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Abstract 

 Monitoring phenylalanine (Phe) levels in the blood of individuals with 

phenylketonuria (PKU) is a critical component of therapy. Existing tests for PKU 

require high-resource laboratories, which are not available to many populations and 

cannot provide the real-time feedback required for effective therapy monitoring. It 

would be ideal to develop an instrument-free, rapid and simple test for PKU patients to 

monitor their Phe levels. A paper-based test is being developed that provides a semi-

quantitative output of the concentration of Phe from a sample of whole blood. Users 

will be able to measure the concentration of Phe in a blood sample by measuring the 

intensity of color produced using an instrument designed for colorimetric readout. This 

test utilizes two chemical reactions, an enzyme-based reaction and a colorimetric 

reaction, to produce a visible output for clinically relevant concentration ranges of Phe 

in a sample.  



 

 

This study focuses on (i) determining the sensitivity of different colorimetric 

indicators in the colorimetric reaction, and (ii) optimizing the reaction time and enzyme 

concentration in the enzymatic reaction for sensitivity. This study also investigates the 

effect of surfactants, which can be used to affect fluid flow between materials – on the 

assay signal. Improvements to the developing test are recommended for increasing the 

difference between colorimetric signal produced at the clinically relevant blood Phe 

levels. Results suggest the benefits of a colorimetric indicator and electron mediator 

concentration, as well as a greater reaction time and enzyme concentration. Results also 

found that two surfactants did not affect the signal produced from the chemical and 

enzymatic reactions. The developing test has the potential to improve the care of PKU 

patients by allowing them to frequently monitor their Phe concentration levels and 

appropriately adjust their therapy. 
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Chapter 1 – Introduction 

Phenylketonuria 

 Phenylketonuria (PKU) is an autosomal recessive disorder characterized by a 

damaged conversion of the amino acid (AA) L-phenylalanine (Phe) to L-tyrosine (Tyr), 

causing elevated blood levels of Phe and Phe metabolites. The disorder is typically 

caused by a mutation in the L-phenylalanine hydroxylase (PAH) gene causing a 

deficiency in the PAH enzyme, inhibiting Phe metabolism [1-2]. Large neutral amino 

acids (LNAAs), including Phe, directly compete for transport across the blood-brain 

barrier through the L-type amino acid transport. When Phe cannot cross the blood-brain 

barrier, Phe builds up; elevated blood levels of Phe leads to hindered brain development 

and irreversible neural damage including mental retardation, microcephaly, epilepsy, 

and other neurologic symptoms [2]. A demonstration of the effects of PKU is shown in 

Figure 1. 
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Figure 1. A) Blocked conversion of Phe into Tyr due to the mutation in the 

PAH enzyme causing elevated Phe in blood. B) Diagram of elevated Phe 

causing direct competition for transport across the blood-brain barrier through 

the L-type amino acid carrier; therefore, limiting essential amino acids 

transporting into the brain. Limited essential amino acids in the brain leads to 

irreversible neural damage [2]. 

To ensure these symptoms do not arise, PKU patients generally follow the 

standard therapy of following a rigorous Phe-restricted diet throughout their life, which 

has been shown to significantly reduce mental deficiencies later in life [3]. This low-

Phe PKU diet, typically consisting of less than 500 mg Phe per day, generally 

eliminates all sources of animal protein, legumes and nuts, as well as limited intake of 

bread, pasta, rice, and some vegetables. Moreover, this diet requires an essential AA-

based, Phe-free formula shake (typically 600-900 ml per day) in order to provide 

adequate vitamins, minerals, and protein. Figure 2 displays a comparison of foods that 

contain Phe. 

A. 

B. 
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Figure 2. Comparison of foods high and low in Phe, which is important to 

monitor for PKU diet therapy [4]. 

Diet therapy should be monitored consistently to measure each patient’s 

response to the diet through periodic blood tests. Symptoms can also be caught early 

through neonatal screening, which is required in the United States and industrialized 

countries so that treatment can be implemented as early as possible. 

 

Phenylketonuria prevalence and therapies 

Other therapies to treat PKU includes taking a synthetic cofactor of PAH, 

Saproterin dihydrochloride (also known as Kuvan), which has been shown to decrease 

the baseline mean blood Phe level by 28% in roughly 20% of PKU patients [5]. For 

these patients, Kuvan significantly increased the flexibility of their diet therapy, and in 

some cases eliminated the need for strict diet therapy altogether [5]. However, Kuvan 

has been shown to only be effective for a subset of PKU patients with 

tetrahydrobiopterin (BH4) responsiveness [6]. BH4 is an enzyme that is used to make 
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serotonin, dopamine, thyroid hormones, and melanin, and typically only patients with 

mild PKU are responsive to BH4 [7]. Another therapy being investigated is 

phenylalanine ammonia lyase (PAL), a prokaryotic enzyme that converts Phe to 

ammonia and trans-cinnamic acid; when injected consistently over a year, the treatment 

was shown to reduce the baseline mean blood Phe level by 68% in all PKU patients 

tested [8]. Additionally, delivery methods of PAL through oral administration and 

delivery of enzyme substitution therapies through encapsulation in erythrocytes is 

being investigated [8]. Because PKU is classified as an orphan disease, meaning that 

the disease affects fewer than 200,000 people worldwide, PKU is not studied or 

investigated nearly as much as highly prevalent diseases such as cancer, heart disease, 

and type 2 diabetes. Yet the prevalence rate of PKU varies worldwide as shown in 

Table 1. 

Table 1. Prevalence of PKU in various countries throughout the world. 

Analysis taken through neonatal screening [3, 9-11]. 

Country Prevalence 

United States 1 : 15,000 

Japan 1 : 120,000 

Turkey 1: 2,600 

France 1 : 17,769 

Greece 1 : 35,552 

Spain 1 : 6,532 
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Monitoring phenylketonuria 

 There are no formal guidelines for the recommended blood Phe levels 

throughout the world, but commonly recommended levels in the United States are 2 to 

6 mg/dL for patients under 12 years of age, and 2 to 10 mg/dL for patients over 12 

years of age [3]. Because each individual varies significantly in Phe metabolism 

throughout their lifetime, PKU patients must consistently monitor their blood Phe 

levels. PKU patients are recommended to monitor their blood Phe levels once a week 

during their first year of life [3]. After the first year, patients should monitor their blood 

Phe levels once every month, decreasing to once every 3 months after 18 years of age. 

Blood Phe level monitoring should be increased during pregnancy and young adulthood 

[3]. Current monitoring in the United States requires patients to send blood spot 

samples dried on filter paper to specific laboratories for laboratory-based tests that will 

measure the blood Phe levels, typically through tandem mass spectrometry (MS/MS) 

[12]. Clinical visits can measure blood Phe levels with a venipuncture blood sample, 

and analyze the samples with laboratory-based tests such as fluorometric 

immunoassays, enzymatic colorimetric assays (ECAs), high-performance liquid 

chromatography (HPLC), amino acid analysis (AAA), or MS/MS [11-13]. MS/MS is 

currently the gold standard for measuring blood Phe levels because it is highly sensitive 

and costs are estimated around $15 per test, which includes using the MS/MS and 

sample transportation, processing, and interpretation [14]. However, this gold standard 

can cost up to $1,000 in just the first year after birth. Furthermore, the time-to-results 

of the test can take several days, which can critically impede diet therapy monitoring 

for many PKU patients [12]. These tests are also all laboratory-based test, which 
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requires a high-level of resources and infrastructure, including instrumentation, 

electricity, transportation of samples to and from the laboratory, and trained personnel 

to perform the tests. Generally, tests such as these, require such a high level of resources 

and infrastructure, which are not available to the majority of the population throughout 

the world. 

 

Point-of-care devices 

Creating tests that measure blood Phe levels and work in low-resource settings 

would benefit a larger percentage of the world’s population than current methods. Such 

tests would be able to enable individuals to better manage their diet and other therapies 

they may be using. A list of criteria for the implementation of point-of-care (POC) 

diagnostic devices in low-resource settings for the detection of sexually transmitted 

diseases (STD) was created by The World Health Organization (WHO); however, these 

criteria can be applied throughout most types of POC diagnostic tests in any setting 

[15]. The criteria are called ASSURED: Affordable, Sensitive, Specific, User-friendly, 

Rapid and Robust, Equipment-free, and Deliverable. Rapid results of blood Phe levels 

would facilitate PKU patients in checking their blood within the recommended 2 to 3 

hours after a meal [16]. An inexpensive and easy-to-use field test that requires minimal 

equipment would enable PKU patients to more frequently monitor their blood Phe 

levels than if they were to visit a clinic or to send in blood spot samples. Frequent 

monitoring of blood Phe levels would greatly improve the lives of PKU patients by 

allowing them to determine the effectiveness of the therapy being used and typically 
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provide increased flexibility in the options used in the patient’s diet therapy [17]. It has 

been found that PKU patients have a great interest in being able to rapidly and 

frequently perform blood Phe level monitoring [17]. 

 

Previously designed phenylketonuria tests 

Two specific types of tests have been explored for measuring blood Phe levels, 

lab-based Phe measuring tests (discussed earlier, including ECAs, HPLC, AAA, and 

MS/MS) and microfluidic POC tests. These microfluidic tests have been designed to 

provide alternative methods for detecting Phe, Phe metabolic products, or PAH 

mutations that are known to cause PKU.  Zhang et al. detected the fluorescence of 

Ruhemann’s purple using a spectrofluorimeter, which is produced when Phe and 

ninhydrin react in the presence of europium ions [18]. Omidinia et al. developed a POC 

device based around using an enzymatic electrochemical detection using conducting 

polymer composite films and an electrical source to drive a voltammogram [19]. 

Arakawa et al. created a biosensor that detects the NADH fluorescence that results from 

the enzymatic reaction of Phe with NAD+ [20]. Chen et al. created a microfluidics chip 

based DNA hybridization assay to detect specific phenylalanine hydroxylase mutations 

[21]. Weiss et al. developed a reagentless dehydrogenase based biosensor for 

measuring the oxidation of NADH by cyclic voltammetry [22]. Kamruzzaman et al. 

created a microfluidic chip system that detects Phe through chemiluminescence using 

a spectrofluorimeter [23].  



8 

 

All of these tests look promising, but unfortunately require a power source and 

instrumentation for operating or analyzing the readout of the test, making them not 

applicable for low-resource settings because of these extra requirements. Attempts 

have been made to develop a POC microfluidic device that does not involve a power 

source or any sort of equipment or instrumentation. Thiessen et al. developed a paper-

based microfluidic device for PKU screening in neonates using enzymatic and 

colorimetric reactions to provide a colorimetric readout [24]. This paper-based test is 

an impressive attempt at a POC device, but in order to be utilized for therapy 

monitoring, improvements to the final measurable readout must be made to distinguish 

between the clinically relevant blood Phe levels. 

 

Paper-based microfluidic devices 

 Microfluidic system devices, also called lab-on-a-chip, have gained a lot of 

attention and research in the past two decades as advancements to miniaturization, 

integration, cost-reduction, and automation within these microfluidic devices has been 

explored [25]. Commonly, microfluidic devices have been fabricated using silicon, 

glass, and polymers [25]. Recently, paper-based microfluidic devices have gained 

popularity due to their portability, compactness, and ease of use without external 

instrumentation, making them an attractive option for POC devices [26]. A common 

paper-based microfluidic device is a lateral flow test (LFT). LFTs are typically 

composed of glass fiber, nitrocellulose, and cellulose papers making them low-cost to 

fabricate. They are also user-friendly, instrument and equipment free, and produce 
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rapid results, which make them ideal for POC devices. However, LFTs lack in 

sensitivity and specificity found in most lab-based tests. A comparison of lab-based 

tests and lateral flow tests is shown in Table 2. 

Table 2. Comparison of lab-based tests and lateral flow tests. Lateral flow 

tests provide more ideal conditions except for the sensitivity and specificity 

of quantitative results. 

Lab-based Tests Lateral Flow Tests 

Long time to receive results Quick results (less than 20 minutes) 

Requires trained personnel Anyone can use (simply add sample/water) 

Tests can be expensive Cheap to produce (less than $1) 

Requires equipment/instrumentation 
No equipment/instrumentation (wicks 

sample) 

Requires electricity No electricity required 

Produces quantitative results Only produces yes or no results 

 

Fluid flow in paper-based microfluidic tests 

 Fluid transport through porous materials such as paper is by capillary action. 

Capillary action is due to the cohesive liquid-liquid forces (the net attraction of the 

molecules in the liquid) that creates both surface tension (liquid molecules at the 

boundary layer that have half of the interactions with other liquid molecules as liquid 

molecules in the bulk fluid) and adhesive forces (liquid to solid adhesive interaction). 

Capillary action occurs when the adhesive forces to the walls are stronger than the 

cohesive forces between the liquid molecules; therefore, the height to which capillary 
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action will take the fluid is limited by surface tension. Figure 3 shows a diagram of 

what capillary action looks like and a close-up of the liquid-liquid forces described at 

the boundary layer, or meniscus, in the capillary tube. 

           

Figure 3. Diagrams of capillary action. A) Demonstration of capillary action 

that draws liquid up capillary tube when adhesive forces to the walls of the 

capillary are stronger than the cohesive forces between the liquid molecules. 

B) Close-up of liquid-liquid forces at meniscus in capillary tube [27].  

A porous material can be thought of as an ordered bundle of parallel capillary 

tubes, though in reality it is less orderly. Figure 4 shows a comparison of the ideal view 

and an actual porous material (nitrocellulose). 

 

 

 

 

 

 

A. B. 
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Figure 4. A) Side-view of a bundle of capillaries. B) A microscopic image of 

a cross-section of nitrocellulose membrane. Comparing both A and B display 

how porous materials can be idealized as a bundle of capillaries. Picture 

courtesy of J. Osborn [28].  

The average pore diameter of commonly used nitrocellulose is 8 µM, which can 

be compared to the average diameter of a human red blood cell of 6 to 8 µM. Laminar 

flow occurs at low Reynolds numbers. In paper-based microfluidic devices, materials 

used typically have a membrane pore diameter ranging from 50 to 10 µM, which results 

in a Reynolds number of much less than 1 and therefore, in the laminar flow range. If 

a porous substrate is assumed to be a bundle of capillary tubes, from capillary action, 

fluid flow through the substrate is limited by the surface tension of the fluid. 

Diagnostic lateral flow tests 

LFTs can be used to diagnose infectious diseases, such as malaria, in low-

resource settings in developing countries. An example of a well-known LFT is a simple 

dip stick pregnancy test, similar to the example shown in Figure 5. 

A. B. 
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Figure 5. Schematic of a traditional pregnancy test, which can describe the 

typical LFT. Courtesy of Merck Millipore Corporation. 

In this traditional pregnancy test, as in most LFTs, there is a source or sample 

pad, a dried conjugate pad, a reaction membrane, an absorbent wicking pad, and some 

sort of housing (typically made from plastic) [26]. This test works like a traditional 

immunoassay where the sample is applied to one end of the test and rehydrates labeled 

detection antibodies (such as gold nanoparticle conjugated antibodies) previously dried 

onto the conjugate pad. The rehydrated antibodies bind to the target analyte in the 

sample as both flow together down the strip to the capture region consisting of a test 

and control line. Non-labeled antibodies specific for the analyte are immobilized at the 

test line and “capture” the analyte bound to gold labeled antibodies. The interaction of 

the analyte with the labeled detection antibody and the immobilized antibody is shown 

in Figure 6. 
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Figure 6. Diagram of a detectable capture analyte complex. The analyte is 

bound to the gold nanoparticle conjugated antibody (labeled detection 

antibody), and is captured by the immobilized antibody. 

Complexes such as the one shown in Figure 6 collect at the test line creating a 

visually detectable signal. The control line captures excess labeled detection antibodies 

to verify and display that the fluid completely flowed past line and through the LFT. 

The wicking pad acts to draw the sample through the LFT and the capture region via 

capillary action. This entire process is displayed in Figure 7. 
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Figure 7. Schematic of a general immunoassay lateral flow test process. 

Analyte from the sample binds to gold nanoparticle conjugated antibodies. 

This compound flows down the reaction membrane to bind to the immobilized 

antibodies at the test line. The aggregated gold nanoparticles can be visually 

detected. 

 

Semi-quantitative lateral flow tests 

 To make a LFT POC device more attractive to PKU patients monitoring 

variable blood Phe levels, results must be semi-quantitative. The device should provide 

results that distinguish between the clinically relevant blood Phe levels for PKU 

patients, low (≤ 2 mg/dL), medium/normal (2 mg/dL to 8 mg/dL), and high (≥ 8 mg/dL) 

[3]. Cate et al. developed a paper-based microfluidic device that provides semi-

quantitative measurements from the length of color produced [29]. This distance-based 

device works similar to a LFT, but as the sample flows down the device, the analyte in 

the sample reacts with the reagents on the device to create a color product, and once 

the analyte has been consumed or completely reacted, the color formation stops (Figure 
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8A). Li et al. developed a paper-based microfluidic device that provides semi-

quantitative measurements from the intensity of the color produced [30]. As analyte 

from the sample reacts, it forms a color product; the more analyte in the sample, the 

greater the intensity of the color product (Figure 8B). Colorimetric intensity-based 

tests, such as the one developed by Li et al., have been used in several of the PKU tests 

described earlier, with the most recent one being developed by Thiessen et al. [24]. 

 

 

Figure 8. Examples of semi-quantitative microfluidic devices. A) A distance-

based microfluidic device where quantification is measured by the color 

length. Picture courtesy of Cate et al. [29]. B) A colorimetric intensity-based 

microfluidic device where quantification is measured by the colorimetric 

intensity. In the displayed test, x is the sample and 1 through 5 mark possible 

semi-quantitative results that x can be compared to. Picture courtesy of Li et 

al. [30]. 

 

 

A. B. 
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(1)

(2) 

Previously developed paper-based Phe test 

 Thiessen et al. developed a paper-based POC colorimetric intensity test that can 

be used for neonatal screening [31]. The test was developed to integrate a lab-based 

test into a POC microfluidic device by making it easy-to-use, rapid, and fully 

disposable. The test produced its colorimetric intensity-based readout using two 

reactions proposed by Campbell et al. [31-32]. 

𝑃ℎ𝑒 + 𝑁𝐴𝐷+
𝑃ℎ𝑒𝐷𝐻
↔    𝑁𝐴𝐷𝐻 + 𝑃ℎ𝑒𝑃𝑦𝑟 + 𝑁𝐻4

+ 

𝑇𝑒𝑡𝑟𝑎𝑧𝑜𝑙𝑖𝑢𝑚 𝑆𝑎𝑙𝑡 + 𝑁𝐴𝐷𝐻 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑀𝑒𝑑𝑖𝑎𝑡𝑜𝑟 → 𝑁𝐴𝐷+ + 𝐹𝑜𝑟𝑚𝑎𝑧𝑎𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 

 In the first reaction, the enzymatic reaction, phenylalanine dehydrogenase 

(PheDH) catalyzes the reaction between Phe and the oxidized form of nicotinamide 

adenine dinucleotide (NAD+), into the reduced form of nicotinamide adenine 

dinucleotide (NADH), phenylalanine pyruvate (PhePyr), and the protonated form of 

ammonia (NH4
+). In the second reaction, the colorimetric reaction, NADH reacts with 

a tetrazolium salt and an electron mediator creating NAD+ and a formazan dye product, 

producing a colorimetric result. 

The chemical reactions in the test developed by Thiessen et al. differs from the 

proposed reactions by Campbell et al. in the tetrazolium salt and the electron mediator. 

An intermediate electron carrier is necessary for the colorimetric reaction to function; 

it allows the tetrazolium salt to react with NADH to produce the formazan product. 

Although Campbell et al. tested 1-methoxy-5-methylphenazinium methyl sulfate 

(mPMS) as the electron mediator with Thiazolyl Blue Tetrazolium (MTT) as the 

tetrazolium salt, Thiessen et al. tested 5-methylphenazinium methyl sulfate (PMS) as 
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the electron mediator with Nitroblue Tetrazolium Chloride (NBT) as the tetrazolium 

salt. Thiessen et al. used NBT as the tetrazolium salt because although MTT produced 

a distinct purple formazan product color with low amounts of autoproduction, MTT 

must be stored at 4°C and under an inert gas such as nitrogen, which is not reasonable 

for a POC LFT [32]. Autoproduction is the automatic production of formazan from the 

tetrazolium salt in the presence of light. Thiessen et al. found that using NBT in the Phe 

detection reactions was a very applicable option for a colorimetric, paper-based 

microfluidic device as it can be stored at room temperature, produces a dark blue 

formazan product color, and has a low rate of autoproduction [24]. 

The performance of the paper-based Phe test developed by Thiessen et al. has 

been shown to be applicable for neonatal screening by being able to distinguish the 

difference between a normal person’s blood Phe level and PKU patient’s elevated 

blood Phe levels with a limit of detection of 1 mg/dL blood Phe levels [31]. However, 

in order for this type of test to be applicable for PKU therapy monitoring, the difference 

between signals produced at the clinically relevant blood Phe levels must be increased. 

A greater difference between signals would allow PKU patients to more easily read and 

determine their blood Phe level rather than exclusively letting them know they have a 

blood Phe level above an individual without PKU. 

Design of previously developed paper-based Phe test 

Thiessen et al. used a folding card format for the paper-based microfluidic 

device developed [24]. Reagents used in the first enzymatic reaction (NAD+ and 

PheDH) are dried down in glass fiber on one side of the folding card, and reagents for 
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the second colorimetric reaction (NBT and PMS) are dried onto the second side of the 

folding card in cellulose. The plasma sample is added to the first side of the card 

rehydrating the reagents for the first reaction. The sample is allowed to incubate for 6 

minutes before the card is folded. Upon folding, the sample flows down the device 

rehydrating the reagents for the second reaction. Here it is incubated for another 4 

minutes, and the colored signal is read (seen in Figure 9). This information was used 

as a general starting point for the research in this study. 

 

Figure 9. Schematic of the colorimetric, paper-based test card design 

developed by Thiessen et al. [24]. The sample is added to the glass fiber pads 

containing dried buffer, PheDH, and NAD+. After 6 minutes, the card is folded 

and the sample mixture flows to the cellulose containing dried NBT and PMS 

where it reacts for 4 minutes when a colored signal is then read. Schematic 

courtesy of Greg Thiessen. 

Thiessen et al. also investigated the two reactions and how the reagents involved 

were affected by pH [31]. The enzymatic reaction worked best under a more basic pH 

of 9.1 [31]. However, NAD+ would protonate forming NADH at high pH and was 
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found to maintain stability when made up in DI water; therefore, PheDH was made up 

in a buffer of pH 9.3 so that the first reaction can be performed at pH 9.1 [31]. The 

colorimetric reaction was found to work best at a more neutral pH of 7.5. Thus, in order 

to bring the high pH from the first reaction down, the tetrazolium salt (NBT) and the 

electron mediator (PMS) were made up in a buffer of 6.3 [31]. This information will 

be important in the materials sections of this study. 

 

Importance of using a whole blood sample in point-of-care devices 

 For a paper-based POC test to be user friendly for PKU patients to use for 

therapy monitoring, the device would accept a whole blood sample. Commercially-

available plasma separation membranes have been developed that are able to filter 

whole blood through a series of pores; the pores reduce in size between each subsequent 

layer, trapping the red and white blood cells so that the exiting fluid is plasma. A 

microscopic view of a plasma separation membrane can be seen in Figure 10. 
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Figure 10. A) Picture of a typical plasma separation membrane. B) A plasma 

separation membrane magnified 750 times to view decreasing pore sizes that 

filter out red blood cells creating cell-free plasma. Picture courtesy of 

Hangzhou Cobetter Filtration Equipment Co., Ltd [33]. 

The separation membrane makes the device much more applicable in low-

resource settings where plasma can be separated from a whole blood sample without 

the need for a centrifuge. Because plasma is much more viscous than a model buffer 

solution, it will take longer to flow and will have a more difficult time flowing through 

the device from one porous material to the next. One potential solution for this problem 

is the use of dried down surfactant in the porous papers, which will help promote fluid 

flow from one material to the next.  

Recall that fluid flow through a porous substrate, which can be viewed as a 

bundle of capillary tubes, is by capillary action. The flow from capillary action occurs 

A. B. 
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when the liquid adhesive forces to the walls of the capillary are greater than the 

cohesive forces between the liquid molecules. Otherwise, fluid flow through the 

capillary or porous substrate is limited by surface tension of the fluid. Surfactants are 

compounds that lower surface tension between liquid molecules; therefore, adding 

surfactants to the paper-based diagnostic LFT would help increase fluid flow through 

the porous substrates and from one substrate to the next. 

Common surfactants used in biomedical laboratories include Tween 20 and 

Triton X-100. Tween 20 is commonly used in many different immunoassay methods 

because it is not highly reactive with most enzymatic reactions [34]. Triton X-100 

shares many of the same characteristics as Tween 20 and is commonly used for the 

same applications [34]. These two surfactants could be useful for improving the flow 

of plasma through a paper-based blood Phe monitoring test, but it is first important to 

confirm that the surfactants have no effect on the two Phe detection reactions. 

 

Quick summary of study 

 This study investigated improving the colorimetric, paper-based microfluidic 

Phe test developed by Thiessen et al. by studying different conditions from the ones 

proposed by Thiessen et al. Improvements would potentially increase the applicability 

of the LFT for PKU therapy monitoring. Improvements were measured by increasing 

the difference between the signal produced at the clinically relevant blood Phe levels. 

 Chapter 2 analyzes two tetrazolium salts on their sensitivity, described as the 

change in signal (colorimetric intensity) between Phe concentrations. The electron 
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mediator, mPMS, is also examined at different concentrations with the tetrazolium 

salts. 

Chapter 3 examines the effects of reaction time and enzyme concentration in 

the first enzymatic reaction. This chapter also investigates how the addition of 

surfactants will affect the signal of the full colorimetric intensity-based assay.  
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Chapter 2 – Characterization of the Colorimetric Reaction 

with Tetrazolium Salts 

Introduction 

Choosing the tetrazolium salts and an electron mediator 

Recall from Chapter 1 that Thiessen et al. decided to use NBT instead of MTT 

used by Campbell et al. because of storage conditions of the two tetrazolium salts; 

however, the signals produced with NBT under the conditions proposed by Thiessen et 

al. are not robust enough to be applicable for PKU therapy monitoring [24]. Studying 

NBT under different conditions may provide a better signal that can be useful for PKU 

therapy monitoring. This study investigated both NBT and another tetrazolium salt to 

see whether it would work for PKU therapy monitoring in a device like the one 

developed by Thiessen et al. 

Tetrazolium salts have been studied extensively because they can react and 

form formazan dye products of different colors and solubilities. In order to be used in 

a colorimetric, paper-based microfluidic device, certain criteria must be analyzed: the 

color of the formazan product, the solubility of both the tetrazolium salt and its 

formazan product, and the rate of autoproduction. Table 3 displays a list of various 

tetrazolium salts, data taken from multiple sources [32, 35-41].  
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Table 3. Important properties of various tetrazolium salts that were analyzed 

for use in a colorimetric paper-based microfluidic device [32, 35-41]. 

Tetrazolium 

Salt 

Solubility 
Autoproduction 

(ΔAbs/min) 

Formazan 

Color 
Tetrazolium Salt Formazan Dye 

INT Soluble Soluble 0.05 Red 

NBT Soluble Insoluble 0.005 Blue 

MTT Soluble Insoluble < 0.001 Purple 

BSPT Soluble Soluble > 0.15 Red 

XTT Soluble Insoluble 0.005 Orange 

 

The ideal tetrazolium salt for a colorimetric, paper-based microfluidic device is 

soluble in solution, produces an insoluble formazan product, contains a low rate of 

autoproduction, and produces a distinctly colored formazan product. Based on this 

criteria, sodium 3’-[1-[(phylamino)-carbony]-3,4-tetrazolium]-bis(4-methoxy-6-

nitro)benzene-sulfonic acid hydrate (XTT) was identified as the best option to be 

investigated in addition to NBT [40]. There was a concern that XTT needs to be stored 

under 20°C; however, it produces a distinct formazan product color and has a low rate 

of autoproduction [40-41]. Ultimately, NBT and XTT were chosen as the tetrazolium 

salts to investigate for the use in a colorimetric, paper-based microfluidic device that 

can be used for PKU therapy monitoring. 

 Recall from Chapter 1 that an electron mediator is necessary for the colorimetric 

reaction to work, allowing the tetrazolium salt to react with NADH producing the 
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(2) 

formazan product. Thiessen et al. chose to use the electron mediator PMS. However, it 

was found that PMS is photosensitive, whereas mPMS is photochemically stable and a 

versatile electron carrier [31-32]. Thus, mPMS was chosen as the electron mediator 

used in this study.  

Determining signal sensitivity 

 To determine the best tetrazolium salt to use for PKU therapy monitoring, each 

tetrazolium salt was analyzed on its sensitivity, or the change in signal (colorimetric 

intensity) between Phe concentrations. For the clinically relevant ranges of Phe, it is 

most beneficial for PKU therapy monitoring to be most sensitive at lower Phe ranges 

(under 6 mg/dL). Research done by Thiessen et al. showed that as Phe concentrations 

get higher (greater than 6 mg/dL) the signal curve begins to level off, which bodes well 

for PKU therapy monitoring. However, it is still valuable to create the most sensitive 

diagnostic test. Sensitivity can be measured by graphing signal versus Phe 

concentration. The independent variable that yields the steepest slopes for both low and 

high Phe concentrations indicates the greatest sensitivity. The greater the sensitivity, 

the more easily a PKU patient can read the device and determine his or her blood Phe 

level.  

Focusing on the colorimetric reaction 

𝑇𝑒𝑡𝑟𝑎𝑧𝑜𝑙𝑖𝑢𝑚 𝑆𝑎𝑙𝑡 + 𝑁𝐴𝐷𝐻 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑀𝑒𝑑𝑖𝑎𝑡𝑜𝑟 → 𝑁𝐴𝐷+ + 𝐹𝑜𝑟𝑚𝑎𝑧𝑎𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 

 For Phe to create a color product in a paper-based POC device, both the 

enzymatic and the colorimetric reactions must be used. However, for the purposes of 

measuring the low and high concentration sensitivities of both tetrazolium salts, only 
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the colorimetric reaction needs to be studied. Starting with NADH instead of Phe 

simplifies the experiment, reducing the chance of complicating the signal produced.  

Once the most sensitive tetrazolium salt has been identified, both the enzymatic and 

colorimetric reactions can be performed together to determine the sensitivity of the full 

colorimetric intensity-based assay. 

 

Methods and Materials 

Card fabrication and colorimetric detection methods 

The porous materials used for experimentation, cellulose (CFSP22300, EMD 

Millipore, Darmstadt, Germany) and glass fiber (8975, Ahlstrom, Helsinki, Finland), 

were cut to the desired dimensions and placed onto an adhesive Mylar (Tekra, New 

Berlin, WI, USA) backing. The Mylar backing allowed porous materials to remain 

segregated but easily accessed with a multi-channel pipette. All materials were 

designed with the software RetinaEngrave3D (Full Spectrum Laser, Las Vegas, NV, 

USA) and cut with a CO2 laser cutter (H-Series, Full Spectrum Laser, Las Vegas, NV, 

USA). Cutting parameters such as speed, power, and number of passes were manually 

adjusted to ensure that substrates were entirely cut through or partially etched on the 

surface. 

Image data was captured using a desktop scanner (Perfection V700 Photo, 

Epson, Nagano, Japan) and analyzed using a custom MATLAB (Natick, MA, United 

States) program. The colorimetric signal was calculated as the average grayscale 

intensity taken from a circular detection region of interest within the cellulose pad. This 
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was done by combining the red (R), green (G), and blue (B) components of each picture 

and converting the total RGB color into a shade of grey; the lighter the RGB color 

(closer to white), the higher the grayscale value. The diameter of the region of contact 

was centered within each pad using the pipette point of contact with a detection 

diameter of 8 mm. The average grayscale intensity was subtracted from the background 

average grayscale intensity taken from the control pad with 0 mg/dL Phe/NADH.  

Stock solution concentrations and pH of reagents 

A major concern when working with biological reagents is the environment in 

which they are stored. For the enzymatic reaction, it was found that NAD+ requires a 

slightly acidic pH, while PheDH can perform best in an alkaline pH. For the 

colorimetric reaction, it was found that maintaining a neutral pH below 8 can 

significantly reduce the amount of autoproduction. Therefore, the tetrazolium salts, 

NBT and XTT, and the electron mediator, mPMS, were made in a slightly acidic pH. 

These pH specifications of reagents were made up based on research done by Thiessen 

et al. [24]. Because experiments were performed strictly with the colorimetric reaction, 

NADH was used to represent Phe concentrations. Thiessen et al. determined that after 

the enzymatic reaction, the NADH formed is 50% of the initial amount of Phe reacting 

(i.e. 1 mg/dL Phe is equal to 0.5 mg/dL NADH) [31]. 

 For the colorimetric reaction, stock solutions of 2.4 mM NBT (Life 

Technologies, Eugene, OR, USA), 2 mM XTT (Life Technologies, Eugene, OR, USA), 

and 520 mM mPMS (Dojingo Laboratories, Kumamoto, Japan) were created with 220 

mM bis-tris propane (BTP) (Sigma Aldrich, ST. Louis, MO, USA) at pH 6.3. A stock 
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solution of 24 mg/dL NADH (Sigma Aldrich, St. Louis, MO, USA) was created with 

220 mM BTP at pH 6.3 [24].  

To test the sensitivity of the full assay in buffer, the enzymatic reaction was 

needed. For the enzymatic reaction, stock solutions of 112 mg/dL Phe (Sigma Aldrich, 

St. Louis, MO, USA) and 40 U/mL PheDH (Sigma Aldrich, St. Louis, MO, USA) were 

created with 220 mM BTP buffer at pH 9.3. A 40 mM NAD+ (Sigma Aldrich, St. Louis, 

MO, USA) stock solution was made up in DI water to prevent NAD+ from reducing to 

NADH [24].  

Experimentation and analysis methods for determining most sensitive tetrazolium 

salt concentration 

 The NBT concentration of 300 µM was held constant as Thiessen et al. 

concluded that 300 µM NBT produced the most sensitive results [24]. 

To determine the optimal XTT concentration, final XTT concentrations of 100, 

250, and 500 µM were explored based on research that used XTT in a colorimetric 

assay [42]. Solutions were made four times greater than final concentrations because 

four equal volume reagents were mixed in the reaction. Three serial dilutions were 

made from the 2 mM XTT stock solution, creating a concentration profile of 400, 1000, 

2000 µM XTT. One dilution was made from the 520 mM mPMS stock solution creating 

a 40 mM mPMS solution. Four serial dilutions were made from the 24 mg/dL NADH 

stock solution creating a concentration profile of 2, 8, 12, 18, and 24 mg/dL NADH.  

Cellulose pads were laser cut into squares with 25 µL capacity. Seven of these 

pads were placed onto a Mylar backing. Pads 1 through 3 contained three controls: (1) 
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only buffer, (2) no tetrazolium salt, and (3) no NADH. These controls displayed the 

lightest RGB colors (the highest grayscale values). Pads 4 through 7 were replicates, 

containing 5 µL of each: XTT, NADH, 40 mM mPMS, and 220 mM BTP at pH 6.3. A 

total of 15 Mylar strip housing the seven pads contained a different XTT concentration 

and/or NADH concentration. The final concentrations of XTT were 100, 250, and 500 

µM. The final concentrations of mPMS was 10 mM. The final concentrations of NADH 

were 0.5, 2, 3, 4.5, and 6 mg/dL. Table 4 summarizes the objective, concentrations, and 

amounts of each reagent in each pad. 

Table 4. Summary of each pad’s objective describing the amount of each 

reagent added at the defined concentration for experimentation of the optimal 

tetrazolium salt concentration. 

 

A multichannel pipette was used to first add XTT and NADH on the cellulose 

pads and then the reaction was started with the addition of mPMS. After six minutes of 

reacting, image data was captured and average formazan grayscale intensities were 

calculated as previously described. For each experiment, formazan grayscale intensities 

were subtracted from the grayscale intensity created from pad 3 containing all reagents 

but NADH. Grayscale intensities for each XTT concentration were recorded, averaged, 

and graphed using Excel (Microsoft, Redmond, WA, USA). The concentration that 

1 2 3 4 5 6 7

Control: 

Only Buffer

Control: No 

XTT/NBT

Control: 

No NADH

Replicate 

1

Replicate 

2

Replicate 

3

Replicate 

4

Reagent Concentration

Tetrazolium Salt Various - - 5 µL 5 µL 5 µL 5 µL 5 µL

mPMS 40 mM - 5 µL 5 µL 5 µL 5 µL 5 µL 5 µL

NADH Various - 5 µL - 5 µL 5 µL 5 µL 5 µL

BTP, pH 6.3 220 mM 20 µL 5 µL 5 µL 5 µL 5 µL 5 µL 5 µL

Amount

Pad

Objective
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produced the most sensitive reaction curve, indicated by the greatest difference in 

grayscale intensity between NADH concentrations, was deemed the optimal 

concentration.  

Experimentation and analysis methods for determining most sensitive electron 

mediator concentration 

 The final mPMS concentrations were calculated to be 0.26, 1, 5.2, 13, and 20 

mM to test above and below the PMS concentration used by Thiessen et al. (10 mM) 

[24]. Solutions were made four times greater than final concentrations because four 

equal volume reagents were mixed in the reaction. Five serial dilutions were made from 

the 520 mM mPMS stock solution creating a concentration profile of 1.04, 4, 20.8, 52, 

and 80 mM mPMS. Four serial dilutions were made from the 24 mg/dL NADH stock 

solution creating a concentration profile of 2, 8, 12, 18, and 24 mg/dL NADH. A 

solution was made from the 2.4 mM NBT stock solution creating a 1.2 mM NBT 

solution. A small amount of the 2 mM XTT stock solution was set aside.  

As described in the tetrazolium salt concentration experimentation, seven 25 

µL capacity cellulose pads were placed onto a Mylar backing. Pads 1 through 3 

contained three controls: (1) only buffer, (2) no tetrazolium salt, and (3) no NADH. 

These controls displayed the lightest RGB colors (the highest grayscale values). Pads 

4 through 7 were replicates, containing 5 µL of each: 2 mM XTT or 1.2 mM NBT, 

mPMS, NADH, and 220 mM BTP at pH 6.3. A total of 50 Mylar strip housing the 

seven pads contained a different tetrazolium salt, mPMS concentration, and/or NADH 

concentration. The final concentration of XTT was 500 µM. The final concentration of 

NBT was 300 µM. The final concentrations of mPMS were 0.26, 1, 5.2, 13, and 20 
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mM. The final concentrations of NADH were 0.5, 2, 3, 4.5, and 6 mg/dL. Table 5 

summarizes the objective, concentrations, and amounts of each reagent in each pad. 

Table 5. Summary of each pad’s objective describing the amount of each 

reagent added at the defined concentration for experimentation of the optimal 

electron mediator concentration. 

 

A multichannel pipette was used to first add XTT or NBT and NADH on the 

cellulose pads and then the reaction was started with the addition of mPMS. After six 

minutes of reacting, image data was captured and average formazan grayscale 

intensities were calculated as previously described. Grayscale intensities for each 

mPMS concentration were recorded, averaged, and graphed using Excel. The reaction 

curves created for both reactions done with NBT and XTT were compared. The 

concentration that produced the most sensitive reaction curve, indicated by the greatest 

difference in grayscale intensity between NADH concentrations, was deemed the 

optimal concentration. 

 

 

1 2 3 4 5 6 7

Control: 

Only Buffer

Control: No 

XTT/NBT

Control: 

No NADH

Replicate 

1

Replicate 

2

Replicate 

3

Replicate 

4

Reagent Concentration

XTT / NBT 2 mM / 1.2 mM - - 5 µL 5 µL 5 µL 5 µL 5 µL

mPMS Various - 5 µL 5 µL 5 µL 5 µL 5 µL 5 µL

NADH Various - 5 µL - 5 µL 5 µL 5 µL 5 µL

BTP, pH 6.3 220 mM 20 µL 5 µL 5 µL 5 µL 5 µL 5 µL 5 µL

Pad

Objective

Amount
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Experimentation and analysis methods of the sensitivity for Phe detection using the 

full assay  

Using NBT as the tetrazolium salt, a two-fold dilution was made from the 2.4 

mM NBT stock solution creating 1.2 mM NBT. Five two-fold serial dilutions were 

made from the 112 mg/dL Phe stock solution creating a concentration profile of 3.5, 7, 

14, 28, and 56 mg/dL Phe. A dilution was made from the 520 mM mPMS stock solution 

creating 80 mM mPMS. A ten-fold dilution was made from the 40 U/mL PheDH stock 

solution creating 4 U/mL PheDH. A small amount of the 40 mM NAD+ stock solution 

was set aside.  

Cellulose pads with a 40 µL capacity were cut and placed on a Mylar backing 

with seven pads on each Mylar backing. The first pad was the control containing only 

buffer. Each subsequent pad increased in Phe concentration starting with 0 mg/dL and 

ending with 56 mg/dL. Equal parts Phe at various concentrations and 40 mM NAD+ 

were combined into one solution per Phe concentration. Equal parts 1.2 mM NBT and 

80 mM mPMS were combined into another solution. Using a multichannel pipette, 10 

µL of the Phe/NAD+ solutions were added to the cellulose pads and the reaction was 

started when 10 µL of 4 U/mL PheDH was pipetted onto the pads. After 6 minutes of 

reacting, 20 µL of the NBT/mPMS solution was added to the pads. After 4 more 

minutes of reacting, image data was captured and average formazan grayscale 

intensities were calculated as previously described. Final Phe concentrations were 0, 

0.875, 1.75, 3.5, 7, and 14 mg/dL, covering clinically relevant blood Phe levels. The 

other reagent final concentrations were: 10 mM NAD+, 2 U/mL PheDH, 300 µM NBT, 
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and 20 mM mPMS. Five replicates were performed. Table 6 summarizes the objective, 

concentrations, and amounts of each reagent in each pad. 

Table 6. Summary of each pad’s objective describing the amount of each 

reagent added at the defined concentration for experimentation of the 

sensitivity for Phe detection using the full assay. 

 

For each replicate, formazan grayscale intensities were subtracted from the 

grayscale intensity created from the second pad containing all reagents but Phe. 

Grayscale intensities for each Phe concentration were recorded and graphed using 

software Excel creating reaction curves for the full assay. A t-test with the Bonferroni 

correction was performed between the five Phe concentrations to determine if they 

were statistically different. The Bonferroni correction was implemented due to multiple 

statistical tests being performed simultaneously on a single data set. 

 

 

1 2 3 4 5 6 7

Control: 

Only Buffer

0         

mg/dL Phe

0.875 

mg/dL Phe

1.75   

mg/dL Phe

3.5     

mg/dL Phe

7       

mg/dL Phe

14      

mg/dL Phe

Reagent Concentration

Phe Various - 5 µL 5 µL 5 µL 5 µL 5 µL 5 µL

NAD
+

40 mM - 5 µL 5 µL 5 µL 5 µL 5 µL 5 µL

PheDH 4 U/mL - 10 µL 10 µL 10 µL 10 µL 10 µL 10 µL

Reagent Concentration

NBT 1.2 mM 10 µL 10 µL 10 µL 10 µL 10 µL 10 µL 10 µL

mPMS 80 mM 10 µL 10 µL 10 µL 10 µL 10 µL 10 µL 10 µL

Amount

Reaction 1

Reaction 2

Amount

Pad

Objective
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Results and Discussion 

Comparing sensitivity of different XTT concentrations 

The average formazan grayscale intensity was measured at five NADH 

concentrations to create reaction curves for the three XTT concentrations tested to 

determine the effect of XTT concentration on the formazan grayscale intensity. Figure 

11 displays the reaction curves for 100, 250, and 500 µM XTT. 

 

Figure 11. Effect of XTT concentration on formazan grayscale intensity in the 

colorimetric reaction. Higher XTT concentrations increase the sensitivity at 

lower NADH concentrations. Error bars represent one standard deviation of 

uncertainty. 

For the clinically relevant Phe concentrations, it is more beneficial to have 

higher sensitivity at lower Phe concentrations. From Figure 11, higher XTT 

concentrations increase the sensitivity at lower NADH concentrations. Therefore, when 
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using XTT as the tetrazolium salt, the highest XTT concentration tested, 500 µM, is 

recommended to be used. Further analysis of higher XTT concentrations is warranted. 

Comparing sensitivity of different electron mediator concentrations 

Using 500 µM XTT, the formazan grayscale intensity was measured at five 

NADH concentrations to create reaction curves with five mPMS concentrations. The 

reaction curves were compared to determine the effect of mPMS concentration on the 

formazan grayscale intensity in the colorimetric reaction with 500 µM XTT. Figure 12 

displays the reaction curves for 1, 13, and 20 mM mPMS. 

 

Figure 12. Effect of mPMS concentration on formazan grayscale intensity in 

the colorimetric reaction with 500 µM XTT. Higher mPMS concentrations 

increase the sensitivity at lower NADH concentrations. There is no significant 

difference in signal between 13 mM and 20 mM mPMS. Error bars represent 

one standard deviation of uncertainty. 
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For the five mPMS concentrations tested with 500 µM XTT, it was determined 

that higher mPMS concentrations increase the sensitivity at lower NADH 

concentrations, which is beneficial for PKU patients. The comparison between high 

and low mPMS concentrations and how the concentration affects sensitivity is shown 

in Figure 12. When using XTT as the tetrazolium salt, the highest mPMS concentration 

tested, 20 mM, is recommended to be used. 

Using 300 µM NBT, the formazan grayscale intensity was measured at five 

NADH concentrations to create reaction curves with five mPMS concentrations. The 

reaction curves were compared to determine the effect of mPMS concentration on the 

formazan grayscale intensity in the colorimetric reaction with 300 µM NBT. Figure 13 

displays the reaction curves for 1, 13, and 20 mM mPMS. Again, from previous work 

done by Thiessen et al., 300 µM NBT was determined to be the optimal concentration 

to be used with the developing diagnostic LFT [24]. 
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Figure 13. Effect of mPMS concentration on formazan grayscale intensity in 

the colorimetric reaction with 300 µM NBT. Higher mPMS concentrations 

increase the sensitivity at lower NADH concentrations. There is no significant 

difference in signal between 13 mM and 20 mM mPMS. Error bars represent 

one standard deviation of uncertainty. 

For the five mPMS concentrations tested with 300 µM NBT, it was determined 

that higher mPMS concentrations increase the sensitivity at lower NADH 

concentrations. The comparison between high and low mPMS concentrations and how 

the concentration affects sensitivity is shown in Figure 13. Therefore, when using NBT 

as the tetrazolium salt, the highest mPMS concentration tested, 20 mM, is 

recommended to be used. 

For both tetrazolium salts, XTT and NBT, 20 mM mPMS produced the most 

sensitive reaction curves, specifically at the lower NADH concentrations. Therefore, 

20 mM mPMS is recommended be used with the developing diagnostic LFT. 
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Choosing the best tetrazolium salt at the chosen electron mediator concentration 

After determining the tetrazolium salt and electron mediator concentrations that 

produce the most sensitive reaction curves, a comparison was performed between the 

two tetrazolium salts, to determine the best one to use with the developing diagnostic 

test. Figure 14 displays a comparison between the reaction curves for 500 µM XTT and 

300 µM NBT with 20 mM mPMS. 

 

Figure 14. Effect of different tetrazolium salts on formazan grayscale intensity 

in the colorimetric reaction. There is no significant difference in sensitivity 

when using XTT versus NBT. Error bars represent one standard deviation of 

uncertainty. 

From Figure 14, it was determined that there is no significant difference in 

sensitivity when using XTT versus NBT. However, recall from Chapter 2 Introduction 

that XTT needs to be stored under 20℃ and produces an orange formazan product 

color. NBT does not have as strict storage requirements and produces a dark blue 
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formazan product color, which is slightly easier to see differences in color with the 

naked eye. Being able to see the difference in formazan signal by the naked eye may 

not be as important now, but to make this test accessible for PKU patients throughout 

the world, visual interpretation will be important. NBT is recommended to be used for 

the developing diagnostic LFT due to its low rate of autoproduction, the insolubility of 

the dark blue formazan product, and the stability at room temperature. Further NBT 

concentrations should be explored. 

A picture comparison of formazan dye created using NBT versus XTT using 

scans taken from experimentation is shown in Figure 15 to visually compare the two 

tetrazolium salts. 

 

Figure 15. Scans of formazan dye created using NBT and XTT taken from 

experimentation. Scans display formazan dye created at low, medium, and 

high NADH concentrations. 

0.5 mg/dL 
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XTT 
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Checking the sensitivity of the full assay with the chosen tetrazolium salt and 

electron mediator concentrations 

Using the recommended tetrazolium salt and electron mediator concentrations, 

formazan grayscale intensity was measured at five clinically relevant Phe 

concentrations using the full assay in buffer. A t-test with the Bonferroni correction 

was performed to verify that there was a distinguishable difference between the 

formazan grayscale intensities at each Phe concentrations. The Bonferroni correction 

was implemented due to multiple statistical tests being performed simultaneously on a 

single data set. Figure 16 displays the reaction curve using the full assay in buffer with 

300 µM NBT and 20 mM mPMS with the results from the t-test with the Bonferroni 

correction. 

 

 

 

 

 

 



41 

 

 

Figure 16. Formazan grayscale intensity produced from the full assay in buffer 

at the conditions: 20 mM mPMS and 300 µM NBT. The sensitivity is highest 

at the lower Phe concentrations (below 4 mg/dL). At higher Phe concentrations 

(above 7 mg/dL), signal due to changes in concentration is more difficult to 

distinguish between. Error bars represent one standard deviation of 

uncertainty. A test was performed with the Bonferroni correction and with an 

𝛼-value of 0.05 and 4 degrees of freedom: *signifies there is a statistical 

difference, and **signifies there is not a statistical difference.1 

From Figure 16, the sensitivity is highest at the lower Phe concentrations, which 

is beneficial to discern between the clinically relevant Phe concentrations. From the t-

test, it was determined that between the two highest Phe concentrations (7 and 14 

mg/dL), there is not a statistical difference between formazan grayscale intensity. 

Although the current conditions create a reaction curve that is sensitive at low Phe 

concentrations, conditions can still be improved to increase sensitivity at higher Phe 

                                                           
1 See Appendix A for t-test calculations. 
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concentrations. A visual representation of one trial from experimentation is shown in 

Figure 17 to visually compare the statistically indifferent signals. 

 

Figure 17. Scanned replicate of formazan dye produced from the full assay in 

buffer at the conditions: 20 mM mPMS and 300 µM NBT. With the naked eye, 

it is difficult to distinguish a difference between formazan intensity at 7 and 

14 mg/dL Phe. 

 

Conclusion 

 The colorimetric reaction used in the developing diagnostic LFT was 

investigated in this chapter to better understand how the type of tetrazolium salt and 

how the concentrations of the tetrazolium salt and electron mediator affected the 

conversion of NADH into formazan dye. The optimal conditions for the developing 

diagnostic LFT will create the most sensitive reaction curve, or the greatest signal 

difference between Phe or NADH concentrations. Of the XTT concentrations tested, 

500 µM was determined to create the most sensitive reaction curve, specifically at 

lower NADH concentrations. Of the mPMS concentrations tested, 20 mM was 

determined to create the most sensitive reaction curve, specifically at lower NADH 

concentrations. When 500 µM XTT and 300 µM NBT were compared, it was 

Phe Concentration (mg/dL) 

 0        0.875      1.75      3.5           7         14 
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determined that there was no significant difference between the reaction curves 

produced. Ultimately, NBT was chosen as the best tetrazolium salt due to its less strict 

storage requirements and stability at room temperature. 

The recommended concentrations, 300 µM NBT and 20 mM mPMS, created 

the most sensitive reaction curve for the colorimetric reaction. When these conditions 

were used with the full assay in buffer, the highest Phe concentrations measured could 

not be statistically distinguished between; therefore, conditions can still be improved. 

Changing tetrazolium salt and electron mediator concentrations optimized the 

colorimetric reaction; thus, parameters that affect the enzymatic reaction should be 

optimized. 

The developing paper-based LFT using the proposed conditions is capable of 

determining a range of clinically relevant Phe levels below 7 mg/dL. These proposed 

conditions will greatly help improve and develop the paper-based LFT to be used a 

PKU therapy monitoring test. 
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(1) 

Chapter 3 – Optimization of the Enzymatic Reaction and 

the Effect of Surfactants on the Entire Test 

Introduction 

Focusing on the enzymatic reaction 

𝑃ℎ𝑒 + 𝑁𝐴𝐷+
𝑃ℎ𝑒𝐷𝐻
↔    𝑁𝐴𝐷𝐻 + 𝑃ℎ𝑒𝑃𝑦𝑟 + 𝑁𝐻4

+ 

Another way to increase the sensitivity, or difference between signals produced 

at the clinically relevant blood Phe levels, is to change the reaction time and PheDH or 

NAD+ concentration in the enzymatic reaction. After studying the colorimetric 

reaction, focusing strictly on optimizing the first enzymatic reaction may help make 

this test applicable for blood Phe monitoring.  

PheDH is dependent on NAD+ to perform the reversible oxidative deamination 

of Phe to PhePyr, meaning that in order for the first enzymatic reaction to produce the 

most NADH possible from the amount of Phe present, NAD+ must be in excess. 

Because NAD+ must be in excess, the manipulative independent variables in the first 

reaction are the reaction time and the enzyme concentration. 

For a LFT to be applicable for POC diagnostics, the time-to-result should be 

rapid, producing results in under 20 minutes. For the developing LFT, that means about 

10 minutes for each reaction. Thiessen et al. used 6 minutes as the reaction time for the 

enzymatic reaction, but it was valuable to explore reaction times up to 10 minutes [24]. 

Thiessen et al. used a 2 U/mL PheDH concentration, and it was valuable to study 

different PheDH concentrations. However, it is important to note that PheDH is an 
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expensive enzyme. To make this test applicable for POC diagnostics, the test should be 

affordable, so making sure the concentration of PheDH is not excessively high will 

keep the test cheap. 

Importance of using surfactants 

Recall from Chapter 1 how it would be beneficial for a paper-based POC test 

to use whole blood as the testing sample in order to make therapy monitoring more 

user-friendly throughout the world, and specifically at home. Users would simply take 

a finger prick and add it to the test. The concern with whole blood samples is that the 

filtered plasma is much more viscous than buffer, and buffer has been used for 

developing the POC LFT. The plasma’s high viscosity would increase time-to-results 

as the fluid flow rate is decreased, as well as hinder flow from one substrate to the next. 

Surfactants are a potential solution to this concern as they lower surface tension 

between liquid molecules thereby increasing the rate of the fluid flow.  

Again, paper is a porous substrate and typically thought of as a bundle of 

capillaries. Fluid flow through capillaries occurs by capillary action: when the adhesive 

forces to the walls of the capillary are greater than the cohesive forces between the 

liquid molecules. Simply, capillary flow is limited by surface tension of the fluid. Thus, 

by lowering the surface tension of the liquid, surfactants would help increase fluid flow 

of liquids that have high viscosity such as plasma through the porous substrates, as well 

as facilitate fluid flow from one substrate to the next. Chapter 1 also described two 

common surfactants used in biomedical laboratories, Tween 20 and Triton X-100. 

Before it is possible to test whether these two surfactants would increase the flow rate 
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of plasma, it was important to determine whether each surfactant affects the signal 

produced from the two Phe detection reactions. 

 

Methods and Materials 

Stock solution concentrations and pH of reagents 

As described in Chapter 2, pH specifications of reagents utilized research done 

by Thiessen et al. [24]. For the enzymatic reaction, it was found that NAD+ requires a 

slightly acidic pH, while PheDH can perform best in an alkaline pH. For the 

colorimetric reaction, it was found that maintaining a pH below 8 could significantly 

reduce the amount of autoproduction. Therefore, the tetrazolium salt, NBT, and the 

electron mediator, mPMS, were made in a slightly acidic pH. For experiments 

performed strictly with the colorimetric reaction, NADH was used to represent Phe 

concentrations. Thiessen et al. determined that after the enzymatic reaction, the amount 

of NADH formed is 50% of the initial amount of Phe reacting (i.e. 1 mg/dL Phe is 

equal to 0.5 mg/dL NADH) [31]. 

For the enzymatic reaction, stock solutions of 64 mg/dL Phe (Sigma Aldrich, 

St. Louis, MO, USA) and 40 U/mL PheDH (Sigma Aldrich, St. Louis, MO, USA) were 

created with 220 mM BTP (Sigma Aldrich, St. Louis, MO, USA) buffer at pH 9.3. A 

100 mM NAD+ (Sigma Aldrich, St. Louis, MO, USA) stock solution was made up in 

DI water to prevent NAD+ from reducing to NADH [24].  
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For the colorimetric reaction, stock solutions of 4.8 mM NBT (Life 

Technologies, Eugene, OR, USA) and 40 mM mPMS (Dojingo Laboratories, 

Kumamoto, Japan) were created with 220 mM BTP at pH 6.3. A stock solution of 16 

mg/dL NADH (Sigma Aldrich, St. Louis, MO, USA) was created with 220 mM BTP 

at pH 9.3.  

Stock solutions of surfactants, Tween 20 (Sigma Aldrich, St. Louis, MO, USA) 

and Triton X-100 (Sigma Aldrich, St. Louis, MO, USA), were made in both 220 mM 

BTP at pH 9.3 and pH 6.3 with a concentration of 10% by weight. 

Signal detection methods 

Absorbance readings were measured at wavelengths of 340 nm or 550 nm using 

a plate reader (Ultramark, Bio-Rad Laboratories, Hercules, CA, USA). The absorbance 

peak of NADH was measured at 340 nm, and the absorbance peak of formazan dye 

was measured at 550 nm. NAD+ created an absorbance peak signal at 340 nm, but the 

measurement was always significantly lower than the smallest concentration 

measurement of NADH. Measurements taken from the plate reader were analyzed 

using Excel (Microsoft, Redmond, WA, USA). 

Experimentation methods for determining optimal reaction time and enzyme 

concentration in the enzymatic reaction 

 In the developing diagnostic LFT, the enzymatic reaction occurs with a total 

fluid volume under 50 µL. A 384 well plate (112 µL max volume per well) was used 

with 40 µL as the total volume for the reaction. 
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A small amount of the 100 mM NAD+ stock solution was set aside. Four two-

fold serial dilutions were made from the 64 mg/dL Phe stock solution, creating a final 

concentration profile of 4, 8, 16, 32, and 64 mg/dL Phe. Three two-fold serial dilutions 

were made from the 40 U/mL PheDH stock solution, creating a final concentration 

profile of 5, 10, 20, and 40 U/mL PheDH.  

Control tests were performed to make sure that each reagent did not create an 

absorbance signal at the measured wavelengths. These control tests included measuring 

the absorbance of 10 mM NAD+, 2 and 16 mg/dL Phe, 220 mM BTP buffer at pH 9.3, 

and 2 U/mL PheDH. 10 mM NAD+ was expected to create some signal, but it was 

found to be significantly less than the signal produced from the NADH at the lowest 

Phe concentration. Other controls included measuring the absorbance of the enzymatic 

reaction at each PheDH concentration using 220 mM BTP buffer at pH 9.3 without any 

Phe. 

A total of 24 trials explored different PheDH concentrations and/or Phe 

concentrations. For each trial, six replicate reaction wells were performed for each 

enzyme concentration with an empty well between each reaction well in order to reduce 

absorbance signal error in the plate reader. In each reaction well, 8 µL of PheDH was 

mixed with 10 µL of Phe and 18 µL of 220 mM BTP buffer at pH 9.3. The reaction 

was initiated by the addition of 4 µL of 100 mM NAD+. The final PheDH 

concentrations were 1, 2, 4, and 8 U/mL. The final Phe concentrations were 0, 1, 2, 4, 

8, and 16 mg/dL. The final NAD+ concentration was 10 mM. Table 7 summarizes the 

objective, concentrations, and amounts of each reagent in each well. 
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Table 7. Summary of each well’s objective describing the amount of each 

reagent added at the defined concentration for experimentation of the reaction 

time and enzyme concentration in the enzymatic reaction. 

 

The 384 microwell plate was placed into the plate reader within 15 seconds of 

starting the reaction and measured at 340 nm. A total of 18 measurements were taken 

over the course of 10 minutes. 

Experimentation and analysis methods of the effect of surfactants on the enzymatic 

reaction 

A small amount of the 100 mM NAD+ and 40 U/mL PheDH stock solutions 

were set aside. Two dilutions were made from the 64 mg/dL Phe stock solution, 

creating a 4 and 16 mg/dL Phe solutions. Two ten-fold serial dilutions were made from 

the 10% Tween 20 and Triton X-100 solutions made in 220 mM BTP at pH 9.3, creating 

concentration profiles of 0.1, 1, and 10% Tween 20 and Triton X-100. A 384 well plate 

was used with 40 µL as the total volume for the reaction.  

 The controls for the experiment included measuring the absorbance of 5% 

Tween 20 and Triton X-100 in 220 mM BTP, pH 9.3, over 10 minutes to verify that no 

absorbance signal was produced at the measured wavelength. To compare the signal of 

1 2 3 4 5 6

Replicate 
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Replicate 
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Replicate 
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5

Replicate 

6

Reagent Concentration

PheDH Various 8 µL 8 µL 8 µL 8 µL 8 µL 8 µL

Phe Various 10 µL 10 µL 10 µL 10 µL 10 µL 10 µL

NAD
+

100 mM 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL

BTP, pH 9.3 220 mM 18 µL 18 µL 18 µL 18 µL 18 µL 18 µL

Well

Amount

Objective
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the enzymatic reaction with surfactants versus without, absorbance from the enzymatic 

reaction was measured over 10 minutes with Phe concentrations of 0, 1, and 4 mg/dL 

Phe, and without Tween 20 or Triton X-100. 

A total of 6 trials explored the two surfactants at different concentrations. For 

each trial, six replicate reaction wells were performed for each surfactant concentration 

with an empty well between each reaction well in order to reduce absorbance signal 

error in the plate reader. In each reaction well, 10 µL of 16 mg/dL Phe was mixed with 

4 µL of 40 U/mL PheDH, 2 µL of 220 mM BTP buffer at pH 9.3, and 20 µL Tween 20 

or Triton X-100. The reaction was initiated with the addition of 4 µL of 100 mM NAD+. 

The final Tween 20 and Triton X-100 concentrations were 0.05, 0.5, and 5%. The other 

reagent final concentrations were 4 mg/dL Phe, 4 U/mL PheDH, and 10 mM NAD+. 

Table 8 summarizes the objective, concentrations, and amounts of each reagent in each 

well. 

Table 8. Summary of each well’s objective describing the amount of each 

reagent added at the defined concentration for experimentation of the effect of 

surfactants on the enzymatic reaction. 
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PheDH 40 U/mL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL

Phe 16 mg/dL 10 µL 10 µL 10 µL 10 µL 10 µL 10 µL

NAD
+

100 mM 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL

BTP, pH 9.3 220 mM 2 µL 2 µL 2 µL 2 µL 2 µL 2 µL

Tween 20/Triton X-100 Various 20 µL 20 µL 20 µL 20 µL 20 µL 20 µL

Well
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The 384 microwell plate was placed into the plate reader within 15 seconds of 

starting the reaction and measured at 340 nm. A total of 18 measurements were taken 

over the course of 10 minutes. Reaction curves were compared to the reaction curve 

with the solution without surfactant to determine how much the absorbance signal 

varied with the addition of Tween 20 and Triton X-100. 

Experimentation and analysis methods of the effect of surfactants on the 

colorimetric reaction 

 A small amount of the 4.8 mM NBT stock solution was set aside. One dilution 

was made from the 16 mg/dL NADH stock solution, creating 4 and 16 mg/dL NADH 

solutions. Two ten-fold serial dilutions were made from the 10% Tween 20 and Triton 

X-100 solutions made in 220 mM BTP at pH 6.3, creating concentration profiles of 0.1, 

1, and 10% Tween 20 and Triton X-100. A 384 well plate was used with 40 µL as the 

total volume for the reaction.  

 The controls for the experiment included measuring the absorbance of 5% 

Tween 20 and Triton X-100 in 220 mM BTP at pH 6.3, over 10 minutes to verify that 

no absorbance signal was produced. To compare the signal of the enzymatic reaction 

with surfactants versus without, absorbance from the colorimetric reaction was 

measured over 10 minutes with NADH concentrations of 0, 0.5, and 2 mg/dL NADH, 

and without Tween 20 or Triton X-100. 

A total of 6 trials explored the two surfactants at different concentrations. For 

each trial, six replicate reaction wells were performed for each surfactant concentration 

with an empty well between each reaction well in order to reduce absorbance signal 
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error in the plate reader. In each reaction well, 5 µL of 16 mg/dL NADH was mixed 

with 10 µL of 4.8 mM NBT, and 20 µL of Tween 20 or Triton X-100. The reaction was 

initiated with the addition of 5 µL of 80 mM mPMS. The final Tween 20 and Triton 

X-100 concentrations were 0.05, 0.5, and 5%. The other reagent final concentrations 

were 2 mg/dL NADH, 1200 µM NBT, and 10 mM mPMS. Table 9 summarizes the 

objective, concentrations, and amounts of each reagent in each well. 

Table 9. Summary of each well’s objective describing the amount of each 

reagent added at the defined concentration for experimentation of the effect of 

surfactants in the colorimetric reaction. 

 

The 384 microwell plate was placed into the plate reader within 15 seconds of 

starting the reaction. An absorbance measurement was taken at 3, 4, and 5 minutes at 

550 nm. Only three absorbance measurements were taken to reduce the effects of 

autoproduction on the formazan produced at each subsequent measurement. Reaction 

curves were compared to the reaction curve with the solution without surfactant to 

determine how much the absorbance signal varied with the addition of Tween 20 and 

Triton X-100. 
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Results and Discussion 

Comparing sensitivity of different reaction times 

 For 18 reaction times 10 minutes or less, NADH absorbance was measured at 

340 nm at six Phe concentrations with 4 U/mL PheDH. The reaction curves produced 

were compared to each other to determine the effect of reaction time on NADH 

absorbance signal in the enzymatic reaction. Figure 18 displays the reaction curves 

created at 5, 8, and 10 minutes. 

 

Figure 18. Effect of reaction time on NADH absorbance signal in the 

enzymatic reaction. At higher Phe concentrations (above 8 mg/dL), longer 

reaction times produce a modest increase in sensitivity. There is no significant 

difference in signal at lower Phe concentrations (below 4 mg/dL) as well as 

between reaction times of 8 and 10 minutes. Error bars represent one standard 

deviation of uncertainty. 
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From Figure 18, longer reaction times produced a modest increase in sensitivity 

and only at the highest Phe concentrations. However, there was no significant 

difference in reaction curves with reaction times above 8 minutes. Therefore, it is 

recommended to use an enzymatic reaction time of 8 minutes for the developing 

diagnostic test. 

Comparing sensitivity of different enzyme concentrations 

 For four PheDH concentrations, NADH absorbance was measured at 340 nm at 

six Phe concentrations with a reaction time of 8 minutes. The reaction curves produced 

were compared to determine the effect of PheDH concentration on NADH absorbance 

signal in the enzymatic reaction. Figure 19 displays the reaction curves created at 1, 4, 

and 8 U/mL PheDH. 
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Figure 19. Effect of PheDH concentration on NADH absorbance signal in the 

enzymatic reaction. At higher Phe concentrations (above 8 mg/dL), higher 

PheDH concentrations produce a modest increase in sensitivity. There is no 

significant difference in signal at lower Phe concentrations (below 4 mg/dL) 

as well as between PheDH concentrations of 4 and 8 U/mL. Error bars 

represent one standard deviation of uncertainty. 

From Figure 19, higher PheDH concentrations produce a modest increase in 

sensitivity and only at the highest Phe concentrations. However, there is no significant 

difference between 4 and 8 U/mL PheDH reaction curves. Therefore, it is 

recommended to use a PheDH concentration of 4 U/mL for the developing diagnostic 

test. The lower of the two PheDH concentrations (4 and 8 U/mL) was recommended to 

reduce the amount of enzyme required as it is an expensive reagent, and the 4 U/mL 

does not sacrifice any performance from 8 U/mL. 
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Effect of surfactants on the sensitivity of the enzymatic reaction 

For three surfactant concentrations using surfactants Tween 20 and Triton X-

100, NADH absorbance was measured at 340 nm at 18 reactions times with 4 mg/dL 

Phe. The reaction curves produced were compared to determine the effect of surfactant 

on NADH absorbance signal in the enzymatic reaction. Figure 20 displays the reaction 

curves created with 4 mg/dL Phe solutions with no surfactant, 5% Tween 20, and 5% 

Triton X-100. A 1 mg/dL Phe solution without surfactant is also shown for signal 

comparison. 

 

Figure 20. Effect of surfactant on NADH absorbance signal in the enzymatic 

reaction with 4 mg/dL Phe. Solutions with 5% surfactant concentration 

produce a modest decrease in NADH absorbance signal compared to the 

solution without surfactant; however, the NADH signal is significantly 

different from the 1 mg/dL Phe solution without surfactant. Error bars 

represent one standard deviation of uncertainty. 
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From Figure 20, solutions with 5% surfactant concentration produced a modest 

decrease in NADH absorbance signal compared to the solution without surfactant. 

However, when the signal produced by the solutions with 5% surfactant concentration 

are compared to the 1 mg/dL solution without surfactant, the signals were significantly 

different. From the pattern of the 4 mg/dL Phe solutions, signal produced by the 1 

mg/dL solution would probably be modestly decreased if 5% surfactant were added. 

Therefore, although adding 5% surfactant slightly decreases the NADH absorbance 

signal, the potential to increase flow speed outweighs the small decrease in signal for 

the enzymatic reaction. 

Effect of surfactants on the sensitivity of the colorimetric reaction 

 For three surfactant concentrations using surfactants Tween 20 and Triton X-

100, formazan absorbance was measured at 550 nm at three reactions times with 2 

mg/dL NADH. The reaction curves produced were compared to determine the effect 

of surfactant on formazan absorbance signal in the colorimetric reaction. Only three 

formazan absorbance measurements were taken to reduce the effects of autoproduction 

on the formazan produced at each subsequent measurement. Figure 21 displays the 

reaction curves created with 2 mg/dL NADH solutions with no surfactant, 5% Tween 

20, and 5% Triton X-100. 
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Figure 21. Effect of surfactant on formazan absorbance signal in the 

colorimetric reaction with 2 mg/dL NADH. Solutions with 5% surfactant 

concentration produce no significant difference in signal compared to the 

solution without surfactant. Error bars represent one standard deviation of 

uncertainty. Only three measurements were taken to reduce autoproduction 

affecting the formazan produced on each subsequent measurement. 

From Figure 21, solutions with 5% surfactant concentration produced no 

significant difference in formazan absorbance signal compared to the solution without 

surfactant. Therefore, there was no effect with the addition of surfactants, Tween 20 

and Triton X-100, up to 5% on formazan signal in the colorimetric reaction. 
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Conclusion 

 In this chapter, the enzymatic reaction used in the developing diagnostic LFT 

was investigated to better understand how reaction time and enzyme concentration 

affect the conversion of Phe into NADH. The effect of surfactants, Tween 20 and Triton 

X-100, on the signal produced from the two Phe detection reactions was also studied. 

 Optimizing the reaction time and enzyme concentration for the developing 

diagnostic LFT increased the sensitivity of the test, or the greatest signal difference 

between Phe or NADH concentrations. Of the reaction times tested, eight minutes was 

determined to create the most sensitive reaction curve at higher Phe concentrations. Of 

the PheDH concentrations tested, 4 U/mL was determined to create the most sensitive 

reaction curve at higher Phe concentrations.  

When measuring the effect of surfactants, it was found in the enzymatic reaction 

that 5% by weight Tween 20 or Triton X-100 created a modest decrease in NADH 

absorbance signal. When this signal was compared to the lower Phe concentration 

without surfactant, the signal was significantly different. Therefore, the small decrease 

in signal was small enough to be ignored, especially if the addition of surfactants can 

increase fluid flow between substrates. In the colorimetric reaction, it was found that 

the addition of 5% by weight Tween 20 or Triton X-100 created no difference in 

formazan absorbance signal. Because the addition of 5% by weight surfactant to both 

the enzymatic and colorimetric reaction produced no significant effect in converting 

Phe to formazan dye, experimenting whether surfactants increase the rate of fluid flow 

between substrates should be conducted.  
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The proposed conditions for reaction time and enzyme concentration helped 

increase the sensitivity of the enzymatic reaction in the developing paper-based LFT, 

specifically at higher Phe concentrations above 4 mg/dL. These proposed conditions 

will greatly help improve and develop the paper-based LFT to be capable of 

determining Phe levels over the clinically relevant range, thus, helping PKU patients 

with therapy monitoring.  
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Chapter 4 – Conclusions and Next Steps 

Summary of Conclusions 

 The previous chapters have described the motivation and background for a 

paper-based test for the home monitoring of Phe levels in PKU patients. Improvements 

have been proposed for the colorimetric, paper-based microfluidic test developed by 

Thiessen et al. to potentially increase the applicability of the LFT for PKU therapy 

monitoring. First, for the colorimetric reaction, two tetrazolium salts, NBT and XTT, 

and an electron mediator, mPMS, were investigated into how they affected the 

conversion of NADH into formazan dye. Second, for the enzymatic reaction, the 

reaction time and enzyme concentration were explored into how they affected the 

conversion of Phe into NADH. Third, the effect of surfactants, Tween 20 and Triton 

X-100, on the signal produced from the two Phe detection reaction was studied. The 

proposed conditions for both the enzymatic and the colorimetric reactions display 

improvements in sensitivity (change in signal between Phe concentrations) at both low 

(under 6 mg/dL) and high (6 – 14 mg/dL) Phe concentrations in the test developed by 

Thiessen et al. It was also determined that surfactant up to 5% by weight produce no 

significant effect in converting Phe to formazan dye. The results of this study propose 

improvements into creating a rapid, robust, and equipment-free home Phe monitoring 

test.  
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Next Steps 

Using whole blood samples with surfactants 

 To develop the most useful and user-friendly paper-based Phe monitoring 

device, the LFT must be capable of accepting and processing a whole blood sample. 

Once this is possible, the test will be easier to use at home and allow for all users to 

monitor their Phe levels without expensive equipment or a laboratory. Robinson et al. 

has proposed the integration of a plasma separation membrane (PSM) capable of 

separating red and white blood cells from plasma into the paper-based microfluidic test 

developed by Thiessen et al. [43]. The PSM works to filter whole blood through a series 

of pores where the pores reduce in size between each subsequent layer, trapping red 

and white blood cells so that the exiting fluid is plasma. However, several challenges 

arose with integrating the PSM into the assay, specifically, the assay did not allow 

adequate flow of plasma from the PSM to the subsequent substrate [43]. The addition 

of surfactants should help with this issue. Surfactants provide the ability for the fluid, 

(plasma) to more quickly absorb at the substrate interface and help even out the fluid 

flow as it travels across the substrate [44]. It should be investigated into whether the 

addition of Tween 20 and Triton X-100 help plasma flow through the assay.  

Calibration of test results 

 For a LFT to be more applicable for PKU patients monitoring variable blood 

Phe levels, results must be semi-quantitative rather than a yes or no result. However, 

semi-quantitative results of LFTs are often affected by several environmental factors 

including variations in temperature, humidity, and pressure or light exposure during 
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storage and operation. Variations from user to user also significantly affect LFT results. 

To resolve this issue, the addition of an on-board calibration method is recommended 

to provide users with a range of colorimetric signals for low, medium, and high Phe 

concentrations to compare to the sample colorimetric response.  

 To reduce complexity of the calibrators, only the colorimetric reaction needs to 

be performed. A proposed design for the calibrators would have colorimetric reagents 

as well as low, medium, and high concentrations of NADH dried down onto substrates 

adjacent to the sample assay. The current paper-based microfluidic test proposed by 

Thiessen et al. initiates the colorimetric reaction by folding the NADH produced from 

the enzymatic reaction into contact with dried reagents for the colorimetric reaction. 

While the first reaction is incubating, water can be added to a separate substrate waiting 

to initiate the colorimetric reaction in the calibrators. When the enzymatic reaction is 

initiated by folding the LFT, the substrate filled with water will be folded onto the 

calibrators initiating the calibrator colorimetric reactions. This design would have the 

calibrators and the sample assay undergo the exact same environmental and timing 

conditions so that the calibration is unique and specific for every test. 

 The low NADH concentration could correlate to the normal Phe concentration 

for an individual that does not have PKU. Therefore, the user will be able to determine 

if the LFT produces a false negative if the sample colorimetric response is lighter than 

the low calibrator. The medium NADH concentration could correlate to a normal PKU 

Phe concentration and the high NADH concentration could correlate to a Phe 

concentration that requires immediate attention. If the results produced by the 

calibrators are similar in colorimetric intensity, the user could assume that the test 
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sensitivity has been decreased. Therefore, either due to poor storage or operation 

methods, the test can be discarded potentially decreasing the probability of obtaining 

false results. 
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Appendix A 

Calculations for t-test 

The t-values were calculated after calculating the averages and standard 

deviations of the formazan grayscale intensities produced from the full assay in buffer 

with 20 mM mPMS and 300 µM NBT using Excel. First the variance was calculated 

as the square of the standard deviation, 𝜎. 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 = 𝜎2 

The calculated averages, �̅�, standard deviations, 𝜎, and variances, 𝜎2, are shown 

in Table A at each Phe concentration. 

Table A. Calculated averages, standard deviations, and variances using Excel 

for formazan grayscale intensities produced from the full assay in buffer using 

20 mM mPMS and 300 µM NBT. 

[Phe] (mg/dL) 0.875 1.75 3.5 7 14 

�̅� 1.96×103 5.71×103 7.91×103 9.86×103 1.10×104 

𝝈 4.0×102 4.3×102 6.0×102 6.7×102 8.2×102 

𝝈𝟐 1.6×105 1.9×105 3.6×105 4.5×105 6.7×105 

 

With four replicates, the degrees of freedom, 𝑛, was equal to four, and the 𝛼-

value was chosen to have a significance level of 0.05. The t-value was calculated using 

the following equation. 
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𝑡 − 𝑣𝑎𝑙𝑢𝑒 =
�̅�2 − �̅�1

√𝜎2
2

𝑛 −
𝜎1
2

𝑛

 

The Bonferroni correction was performed due to multiple statistical tests being 

performed simultaneously on a single data set. Therefore, to reject the null hypothesis, 

the p-values must be less than 𝛼-value divided by the number of t-tests performed, 𝑁. 

In this case, 4 t-tests were performed (𝑁 = 4). 

𝛼

𝑁
=
0.05

4
= 0.0125 

 Using Excel, the p-values were calculated from the t-values, number of t-tests 

performed, significance level, and two-tailed hypothesis. The calculated values are 

shown in Table B with a conclusion on whether to reject the null hypothesis between 

the two points. 

Table B. Calculated t-values and p-values using Excel for formazan grayscale 

intensities produced from the full assay in buffer using 20 mM mPMS and 300 

µM NBT. The p-value for the difference between 7 and 14 mg/dL is greater 

than 0.0125 and thus, does not reject the null hypothesis. 

 

  

Between 

Concentrations
0.875 and 1.75 1.75 and 3.5 3.5 and 7 7 and 14

N 4 4 4 4

α 0.05 0.05 0.05 0.05

α/N 0.0125 0.0125 0.0125 0.0125

t-value 12.77 5.96 4.34 2.15

p-value 0.000217 0.00398 0.0123 0.0980

Reject Null 

Hypothesis
Yes Yes Yes No
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