obtained 

by counting the number of pixels on the islet’s contour, which is then converted to micrometers.  

In addition to circularity, we applied the concept of solidity as an indication of islet shape 

regularity. The solidity is defined as the ratio between the area of the actual particle and the area 

of the particle’s convex hull: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑑𝑑𝑠𝑠𝑡𝑡𝑦𝑦 =
𝐴𝐴𝑎𝑎𝑐𝑐𝑛𝑛𝑐𝑐𝑝𝑝𝑥𝑥𝑐𝑐𝑠𝑠𝑝𝑝𝑝𝑝
𝐴𝐴𝑎𝑎𝑎𝑎𝑡𝑡𝑠𝑠𝑎𝑎𝑝𝑝

 (25) 

Like circularity, solidity is a number ranging from 0 to 1.0. As demonstrated in Fig. 17, the 

green lines represent the convex hulls of the two islets. Since both islets have an elliptical shape, 

they have very similar circularities; however, the islet on the left is a bit more fragmented than the 

one on the right, and this difference is reflected in solidity.  

 

Figure 17. Demonstration of circularity and solidity calculation.  
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2.2.3.3 Trapped islet percentage estimation: 

Trapped islet percentage is estimated using the positive area of DTZ staining of zinc in the islets 

and computed using Eq. (26): 

%𝐷𝐷𝐷𝐷𝐷𝐷+𝑟𝑟𝑎𝑎𝑡𝑡𝑠𝑠𝑆𝑆 =
𝐷𝐷𝑆𝑆𝑡𝑡𝑎𝑎𝑆𝑆 𝑑𝑑𝑠𝑠𝑡𝑡ℎ𝑠𝑠𝑖𝑖𝑆𝑆𝑛𝑛𝑒𝑒 𝑝𝑝𝑆𝑆𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑣𝑣𝑒𝑒 𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎

𝐷𝐷𝑆𝑆𝑡𝑡𝑎𝑎𝑆𝑆 𝑠𝑠𝑠𝑠𝑆𝑆𝑒𝑒𝑡𝑡 𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎
 (26) 

The positive area normally produces a red color after DTZ staining, which can be identified 

based on Hue in HSV color space. In this work, pixels with Hue value between 310 to 360 (0 - 

360) were identified as zinc positive areas.  

Fig. 18 includes example images of trapped islets (Fig. 18A) and free islets (Fig. 18B). The 

images on the left were taken directly from the smartphone camera. To get better visualization, 

two heatmaps of HSV color space were generated. In the heatmaps, the DTZ stained areas 

appeared to be dark red/black, while the no-DTZ areas appeared to be bright red. The two trapped 

islets in Fig.5A had around 50% of the areas stained with DTZ, while the free islets in Fig.5B were 

almost completely stained with DTZ. The DTZ positive ratio of the two trapped islets were 

calculated to be 67.31% and 66.73%, and the ratio of the free islets was calculated to be 99.05%.  
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Figure 18. Demonstration of islet purity (trapped islet percentage) calculation. 

(A) Two islets trapped in aciner tissue, with purity of 67.31% and 66.73% 

respectively. (B) A free islet with purity of 99.05%.  

2.2.4 Human islets preparation and manual mass quantification 

Human islets were isolated according to the published protocol[118, 119]. In brief, a cadaver 

pancreas was obtained from organ procurement organizations (OPO) and islets were isolated at 

University of Virginia with donors’ consent for research. The pancreas was trimmed and distended 

with Liberase HI (Roche Applied Science, Penzberg, Upper Bavaria, Bermany) and digested in a 

Ricordi chamber. The digested tissues were then purified by a continuous UIC-UB gradient 

protocol on a cell separator (Cobe 2991, Cobe Inc., CO) and then cultured in CMRL 1066 media 

with 5% human albumin (CSL Behring, King of Prussia, PA) at 37°C under 5% CO2. 
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15 mM Dithizone solution (Sigma-Aldrich, St. Louis, MO) was used to differentiate islets and 

acinar tissues by staining the zinc ion highly concentrated in beta-cells[106]. Tissues were 

incubated at 37°C for 10 min and then washed twice with Phosphate-buffered saline (PBS). 

Manual assessment of human islets was done under microscope in a Peri dish with scales. 

Diameters of islets were estimated by comparing to the scales. These diameters were used to 

classify islets into eight size ranges as described earlier and then converted into IEq by the 

corresponding multipliers. 

2.2.4.1 Human islets loading and video recording on-chip 

The counting samples of isolated human islets were picked up manually and randomly via 

polyethylene tubing (PE160, Intramedic, Sollentuna, Stockholms Lan, Sweden) connected to a 1 

mL syringe. The tubing was then connected to the inlet of the microfluidic channel. The islets were 

injected into the device via PHD ULTRA™ Syringe Pump (Harvard Apparatus, Holliston, MA) 

at a flow rate of 20-30 µL/min.  

The captured videos (1920 x 1080; 1080p, 60fps) were recorded in .mp4 file format and then 

transferred to a computer for further video processing. The video processing algorithm was 

developed using python 3.8.1 within Spyder IDE (version 3.36). The video analysis was assembled 

for five functions: object detection, cell segmentation, cell tracking, feature extraction, and report 

generation. Fig. 2 summarizes the procedures of object detection, cell segmentation, and cell 

tracking.  

2.3 Results and discussion 

2.3.1 Human islet quantification 

In the current practice of human islets isolation, about 500 µL of cell suspension, which 

normally contains 0.05% to 0.1% of the total islet population, is picked up manually, randomly, 

and repeatedly for islet mass quantification.[118, 119] Therefore, the randomness of sample size 

often brings variation to the results of assessments. In this study, human islet samples with different 

islet masses were quantified by both manual counting and the SFDIA system for comparison. 

Experimental results of six groups of samples, with islet number within each sample ranging from 

20 to 200, were plotted as shown in Fig. 19. Across the six groups of data, the average difference 

between the SFDIA system and manual counting was 2.91% ± 1.50%, and the p-value for all six 
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groups are greater than 0.05, indicating that there is no significant difference between the result 

generated by manual counting and SFDIA system. This means the SFDIA system is able to give 

accurate quantification assessments close to manual counting regardless of islet sample sizes. 

Additionally, manual counting showed a relatively high variation (SD = 3.1 - 5.0), while the 

SFDIA system was able to give consistently low variation (SD < 1). In general, for traditional 

manual counting, smaller sample size creates larger error in the results. The consistency of the 

SFDIA system successfully reduced human error and rendered the assessment results more reliable 

than the traditional manual counting method. 

 

Figure 19. Comprison between manuual counting and smartphone-based 

counting. Six human islets samples of varied sample sizes were assessed by both 

manual counting and the smartphone-based system. 

2.3.2 Islet size estimation 

As discussed in earlier chapter, islet size is a decisive factor that contributes to the quantification 

of islet mass in addition to islet number. Equivalent diameters have been the most widely used 

parameter to represent islet size. On top, volume was also used to estimate islet size in this work.  
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2.3.2.1 Estimation of equivalent diameters 

Since pancreatic islets do not have a perfect regular shape, islet diameters were estimated as the 

equivalent diameter calculated based on islet area from each frame of the recorded video. 

Distribution of human islet diameters are plotted in Fig. 20.  

 

Figure 20. Distribution of islet diameter. The mean diameter of the islet sample 

is 99.87 ± 53.91 µm. 

As shown in the figure, the islet samples we tested had an average diameter of 99.88 ± 53.91 

µm and a maximum of 337.67 µm. The majority of the islets (> 60% of the population) had 

diameters between 50 µm and 150 µm. The diameter obtained by the SFDIA system is the 

equivalent diameter calculated from islet area, while manual assessments often use the length of 

the major axis as the diameter. As a result, the diameter obtained by the SFDIA system can be 

slightly smaller but more reliable than that estimated by manual assessment. 

2.3.2.2 Estimation of volume 

As mentioned in earlier chapter, the volume estimation in this work was done using ellipsoid-

fitting-based estimation method. This volume (EFV) was compared to the volume obtained using 

IEq estimation method (IEqV). The result is plotted in Fig. 21: 
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Figure 21. Comparison between volume calculated from traditional IEq 

assessment method (IEqV) and the one obtained from smartphone system (EFV). 

As shown in the figure, in samples, sample 3 and sample 4, IEqV was higher than EFV, while 

in sample 1, the two had similar values. Meanwhile, it is worth noticing that sample 2 and sample 

3 had very similar IEqV’s while there was a notable difference between their EFV’s. These 

differences are likely to be caused by the way IEqV is calculated, where islets are first grouped by 

their diameter, and then the number of islets within each group is multiplied by the IEq conversion 

factor. On one hand, IEq estimation was done based on the islets’ longer axis, meaning that the 

estimation result tends to be higher than the actual size. This explains that the fact that IEqV tends 

to be higher than EFV. On the other hand, it is worth noticing that sample 2 and sample 3 had very 

similar IEqV’s while there was a notable difference between their EFV’s. This is mainly caused 

by the way IEqV is calculated, wherein islets are first grouped by their diameter, and then the 

number of islets within each group is multiplied by the IEq conversion factor. As a result, IEqV 

tends to ignore small size variation and causes error. 
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2.3.2.3 Comparison of two volume estimation methods 

As discussed in the earlier chapter, two methods of islet volume estimation were utilized for 

comparison: Vmajor used the major axis as the third axis of the ellipse, while Vminor used the minor 

axis as the third axis. The comparison between the two calculation methods was shown in Fig. 22. 

 

Figure 22. Distribution curves of volume calculated from two different methods 

(revolving 2D ellipse around major axis and minor axis). 

As shown, the curve of Vmajor was slightly to the right of Vmionr as expected. However, the two 

curves largely overlapped, indicating that the two methods generated similar results in terms of 

islet volume estimation. The result from this experiment demonstrates that the choice of the third 

axis does not significantly affect the overall islet volume estimation using the ellipsoid fitting 

model. The islet volume estimation from our system can potentially be a better representation of 

actual islet volume than traditional IEq-derived islet volume and thus provides more detailed 

information to clinicians when preparing for islet transplants. 

2.3.3 Islet morphology estimation 

Islet fragmentation is often caused by chemical and mechanical stress during islet isolation and 

post-isolation culture[109]. This is a key parameter in evaluation of islet quality and has also been 

considered as an important factor in post-transplant graft survival rates. Therefore, the accurate 

assessment of human islet fragmentation prior to transplantation is important for improving 
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clinical outcomes. The concept of circularity has been widely used as a measurement of islet 

fragmentation in islet assessments[117]. An ellipse/ellipsoid model is considered to be a better 

estimation of islet size and volume than a circular model, since circularity alone may not be enough 

to quantify shape regularity. In this study, two different parameters, circularity and solidity, were 

calculated to describe islet morphological features. Fig. 23 shows the result for circularity 

estimation. 

 

Figure 23. Islets circularity distribution. The islet sample has an average 

circularity of 0.591 ± 0.127. 

As shown in the figure, the human islet samples had an average circularity of 0.4 with a standard 

deviation of 0.127. The distribution of the circularity is slightly left skewed, with the majority of 

islets (~83% of total islets located in the range of 0.4 to 0.7. the majority of islets (~83% of total 

islets) presented a circularity range of 0.4 to 0.7. Fig. 24 shows the result for solidity estimation. 
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 Figure 24. Islets solidity distribution. The islet sample has an average solidity 

of 0.853 ± 0.107.  

As shown in the figure, the solidity of the human islet samples had an average of 0.87 with a 

standard deviation of 0.091. The distribution of the solidity is extremely left skewed, with the 

majority of islets (~70% of total islets) located in the range of 0.8 to 1. The high solidity values 

among our islet samples demonstrate that very few of the islets in this preparation were fragmented. 

These results indicate that the shapes of most islets in our samples are closer to ellipses rather than 

perfect circles, implying that islet solidity can be used as an improved quantification method for 

describing islet morphology (roundness, shape, and fragmentation). 

2.3.4 Islet purity estimation 

Despite the recent progress made in the field of human islet transplantation as a treatment of 

T1D, low purity of islet products is still a major issue affecting the success rate of islet 

transplantation. The degree of competition for oxygen and other nutrients between islet and non-

islet tissues within transplanted allografts is determined by the islet cell percentage. The 

conventional method to estimate the purity of isolated islets was done by DTZ staining and 

manually counting DTZ-positive islets under a light microscope. The operator-dependent nature 

of this process and the use of islet count as a unit can lead to significant overestimation of purity 
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at the end of the procedure[120, 121]. The software we developed automatically analyzed the 

trapped islet percentage based on area data acquired from image processing, which provided a 

more accurate estimation of the purity of islet products in islet preparation. 

In this work, we had two groups of islets, middle-layer and top-layer human islets, for the 

assessment of islet purity. In general, islets isolated from the top layer have less acinar tissues that 

the ones from middle layer. As a result, they usually vary significantly on both morphology and 

tissue composition. Fig. 25 shows the estimation result of purity as well as circularity and solidity 

of the middle-layer islet samples.  

 

 

Figure 25. Trapped islet percentage and morphology assessment of islets from 

middle layer. The islet sample has an average DTZ+ ratio of 0.576 ± 0.223, 

average circularity of 0.534 ± 0.102, and average solidity of 0.793 ± 0.102. 

As shown, the average circularity of the sample was 0.53 with a standard deviation of 0.102. 

The average solidity was 0.79 with a standard deviation of 0.102. The average purity of the middle-

layer islet sample was 0.576 with a standard deviation of 0.223. The distribution to purity was 

slightly left skewed distribution, The distribution curve was skewed to the left, with ~72% of total 

islets having purity between 0.3 and 0.7. Fig. 26 shows the estimation result of purity as well as 

circularity and solidity of the top-layer islet samples. 
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Figure 26. Trapped islet percentage and morphology assessment of islets from 

top layer. The islet sample has an average DTZ+ ratio of 0.735 ± 0.213, average 

circularity of 0.635 ± 0.139, and average solidity of 0.853 ± 0.107.  

As shown, the average circularity of the sample was 0.64 with a standard deviation of 0.139. 

The average solidity was 0.85 with a standard deviation of 0.107. The average purity of the middle-

layer islet sample was 0.735 with a standard deviation of 0.213. The distribution to the purity was 

extremely left skewed, with the majority purity (~67% of total islets) above 0.7. When comparing 

the islets from the two preparations, it’s obvious that the top-layer islets had higher purity and were 

less fragmented in morphology. With that said, with our video processing program, we not only 

obtained results consistent with typical expectations from human islet preparation, but were also 

able to provide more detailed and reliable information on islet quality (useful to clinicians) than 

purity estimations from standard manual quantification. 

2.3.5 Conclusion 

In this project, we developed a novel and dynamic smartphone-based digital imaging system 

integrated with microfluidic technology for pancreatic islet mass quantification. The software 

program provides the capability to track multiple moving islets, and separate closely attached islets. 

Our SFDIA system generated little variances during the counting process across multiple 
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experiments, showing that it has advantages in consistency as compared to conventional manual 

counting method. In addition, the system was able to estimate size using ellipsoid model, and 

return additional islet parameters including volume, circularity, solidity, and trapped islet 

percentage, which are impossible to be directly obtained using conventional method. Using our 

low-cost and portable system, reliable islet parameters can be easily obtained during the 

preparation of islet biologics. 
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CHAPTER 3. Smartphone-Fluidic Fluorescence Imaging System for 
Studying Islet Physiology 

3.1 Introduction 

The smartphone system that incorporates the function of a brightfield microscope can acquire 

information on islet mass and islet morphology. However, the islet morphology can only provide 

a rough estimate of islet function. To gain more precise quantification on islet function, analysis 

on the islet metabolism procedure is required. 

3.1.1 Islet metabolism 

The islet function is often determined by its capability to secrete insulin in response to glucose. 

The metabolism process of glucose is shown in Fig. 27 [122]. The pancreatic islets, specifically 

the beta cells, first take up glucose from the bloodstream. Glucose is taken into these cells through 

a type of protein in the cell membrane called a glucose transporter. When glucose enters the cell, 

it first goes through the glycolysis process, which occurs in the cytoplasm of cells. This process 

breaks down one molecule of glucose (which has six carbons) into two molecules of pyruvate 

(each with three carbons). During this process, two molecules of ATP are used, but four molecules 

are produced, resulting in a net gain of two ATP molecules. Additionally, two molecules of NAD+ 

are reduced to NADH. Once glycolysis is complete, the two pyruvate molecules are transported 

into the mitochondria, where they each undergo a process called decarboxylation. In this process, 

one carbon is removed from each pyruvate molecule in the form of carbon dioxide, and the 

remaining two-carbon compound is combined with Coenzyme A to form acetyl-CoA. This process 

also produces one NADH molecule for each pyruvate. The next step is the Krebs Cycle, also 

known as the Citric Acid Cycle. Each acetyl-CoA enters this cycle, where it is further broken down, 

releasing more carbon dioxide and transferring electrons to carrier molecules, NAD+ and FAD, 

forming NADH and FADH2, respectively. For each glucose molecule, the Krebs cycle spins twice 

(once for each acetyl-CoA) and generates 2 ATP molecules, 6 NADH molecules, and 2 FADH2 

molecules. Finally, NADH and FADH2 carry electrons to the electron transport chain in the inner 

mitochondrial membrane. These electrons are passed through a series of proteins, which pump 
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hydrogen ions into the intermembrane space, creating a gradient. This gradient is then used to 

produce ATP in a process called oxidative phosphorylation. Oxygen is the final electron acceptor 

in this chain and combines with electrons and hydrogen ions to form water. The exact number of 

ATP molecules produced in this step can vary, but it is typically estimated to be about 32 to 34 

ATP molecules per glucose molecule. When the resulting ATP is released from the mitochondria 

due to the metabolism process, increase in the ATP/ADP ratio within the cell leads to the closure 

of ATP-sensitive potassium channels (KATP) present on the cell membrane. When these channels 

are open, potassium ions leak out of the cell, maintaining a negative resting membrane potential. 

However, when they close due to high ATP levels, potassium ions can no longer leave the cell, 

which alters the cell's membrane potential, causing it to become more positive (depolarization). 

The depolarization of the cell membrane triggers the opening of voltage-dependent calcium 

channels (VDCC). This means that the channels open in response to the change in electrical charge 

across the cell membrane. When these channels open, calcium ions rush into the cell. The influx 

of calcium ions then triggers the exocytosis (release) of insulin-containing vesicles. Insulin is 

stored in these vesicles within the cell, and when the vesicles fuse with the cell membrane, insulin 

is released into the bloodstream. 
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Figure 27. The process of islet metabolism.  

3.1.2 The Glucose Stimulated Insulin Secretion Assay 

Conventionally, the static Glucose Stimulated Insulin Secretion (GSIS) assay was used to 

determine the functionality of human islet. This assay has been the golden standard to evaluate 

islet function for a long time. In this assay, islets are pre-incubated in a low-glucose medium 

(usually 2 mM) to stabilize their basal insulin secretion, and are then exposed to/stimulated by 

high glucose solution (usually 16 mM). These glucose concentrations are designed to mimic the 

physiological range of blood glucose levels. The supernatant is collected at the end of the pre-

incubation, and at a specific amount of time after the stimulation, and Enzyme-Linked 

Immunosorbent Assay (ELISA) can be performed on the samples to determine the concentration 

of insulin prior and post stimulation. The comparison of the results can indicate the functionality 

of isolated islets.  

Overall, the GSIS assay provides valuable information about the functional state of pancreatic 

beta cells and their ability to respond to changes in blood glucose levels. However, as an assay 
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based on static incubation, the GSIS assay cannot capture long-term changes of insulin, nor does 

it have the ability to generate dynamic information of islet metabolism.  

3.1.3 Islet Perifusion 

Islet perifusion is a method to study the function of pancreatic islets in a dynamic, controlled 

environment that mimics the in vivo conditions more closely than standard static incubation 

methods[123]. In an islet perifusion system, isolated islets are placed in a special chamber that 

allows for the continuous flow of medium over the islets. This 'perifusion' can mimic the blood 

flow in the body and can be modified to deliver various stimulants or inhibitors to the islets in a 

controlled manner, allowing the measurement of the islet response to these stimuli in real time. In 

the traditional experimental setup for islet perifusion system, islets are incubated in the buffer 

solution with basal glucose initially. The glucose level is then rapidly increased to a high level to 

elicit insulin secretion which mimics the postprandial rise in blood glucose levels. The buffer 

solution is continuously perfused through the chamber for a certain amount of time to maintain the 

elevated glucose concentration and allow for the sustained exposure of the islets to the high glucose 

level. Eventually, the glucose concentration in the buffer solution is lowered back to the basal level 

to simulate the return to fasting or normal blood glucose levels. During the experiment, the buffer 

solution collected at regular intervals is analyzed for insulin concentration using ELISA similar to 

the GSIS assay. As compared to the GSIS assay, islet perifusion technique can more closely 

mimics the physiological insulin release pattern in response to fluctuating blood glucose levels, 

and provides valuable information on the kinetics, frequency, and magnitude of insulin secretion 

under various conditions[123]. 

3.1.3.1 Microfluidic islet perifusion system 

Islet perifusion method has played an important role for in vitro study of islets. Microfluidics, 

because of its capability to mimic the in vivo environment due to its microscale, has been a popular 

choice as the platform for islet perfusion. 

In 2009, our lab created an islet perifusion system based on microfluidic technology[124]. In 

this system, a microfluidic device was designed with a big chamber in the middle for the incubation 

of islets. The inlet to the microfluidic was connected to a peristatic pump which could perfuse 

stimulation constantly at a specific flow rate. The outlet of the microfluidic device was connected 
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to a liquid collection system which could collect supernatant for hormones analysis over time. The 

islets incubated in the microfluidic device were stained with Flouorescein Isothiocyanate (FITC), 

and the microfluidic device was placed under a fluorescence microscope during the experiment, 

such that the fluorescence signal overtime from the islets can be captured, which can provide 

information on top of hormones measurement to monitor islets responses to different stimuli. The 

work in 2010 validated the microfluidic islet perifusion system on multiple fluorescence indicators 

[112]. Another work in 2016 incorporated a surface-tension-based pumpless design into the 

perifusion system, which eliminated the requirement for peristatic pump and greatly simplify the 

system setup[125].  

3.1.3.2 Fluorescence dyes in islet perifusion 

Fluorescent dyes that bind to calcium are the most often used probes in the microfluidic 

perifusion system. As mentioned in previous section, the plasma membrane depolarization caused 

by glucose metabolism can lead to Ca2+ influx, which eventually leads to the secretion of insulin. 

As a result, intracellular Ca2+ concentration is an important indicator of glucose induced insulin 

secretion. One example of the Ca2+ dyes that are often used in islet perifusion system is the Fluo-

4[124]. This is a derivative of the fluo-3 dye and can be excited by light around 494nm and emit 

green fluorescence at approximately 516 nm when it bounds to the calcium ion. 

In addition, dyes can be taken up by active mitochondria with intact membrane potential. One 

example is the Rhodamine-123. Rhodamine-123 is a cationic dye that can be excited by light 

around 488 nm, and emits fluorescence in the orange-red range (525 nm). It can passively diffuse 

across cell membranes and preferentially accumulate in mitochondria due to the negative 

mitochondrial membrane potential. This means that extent of Rhodamine 123 accumulation in 

mitochondria is directly proportional to the mitochondrial membrane potential[126]. Such 

accumulation can be affected due to the mitochondria activity during glucose metabolism, and 

thus, Rhodamine-123 can also be used to monitor the glucose induced insulin secretion process of 

islet beta cells. 

Despite the fact that these fluorescent dyes have been widely used in the study of islet 

functionality, it still has some limitations. For example, small molecular dyes may lack specificity 

and can bind nonspecifically to various cellular structures or exhibit off-target interactions[127, 

128]. Also, some small molecular dyes may exhibit cytotoxic effects, particularly at higher 
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concentrations or prolonged exposure[129], which makes it no applicable in long-term imaging 

studies or in-vivo studies. 

3.1.3.3 Genetically Encoded Fluorescence Protein Bio-Indicator in islet perifusion 

Due to the limitations of small molecular dyes, researchers started to explore the possibility of 

using Genetically Encoded Fluorescence Protein Indicator (GEFPI) in the study of islet 

functionality. Genetically encoded fluorescence protein indicators are proteins that have been 

genetically modified to incorporate a fluorescent protein domain. These proteins are typically 

derived from naturally occurring fluorescent proteins, such as green fluorescent protein (GFP), 

and engineered to exhibit specific properties. The genetic modification allows these indicators to 

be produced within living cells through gene expression. By fusing the indicator protein to a target 

protein or incorporating it into a specific cellular compartment, researchers can track the 

localization, expression, or activity of the target protein in real-time. An example of the sensor is 

the ZIBG2 sensor modified from GFP[130]. This is a Zinc sensor that can effectively target to the 

extracellular size of the plasma membrane and can be used to monitor glucose-induced dynamic 

Zn2+ secretion from pancreatic islets[130]. Another example is the GCamP6m, which is also a 

family of GFP indicator. This sensor is a Calcium sensor, which is developed by combining a 

circularly permuted GFP, a calmodulin (CaM) domain, and a calcium-binding M13 peptide[131]. 

Similar to the Fluo-4 and Fura-2 sensor, the GCamP6m sensor is an indicator of Ca2+, and can be 

used to monitor the Ca2+ caused by the islet metabolism, and thus, analyze the islet functionality. 

3.1.3.4 Other stimuli in islet perifusion 

Other than glucose, other stimuli are also used in islet perifusion system to test the functionality 

of islets. Some of the examples are Potassium Chloride, Tolbutamide, and Diazoxide. When high 

concentration KCl is supplied to the islets, it increases the extracellular concentration of K+, 

causing the aggregation of positive charge inside the cell membrane, and leads to depolarization 

of the membrane. As mentioned in previous section, this can further cause Ca2+ influx and results 

in insulin secretion. In most cases, KCl represents an artificial condition and may not fully replicate 

the physiological regulation of insulin secretion in vivo. However, it is often used along with other 

stimuli to test the intrinsic capacity of islet cells to respond to depolarizing stimuli and release 

insulin. Tolbutamide is a medication that belongs to the class of drugs known as 
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sulfonylureas[132]. It is primarily used in the management of type 2 diabetes mellitus to help 

control blood sugar levels. It functions by binding to the sulfonylurea receptor on the beta cells of 

the pancreas, which leads to the closure of KATP channels, and further trigger the secretion of 

insulin. Diazoxide, to the opposite, is a medication that raises blood sugar by slowing the release 

of insulin from the pancreas[133]. It functions by opening the KATP channels and suppresses the 

depolarization of cell membrane caused by the metabolism of glucose.  

3.2 Methodology 

3.2.1 Design of the Smartphone-Fluidic Fluorescence Digital Imaging Analysis system 

The smartphone imaging system consists of a smartphone, and a set of detachable lenses for 

magnification as described earlier[134]. In addition, a set of fluorescence filters were integrated 

into the system (Thorlabs, Newton, NJ). The fluorescence filters, including an excitation filter, an 

emission filter, and dichroic mirror, were held in a dichroic cube (Thorlabs, Newton, NJ), and were 

inserted between the objective lens and the ocular lens as shown in Fig. 28. 

 

Figure 28. Design of the smartphone-based fluorescnece imaging system.  

A white LED (Thorlabs, Newton, NJ) powered by 2 AAA batteries (Duracell) was placed to 

the right of the excitation filter to provide illumination. The light went past the excitation filter 

which eliminate all the light band except for the excitation light. The light then got reflected by 
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the dichroic mirror, and casted on the sample. The fluorescence marker in the sample got excited 

and emitted the emission light, which went pass the dichroic mirror and got captured by the 

smartphone camera. Fig. 29 shows the light path of the system. 

 

Figure 29. Optical principle of the smartphone-based fluroescence system.   

To make the system truly portable and simplify the experimental procedures for researchers to 

perform, the microfluidic biochip for islet imaging was designed based on our previously reported 

surface tension driven pumpless device[125]. The principle of the design could be depicted by 

Young-Laplace equation, which describes the pressure difference across the interface of two static 

fluids (air and the liquid within the droplet at inlet/outlet) due to surface tension. The equation is 

as shown below: 

∆𝑃𝑃 = 𝛾𝛾(
1
𝑅𝑅1

+
1
𝑅𝑅2

) (27) 
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Where ∆𝑃𝑃 is the pressure difference between the two interfaces, 𝑅𝑅1 and 𝑅𝑅2 are the principal 

radii of the curvature of the interface, and 𝛾𝛾 is the surface tension of the fluid. When considering 

the droplet to be a spherical drop, 𝑅𝑅1 = 𝑅𝑅2, which can simplify the equation to the following: 

∆𝑃𝑃 =
2𝛾𝛾
𝑅𝑅

 (28) 

This indicates that a small droplet would have a bigger net pressure (difference between the 

atmospheric pressure and the internal pressure of the droplet). If two chambers with different sizes 

are connected by a channel, and the liquid is loaded at the smaller chamber, it will be driven by 

surface tension to the larger chamber. 

The design of the microfluidic device used in this work is shown in Fig. 30. This is a two-layer 

PDMS device. The device was fabricated using the photo-lithography technique as mentioned in 

the previous chapter. The device has a 1mm inlet, a 10mm outlet, and a 34.25 mm long channel 

connecting the two. The channel was designed to be 0.5mm wide and 0.4 mm tall, such that most 

of the islets would not be trapped in the channel. The outlet also served as the islet incubation 

chamber, with small microwells (500 µm in diameter) sitting at the bottom to trap islets for 

observation. An extruded structure as placed near the outlet (islet incubation chamber) to minimize 

the liquid turbulence generated by flow and to prevent islets from moving. 

 

Figure 30. Design of the microfluidic device.  The two images on the left are 

the front and side view of the device. The image on the right is an amplified view 

of the cell-loading wells. 

To further validate the microfluidic design, a COMSOL Multiphysics model was carried out 

using Laminar Flow and Transport of Diluted Species method (Fig. 31A). The Navier-Stokers 

equations were utilized in the application to characterize the momentum transport of the fluid with 
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the conservation of mass and the surface tension. A sweep function of concentrations with set 

parameters of 8, 14, and 20 mM were applied in the inlet droplet, while a concentration of 2 mM 

was defined inside of the device. The diffusion coefficient of glucose was set to be 9.59 × 10−10 

m2/s[135]. A moving triangular mesh and automatic remeshing were used to achieve accurate 

deformation of the droplet at the inlet. The simulation result showed that for all three 

concentrations, glucose could be delivered from inlet to the cell loading chamber within 4 sec (Fig. 

31B). 

 

 Figure 31. Simulation of liquid diffusion in the microfluidic device. (A) 

Simulation setup in COMSOL. (B) Simulation result of glucose concentration 

vs. time. 

3.2.2 Mouse islet isolation and culture 

In this work, the islets used were isolated from the C57/B6 mouse of 8-10-week-old. In the 

isolation procedure, the mouse pancreata was perfused with 0.375 mg/mL collagenase P (Roche 
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Diagnostic GmbH, Mannheim, Germany) and was then digested for 12 min at 37°C. The digested 

pancreata were shaken vigorously for 15 s and further purified through discontinuous Ficoll 

gradient. The purified islets were cultured in 95% air and 5% CO2 at 37°C with RPMI-GlutaMAX-

1640 (Gibco, Amarillo, TX) supplemented with 10% fetal bovine serum (Corning, Corning, NY), 

All procedures were approved by the Animal Care and Use Committee at the University of 

Virginia. 

3.2.3 Buffer solution preparation 

Krebs Ringer Buffer (KRB) was used for the preparation of solutions for different stimuli and 

fluorescence dyes. The buffer was made by mixing 129 mM, NaCl, 5 mM NaHCO3, 4.7 mM KCl, 

1.2 mM KH2PO4, 1 mM CaCl2.2H2O, 1.2 mM MgSO4.7H2O, 10 mM HEPES, and 5% FBS at pH 

7.35-7.40. 

3.2.4 Fluorescence imaging of islets 

In this work, two fluorescence dyes (Fluo-4-AM and Rhodamine-123) and one genetically 

encoded fluorescence protein bio-indicator (GCaMP6m) were used to validate the  

Fluo-4-AM (Thermo Fisher Scientific, Waltham, MA) was prepared in DMSO and diluted to a 

final concentration of 5 µM in Krebs-Ringer (KR) buffer with 2 mM glucose (KR2). Rhodamine-

123 (Thermo Fisher Scientific, Waltham, MA) was prepared in 100% ethanol and diluted to a final 

concentration of 2 µM in KR2. The islets were incubated in the KR2 buffer with Fluo-4 or 

Rhodamine-123 for 30 min at 37°C before loading into the microfluidic device.  

The genetically encoded protein sensor for calcium was delivered into islets using adeno-

associated virus (AAV). To generate the virus, the sensor was first cloned into a pAAV viral 

transfer plasmid. The product construct was then co-transfected with pAdDeltaF6 and pAAV2/9n 

packing plasmids in HEK 293T cells. The crude virus was collected after four days of expression. 

A density gradient ultracentrifugation was performed to purify the virus. Titer of the virus was 

determined using qPCR-based methodology adapted from Addgene[136]. Islets were handpicked 

into each 96-well with 100 µL complete medium and 10 µL of AAV (titer of 1x1014 GC/ml) were 

then added for a 20-hour incubation in 37°C.  

A GFP filter set (452-488 nm /506-545 nm, Iridian spectral technology, Ottawa, ON, Canada) 

was used to observe Fluo-4 fluorescence dye and the GEFPI. The smartphone camera was set to 



66 
 

200 ISO and 1/10 shutter time, and images were captured at 15 s intervals. The chamber was filled 

with KR2 buffer initially, and the fluorescence-labelled islets were then carefully loaded into the 

open top chamber in the microfluidic device using a 20 µL pipette. KRB containing varying 

glucose concentrations (2, 14, or 20 mM) and KCL (30 mM) were introduced to islets through the 

inlet. Tolbutamide (Sigma-Aldrich, St. Louis, MO) and Diazoxide (Sigma-Aldrich, St. Louis, MO) 

were prepared in KR2 buffer with a final concentration of 250 µM and 200 µM, respectively.  

A YFP filter set (Iridian spectral technology, Ottawa, ON, Canada) was used to observe the 

Rhodamine-123. The filter set had an excitation band of 489-505 nm, and an emission band of 

524-546 nm. The camera setting used for Rhodamine-123 was identical to the ones used for Fluo-

4 and the GEFPI. 

3.2.5 Software development for islet imaging 

The video processing software was developed using python 3.9.5 (Python Software Foundation, 

Wilmington, DE) and OpenCV. The software was designed such that the user can select multiple 

Regions of Interest (ROIs). The acquired video first went through background subtraction. 

Average values of the green channel within each ROIs were then calculated to represent the 

fluorescence intensity. The results were plotted as fluorescence intensity vs. time for review by the 

user. 

3.3 Results and discussion 

3.3.1 Imaging resolution validation of optical system 

A resolution target (Edmund Optics, Barrington, NJ) was used to validate the resolution of the 

imaging system. Fig. 32A shows the validation result.  
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Figure 32. Validation of the magnification system. (A) Images of the resolution 

targets. The lowest resolved groups (Group 7) are highlighted using red box in 

the image on the left, and the image on the right is the zoom -in image of the 

highlighted area with a yellow vertical line cut in the middle of the horizontal 

line pairs. (B) The corresponding cross-sectional plot of the intensity along the 

yellow vertical line. 
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All the lines up until the 3rd line pair (6.2 µm) in group 7 could be clearly distinguished. Starting 

from the 4th line pair (5.5 µm) in group 7, the contrast between the bright and dark line could no 

longer be well-identified. Fig. 32B plotted the light intensity along the yellow line. The curve 

quantified the level of contrast of the 2nd – 4th line pairs in group 7, and the average difference 

between the peak values in bright lines and the bottom values in dark lines descended from ~20% 

to ~10%. Both Fig. 32A and Fig. 32B showed that the 3rd line pair in group 7 was a good 

representation of the maximum resolvable resolution, which was 6.2 µm. In Fig. 33, the resolution 

validation result of imaging system with not magnification was presented. The result indicated that 

the maximum resolvable resolution was ~99 µm, meaning that the magnification setup mentioned 

in chapter 2.1 brought a ~15 times enhancement on spatial resolution. Given that islets had 

diameters larger 50 µm in most cases, such enhancement ensured that the imaging system has 

enough resolution for islets imaging.  
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Figure 33. Validation of the optical system with no magnification. (A) Images 

of the resolution targets. The lowest resolved groups (Group 3) are highlighted 

using red box in the image on the left, and the image on the right is the zoom -

in image of the highlighted area with a yellow vertical line cut in the middle of 

the horizontal line pairs. (B) The corresponding cross-sectional plot of the 

intensity along the yellow vertical line. 
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3.3.2 Intracellular insulin stimulator-secretion coupling factors in response to stimuli 

Beta-cell insulin secretion stimulated by glucose is governed by glucose metabolism, electrical 

activity, ion signaling, and hormone exocytosis. As mentioned in previous chapter, glucose enters 

beta-cells via the GluT2 transporter, and glycolysis leads to the generation of pyruvate. Pyruvate 

then enters mitochondria and generates ATP through the TCA cycle. The increased ATP facilitates 

the closure of ATP-sensitive potassium channels (KATP channels) and depolarization of the plasma 

membrane that triggers Ca2+ influx through VDCC and induces exocytosis of insulin, C-peptide, 

and proinsulin. The processes display complex biphasic and pulsatile kinetic profiles. Chemical 

dyes, fluorescence, and confocal imaging are often employed to study beta-cell intracellular 

activities such as calcium influx, mitochondrial potential changes, zin release kinetics, ROS 

production, and many others. In this study, we used Fluo-4 and Rhodamin-123 to monitor cellular 

calcium influx and mitochondrial potential, respectively. 

3.3.2.1 The effects of photo-bleach and shear stress 

The photo-bleach in fluorescence imaging caused by the overwhelming exposure can lead to 

loss of fluorescence signals and affect the analysis results. Also, the shear stress generated from 

fluid flow in a microfluidic channel may induce calcium ion influx in pancreatic beta-cells[137]. 

Therefore, we seeded the islets in 2mM glucose initially, and added 10 μL of 2mM glucose at 5 

min and 20 min. We monitored the intracellular fluorescence calcium signals over 30 min and the 

result is shown in Fig. 34. The intensity curve was almost flat, indicating that the photo-bleach 

effects were neglectable. Minor fluctuations could be observed at 5 min and 20 min when flow 

was delivered, but the fluctuations were very minimal (< 3%), meaning that the shear stress from 

the pumpless flow delivery did not have significant impact on the fluorescence signal acquisition. 
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Figure 34. Representative tracings of [Ca2+]i in mouse islets following 

continuous addition of 2 mM glucose (Fluo-4). 

3.3.2.2 Response of fluo-4 labeled islets to glucose stimulation 

Fluo-4 is one of the small molecular dyes that is widely used to monitor the metabolism process 

of islets. Fluo-4 is a fluorescence dye that can bind to calcium ion and emit fluorescence. It has an 

excitation wavelength of 494 nm and emission wavelength of 506nm. Fig. 35 shows the 

representative responses of starved islets stimulated with 8mM glucose starting from 5 min, and 

20mM glucose starting from 20 min. The fluorescence signal was increased to 158.2% (164.7% ± 

10.8) in response to 8 mM glucose, and 165.0% (163.1% ± 15.8) in response to 20 mM glucose. 

Importantly, the system can clearly detect a typical biphasic calcium pattern under glucose 

stimulation. When comparing the two responses, the two peaks had similar height, yet while the 

second one (20 mM) managed to maintain a high level, the first response (8 mM) started to 

decrease within ~2min and reached to 119.2% (114.5% ± 12.0) before the second stimulus was 

added. These results suggested that delivery of stimuli to islets can be achieved with the proper 

concentrations through the surface tension driven liquid delivery process. 
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Figure 35. Representative tracings of [Ca2+]i in mouse islets following glucose 

stimulation at varying concentrations (8 and 20 mM) (Fluo-4). 

Fig. 36 shows the representative responses of starved islets stimulated with 14mM glucose 

starting from 5 min, and 30mM KCl starting from 20 min. The fluorescence intensity first 

experienced a slight drop to 85.2% (86.8% ± 2.9) corresponding to phase 0, and then started to 

quickly increase until reaching the highest value of 167.6% (157.0% ± 9.5). The fluorescence 

intensity maintained a high level with a slight drop, until KCl stimulation at 20 min, when the 

fluorescence intensity further increased to 197.81% (183.5% ± 17.0). This is a clear biphasic 

pattern, with the second peak significantly higher than the first one. When high concentration KCl 

was used to stimulate the islets, the increase level of extracellular potassium ion concentration 

would lead to the depolarization of cell membrane, and cause the voltage-gated calcium channel 

to open to the and eventually result in the increase of insulin secretion. With the experimental setup 

used in this work (14 mM glucose and 30mM KCl), the response from KCl should be much higher 

than the one from glucose. The result observed from the smartphone system matches the 

expectation of a glucose-KCl stimulation assay. The fact that the small drop in phase 0 can be 

detected by the system shows that the system has enough fluorescence intensity resolution.  
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Figure 36. Representative tracings of [Ca2+]i in mouse islets following 14 mM 

glucose and 30 mM KCl stimulation (Fluo-4).  

3.3.2.3 Response of fluo-4 labeled islets to other stimuli 

Diazoxide and Tolbutamide are two drugs that are often used to manage blood glucose for 

diabetes patients. In this work, both the drugs were used to stimulate islets. 

Fig. 37 shows the representative responses of starved islets stimulated with 14 mM glucose 

starting from 5 min, and 250 μM Diazoxide starting from 20 min. The fluorescence intensity first 

increased to 133.8% (145.3% ± 14.7) after the glucose stimulation. It then dropped to 108.8% 

(114.4% ± 13.2) 2 min after 250 μM Diazoxide was added, and continued dropping at a relatively 

slower rate afterward. Diazoxide functions as a potassium channel opener. When islets were 

stimulated by Diazoxide, the closure of potassium channel caused by glucose intake would be 

countered, and thus, the cell membrane polarization would be prevented. As a result, the voltage-

gated calcium channel would be closed, and the amount insulin secretion would be decreased. The 

result observed from the smartphone system matches this expectation. 
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Figure 37. Representative tracings of [Ca2+]i in mouse islets following 14 mM 

glucose and 200 µM Diazoxide stimulation (Fluo-4). 

Fig. 38 shows the representative responses of starved islets stimulated 14 mM Tolbutamide 

starting at 5 min. The fluorescence intensity increased to 151.8% (141.2% ± 17.0) in response to 

200 μM Tolbutamide. Tolbutamide functions as a potassium channel closer. When islets were 

stimulated by Tolbutamide, the potassium channel would close even when there were no 

intracellular ATP level changes. As a result, the voltage-gated calcium channel would be open 

which would lead to calcium inflow and insulin secretion. The result observed from the 

smartphone matched this expectation. 
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Figure 38. Representative tracings of [Ca2+]i in mouse islets following 250 µM 

Tolbutamide stimulation (Fluo-4). 

3.3.2.4 Response of Rhodamine-123 labeled islets to other glucose 

Another small molecular dye (Rhodamine-123) with a different excitation/emission wavelength 

(507 nm/ 529 nm) was also used to test the smartphone system in this work. Rhodamine-123 was 

a positively charged molecule that could accumulate in the mitochondria and be used to monitor 

mitochondrial activity driven by its membrane potential.  

Fig. 39 shows a representative response of Rhodamine-123-labeled starved islets stimulated 

with 14 mM glucose at 5 min. The fluorescence intensity dropped to 89.2% (88.5% ± 2.8) right 

after the stimulation was added. When glucose was added to the islets, the increased metabolism 

process would cause the potential of inner mitochondrial membrane to turn negative, and result in 

the intake of Rhodamine-123. As a result, the fluorescence intensity would decrease. The result 

observed from the smartphone matched this expectation. 
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Figure 39. Representative tracings of Ψmito in mouse islets following 14 mM 

glucose stimulation (Rhodamine-123). 

3.3.3 Fluorescence imaging of islets labelled with GEFPIs 

One of the challenges in islet biology is to visualize biomolecules in their natural environment 

in real-time and in a non-invasive fashion, so as to gain insight into their physiological behaviors 

and highlight alterations in pathological settings. Genetically Encoded Fluorescence Protein 

Indicators (GEFPIs) constitute a class of imaging agents that enable visualization of biological 

processes and events directly in situ, preserving the native biological context and providing 

detailed insight into their localization and dynamics in cells. In this work, a calcium GEFPI was 

expressed in islet cells and then imaged using the smartphone system. 

3.3.3.1 The effects of photo-bleach and shear stress 

For reasons similar to the Fluo-4 labeled islets, a test was done to make sure that the neither 

photo-bleach effect nor the shear stress generated from fluid flow would affect the fluorescence 

observation during the experiment. Similar to the test we did for the Flu-4-labeled islets, we added 

2mM glucose at 5 min and 20 min, and monitored the islets calcium signal for 30 min. The result 

is shown in Fig. 40. Similar to the result from Fluo-4 labeled islets, the curve was nearly flat, and 
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almost no fluctuation could be observed at 5 min and 20 min. This indicates that neither the photo-

bleach, nor the shear stress would affect the observation of calcium signal during the experiment. 

 

Figure 40. Representative tracings of [Ca2+]i in mouse islets following 

continuous addition of 2 mM glucose (GEFPI). 

3.3.3.2 Response of GEFPI-labeled islets to glucose stimulation 

Fig. 41 shows a representative response of GEFPI-labeled starved islets stimulated by 14 mM 

glucose at 5 min. The fluorescence intensity first experienced a minor drop after the glucose 

stimulation, and then quickly increased to 110.0% (113.1% ± 4.8). Overall, the fluorescence 

intensity of biosensor was lower than that of fluo-4, and the increase in response to glucose 

stimulation was also smaller, but the smartphone system managed to capture the signal emitted by 

the biosensor and identify the difference between pre- and post- glucose stimulation. 
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Figure 41. Representative tracings of [Ca2+]i in mouse islets following 14 mM 

glucose stimulation (GEFPI). 

3.3.3.3 Response of GEFPI-labeled islets to other stimuli 

We also tested the GEFPI-labeled islets with Diazoxide and Tolbutamide. Fig. 42 shows a 

representative response of GEFPI-labeled starved islets stimulated by 14 mM glucose at 5 min and 

250 μM Diazoxide at 20 min. The fluorescence intensity first climbed to 116.9% (115.9% ± 2.3) 

after the 14 mM glucose stimulation at 5min, and quickly decreased to 83.1% (87.9% ± 7.6) 2 min 

after the Diazoxide was added. 
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Figure 42. Representative tracings of [Ca2+]i in mouse islets following 14 mM 

glucose and 200 µM Diazoxide stimulation (GEFPI). 

Fig. 43 shows a representative response of GEFPI-labeled starved islets stimulated by 200 μM 

Tolbutamide at 5 min. The fluorescence intensity increased to 116.4% (115.1% ± 2.1) after the 14 

mM glucose stimulation at 5min, and quickly decreased to 83.1% (87.9% ± 7.6) 2 min after the 

Diazoxide was added. 
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Figure 43. Representative tracings of [Ca2+]i in mouse islets following 250 µM 

Tolbutamide stimulation (GEFPI). 

Similar to glucose, the responses to these two stimuli were relatively smaller than that of Fluo-

4. However, the results still matched our expectation. 

3.3.4 Conclusion 

In this project, we developed a novel smartphone-microfluidic fluorescence imaging system to 

study the physiology of islet beta-cells. By trapping islets in a customized surface tension driven 

pumpless microfluidic device, we managed to use the smartphone camera to visualize mouse islets 

labelled with various fluorescence indicators and detected physiological insulin stimulator-

secretion coupling factors. These were in response to different stimuli/inhibitors with decent 

fluorescence signaling and signal vs. noise ratio. We also achieved adequate resolution of single 

islet insulin secretion.  When compared to conventional fluorescence-microscope microfluidic 

perfusion systems, the portable system allowed an easier setup and a much lower cost. One 

limitation with the current system setup is that current setup can only work with one fluorescence 

spectrum at a time. However, this problem can be resolved in the future by implementing filter 

switch functionality into the system with the help of a motorized filter wheel. 
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In conclusion, the presented smartphone-microfluidic imaging system reveals a possible 

implementation of portable, low-cost fluorescence imaging to study the insulin secretion kinetics 

of islet beta-cells. One future direction of this work will incorporate the concepts of big data and 

machine learning to transform the system into a front-end device for islet data gathering, while 

embedding a fully trained analysis model such that the system can generate assistive results on cell 

functionality. 

 

CHAPTER 4. Smartphone-based Imaging Systems for Blood Creatinine 
Measurement 

4.1 Introduction 

4.1.1 Kidney function Assessment 

Kidney is vital organ in our body, which possesses the responsibility for filtering out waste and 

excess substances from the blood while regulating the balance of electrolytes and the production 

of red blood cells. However, it is susceptible to damage from high blood sugar levels and other 

diabetes-related complications[138]. As a result, assessing kidney function becomes essential in 

managing diabetes and preventing the progression of kidney disease. 

Creatinine is a chemical waste molecule that is produced during normal muscle metabolism. It 

is generated from creatine, a molecule involved in energy production in muscles[139]. Creatinine 

is primarily filtered by the kidneys and excreted in urine, making it a useful marker for assessing 

kidney function[140]. In clinical practice, creatinine is commonly measured in blood samples to 

evaluate kidney health and monitor renal function, Elevated levels of creatinine in the blood may 

indicate impaired kidney function. 

4.1.1.1 Clinical measurement for creatinine 

In clinical practices, creatinine can be measured from blood samples or urine samples[141]. 

Blood creatinine measurement involves an evaluation of blood samples taken from a vein in patient 

arms. The normal range for blood creatinine is 0.74 to 1.35 mg/dL for me and 0.59 to 1.04mg/dL 

for women. Urine creatinine measurement on the other side, involves the evaluation of urine 

samples over 24 hours. The normal range for urine creatinine is 20-320 mg/dL for men and 20-

275 mg/dL for women. Compared to urine test, blood creatinine test has the advantages like low 
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time consumption and low operation cost since it only requires one single blood sample, low 

variations and etc.[141]  

Jaffe reaction was first introduced by Max Jaffe in 1953[142]. It is a colorimetric reaction that 

involves mixing the sample containing creatinine with an alkaline solution (usually sodium 

hydroxide) and picric acid. The alkaline environment converts creatinine to creatinine picrate, 

resulting in the formation of the colored complex named the Janovsky Complex as shown below: 

 
Throughout the reaction the color changes from yellow (picric acid) to red (Janovski complex). 

By detecting the intensity of color or optical density (absorption) at 520 nm[143], creatinine 

concentration can be calculated. Because of the simplicity of creatinine, it is inexpensive, has a 

very low time and operation cost, and can be easily adapted to automated analysis. As a result, it 

is very widely used and has been the golden standard for laboratory creatinine measurement. 

However, Jaffe reaction is known to have low accuracy and insufficient sensitivity[144, 145]. 

Moreover, some blood factors/organic compounds like glucose, ascorbic acid can induce similar 

reaction, which makes Jaffe reaction very susceptible to interference.  

In recent years, enzymatic assays have emerged as an alternative method for creatinine 

measurement. As shown below, the reaction mainly involves turning creatinine into creatine and 

then sarcosine through creatininase and creatinase, and letting sarcosine react with sarcosine 

oxidase to form hydrogen peroxide (H2O2). H2O2 can be used as a fluorescence indicator of the 

creatinine concentration[146].  

 
Compared to Jaffe reaction, it has better sensitivity and accuracy. More importantly, the 

enzymatic reaction is more specific to creatinine, meaning that it is more resistant to resistant to 

interferences[147].  
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4.1.1.2 Point-of-care creatinine test 

Due to the high expense and time consumption of clinical creatinine test, researchers have start 

to explore the possibility of point-of-care (POC) creatinine test. There have been some successful 

attempts on the development of a POC creatinine test, but most the researchers chose to build the 

test based on Jaffe reaction due to its simplicity and low cost, and the test were developed for unary 

samples only. A study in 2016 introduced a point-of-care device for unary creatinine test using a 

multi-layer microfluidic device. The device uses a gravitational-capillary valve to control the fluid 

flow and used a specialized digital camera to capture the color change from Jaffe reaction to 

measure creatinine[148]. A study in 2022 reported using a paper microfluidic device with the help 

a raspberry-pi-based digital imaging system to determine Albumin to creatinine ratio in human 

urine[149].  

4.2 Methodology 

4.2.1 Fabrication of channel structure on paper 

A photo-lithography-based method was used to fabricate channel structure on paper. The 

process was very similar to the photo-lithography technique for microfluidic device fabrication 

described in chapter 2.2.1. The design was made in AutoCAD within a circle of 10 cm radius and 

was printed on transparent film with high resolution. The channel structures were printed on 

Whatman filter paper (Sigma-Aldrich, St. Louis, MO). The paper was cut to a 10cm radius such 

that it could match the size of the silicon wafer and was attached on top of the wafer. The 2050 

SU-8 (Microchem, Wstborough, MA) was used as the photo-resist, and they were spun on the 

filter paper for 40 sec at 500 rpm to spread evenly. The filter paper was then pre-baked at 90 °C 

for 30 min, exposed to UV light for 90 sec, and post-baked at 90 °C for another 30 min. Finally, 

the filter paper was rinsed in the SU-8 developer, Acetone, and alcohol for 1 h respectively.  

4.2.2 Design of paper-microfluidic device 

In the project, a paper-microfluidic device was designed to measure creatinine concentration in 

whole blood. The creatinine measurement assay used for the paper-based device was Jaffe reaction. 

As mentioned earlier, Jaffe reaction was a colorimetric reaction. The concentration of creatinine 

was determined how much the color changed from yellow to orange. Since such color change 
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could not be detected in whole blood, blood separation needed to be done prior to the Jaffe reaction 

assay. As a result, the paper-based device was designed to be a two-layer device that mainly 

consisted of two regions: the blood separation regions and the reaction region. The bottom layer 

was made by Grade 3 Whatman filter paper (Cytiva, Marlborough, MA). It was designed to have 

a 4 mm diameter round chamber for reaction, followed by a 2 mm by 8 mm channel to guide the 

flow of the liquid. This structure was printed on the filter paper using photo-lithography method. 

The top layer was made by MF1 Whatman blood separator (Cytiva, Marlborough, MA) which 

could separate serum from whole blood. It was designed to have a 10mm by 10 mm square area 

for sample loading, followed by a 2 mm by 34 mm bridge that connected it the reaction zone. The 

two layers was connected by a 2 mm by 10 mm MF1 blood separator with 5 mm overlapping area 

with each layer. Fig. 44 shows the overall design of the paper microfluidic device. 

 

Figure 44. Design of the paper microfluidic device.  

 

4.2.3 Jaffe-reaction-based creatinine assay 

As mentioned in the previous chapter, the Jaffe-reaction-based creatinine assay involves letting 

sample react with Picric Acid under alkaline condition. Picric Acid used in this work was saturated 

Picric Acid solution (1.3%). It was prepared by adding 0.6 g Picric Acid powder (Thermo Fisher 

Scientific, Waltham, MA) to 50 mL distilled water. The prepared solution was stored at 4 °C 
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fridge, and would be heated to room temperature every time before the experiment. 1N Sodium 

Hydroxide solution (Thermo Fisher Scientific, Waltham, MA) was used to create the alkaline 

environment for the reaction. The stock creatinine solution was prepared by dissolving 50 mg 

creatinine powder (Thermo Fisher Scientific, Waltham, MA) in 50mL distilled water and stored 

in 4 °C fridge. 

When validating the assay in 96-well plate, standard creatinine samples with concentration of 

0.4, 0.8, 1.2, 1.6, 2.4, 3.2, 4.8, 6.4, 9.6, 12.8 and 16 mg/dL were prepared. These samples were 

created by mixing 100 mg/dL stock creatinine solution of 0.4, 0.8, 1.2, 1.6, 2.4, 3.2, 4.8, 6.4, 9.6, 

12.8 and 16 with water of 99.6, 99.2, 98.8, 98.4, 97.6, 96.8, 95.2, 93.6, 90.4, 87.2 and 84. When 

conducting the experiment, the 15 µL sample would be mixed with 15 µL Sodium Hydroxide first, 

and added to the well along with 30 µL Picric Acid. Images of the 96 well plate would be taken 5 

min later. The images would be transformed from RGB color space to HSV, and the H value would 

be used to quantify color change.  

When validating Jaffe reaction on paper-based device, standard creatinine samples were made 

by mixing high-concentration creatinine solution with whole blood. The whole blood was taken 

from mice heart. Under healthy condition, mice serum creatinine concentration can be as low as 

0.0565 mg/dL, which is much lower than the serum creatinine concentration of healthy human (0.7 

to 1.3 mg/dL for men, 0.6-1.1 mg/dL for women). The creatinine concentration of the whole blood 

sample would be validated using the enzymatic-based fluorescence assay (detail of the assay will 

be introduced later) to make sure that the concentration is lower than 0.1 mg/dL. To make standard 

creatinine samples, the 48 µL of the whole blood sample were mixed with 2 µL of creatinine 

sample with concentration of 12.5 mg/dL, 25 mg/dL, 50 mg/dL and 100 mg/dL such that the mixed 

blood samples had creatinine concentration of 0.5 mg/dL, 1 mg/dL, 2 mg/dL, and 4 mg/dL. The 

100 mg/dL creatinine samples were made by dissolving 50 mg creatinine powder in 50 mL saline 

solution to avoid Hemolysis during the experiment. The 50 mg/dL, 25 mg/dL, and 12.5 mg/dL 

solution were created by applying gradient dilution to the 100 mg/dL creatinine sample. Likewise, 

the Picric Acid solution was made by dissolving 0.6 g Picric Acid powder in 50 mL saline solution. 

The bottom layer of the paper device would be soaked in the 1 N Sodium Hydroxide solution for 

1 h, and assembled with the rest after the device is dry. The assembled paper device would be 

contained in a 3-D printed cassette (Fig. 45). 
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Figure 45. Design of the cassette that is used to hold the paper microfluidic 

device. (A) Lid of the cassette. (B) Bottom of the cassette. (C) Image of the 

assembled cassette (with paper microfluidic device loaded in it) taken by 

smartphone camera.  

 During the experiment, 50 µL whole blood sample would be pre-mixed with the 30 µL Picric 

Acid solution, and then added to the inlet of the paper-based device. 15 min after the sample was 

added, the image of the reaction zone would be taken for analysis. The image would be transformed 

from RGB channel to HSV channel, and the H value would be used to quantify the color change. 

4.2.4 Enzyme-based fluorescence creatinine assay 

As mentioned in the previous chapter, the enzyme-based creatinine reaction involves 

transforming creatinine into creatinine and then sarcosine using creatininase and creatinase 

respectively, and oxidize sarcosine into Hydrogen Peroxide afterward. Fluorescence signal can be 
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detected when Hydrogen Peroxide is mixed with OxiRed, and the strength of the fluorescence 

intensity has a linear relationship with the concentration of the Hydrogen Peroxide 

The enzyme-based fluorescence assay was developed based on the Creatinine Assay Kit from 

Abcam (Abcam, Cambridge, UK). The creatinine sample, creatininase, creatinase, and the 

sarcosine oxidase were all supplied in powder. They were dissolved in 100 µL, 220 µL, 220 µL, 

220 µL assay buffer (Tri-HCL buffered NaCl solution containing Bovine serum albumin, bovine 

gamma globulins, Tween 40 and diethylenetriaminepentaacetic) respectively to make the stock 

solutions, and stored at -20 °C.  

In the assay, serum was separated from the whole blood sample by centrifuging at 1000 g for 

min. The reaction reagent was prepared by mixing creatininase, creatinase, of sarcosine oxidase, 

of OxiRed prob (dissolved in DMSO) and assay buffer at ratio of 1:1:1:1:21. In addition to the 

regular reaction reagent, another also needed to be made for background control. It was done by 

mixing creatinase, sarcosine oxidase, OxiRed prob and assay buffer at ratio of 1:1:1:22. As 

compared to the regular reaction reagent, creatininase was excluded from the background control. 

The purpose of this was to find out the concentration of the Hydrogen Peroxide that are not 

generated by creatinine through the enzymatic reaction. Standard creatinine samples were made 

by first diluting the 10 µL of stock solution (100 nmol/L) in 990 µL assay buffer to get 1nmol/L 

creatinine solution, and then mixing the 0 µL, 6 µL, 12 µL, 18 µL, 24 µL, and 30 µL of 1nmol/L 

solution with 150 µL, 144 µL, 138 µL, 132 µL, 126 µL, and 120 µL assay buffer respectively. The 

concentration of the standard creatinine samples would then be 0.45 mg/dL, 0.9 mg/dL, 1.35 

mg/dL, 1.8 mg/dL, and 2.25 mg/dL. The enzyme-based fluorescence assay has very high 

sensitivity, such that the fluorescence intensity of samples with normal creatinine concentration 

(0.6 mg/dL – 1.3 mg/dL) would exceed the detection range of the fluorescence imaging system. 

As a result, both the creatinine standards and the serum sample would be diluted by 10 using assay 

buffer before the experiment. During the experiment, each sample would first be mixed with the 

regular reaction reagent and the background control reagent respectively. Different from the 

original assay, 10 µL of sample was mixed with 10 µL of reaction agent in a 3-D printed multi-

well plate (details will be introduced in the next paragraph). The plate was then incubated at 37 °C 

for 1 h. The fluorescence images would be taken at 538 nm/587 nm, and the fluorescence intensity 

would be used to quantify the creatinine concentration. The final concentration of a sample would 
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be the creatinine concentration of the regular sample subtracted by the one of the background 

controls. 

4.2.5 Design of fluorescence imaging system 

The fluorescence imaging system used in this project was similar to the one used in the previous 

project (Fig. 28) except that no magnification lenses were needed for the smartphone camera to 

image the multi-well plate. 

A specifically designed multi-well plate was inserted to the bottom of the smartphone case (Fig. 

46). The plate had a dimension of 75 mm by 20 mm. It contained 3 x 10 wells. The 3 wells in each 

row can be used to measure one sample, with two being used for duplicate of the regular reading, 

and one being used for background control reading. The dimension of the well was 4 mm in 

diameter and 6 mm in depth, meaning that the volume of then well was ~75 µL, which was enough 

for a 20 µL sample. The bottom of the plate had features for alignment, which would match the 

alignment features on the bottom of the smartphone case. These features were to make sure that 

the positions of the wells in the image taken by the camera were consistent. 
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Figure 46. Design of the specifically designed multi-well device. (A) Top view 

of the device. (B) Bottom view of the device. (C) Overall design of the device. 

When analyzing the image, since the fluorescence of the samples were close to orange color, 

the intensity on red channel was used to represent the strength of fluorescence signal. Thresholding 

plus k-mean clustering was used to identify and locate wells in the image. Linear regression would 

be applied to the readings of the standard samples. The fitted line from the linear regression would 

then be used to calculate the creatinine concentration of unknown samples. 
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4.3 Result 

4.3.1 Result of Jaffe-reaction-based assay 

4.3.1.1 Assay validation in 96 well plate 

Jaffe-rection-based assay was first tested and validated in 96 well plate. Fig. 47 A shows a 

representative Jaffe reaction result. When concentration was 0 mg/dL, the color of the well was 

bright yellow. When concentration increased, the color gradually changed from yellow to orange. 

Hue in HSV color space was used to quantify this color change as shown in Fig. 47 B. Overall, a 

straight line could well represent the relationship between the Hue value and the creatinine, with 

an R2 of 0.963 and standard error (SE) of 0.0052.  
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Figure 47. Validation of Jaffe reaction in 96 well plate. (A) Image of Jaffe 

reaction result of standard samples. (B) Plot of Hue vs. concentration of the 

standard samples. A straight line was fitted to the data points.  

4.3.1.2 Assay validation on paper using creatinine standards 

Jaffe-rection-based assay was then validated on Whatman filter paper using standard samples. 

First, we validated the assay on paper with only well structure. From the aspect of user friendly, 

Sodium Hydroxide and Picric Acid should be pre-coated on the paper device, such that the users 

only need to add the sample when they use it. In Fig. 48, Picric Acid and Sodium Hydroxide was 

pre-mixed and dropped onto the paper. When the paper dried, samples were added to the paper. 

As shown in the figure, a negative linear pattern can be observed between Hue value and creatinine 

concentration. However, the R square value was only 0.771, with a SE of 0.0043, suggesting the 

linear relationship was relatively low. When looking at samples with lower concentrations 

(concentration lower than 5 mg/dL), the linear relationship becomes even lower, with the hue 

values displaying a high degree of variability. One potential cause to such result was that the 

function of Picric Acid was affected after mixing with Sodium Hydroxide for a long time because 

of its acidity.  

 



92 
 

 

Figure 48. Validation of Jaffe reaction on Whatman filter paper. Picric acid, 

Sodium Hydroxide, and creatinine samples were added sequentially to the paper. 

(A) Image of Jaffe reaction result of standard samples. (B) Plot of Hue vs. 

concentration of the standard samples. A straight line was fitted to the data points.  

To avoid Picric Acid and Sodium Hydroxide from long-time mixing, Sodium Hydroxide was 

pre-coated onto the paper by dipping the paper in Sodium Hydroxide for 1 h. Picric Acid was pre-

mixed with the sample, and then dropped onto the paper (Fig. 49). As shown in the figure, the Hue 

value and the creatinine concentration had a much better linear relationship. The R square was 

increased to 0.974. The SE was 0.0017 which was much smaller. However, with concentration of 

0 mg/dL, 0.4 mg/dL and 0.8 mg/dL, the Hue value still exhibited a relatively random pattern. This 

indicated that the assay might still not work very well for low concentration samples (< 1 mg/dL). 
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Figure 49. Validation of Jaffe reaction on Whatman filter paper. Sodium 

Hydroxide was pre-coated on the paper. The mix of Picric acid and creatinine 

samples were then added to the paper. (A) Image of Jaffe reaction result of 

standard samples. (B) Plot of Hue vs. concentration of the standard samples. A 

straight line was fitted to the data points.  

To further validate whether blood separation membrane or long-distance liquid diffusion would 

have any effect on the Jaffe-reaction assay, a similar test was done using the multi-layer paper 

device (Fig. 50). As shown in the figure, the R square value of the linear regression is 0.987, with 

a SE of 0.00034. This indicated that there was a strong linear relationship between Hue value and 

creatinine concentration, meaning blood separation membrane or long-distance liquid diffusion do 

not have effect on Jaffe-reaction assay. 
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Figure 50. Validation of the effect of blood separation membrane and long-

distance diffusion on Jaffe reaction. (A) Image of Jaffe reaction result of 

standard samples. (B) Plot of Hue vs. concentration of the standard samples. A 

straight line was fitted to the data points.  
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4.3.1.3 Assay validation on paper using whole blood samples 

Fig. 51 shows the validation result of whole blood samples on the paper-based device. Overall, 

the blood separation membrane trapped most of the red blood cells, and the separated serum along 

with Picric Acid successfully diffused to the reaction well on the bottom layer. The hue value and 

the creatinine concentration exhibited a linear relationship, with R square of 0.952, and SE of 

0.0012. Compared to the validation result with standard samples, the color of the reaction result 

for whole blood was darker (closer to orange). This was caused by the fact that serum separated 

from normally had yellow color. This could cause the color of the sample with high concentration 

to saturate, which could explain the fact that the hue value of high concentration sample (16 

mg/dL) was higher than expected. 
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Figure 51. Validation of paper microfluidic device using whole blood samples. 

(A) Image of testing result of standard samples. (B) Plot of Hue vs. concentration 

of the standard samples. A straight line was fitted to the data points.  

4.3.2 Result of Enzyme-based fluorescence assay 

Fig. 52 shows a representative result on performing the enzyme-based fluorescence assay on 

standard samples. As shown in the figure, the fluorescence intensity increased when creatinine 
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concentration was higher, and there was a strong linear relationship between the two with a R 

square value of 0.993.  

 

 

Figure 52. Representative result of enzymatic fluorescence assay for creatinine 

measurement. (A) Fluorescence image of enzymatic assay result of standard 

samples. (B) Plot of fluorescence vs. concentration of the standard samples. A 

straight line was fitted to the data points.  
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30 human samples were then used to validate the enzyme-based fluorescence assay. The results 

measured by the enzyme-based fluorescence assay were compared to the clinical data (Fig. 53). 

 

 

Figure 53. Validation of enzymatic fluorescence creatinine assay on human 

samples.  

As shown in the figure, the enzymatic assay’s result and the clinical data were linearly 

correlated, with an R square value of 0.9611. However, the enzymatic assay’s readings were 

mostly lower than the clinical data (slope of the fitted line was 0.7335). This could be explained 

by the fact that clinical data were collected using Jaffe reaction, and Jaffe reaction has been 

reported to have higher readings and is vulnerable to interferences.  

4.3.3 Conclusion 

In this project, we attempted to build two assays for easy and fast serum creatinine 

measurement. The first assay was built based on Jaffe reaction. We successfully implemented the 

assay on paper-based device, which makes it possible for POC testing. We validated the assay 

using artificial whole blood samples (mix of mice whole blood samples and high concentration 

creatinine solution), and the results showed strong correlation between concentration and color 

changes. The second assay was built based on enzyme-based fluorescence assay. Due to the 

complexity of the reaction, we only managed to perform the assay using a smartphone-based 



99 
 

fluorescence imaging system with a specifically designed multi-well plate. However, the assay 

exhibited a much higher sensitivity as compared to Jaffe-reaction-based assay. Also, we validated 

the assay on 30 human samples. Although the readings from the enzymatic assay were mostly 

lower than the clinical data, the two sets of readings were strongly linearly correlated. 

Both the assays are still in the early development stage. For Jaffe-reaction-based assay, more 

optimization still needs to be done to increase the sensitivity for samples with low concentration 

(< 1 mg/dL). Also, the assay needs to be validated on more mice whole blood samples, and 

eventually validated on human samples. The Enzyme-based fluorescence assay on the other side, 

also needs to be validated on more human samples. Also, more efforts can be put to look into the 

potential of implementing the assay on paper-based device to achieve POC testing.  

 

CHAPTER 5. Conclusion, Discussion and Future Direction 

In this thesis, we described three projects. In the first project, we built a smartphone-fluidic 

digital imaging (SFDIA) system to assess the islets mass in preparation for islet transplantation. 

The system managed to generate islet quantity results as well as parameters beyond traditional 

mass quantification (volume, purity and morphology). Several limitations of the system still need 

to be mentioned. First, due to the relatively low resolution and recording frame rate of the 

smartphone camera, a consistent fluid flow is required for our video processing to assure a reliable 

reading of islet parameters. Therefore, the system requires the use of an external pump system to 

deliver consistent fluid flow through the microfluidic channel. To upgrade the current system and 

overcome this issue, a customized camera is favorable. With the upgrade, it is also possible to 

simplify the experimental setup by removing the external power source for fluid delivery and 

utilize a pumpless microfluidic system as we introduced previously for islet function tests. Another 

limitation of our methodology is that the imaging is captured in 2D, but the islet mass parameters 

are dependent on the 3D structure of the islets. Although our system is simple and has significant 

advantages over traditional manual counting in acquiring the most useful parameters from islet 

samples, we believe that a 3D scanning and modeling approach can further improve the accuracy. 

In the second project, we integrate fluorescence imaging capability into the SFDIA system. As 

a result, we managed to use the system to study insulin secretion kinetics of islet beta-cells with 

easy operations and low cost. One limitation with the current system setup is that the current setup 
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can only work with one fluorescence spectrum at a time. However, this problem can be resolved 

in the future by implementing filter switch functionality into the system with the help of a 

motorized filter wheel. Another limitation was that result generated from the system was not a 

quantification result that can be easily understood. This result still needs to be interpreted by 

experts to reflect the functionality of islets. So, another future direction for the project will be to 

incorporate the concepts of big data and machine learning to transform the system into a front-end 

device for islet data gathering, while embedding a fully trained analysis model such that the system 

can generate assistive results on cell functionality. 

In the third project, we tried to different methods to measure creatinine concentration at low 

cost and time consumption. We built a paper-based POC device based on Jaffe reaction, and 

implemented an enzymatic fluorescence assay with the help of the SFDIA system. Although we 

have had some successful validation on both methods, we still need to validate them with more 

samples. For the Jaffe-reaction-based method, more optimization needs to be done to increase the 

sensitivity for samples with low concentration (< 1 mg/dL). For the enzyme-based fluorescence 

assay, attempts need to be made to migrate the assay onto paper-based device to achieve POC 

testing. 
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