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ABSTRACT 

Phenylketonuria (PKU) is a rare inborn error of metabolism and affects both kids and 

adults. PKU occurs due to the buildup of phenylalanine in the human body. If PKU is not detected 

and treated in its early stages, it causes disability both physically and mentally. Many countries 

have been performing newborn screening tests for PKU metabolic disorder. Treatment for PKU is 

completely diet-based, and the person with PKU should be constantly monitored for phenylalanine 

(Phe) levels of the blood to avoid its effects. The present methods of detecting PKU are time-

consuming and complex.  Laboratory-based testing does not allow for the rapid return of the test 

result for monitoring the patients with PKU. This typical test turn-around time of several days for 

the current testing method prolonged for effective monitoring and treatment of the person suffering 

from PKU. This project is to develop a new at-home urine-based testing method that helps monitor 

levels of Phe of a person with PKU. This project makes testing easy by using iron (III) chloride 

and porous PCL-based biosensors to detect PKU. This test of detecting PKU improves the 

sensitivity to the presence of L-phenylalanine in the urine. The biosensors were developed and 

tested with PKU solution based on color changes in the biosensors. The tests were performed on 

the biosensors with various concentrations of PKU solutions. By quantitative measurement of 

color using Red Green Blue (RGB), Hue Saturation Lightness (HSL), and Cyan Magenta Yellow, 

and Key (CMYK),  PKU could be detected. The additional accuracy of this test method is provided 

by implementing a light-controlling custom-made device. The results show that a combination of 

10% iron (III) chloride tested with higher concentrations of PKU solutions gives the best results 

to confirm the presence of L-Phenylalanine. The final test results show that the proposed method 

is simple, safe, and low-cost for an ordinary person to do at home. Further optimization and 

calibration will be required for the test to be commercially viable. 



vii 

 

TABLE OF CONTENTS 

Chapter                                                                                                                                       Page 

1. INTRODUCTION...................................................................................................................1 

1.1 Background .................................................................................................................................... 1 

1.2 Motivation ..................................................................................................................................... 4 

1.3 Objective ....................................................................................................................................... 8 

2. LITERATURE REVIEW ...................................................................................................... 10 

2.1 PKU Testing Methods ................................................................................................................... 10 

2.1.1 Guthrie Bacterial Inhibition Assay .......................................................................................... 12 

2.1.2 Automated Fluorometric Assay ............................................................................................. 14 

2.1.3 Tandem Mass Spectrometry .................................................................................................. 16 

2.2 Types of Phenylketonuria ............................................................................................................. 18 

2.2.1 Classic Pheylketonuria ........................................................................................................... 19 

2.2.2 Variant Phenylketonuria ........................................................................................................ 20 

2.3 Porous Materials .......................................................................................................................... 21 

3. EXPERIMENTAL PROCEDURE ........................................................................................ 23 

3.1 Materials ..................................................................................................................................... 23 

3.2 Apparatus .................................................................................................................................... 25 

3.3 Experimental Plan ........................................................................................................................ 27 

3.3.1 Materials Used ...................................................................................................................... 27 

3.3.1.1 Dimethylformamide ........................................................................................... 27 

3.3.1.2 Iron (III) Chloride .............................................................................................. 28 

3.3.1.3 Polycaprolactone ................................................................................................ 29 

Polycaprolactone ........................................................................................................... 29 

3.3.1.4 Polyvinylpyrrolidone .......................................................................................... 30 

3.3.1.5 L-phenylalanine ................................................................................................. 30 

3.3.2 Preparation of PKU Biosensor................................................................................................ 31 

3.3.2.1 Preparation of Liquid-based Biosensor ............................................................... 31 



viii 

 

TABLE OF CONTENTS (continued) 

Chapter                                                                                                                                       Page 

3.3.2.2 Preparation of Porous PCL-based Biosensor ....................................................... 32 

3.3.3 Preparation of PKU Solution .................................................................................................. 33 

4. RESULTS AND DISCUSSION ............................................................................................ 35 

4.1 Results of Liquid-based Biosensor ................................................................................................ 35 

4.2 Results of Porous PCL-based Biosensor ........................................................................................ 50 

4.3 Cost Analysis for Production of Biosensors ................................................................................... 62 

5. CONCLUSIONS ................................................................................................................... 64 

6. FUTURE WORK .................................................................................................................. 65 

REFERENCES ......................................................................................................................... 66 

APPENDIX .............................................................................................................................. 75 

A ....................................................................................................................................................... 76 

 

  



ix 

 

LIST OF TABLES 

Table                Page 

1. Weights of materials used to make different concentrations of Liquid-based Biosensors ...... 31 

2. Weights of materials used in the polymer sheet ................................................................... 32 

3. Four different percentages of PKU solution ......................................................................... 34 

4. RGB, HSL, and CMYK values of 0.1% FeCl3 + 4% PKU solution. ..................................... 37 

5. RGB, HSL, and CMYK values of 1% FeCl3 + 4% PKU solution ......................................... 39 

6. RGB, HSL, and CMYK values of 10% FeCl3 + 4% PKU solution. ...................................... 41 

7. RGB, HSL, and CMYK values of 10% FeCl3 + 2% PKU solution. ...................................... 43 

8. RGB, HSL, and CMYK values of 10% FeCl3 + 1% PKU solution. ...................................... 45 

9. RGB, HSL, and CMYK values of 10% FeCl3 + 0.25% PKU solution. ................................. 47 

10. RGB, HSL, and CMYK values of 10% FeCl3 + 0.0625% PKU solution. ............................. 49 

11. RGB, HSL, and CMYK values of 0.25% PKU solution added  0.1% FeCl3 doped porous PCL 

biosensors. .......................................................................................................................... 52 

 

12. RGB, HSL, and CMYK values of 1% PKU Solution added  0.1% FeCl3 doped porous PCL 

biosensors. .......................................................................................................................... 54 

 

13. RGB, HSL, and CMYK values of 4% PKU solution added  0.1% FeCl3 doped porous PCL 

biosensors. .......................................................................................................................... 55 

 

14. RGB, HSL, and CMYK values of 0.25%PKU solution added  10% FeCl3 doped porous PCL 

biosensors. .......................................................................................................................... 57 

 

15. RGB, HSL, and CMYK values of 1% PKU solution added 10% FeCl3 doped porous PCL 

biosensors. .......................................................................................................................... 59 



x 

 

LIST OF TABLES (continued) 

Table                Page 

16. RGB, HSL, and CMYK values of 4% PKU solution added  10% FeCl3 doped porous PCL. 60 

17. Cost of producing ten samples of biosensors. ....................................................................... 62 

A-1  RGB, HSL, and CMYK values of 20% FeCl3 + 4%PKU solution…………………………..77 

A-2 RGB, HSL, and CMYK values of 10% FeCl3 + 0.5%PKU solution. .................................. 79 

A-3 RGB, HSL, and CMYK values of 10% FeCl3 + 0.0625%PKU solution. ............................. 81 

A-4 RGB, HSL, and CMYK values of 0.25%PKU solution added  1%FeCl3 doped polymers. .. 82 

A-5 RGB, HSL, and CMYK values of 1%PKU solution added  1%FeCl3 doped polymers........ 83 

A-6 RGB, HSL, and CMYK values of 4%PKU solution added  1%FeCl3 doped polymers........ 84 



xi 

 

LIST OF FIGURES 

Figure                     Page 

1. Symptom of PKU metabolic disorder in adults [71] ...............................................................1 

2. Sample collection for the PKU testing in newborn kids [68]. .................................................3 

3. Kids with PKU metabolic disorder [69,70]. ...........................................................................4 

4. Prevalence of PKU in 6 world regions [17]. ...........................................................................6 

5. The prevalence of classic PKU in WHO regions [58]. ...........................................................7 

6. RGB, HSL, and CMYK color wheels [72,73,74]. ..................................................................9 

7. Simplified components of a tandem mass spectrometer [41]. ............................................... 17 

8. Metabolic pathways of PKU [46]. ....................................................................................... 19 

9. Chemicals used in experiments (a) DMF purchased from  (b) FeCl3 purchased from ........... 23 

10. Apparatus used in Experiment (a) 100mL Glass Beaker (b) Spatula (c) Lipped Cylindrical 

Glass Container (d) Magnetic Stirring Bar (e) Electronic Balance (f) Magnetic Stirrer (g) thelco 

Laboratory Oven (h) lightbox using cardboard..................................................................... 26 

 

11. Chemical structure of dimethylformamide [52].................................................................... 28 

12. Chemical structure of iron (III) chloride [53]. ...................................................................... 29 

13. Chemical structure of polycaprolactone (PCL) [59]. ............................................................ 29 

14. Chemical structure of polyvinylpyrrolidone [60]. ................................................................ 30 

15. Chemical structure of L-phenylalanine [61]. ........................................................................ 31 

16. Step-by-step procedure for preparation of porous PCL biosensors. ...................................... 33 



xii 

 

LIST OF FIGURES (continued) 

Figure                     Page 

17. Different concentrations of Liquid-based biosensors. ........................................................... 35 

18. Pictures of 4% PKU in 0.1% iron (III) chloride solution at time intervals. ........................... 36 

19. RGB values vs. time graph of 4% PKU in 0.1% FeCl3. ........................................................ 38 

20. Pictures of 4% PKU in 1% iron (III) chloride solution at time intervals ............................... 38 

21. RGB values vs. time graph for 4% PKU in 1% FeCl3. ......................................................... 40 

22. Pictures of 4% PKU in 10% iron (III) chloride solution at time intervals. ............................ 40 

23. RGB values Vs. time graph for 4% PKU in 10% FeCl3. ...................................................... 42 

24. Pictures of 2% PKU in 10% iron (III) chloride solution at time intervals. ............................ 42 

25. RGB values vs. time graph for 2% PKU in 10% FeCl3. ....................................................... 44 

26. Pictures of 1% PKU in 10% iron (III) chloride solution at time intervals. ............................ 44 

27. RGB values vs. time graph for 1% PKU in 10% FeCl3. ....................................................... 46 

28. Pictures of 0.25% PKU in 10% iron (III) chloride solution at time intervals. ....................... 46 

29. RGB values vs. time graph for 0.25% PKU in 10% FeCl3. .................................................. 48 

30. Pictures of 0.0625% PKU in 10% iron (III) chloride solution at time intervals. .................... 48 

31. RGB values vs. time graph for 0.0625% PKU in 10% FeCl3. ............................................... 50 

32. FeCl3 doped porous PCL biosensors. ................................................................................... 50 

33. Pictures of 0.25% PKU solution added to 0.1% FeCl3 doped porous PCL biosensor at time 

intervals. ............................................................................................................................. 51 



xiii 

 

LIST OF FIGURES (continued) 

Figure                     Page 

34. RGB values vs. time graph for 0.25% PKU solution added to 0.1% doped porous PCL 

biosensor. ............................................................................................................................ 52 

 

35. Pictures of 4% PKU solution added to 1% FeCl3 doped porous PCL biosensor at time intervals.

 ............................................................................................................................................ 53 

 

36. RGB values vs. time graph for 4% PKU solution added to 0.1% doped porous PCL biosensor.

 ............................................................................................................................................ 54 

 

37. Pictures of 4% PKU solution added to 0.1% FeCl3 doped porous PCL biosensor at time 

intervals. ............................................................................................................................. 55 

 

38. RGB values vs. time graph for 4% PKU solution added to 0.1% doped porous PCL biosensor.

 ............................................................................................................................................ 56 

 

39. Pictures of 0.25% PKU solution added to 10% FeCl3 doped porous PCL biosensor at time 

intervals .............................................................................................................................. 56 

 

40. RGB values vs. time graph for 0.25% PKU solution added to 10% doped porous PCL 

biosensor. ............................................................................................................................ 58 

 

41. Pictures of 1% PKU solution added to 10% FeCl3 doped porous PCL biosensor at time 

intervals. ............................................................................................................................. 58 

 

42. RGB values vs. time graph for 1% PKU solution added to 10% doped porous PCL biosensor.

 ............................................................................................................................................ 59 

 

43. Pictures of 4% PKU solution added to 10% FeCl3 doped porous PCL biosensor at time 

intervals. ............................................................................................................................. 60 

 

44. RGB values vs. time graph for 4% PKU solution added to 10% doped porous PCL biosensor.

 ............................................................................................................................................ 61 



xiv 

 

 LIST OF FIGURES (continued) 

Figure                      Page 

A-1 Pictures of 4% PKU in 20% iron (III) chloride solution at time intervals. ........................... 76 

A-2  Pictures of 0.5% PKU in 10% iron (III) chloride solution at time intervals. ....................... 78 

A-3 Pictures of 0.125% PKU in 10% iron (III) chloride solution at time intervals. .................... 80 

A-4 Pictures of 0.25% PKU solution added to 1% FeCl3 doped porous PCL biosensor at time 

intervals. ............................................................................................................................. 82 

 

A-5 Pictures of 1% PKU solution added to 1% FeCl3 doped porous PCL biosensor at time intervals.

 ............................................................................................................................................ 83 

 

A-6 Pictures of 4% PKU solution added to 1% FeCl3 doped porous PCL biosensor at time intervals.

 ............................................................................................................................................ 84 

  



xv 

 

LIST OF ABBREVIATIONS 

PKU   Phenylketonuria 

Phe    Phenylalanine 

Tyr  Tyrosine 

EEG  Electro Encephalogram 

DNA  Deoxyribonucleic Acid 

BH4  Tetrahydrobiopterin 

PAH  Phenylalanine Hydroxylase 

WHO  World Health Organisation 

PPA  Phenyl Pyruvic Acid 

DNPH  DinitroPhenyl Hydrazine 

USPSTF United States Preventive Services Task Force 

UMTEST Ultramicro-fluorometric Test 

SUMA  ultramicro-analytical system 

DBS  Dried Blood Spots on Filter Paper 

FU  Fluorescence Units 

EM  Errors of Mechanism 

CTD  Carnitine Transporter Deficiency 

NaCl  Sodium Chloride 

DMF  Dimethyl Formamide 

FeCl3  Iron(III) Chloride 

PCL   Polycaprolactone 

PVP  Polyvinylpyrrolidone 



xvi 

 

RGB  Red, Green, and Blue 

CMYK Cyan, Magenta, Yellow, and Black  

FTIR  Fourier Transform Infrared Spectroscopy 

CLSM  Confocal Laser Scanning Microscopy 

LCSM  Laser Confocal Scanning Microscopy 

DSC  Differential Scanning Calorimetry 

TGA  Thermogravimetric Analysis 

DI Water Deionized (DI) water  

 

  



1 

 

CHAPTER 1 

INTRODUCTION 

1.1 Background 

Phenylketonuria (PKU) is one of the common inborn and inherited metabolic disorder seen 

in both kids and adults globally. PKU in the United States of America (USA) occurs 1 in every 

25,000 births [1]. In most cases of this metabolic disorder is because of the inadequacy of the 

enzyme Phenylalanine hydroxylase, which transforms Phenylalanine (Phe) to tyrosine (Tyr) [2]. 

Patients with PKU metabolic disorder are impotent to metabolize the vital amino acid 

phenylalanine (Phe), which results in the congregation in the body, resulting in permanent or 

temporary damage mentally and physically. In a few instances, deficient levels of tyrosine.  

Patients should be homozygous dominant to show the symptoms, and a shallow percentage ranges 

from 1 to 2% of the population are carriers of these types of genes [3].  PKU may cause 

developmental harm like hyperactivity, electroencephalogram (EEG) abnormalities, seizures, 

microcephaly, and loss of skin color [4,5]. Figure 1 shows the symptom of PKU metabolic disorder 

in adults [71]. 

 

Figure 1: Symptom of PKU metabolic disorder in adults [71] 
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Treatment for the patient with PKU is entirely diet based contains a low amount of 

phenylalanine and supplements [1,6].  This diet-based treatment aims to maintain Phe levels in 

blood ranging from 120 to 360 µM. In comparison, non-PKU individuals have 60 µM of blood 

Phe concentration [1]. The Phe blood concentration of an actual PKU patient usually surpasses 

1200 µM [1]. Babies with PKU feed on a small amount of breast milk with a unique formula. The 

diet should start as early as possible after the birth of that child and should maintain for the whole 

life. The Phe levels of the PKU patients are controlled by drinking Phe-free medical formulas that 

comprise all the other amino acids available with all the medical suppliers. The reduced protein 

food like fruits and vegetables is supplemented with these medical supplies [6].  The diet is 

fortunate in preventing the extreme complications associated caused by the untreated PKU. The 

diet is generally followed strictly for their entire childhood [7,8]. However, modern research 

suggests that continuing the diet for controlling the Phe levels of the blood is advantageous for all 

ages and helps prevent physical and mental issues such as headache, anxiety, depression, and 

hyperactivity disorder [3,6]. There are also concerns regarding the developmental neurological 

abnormalities in the patients after the discontinuation of the phenylalanine-restricted diet [9,10,11]. 

The Phe levels of PKU are monitored through blood tests every week in children and tested less 

frequently as the child grows up [1]. Figure 2 shows the sample collection for the PKU testing in 

newborn kids [68]. 
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Figure 2: Sample collection for the PKU testing in newborn kids [68]. 

The steep Phe levels are pernicious in the central nervous system. The treatment for patients 

concentrated on promoting the blood-brain barrier rather than controlling the levels of PKU in the 

patient [12,13]. Because all significant neutral amino acids share the same transport method into 

the brain, it is considered that simple competition with other amino acids could help prevent high 

amounts of Phe in the brain [12]. Patients treated with tryptophan and tyrosine have some progress 

in PKU treatment. It is tough to maintain the levels of other amino acids, which can cause effects 

on the mental status of the patient [13]. Figure 3 shows the Kids with PKU metabolic disorder 

[69,70]. 
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Figure 3: Kids with PKU metabolic disorder [69,70]. 

Because PKU is a hereditary condition, gene therapy has been investigated as a treatment 

option, focusing on the liver, where the deficient enzyme is found frequently. The use of viral 

vectors in PKU mice has had limited success, and anticipated a further decrease of the native viral 

genes is required [14]. Some of the viral vector achievements were gender dependent (better 

outcomes in male mice), leading to future procedure misunderstanding [14]. The use of non-viral 

vectors, such as minicircle naked-DNA vectors, has yielded the best results, with a year-long drop 

in Phe levels and hypopigmentation in PKU mice [14]. These therapies are still in the early stages 

of animal testing, so it is difficult to say when to help human patients. 

Tetrahydrobiopterin (BH4) has boosted platelet serotonin levels in PKU patients and has 

been used to reduce blood Phe levels [15]. Serotonin is a crucial neurotransmitter, and low levels 

link to high Phe levels and a bad mood. In addition to food therapy, BH4 therapy may relieve 

neurological symptoms by raising serotonin and lowering Phe levels [15]. 

 

1.2 Motivation 

PKU affects between 1 in 2,500 and 100,000  births [16]. PKU has the highest prevalence 

in Europe and certain populations in the middle east. The prevalence of PKU is 1 in 4,000 births 
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in Italy, 1 in 4,545 births in Ireland [17]. The prevalence of PKU is low in Japan as 1 in 125,000 

births and  1 in 227,273 births in Thailand [17]. In the United States, the prevalence of PKU is 1 

in 25,000 births [17]. Figure 4 depicts the prevalence of PKU in 64 countries in 6 regions of the 

world [17]. 

Less than 5% of PKU patients have a deficiency in tetrahydrobiopterin (BH4) synthesis, a 

necessary cofactor in converting phenylalanine to thyroxine [18]. When Phenylalanine 

Hydroxylase (PAH) levels reduce, phenylalanine levels rise in the blood and brain [19]. PKU is 

classified into four categories: severe (more than 1,200 µM), moderate (between 900 and 1,200 

µM), mild (between 600 and 900 µM), and non-PKU mild (less than 600 µM) [20]. The PKU 

newborn is average at birth, and the clinical events can progressively develop and may not be 

apparent for several months [21]. Early detection of phenylketonuria in babies during the first two 

months was achieved with a systematic neonatal screening of every newborn [21].  

Traditionally, tracking and remedy of inborn errors of metabolism were a centralized 

interest of major scientific centers. This method delays the tracking paintings up and maintains the 

sufferers and their families unnecessarily depending on scientific authorities [22]. The gap 

between centers and patients needs to be narrowed through a more focused approach to alleviate 

the everyday problems of treating these chronic metabolic disorders.  

• In 2020, the total number of prevalent cases diagnosed with phenylketonuria at the 7MM stage 

was found to be 49,887. These cases are expected to increase at an average annual rate of 

0.58% for the 2018-2020 study period. The USA will have 17,670 cases in 2020. 

• Most cases registered in the age group and lt; 14 years, which was 69.41% of PKU cases, and 

the fewest cases were found in more than 45 years, which was 4.03% of all PKU cases in 2020. 
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Figure 4: Prevalence of PKU in 6 world regions [17]. 
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• In the U.S., the total number of classic PKU cases (PKU ) was 10,355, followed by mild PKU 

(mPKU ) with 4,806 and mild hyperphenylalaninemia (MHP) with 2,509 cases in 2020. 

• The most extensive screening for PKU was in China for decades, and the most negligible 

screening of PKU is in Iraq [23]. 

• The estimation is that 0.45 million people have PKU worldwide, with a global prevalence of 1 

in 23,930 live births. Figure 5 shows the prevalence of classic PKU in WHO regions [58]. 

• PKU is ubiquitous in people of European or Native American ancestry in the United States. 

• People of African, Hispanic, or Asian ancestry are much less likely to have PKU. 

• The first screening test for PKU in the United States began in 1963. Later, The National 

Association for Retarded Children (NARC) proposed a model law and advocated for 

mandatory screening alongside officials from the Department of Health, Education, Welfare's 

Children's Bureau, and state public health departments. 

 

Figure 5: The prevalence of classic PKU in WHO regions [58]. 
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• In 1975, forty-three states passed such legislation, and 90% of all newborns were tested. Every 

state in the United States now screens newborns for PKU and congenital hypothyroidism. 

• Dietary recommendations became progressively more conservative as studies revealed that 

I.Q. Scores dropped after the diet was discontinued; as a result, failure to maintain strict dietary 

control results in the most severe deficits.  

• According to Virginia Schuett, recent studies show that "high blood phenylalanine levels are 

not safe for anyone; they have never been, and they never will be." While not everyone agrees 

on the need for a "diet for life," most treatment centers in the United States now recommend 

lifelong consistency—a challenging goal to achieve. 

• Screening of PKU is mandatory in all 50 states, and all the screening methods are based on 

frequent blood tests from patients. 

• The screening fee is $119.30 per infant (last modified on August 7, 2020). Previously, the fee 

was $115 [75]. 

 

1.3 Objective 

• To synthesize urine testing biosensor for PKU patients using iron (III) chloride-based liquid 

and porous PCL biosensor. 

• To study the color changes of the biosensor when immersed in PKU solutions with different 

ratios of Phe level. 

• To characterize the properties of the biosensor using different techniques.  

This research aims to develop an inexpensive, easy-to-use home urine test for PKU patients 

to monitor their Phe levels. High and difficult Phe values can cause the most significant damage 
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[6,24]. It would also provide a means of monitoring Phe daily while the laboratory awaits blood 

Phe results. 

The present screening methods of PKU are performed after 12 hours and before seven days 

of childbirth using blood samples. Current screening techniques have proven to be quite difficult 

in recent years due to changes in obstetric practice, with patients sometimes being discharged 

within a few hours of delivery. The laboratory tests usually take a few days to come back. Patients 

with high levels need instant treatment to reduce the effects of PKU. Our test intends to change 

this simple urinary test to enhance its sensitivity and make it easy to acquire hours using Red Green 

Blue (RGB), Cyan, Magenta, Yellow and Key (CMYK), and Hue, Saturation, Lightness (HSL)  

values. Figure 6 shows the RGB, HSL, and CMYK color wheels [72,73,74]. 

     

 

Figure 6: RGB, HSL, and CMYK color wheels [72,73,74].  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 PKU Testing Methods 

Long before the metabolicdisorder was identified, the devastating effects of phenylketonu

ria (PKU) were observed. They resulted in severe mental impairments in PKU patients, who freq

uently enquired institutionalization for most of their adult lives [3,4]. PKU was discovered when 

a desperate mother of two children with abnormal brain development went to a Norwegian doctor, 

Asbjörn Fölling, in 1934 [4]. Fölling did several tests on the children and was not sure regarding 

this condition of the children. Eventually, he tested those children for phenols in their urine using 

ferric chloride(Fecl3). The test result of the phenols should generally turn red or purple in the 

presence of phenols. Instead, the result was green. After a chemical evaluation of the process, he 

determined that the chemical causing the color change was phenyl pyruvic acid (PPA), which 

occurred due to excessive Phe levels in the patients [3,25]. The exact mechanism of the color 

change is still unknown, but it is known that the reaction rate influences both the concentration of 

ferric ions and PPA and is photosensitive [5,26]. The color shift is also transient, going from 

yellow-orange to blue-green and back to a slightly darker yellow-orange in a matter of minutes 

[5,26,27]. Attempts have been made, with limited success, to stabilize the color change by using 

different sources of Fe3+ ions or lowering the temperature [27]. The degree of color change is also 

affected by urine pH and phosphate interference [26,28]. 

Since the 1960s, when effective treatment for the condition became available at a 

reasonable cost, all infants born in the United States have been tested for it. Low Phe diets 

were tried before. It was easy and cost-effective to create a formula of amino acids excluding 

phenylalanine, but they usually resulted in malnutrition [3]. Because there was no treatment 
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available, few children were tested for this condition until significant developmental delays 

had occurred. When synthetic chemistry made medical-food formula cheaper, infant 

screening programs were implemented in many developed countries to detect children with 

a genetic condition [3]. Initially, these screening tests relied on the ferric chloride test or 

slight variations on it, such as the phenistix test, which used simple strips of paper 

impregnated with ferric ions and other chemicals to optimize the color change reaction 

[5,28]. The phenistix test included an organic acid and phosphate binding agent to achieve 

the best color change regardless of changes in urine composition caused by dietary changes 

[29]. This test was simple to use, but it could not provide a diagnosis until about three weeks  

The dinitrophenylhydrazine (DNPH) urine test was similar to the ferric chloride-based test. 

This test used a PPA reaction, but instead of a green residue, it produced a yellow deposit 

indicating unusually high PPA levels [5,30]. This reagent was much more acidic than ferric 

chloride solutions that could achieve comparable results, and it was less stable for long-term 

storage in labs. Still, some facilities prefer to use it [30]. 

Some infants invariably fell through the cracks when locating them for further testing. 

However, some areas implemented programs in which cards for urine samples to be tried on were 

mailed to new mothers and returned to the hospital, and others even had nurses make home visits 

a few weeks after childbirth [3]. This screening process was complicated further by the possibility 

of false negatives of PPA-based tests if the urine was infected with bacteria from feces, as was 

frequently the case with diaper-based testing [31]. There has also been criticism of this screening 

program for the harm done by treating false positives with a low Phe diet [32]. For example, a case 

study of two sisters tested positive for PKU using the ferric chloride test. However, they had 

normal blood Phe levels and excreted large amounts of Phe and its metabolic byproducts [33]. If 
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the ferric chloride test had been used to screen those sisters, they might have been subject to 

unnecessary dietary restrictions as children. 

Blood tests slowly replaced urine-based tests. The first blood test for the PKU was done in 

the year 1962. Hospitals still use this blood test for the detection of PKU. This blood test tests the 

PKU patient but is excruciating and time-consuming. The U.S. preventive services task force 

(USPSTF) recommends screening PKU by three methods in the United States. The three principal 

methods of  blood tests for PKU in The United States are: 

1. Guthrie Bacterial Inhibition Assay. 

2. Automated Fluorometric Assay. 

3. Tandem Mass Spectrometry. 

 

2.1.1 Guthrie Bacterial Inhibition Assay 

In Buffalo, New York, Robert Guthrie invented the test in 1962. PKU is a congenital 

disorder in which toxic levels of the amino acid Phe accumulate in the blood, causing brain damage 

in infants who are not treated. Guthrie's test detects Phe in newborn blood, allowing for early PKU 

diagnosis. 

Dr. Robert Warner of the Children's Rehabilitation Center in Buffalo, New York, asked 

Guthrie in 1957 to develop a more reliable and faster method of detecting PKU than what was 

available at the time. Warner was aware of Guthrie's PKU investigation through their shared Erie 

County affiliation. National Association for Disabled Children in Buffalo [34]. Warner asked 

Guthrie to devise a more convenient method of testing PKU because, at the time, doctors had to 

send fifty to twenty cubic centimeters (cc) of venous blood for a test to confirm a positive ferric 

chloride test. California location to evaluate each patient. Lab technicians at the testing site then 
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confirmed or disproved the presence of high Phe levels in the blood. Guthrie created a new test for 

Warner a few days after the initial request. Guthrie's test detected Phe using a bacterial inhibition 

assay. 

Bacterial inhibition assays use bacteria to determine the concentration of a substance in a 

sample. The amino acid -2-Phenylalanine inhibits the growth of Bacillus subtilis. Guthrie found 

that Phe, a chemical found in the blood of people with PKU, reversed the inhibition of Bacillus 

subtilis growth caused by β-2-Thienylalanine [34]. Guthrie coated a gel used to grow bacteria with 

β-2-Thienylalanine in order to perform a bacterial inhibition assay for PKU. Guthrie then placed 

dried blood samples on the gel on thick filter paper.  Bacillus subtilis grew around Phe in the blood 

sample, indicating that the patient had PKU. If the blood sample did not contain Phe, subtilis did 

not extend around it, indicating that the patient did not have PKU. Guthrie discovered that a single 

technician could test up to 200 blood samples per day, with each test requiring just a finger prick 

of capillary blood on a filter paper disc [34]. 

Guthrie signed a contract with Ames Company, a division of Miles Laboratories in Elkhart, 

Indiana, in 1962 to manufacture and market Guthrie test kits to hospitals. On the other hand, Ames 

Company agreed to only enter into a contract with Guthrie if the test resulted in a patent. Guthrie 

applied for a patent on the Guthrie test in his name in 1962 [34]. The market demands are so high 

that Ames Company struggled to produce enough testing kits for PKU after signing the contract. 

Guthrie assisted in developing the test kits and received funding from the United States Children's 

Bureau to create and assemble 500 test kits in a rented house in Buffalo, New York. Each of 

Guthrie's kits costs $6 [34]. In 1963, Guthrie discovered that Ames company planned to charge 

$262 for the same testing kit of PKU. The Ames Company then issued a statement stating that no 

kits were sold for $262 and that the proceeds were used to pay for the costs of constructing 
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manufacturing facilities for the Guthrie test kits. The company sold test kits capable of testing 325 

infants for $67.71 each. 

In the 21st century, all fifty U.S. states require hospitals to test newborn babies for PKU, 

and many parts of the world use the Guthrie test. It was used by doctors in less developed countries 

to diagnose babies with PKU. Many hospitals in the twenty-first century used tandem mass 

spectrometry to detect a broader range of congenital diseases than the Guthrie test. Both methods 

still use Guthrie cards to hold babies' dried blood for testing [34]. 

 

2.1.2 Automated Fluorometric Assay 

Since 1983, Cuba has used Guthrie's bacterial inhibition assay. In 2000, a decentralized 

program for newborn screening for hyperphenylalaninemias began using an ultramicro-

fluorometric test (UMTEST PKU ) [35]. Based on McCammon and Robin's method, the 

Automated Fluorometric Assay test has been designed, developed, and applied a rapid and 

straightforward ultramicro-fluorometric test for measuring Phe in dried blood spots on filter paper. 

All the reagents used in this method are prepared in Deionized (DI) water, ninhydrin, 

sodium azide, potassium tartrate, disodium succinate, copper sulfate, and absolute ethanol. L-

phenylalanine, L-leucyl-L-alanine, and sodium carbonate were used. The fluorometric test is based 

on the ultramicro-analytical system (SUMA) to measure Phe levels. The SUMA technology is a 

complete reagent and instrumentation system that includes a fully computerized 

spectrofluorometer for automatic reading, validation, interpretation, and results in qualification 

[35]. 

Samples of 3 mm platelets from the calibrations taken to measure the Phe concentrations, 

control were punched into each well of the evolution microtiter plates and incubated with 70 μml 
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70% ethanol (v / v) in a humid chamber for 30 min at room temperature [35]. Ten microliters of 

the eluate were placed on opaque white polystyrene ultra microplates with 10 ul of the reaction 

mixture, pH 5.8 with 20 mmol / l ninhydrin, 8.3 mmol / l L-leucyl-Lalanin and 31 mmol / l sodium 

azide in 0.2 mol/l disodium succinate. The plates were incubated for 1 hour at 60 °C. in a humid 

chamber. A fluorescent complex obtains by adding 10 µl of copper agent (1.2 mmol, 1 liter of 

copper sulfate, 75.5 mmol / l of sodium and potassium tartrate, and 31 mmol / l of sodium azide) 

to the ultra microplate of the reaction, and fluorescence was 515 minutes later automatically 

measured in the fluorometer-photometer reader [35]. The readings in fluorescence units (F.U.) 

were transferred directly to the computer after the measurement, where the results were 

automatically validated and interpreted using software specially developed for UMTEST PKU 

[35]. Samples with Phe concentrations above the cut-off value were marked and printed high. 

The UMTEST PKU is a modification of the traditional method of McCaman and Robin for 

determining the concentration of Phe in dried blood spots (DBS). This ultra microfluorometric 

test, supported by SUMA technology, requires less time and volume than the traditional test by 

McCaman et al. Guthrie's method [36]. The UMTEST PKU offers the possibility of validation and 

automatic interpretation of the data processing and enables the development of decentralized 

programs for the neonatal screening of hyperphenylalaninemia. The UMTEST PKU is intended to 

measure Phe in DBS and diagnose children with PKU whose Phe values are > 240 µmol/L. 

UMTEST PKU, as part of the SUMA technology, is a simple, specific, precise, and exact assay 

that enables the processing of many samples and guarantees the efficiency and reliability of the 

results. The ultra microfluorometric method shortens the diagnosis and treatment time and 

increases newborn screening quality [35]. 
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2.1.3 Tandem Mass Spectrometry 

A tandem mass spectrometer is a laboratory analytical instrument known as a mass 

spectrometer. This instrument can analyze many compounds, including body fluids, water 

contaminants, foods, and pharmaceuticals. The mass spectrometer measures the weight of 

molecules. Molecules are so small that they cannot be traditionally weighed on a scale. 

Researchers at Duke University collaborated with the North Carolina Health Department to 

improve the tandem mass spectrometer for clinical use [37,38,40]. A special chamber connects 

two mass spectrometers to form a tandem mass spectrometer [41]. Figure 7 shows a tandem mass 

spectrometer [41]. As a result, tandem mass spectrometry is abbreviated as MS/MS (M.S. – 

chamber – M.S. = MS/MS). The sample is injected into the first instrument after it has been 

prepared. The sample is ionized to produce molecular ions in the first instrument, and the type of 

molecules present is determined by the mass-to-charge (m/z) ratio. Ionized molecules are 

separated and weighed. The molecular ion sample is fragmented into analytes, like puzzle pieces, 

within the collision cell chamber [39]. The fragmented sample passes to the second instrument. 

Quantities of the selected analyte(s) are sorted and weighed in the second instrument based on 

their m/z ratio. The outcome can be analyzed in minutes using sophisticated computer programs 

that generate histograms for analysis [39]. The histogram's vertical lines represent the mass, while 

the horizontal axis represents the amount.  
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Figure 7: Simplified components of a tandem mass spectrometer [41]. 

The MS/MS typically tests for amino acids and acylcarnitines in a newborn's dried filter 

paper blood spot [39]. Amino acids are the building blocks for muscles, organs, tissue, and blood. 

A letter abbreviation identifies an amino acid. Specific enzymes that break down amino acids or 

are required to convert fat to energy are either significantly reduced or absent in errors of 

metabolism (E.M.). A specific enzyme cannot metabolize a compound. When a compound cannot 

metabolize, it accumulates in the body's blood and tissues. Instead of being a standard body 

substance, the compound becomes toxic and poisonous. The analytes of the MS/MS can be 

measured. If abnormal results are found, the metabolism specialist will discuss how to proceed 

with the newborn's primary care physician to confirm the presence of E.M. [43]. Once samples are 

collected for confirmatory studies, treatment can begin before the results of the confirmatory 

studies are available, which can take days or weeks in some cases, such as the Carnitine 

Transporter Deficiency (CTD) fibroblast test [42,44,45]. 
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MS / MS has expanded the scope of newborn screening beyond the system of "individual 

testicular diseases." In MS / MS, disorders of amino acid metabolism, fatty acid oxidation, and 

organic acidemia were quickly identified with a drop of dried newborn blood on filter paper [39]. 

Theoretically, MS / MS could also detect other M.S. diseases in the neonatal period. Studies have 

confirmed that MS / MS reduces the number of false positives with older testing methods. 

 

2.2 Types of Phenylketonuria 

There are two major types of PKU: classic PKU and variant PKU, depending on whether 

some enzymatic properties are retained or not. The enzyme phenylalanine hydroxylase typically 

converts the amino acid phenylalanine to tyrosine. If this reaction does not occur, it accumulates 

phenylalanine and tyrosine deficiency results. Figure 8 shows the metabolic pathways of PKU 

[46]. Excess phenylalanine can be converted into phenyl ketones via the minor pathway, a 

glutamate transaminase pathway. Phenylacetate, phenylpyruvate, and phenethylamine are among 

the metabolites [46]. Although elevated levels of phenylalanine in the blood and the presence of 

phenyl ketones in the urine are diagnostic, the majority of the patients will be diagnosed by 

newborn screening. 
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Figure 8: Metabolic pathways of PKU [46]. 

 

2.2.1 Classic Pheylketonuria 

The enzyme phenylalanine hydroxylase (PAH), which converts the amino acid 

phenylalanine to various critical compounds within the framework, particularly tyrosine, is faulty 

in classical PKU and its less severe forms. Mild PKU and mild hyperphenylalaninemia are the less 

severe forms of Classic PKU [47]. Tyrosine is a conditionally critical amino acid for PKU patients 

because it cannot be produced within the frame through phenylalanine breakdown without PAH. 

Tyrosine is necessary for synthesizing neurotransmitters such as epinephrine, norepinephrine, and 

dopamine. 

Classical phenylketonuria is a sickness wherein the blood phenylalanine rises above 20 

mg/dL daily (everyday blood Phe is much less than 20 mg/dL). Without treatment, almost all 

affected people broaden excessive intellectual retardation. Other signs and symptoms encompass 



20 

 

extreme intellectual deficiency, microcephaly, eczematous or oily skin, cerebral palsy, 

convulsions, dysphasia, hyperactivity with purposeless movements, autistic-like behavior, and an 

abnormal EEG [47]. In infants, vomiting may also mimic pyloric stenosis. The skin and hair are 

generally fair, the eyes can be blue, and a "mousey" smell of the baby's urine is frequent. The odor 

arises from phenylacetic acid. A deficiency of PAH causes a variety of conditions, including 

classic PKU and mild hyperphenylalaninemia (also known as "hyper Phe" or "mild PAH"), a 

milder form of phenylalanine accumulation. Patients with "hyper Phe" may have a more functional 

PAH enzyme and be able to tolerate more phenylalanine in their diets than those with classic PKU. 

However, their blood Phe levels are still higher than those in people with regular PAH activity 

unless dietary intake is somewhat restricted. 

Classic PKU affects myelination and white matter tracts in untreated infants, which may 

significantly cause the neurological problems associated with PKU. Magnetic resonance imaging 

can detect differences in white matter development. Gray matter abnormalities can also be seen, 

particularly in the motor and pre-motor cortex, thalamus, and hippocampus. 

 

2.2.2 Variant Phenylketonuria 

Mild phenylketonuria or variant phenylketonuria is an extraordinary shape of PKU variant, 

an inborn mistake of amino acid metabolism, characterized via means of signs of PKU slight to 

slight severity. Patients with blood phenylalanine concentrations of six hundred-twelve hundred 

micromol/L are considered to have slight PKU [47]. Clinical symptoms and symptoms consist of 

decreased cognitive features and behavioral and developmental disorders. It results from favorable 

mutations within the PAH gene that brings about the barely better hobby of the phenylalanine 

hydroxylase than the traditional PKU, wherein there may be a whole or near-whole deficiency. 
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Phenylalanine deficiency hydroxylase hobby. Inheritance is autosomal recessive. Treatment is 

with a food regimen low in phenylalanine (sufferers will have four hundred-six hundred mg/day 

of phenylalanine) [47]. 

Positive own circle of relatives records can be a crucial hazard element when considering 

that mild phenylketonuria may be inherited. The signs and symptoms of mild phenylketonuria may 

also encompass Impaired cognitive function, which includes reduced reminiscence retention and 

gradual questioning and behavioral and developmental disorders, together with interest deficit 

hyperactivity syndrome and mastering disability, amongst others [47]. 

 

2.3 Porous Materials 

A percolating porous material is solid with voids through which a fluid or gas can flow 

when connected to the outside. The porosity is the collection of voids. Understanding fluid flow 

and transport phenomena is essential in many fields of science and affect a wide range of materials, 

including sandstone and other rocks in petrology and geophysics for enhanced oil recovery and 

CO2 sequestration [48], soils in agriculture for water retention and transport of nutrients or 

contaminants, and pellets and thin layers in chemistry for better catalyst support, Chromatographic 

adsorbents, mortars and cement in construction for durable materials, paper for absorbing ink, 

bones in medicine for more robust bone implants, ceramics in the automotive industry for efficient 

particle filters [49]. Post-harvest quality and shelf life of the fruit or the breaded coating optimize 

roasting times and produce delicious chicken nuggets [50].  

The macroscopic transport properties of a porous material correlate, of course, with the 

porosity structure, but in a more complex way than a superficial relationship with its amount. Frost 

(1989), for example, showed how two granular materials made differently but with the same 
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porosity exhibited different mechanical reactions. The geometric structure of the porous space 

plays a crucial role for the macroscopic properties, which requires a precise characterization of 

this structure, which in turn implies an adequate visualization of the porous space[48]. 

The porosity of a polymer sheet can alter by adding sodium chloride (NaCl). The amount 

and ratio of NaCl added to the composite materials affect the porosity of the polymer. The pore 

size matches the size of the porogen particles used. As the NaCl concentration increased, so did 

the number of pores and the number of interconnections between pores. However, only the highest 

concentration of NaCl allowed detecting apparent interconnections between pores in the polymer. 

Lower NaCl concentrations produced more isolated pores and sporadic interconnections [51].  
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Materials 

The materials used in this experimental procedure are dimethylformamide (DMF), with a 

0.948g/mL density. The molecular mass of  73.10g/mol, Iron (III) chloride (FeCl3) with reagent 

≥97%, polycaprolactone (PCL) with an average molecular weight of 70,000 GPC was purchased 

from Scientific Polymer Products, Inc., polyvinylpyrrolidone (PVP) with an average molecular 

weight of 40,000 GPC was purchased from BioPLUS Chemicals, L-phenylalanine (reagent grade 

≥ 98%), sodium chloride (NaCl) was manufactured by Morton and purchased from Walmart, and 

DI water was purchased from Walmart. These materials were used as is, with no further 

purification or modification. Figure 9 shows the chemicals used in experiments. 

 

                   

(a) (b) 

Figure 9: Chemicals used in experiments (a) DMF purchased from  (b) FeCl3 purchased from 

Sigma-Aldrich   (c) PCL purchased from Scientific Polymer Products, Inc.  (d) PVP purchased 

from BioPlus Chemicals  (e) L-phenylalanine purchased from  Sigma-Aldrich (f) Na Cl 

purchased from Walmart (g) DI water purchased from Walmart. 
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         (c)                                                                    (d) 

                 

(e)                                                                     (f) 

Figure 9 (continued) 
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(g)  

Figure 9 (continued) 

3.2 Apparatus  

The apparatus used in this experimental process was a 100mL Pyrex glass beaker, spatula, 

lipped cylindrical glass container, electronic balance, Torrey Hills Technologies manufactured hot 

plate magnetic stirrer, Llc., Magnetic stirring bar, and Thelco laboratory oven manufactured by 

Thermo Fisher Scientific, lightbox prepared using cardboard. Figure 10 Shows the Pictures of the 

apparatus used in the research work.  
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(a)                                                        (b) 

               

                                       (c)                                                                   (d) 

            

(e)                                                                      (f) 

Figure 10: Apparatus used in Experiment (a) 100mL Glass Beaker (b) Spatula (c) Lipped 

Cylindrical Glass Container (d) Magnetic Stirring Bar (e) Electronic Balance (f) Magnetic Stirrer 

(g) thelco Laboratory Oven (h) lightbox using cardboard. 
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(g) 

        

(h) 

Figure 9 (continued) 

 

 

3.3 Experimental Plan 

3.3.1 Materials Used 

3.3.1.1 Dimethylformamide 

DMF is a water-white liquid with a slight fishy odor. The boiling point of DMF is 153°C. 

DMF is slightly less dense than water, and vapors are heavier than air. DMF is a valuable industrial 

solvent in manufacturing fibers, films, and surface coatings [52]. DMF can also be useful as a 
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multipurpose precursor in reactions such as formylation, amination, amino carbonylation, 

amidation, and cyanation. DMF's solvent properties appeal due to its high dielectric constant, 

aprotic nature, wide liquid range, and low volatility. It is frequently helpful in chemical reactions 

and other applications that necessitate a high level of solvency [52]. DMF is referred to as a 

universal solvent. DMF is widely useful in synthetic organic chemistry as a solvent, reagent, and 

catalyst. Figure 11 shows the chemical structure of dimethylformamide (DMF) [52]. 

 

Figure 11: Chemical structure of dimethylformamide [52]. 

3.3.1.2 Iron (III) Chloride 

FeCl3 has a wide range of industrial, pharmaceutical, and laboratory applications. It appears 

purple-red or green-black when anhydrous and yellow solid when hexahydrate. The color depends 

on the viewing angle: the crystals appear dark green when reflected but purple-red when 

transmitted [53]. It smells faintly of HCl. The anhydrous form has a melting point of 307.6°C and 

a boiling point of 316°C [53]. It helps treat sewage, industrial waste, water purification, as an 

etching agent for engraving circuit boards, and the production of other chemicals. Figure 12 shows 

the chemical structure of iron (III) chloride (FeCl3) [53]. 
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Figure 12: Chemical structure of iron (III) chloride [53]. 

 

3.3.1.3 Polycaprolactone 

Polycaprolactone (PCL) has the advantage of being simple to prepare, having 

excellent chemical resistance, being biocompatible, and having good physical properties 

[54]. Because of these properties, the polymer is suitable for regeneration and medical 

applications. PCL has excellent properties for nanofibrous tissues, bone regeneration, dentin 

regeneration, and drug delivery systems due to its chemical properties. PCL melting point 

and glass transition temperature, a semi-crystalline aliphatic thermoplastic, are both 60°C 

[54]. PCL are non-toxic, biodegradable in soil, has a wide range of miscibility, mechanical 

compatibility with the other polymers, and has the excellent joining capability to a wide 

range of polymers [54]. Figure 13 shows the chemical structure of PCL [59]. 

 

 

Figure 13: Chemical structure of polycaprolactone (PCL) [59]. 
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3.3.1.4 Polyvinylpyrrolidone 

Polyvinylpyrrolidone (PVP) can form complexes with phenolics and alkaloids [56]. PVP 

is a versatile ingredient widely valuable for the pharmaceutical and cosmetic industries. PVP is 

widely valuable for biomedical applications such as plasma substitutes, binders in pharmaceutical 

tablets, wound dressing hydrogels, and disinfectants [56]. PVP is a nonionic water-soluble 

polymer that can be useful in various applications due to its good solubility, affinity to various 

polymers, high hygroscopicity, adhesiveness, and film formation. The melting and boiling points 

of PVP are 130°C and 217.6°C, respectively. Figure 14 depicts the chemical structure of 

polyvinylpyrrolidone (PVP) [60]. 

 

Figure 14: Chemical structure of polyvinylpyrrolidone [60]. 

3.3.1.5 L-phenylalanine 

In humans, phenylalanine is an essential aromatic amino acid (provided by food). It is 

required to synthesize other amino acids and many proteins and enzymes [57]. Tyrosine is a 

valuable phenylalanine derivative in the biosynthesis of dopamine and norepinephrine 

neurotransmitters. The L-form of phenylalanine incorporates into protein. L-phenylalanine is an 
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odorless white crystalline powder [57]. Slightly bitter aftertaste. The pH of a 1% aqueous solution: 

5.4–6. L-phenylalanine has melting and boiling points of 283°C, and 295°C, respectively. Figure 

15 shows the chemical structure of L-phenylalanine [61]. 

 

Figure 15: Chemical structure of L-phenylalanine [61]. 

 

3.3.2 Preparation of PKU Biosensor 

3.3.2.1 Preparation of Liquid-based Biosensor 

  The Liquid-based Biosensor is based on the iron (III) chloride solution. Iron (III) chloride 

solution prepared by adding iron (III) chloride to DI water. Concentrations of iron (III) chloride 

solution depend on the weight of FeCl3 added to the DI water. Table 1 gives the weights of 

materials used to make different concentrations of Liquid-based Biosensors. 

Table 1: Weights of materials used to make different concentrations of Liquid-based Biosensors 

FeCl3 Percentage of 

Biosensors 

Weight of FeCl3 

(in grams) 

Weight of DI water 

(in grams) 

0.1% 0.01 9.99 

1% 0.1 9.9 

10% 1 9 

20% 2 8 
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3.3.2.2 Preparation of Porous PCL-based Biosensor 

The polymeric solution for the PKU biosensor was prepared at  60°C by using a magnetic 

stirrer in a glass beaker by dissolving PCL in DMF, then PVP was added into the solution after 

PCL was completed dissolved. The final polymeric solution was obtained after all the polymers 

dissolved in the DMF completely, then NaCl was added into the polymeric solution for making 

the biosensor a porous material. The polymeric solution was continued to stir on the magnetic 

stirrer for 20 minutes after the addition of NaCl. DMF does not dissolve the NaCl particles into 

the polymeric solution, by which the porosity of the biosensor will increase. Special care is taken 

to ensure that the polymeric solution is homogenous.  

The prepared homogenous polymeric solution with NaCl particles was then transferred to 

a lipped cylindrical glass container into a thin layer of 0.25mm thickness. The polymeric solution 

was placed in a laboratory oven at 60°C for 15 hours to evaporate the DMF. Table 2 gives 

information about the weights of materials used in the polymer sheet. 

Table 2: Weights of materials used in the polymer sheet 

 

Materials 

Weights of Materials Used in 

Grams 

Dimethylformamide (DMF) 20 

 Polycaprolactone (PCL) 7 

 Polyvinylpyrrolidone (PVP) 3 

Sodium Chloride (NaCl) 5 

 

 

The obtained product was then chopped into rectangular pieces of 2.25cm X 1 cm in length 

and breadth, respectively. The chopped rectangular pieces were then placed in DI water for 12 
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hours to dissolve the NaCl particles and dried at room temperature for 1 hour to remove the DI 

water in the biosensor to obtain the porous polymer sheet. The prepared polymer sheet is immersed 

in iron (III) chloride solutions with various concentrations to dope the iron (III) chloride into the 

polymer sheet for 12 hours. The iron (III) chloride-doped polymer sheet is dried for 12 hours in an 

industrial oven. The dried polymer sheet acts as the PKU biosensor. Figure 16 shows the step-by-

step procedure of preparation of porous PCL biosensors. 

 

Figure 16: Step-by-step procedure for preparation of porous PCL biosensors. 

 

3.3.3 Preparation of PKU Solution 

The PKU solution was prepared in the laboratory by heating the DI water to a temperature 

of 60°C using a magnetic stirrer on a hot plate to increase solubility. L-phenylalanine was added 

to the heated DI water while stirring until it fully dissolved. The fully dissolved PKU solution is 
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very transparent, like water. The PKU solution obtained was cooled down to room temperature 

and ready for testing the samples. Table 3 gives the four different percentages of PKU solution 

Table 3: Four different percentages of PKU solution 

Percentage of PKU  DI Water L-phenylalanine 

0.0625% 19.9875 ml 0.0125 grams 

0.125% 19.975 ml 0.025 grams 

0.25%  19.95 ml 0.05 grams 

0.5% 19.9 ml 0.1 grams 

1% 19.8 ml 0.2 grams 

2% 19.6 ml 0.4 grams 

4% 19.2 ml 0.8 grams 

 

The PKU biosensor will be added with a few drops of PKU solution prepared in the 

laboratory. At intervals, the PKU biosensor was taken out of the PKU solution and dried using 

paper towels, and pictures of the biosensor were captured. The pictures were used to analyze the 

RGB, CMYK, and HSL color analysis using the software to determine the level of PKU metabolic 

disorder. The percentage of the polymers is changed in PKU biosensor preparation. The PKU 

biosensor is tested on four different percentages of PKU solution. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
 

4.1 Results of Liquid-based Biosensor 

The liquid-based biosensor was used to analyze the color change of the solution with 

various concentrations of PKU. The color changes in the biosensor were studied using the picture 

taken during the process at different time intervals. We have used a biosensor with different iron 

(III) chloride solution concentrations in this process. The color changes observed in the liquid-

based biosensor differed with PKU solution concentrations and the biosensor concentration. Figure 

17 shows the different concentrations of liquid-based biosensors. 

 

Figure 17: Different concentrations of Liquid-based biosensors.  

These different concentrated liquid-based sensors were tested in different concentrated 

PKU solutions. The PKU solution concentrations that are used for testing are 0.0625%, 0.125%, 

0.25%, 0.5%, 1%, 2% and 4%. Different iron (III) chloride solutions are tested with 4% PKU 

solution. The liquid-based biosensor thus changes the color of the solution, and the amount of iron 

(III) chloride and the L-phenylalanine present in the solution affect the color change of the solution. 
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When 4% of PKU solution was added to the 0.1% solution of iron (III) chloride solution, the color 

changes in the solution are shown in the figure below. Figure 18 shows the pictures of 4% PKU in 

0.1% iron (III) chloride solution at time intervals 

 

 

Figure 18: Pictures of 4% PKU in 0.1% iron (III) chloride solution at time intervals.  

 

The RGB, HSL, and  CMYK values for the above samples were tabulated by performing 

color analysis on the pictures at regular intervals. The dominant color for the time interval is 

included in the table below to see how the sensor's color changed. The pH values of the solutions 

are measured. The pH value of 0.1% FeCl3, 4% PKU, and the 4% PKU + 0.1% FeCl3 is 2.4, 5.4, 

and 3.0, respectively. The color of the solution became darker and darker (brown/green) with time. 

Table 4 gives the RGB, HSL, and CMYK values of 0.1% FeCl3 + 4% PKU solution. A graphical 

representation of the RGB values is shown in the chart. Figure 19 shows the RGB values vs. time 

graph of 4% PKU in 0.1% FeCl3.  

 

 

 

 

 



37 

 

 

Table 4: RGB, HSL, and CMYK values of 0.1% FeCl3 + 4% PKU solution. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

Before  

PKU  

222, 208, 173 43, 43%, 77% 0%, 6%, 22%, 13% 

 
0 185, 155, 91 41, 40%, 54% 0%, 16%, 51%, 27% 

 
5 182, 138, 62 38, 49%, 48% 0%, 24%, 66%, 29% 

 
10 182, 126, 40 36, 64%, 44% 0%, 31%, 78%, 29% 

 
20 182, 120, 35 35, 68%, 43% 0%, 34%, 81%, 29% 

 
40 178, 94, 30 26, 71%, 41% 0%, 47%, 83%, 30% 

 
60 171, 94, 30 27, 70%, 39% 0%, 45%, 82%, 33% 

 
120 184, 100, 31 27, 71%, 42% 0%, 46%, 83%, 28% 
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Figure 19: RGB values vs. time graph of 4% PKU in 0.1% FeCl3.  

 

The iron (III) chloride solution concentration increases to 1% FeCl3, and 4% PKU solution 

is added. Then the color change of the solution is observed. The RGB, HSL, and CMYK values 

are tabulated along with the dominant colors of the solution. Figure 20 shows the color change of 

the FeCl3 solution after adding the PKU solution. The pH values 4% PKU, 1% Fecl3, and 1% FeCl3 

+ 4% PKU solutions are 5.4, 1.9, and 2.4, respectively. Table 5  gives the RGB, HSL, and CMYK 

values of 1% FeCl3 + 4% PKU solution. 

 

Figure 20: Pictures of 4% PKU in 1% iron (III) chloride solution at time intervals 
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Table 5: RGB, HSL, and CMYK values of 1% FeCl3 + 4% PKU solution 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

Before  

PKU  

199, 171, 59 48, 56%, 51% 0%, 14%, 70%, 22% 

 
0 111, 60, 38 18, 49%, 29% 0%, 46%, 65%, 57% 

 
5 107, 59, 37 19, 49%, 28% 0%, 44%, 65%, 58% 

 
10 105, 53, 37 14, 48%, 28% 0%, 50%, 65%, 59% 

 
20 98, 55, 40 16, 42%, 27% 0%, 44%, 59%, 62% 

 
40 96, 54, 39 16, 42%, 26% 0%, 44%, 59%, 62% 

 
60 103, 58, 40 17, 44%, 28% 0%, 44%, 61%, 60% 

 
120 105, 58, 42 15, 43%, 29% 0%, 45%, 60%, 59% 

 

 

As time progresses, the solution becomes darker (brown/green), showing the presence of 

the PKU. Before the addition of PKU solution to the iron (III) chloride solution, the color was very 

light, and the RGB values were high, but after the addition of PKU into it, the color became dark, 
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and the RGB values lowered. Figure 21 shows the RGB values vs. time graph for 4% PKU in 1% 

FeCl3. 

 

Figure 21: RGB values vs. time graph for 4% PKU in 1% FeCl3. 

The PKU concentration was kept at 4% for the next test, and the iron (III) chloride solution 

changed to 10%. The color change of the sensor was darker than in earlier tests as the concentration 

of both PKU and iron (III) chloride is higher. The RGB, HSL, and CMYK values for the test were 

tabulated. The dominant color in the solution is seen much darker (brown/green). Figure 22 shows 

the pictures of 4% PKU in 10% iron (III) chloride solution at time intervals. 

 

Figure 22: Pictures of 4% PKU in 10% iron (III) chloride solution at time intervals. 
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Table 6: RGB, HSL, and CMYK values of 10% FeCl3 + 4% PKU solution. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

Before  

PKU  

177, 97, 25 28, 75%, 40% 0%, 45%, 86%, 31% 

 
0 79, 39, 38 1, 35%, 23% 0%, 51%, 52%, 69% 

 
5 84, 43, 42 1, 33%, 25% 0%, 49%, 50%, 67% 

 
10 71, 36, 35 2, 34%, 21% 0%, 49%, 51%, 72% 

 
20 72, 36, 35 2, 35%, 21% 0%, 50%, 51%, 72% 

 
40 75, 37, 37 0, 34%, 22% 0%, 51%, 51%, 71% 

 
60 73, 36, 35 2, 35%, 21% 0%, 51%, 52%, 71% 

 
120 78, 39, 38 2, 34%, 23% 0%, 50%, 51%, 69% 

 
 

Table 6 gives the RGB, HSL, and CMYK values of 10% FeCl3 + 4% PKU solution. The 

solution becomes darker, showing the presence of the PKU. Before adding PKU solution to the 

iron (III) chloride solution, the color was light, and the RGB values were high, but after the addition 

of PKU, the color became dark, and the RGB values lowered. Figure 23 shows the RGB values 

vs. time graph for 4% PKU in 10% FeCl3. 
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Figure 23: RGB values Vs. time graph for 4% PKU in 10% FeCl3. 

The iron (III) chloride concentration is kept constant for more tests, and the concentration 

of the PKU solution is changed to see how the color of the sensor changes to detect the presence 

of L-phenylalanine. The concentration of the PKU solution made to 2%, and the Iron (III) chloride 

solution to 10%. The pH values of 10% iron (III) chloride, 2% PKU, and 10% FeCl3 + 2% PKU 

solutions are 5.9, 1.3, and 1.4, respectively. Figure 24 shows the pictures of 2% PKU in 10% iron 

(III) chloride solution at time intervals. 

 

Figure 24: Pictures of 2% PKU in 10% iron (III) chloride solution at time intervals. 
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The RGB, HSL, and CMYK values of the 2% PKU in 10% iron (III) chloride 

solution are tabulated. As the PKU is still at a considerable level in the solution, the sensor 

color became dark as time progressed. The RGB, HSL, and CMYK values changed as the 

PKU solution was added, but the change was less than the solution with 4% PKU. Table 7 

gives the RGB, HSL, and CMYK values of 10% FeCl3 + 2% PKU solution. A graphical 

representation of the RGB values of the above test is shown in Figure 25.  

 

Table 7: RGB, HSL, and CMYK values of 10% FeCl3 + 2% PKU solution. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

Before  

PKU  

168, 89, 29 26, 71%, 39% 0%, 47%, 83%, 34% 

 
0 132, 62, 49 9, 46%, 35% 0%, 53%, 64%, 48% 

 
5 130, 62, 47 11, 47%, 35% 0%, 52%, 64%, 49% 

 
10 127, 62, 48 11, 45%, 34% 0%, 51%, 62%, 51% 

 
20 133, 64, 49 11, 46%, 36% 0%, 52%, 63%, 48% 

 
40 130, 62, 47 11, 47%, 35% 0%, 52%, 64%, 49% 

 
60 116, 53, 39 11, 50%, 30% 0%, 54%, 66%, 55% 

 
120 129, 63, 48 11, 46%, 35% 0%, 51%, 63%, 49% 
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Figure 25: RGB values vs. time graph for 2% PKU in 10% FeCl3. 

 

The iron (III) chloride solution concentration is still at 10%, and the concentration of the 

PKU solution is reduced to 1%. Furthermore, the color change of the sensor is observed. As the 

PKU concentration, the change in the color also started decreasing. The pH values of  10% iron 

(III) chloride, 1% PKU, and 10% FeCl3+1% PKU solutions are4 1.3, 6.2, and 1.4, respectively. 

Figure 26 shows the color change of the biosensors as time progressed. 

 

Figure 26: Pictures of 1% PKU in 10% iron (III) chloride solution at time intervals. 
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The change in the RGB, HSL, and CMYK values is reduced as the concentration of the 

PKU is reduced. The lower the difference in the RGB values, the more minor the color change of 

the sensor. Table 8 gives the RGB, HSL, and CMYK values of 10% FeCl3 + 1% PKU solution. 

we can see the change in the values is reduced. 

Table 8: RGB, HSL, and CMYK values of 10% FeCl3 + 1% PKU solution. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

Before 

PKU  

181, 100, 30 28, 72%, 41% 0%, 45%, 83%, 29% 

 
0 179, 95, 47 22, 58%, 44% 0%, 47%, 74%, 30% 

 
5 174, 91, 42 22, 61%, 42% 0%, 48%, 76%, 32% 

 
10 166, 84, 41 21, 60%, 41% 0%, 49%, 75%, 35% 

 
20 178, 95, 42 23, 62%, 43% 0%, 47%, 76%, 30% 

 
40 176, 93, 42 23, 61%, 43% 0%, 47%, 76%, 31% 

 
60 173, 88, 37 23, 65%, 41% 0%, 49%, 79%, 32% 

 
120 175, 93, 45 22, 59%, 43% 0%, 47%, 74%, 32% 
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The figure shows that the difference in the sensor's color is reduced even after the addition 

of PKU solution. Figure 27 shows the RGB values vs. time graph for 1% PKU in 10% FeCl3. 

 

 

Figure 27: RGB values vs. time graph for 1% PKU in 10% FeCl3. 

The concentration of the L-phenylalanine is reduced in the PKU solution to see how the 

color change affects the sensor. The 0.25% PKU solution is now added to 10% iron (III) chloride 

solution. The pH values of 10% FeCl3, 0.25% PKU, and 10% FeCl3 + 0.25% PKU solutions are 

6.6, 1.3, and 1.4, respectively. Figure 28 shows the change in the color of the biosensors as time 

progressed.  

 

Figure 28: Pictures of 0.25% PKU in 10% iron (III) chloride solution at time intervals. 
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Table 9: RGB, HSL, and CMYK values of 10% FeCl3 + 0.25% PKU solution. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

Before  

PKU  

181, 98, 28 27, 73%, 41% 0%, 46%, 85%, 29% 

 
0 191, 112, 32 30, 71%, 44% 0%, 41%, 83%, 25% 

 
5 197, 121, 36 32, 69%, 46% 0%, 39%, 82%, 23% 

 
10 192, 116, 35 31, 69%, 45% 0%, 40%, 82%, 25% 

 
20 191, 115, 35 31, 69%, 44% 0%, 40%, 82%, 25% 

 
40 197, 120, 33 32, 71%, 45% 0%, 39%, 83%, 23% 

 
60 195, 118, 30 32, 73%, 44% 0%, 39%, 85%, 24% 

 
120 195, 119, 32 32, 72%, 45% 0%, 39%, 84%, 24% 

 
 

Table 9 gives the values of the RGB of the biosensor with a 0.25% concentration of the 

PKU solution. The tabulated values clearly show that RGB values are increased little in numbers, 

which means the sensor's color is becoming lighter. This color reduction clearly shows that the 

concentration of L-phenylalanine plays a vital role in the color change of the sensor. The dominant 

color column in Table 9 shows how the color of the sensor changes to a lighter color. The graphical 

representation of the RGB values is shown in Figure 29. 
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Figure 29: RGB values vs. time graph for 0.25% PKU in 10% FeCl3. 

The concentration of L-phenylalanine in the solution was reduced to the lowest 

concentration, almost the same amount that normal human urine contains. The pH values of 10% 

FeCl3, 0.0625% PKU, and 10% FeCl3 + 0.0625% PKU solutions are 1.3, 6.1, and 1.3, respectively. 

The color change observed after adding 0.0625% PKU solution to the 10% iron 

(III) chloride solution shows a minor change in the sensor's color, and it becomes light color than 

the initial color. Figure 30 shows the pictures of 0.0625% PKU in 10% iron (III) chloride solution 

at time intervals  

 

Figure 30: Pictures of 0.0625% PKU in 10% iron (III) chloride solution at time intervals.  
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Table 10: RGB, HSL, and CMYK values of 10% FeCl3 + 0.0625% PKU solution. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

Before  

PKU  

183, 103, 31 28, 71%, 42% 0%, 44%, 83%, 28% 

 
0 199, 128, 36 34, 69%, 46% 0%, 36%, 82%, 22% 

 
5 194, 125, 33 34, 71%, 45% 0%, 36%, 83%, 24% 

 
10 189, 121, 36 33, 68%, 44% 0%, 36%, 81%, 26% 

 
20 200, 131, 36 35, 69%, 46% 0%, 35%, 82%, 22% 

 
40 197, 127, 31 35, 73%, 45% 0%, 36%, 84%, 23% 

 
60 193, 121, 28 34, 75%, 43% 0%, 37%, 85%, 24% 

 
120 192, 123, 30 193, 121, 28 0%, 36%, 84%, 24% 

 
 

Table 10 provides the values of the RGB of the biosensors with 0.0625% concentration of 

the L-phenylalanine in the PKU solution. Table 10 shows a change in the RGB values, which 

increased after adding PKU solution into the sensor. The sensor's color became lighter as there 

was a very negligible amount of L-phenylalanine. The RGB values are represented in a graph in 

Figure 31. 
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Figure 31: RGB values vs. time graph for 0.0625% PKU in 10% FeCl3. 

4.2 Results of Porous PCL-based Biosensor 

The porous PCL-based biosensor was used to detect the presence of L-phenylalanine 

present in the solution. The presence of l-phenylalanine in the solution was detected by the color 

change of the porous PCL-based biosensor. The color change in the porous PCL-based biosensor 

was studied by capturing the pictures of the biosensor using a camera at time intervals. In this 

study process, we have used different concentrations of iron (III) chloride doped porous PCL 

sheets. The iron (III) chloride doped polymer acts as the biosensor for detecting the presence of L-

phenylalanine in the PKU solution. These porous PCL-based biosensors are tested with different 

concentrations of PKU solution, and the color changes are studied. Figure 32 shows the FeCl3 

doped porous PCL-based biosensors. 

 

Figure 32: FeCl3 doped porous PCL biosensors. 
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The biosensors are doped with 0.1%, 1%, and 10% concentrations of iron (III) chloride 

solutions. These doped polymer biosensors are tested with 0.25%, 1%, and 4% of PKU solutions 

by adding a few drops. The color of the polymer biosensors is different as their concentration of 

FeCl3 doped is different. The 0.1% FeCl3 polymer biosensor tested with 0.25% concentrated PKU 

solution. A few drops of PKU solutions were added to the porous PCL biosensor's surface to study 

the color changes. Pictures were taken at time intervals to see the color change of the biosensor. 

These pictures are used to tabulate the RGB, HSL, and CMYK values. Figure 33 shows the 

pictures of 0.25% PKU solution added to 0.1% FeCl3 doped porous PCL biosensors at different 

times. 

 

Figure 33: Pictures of 0.25% PKU solution added to 0.1% FeCl3 doped porous PCL biosensor at 

time intervals. 

 

Table 11 provides the porous PCL biosensor's RGB, HSL, and CMYK values after adding 

a few drops of PKU solution. There is not much color change observed as the concentration of 

PKU solution is low. The color of the porous PCL biosensor became light. The RGB values of the 

test samples almost remain unchanged as there is no color change. Figure 34 shows the graphical 

representation of the RGB values vs. time graph for 0.25% PKU solution added to 0.1% doped 

porous PCL biosensor.  
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Table 11: RGB, HSL, and CMYK values of 0.25% PKU solution added  0.1% FeCl3 doped 

porous PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 223, 218, 204 44, 23%, 84% 0%, 2%, 9%, 13% 

 
30 221, 216, 214 17, 9%, 85% 0%, 2%, 3%, 13% 

 
60 219, 209, 210 354, 12%, 84% 0%, 5%, 4%, 14% 

 
120 223, 216, 214 13, 12%, 86% 0%, 3%, 4%, 13% 

 
 

 

 

Figure 34: RGB values vs. time graph for 0.25% PKU solution added to 0.1% doped porous PCL 

biosensor. 
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The porous PCL biosensor doped with 1% FeCl3 is tested with 1% of PKU solution. The 

color changes of the biosensor are studied after adding the PKU solution. Pictures taken at time 

intervals are shown in the figure below. Figure 35 shows the pictures of 4% PKU solution added 

to 1% FeCl3 doped porous PCL biosensor at time intervals. 

 

Figure 35: Pictures of 4% PKU solution added to 1% FeCl3 doped porous PCL biosensor at time 

intervals. 

The pictures taken during the testing process are used for finding the RGB, HSL, and 

CMYK values and are tabulated. The RGB values are slightly changed, but there is no significant 

change in the color of the polymer biosensor. Table 12 gives the RGB, HSL, and CMYK values 

of 1% PKU solution added  0.1% FeCl3 doped porous PCL biosensors. 
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Table 12: RGB, HSL, and CMYK values of 1% PKU Solution added  0.1% FeCl3 doped porous 

PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 218, 213,210 23, 10%, 84% 0%, 2%, 4%, 15% 

 
30 220, 215, 214 10, 8%, 85% 0%, 2%, 3%, 14% 

 
60 225, 220, 218 17, 10%, 87% 0%, 2%, 3%, 12% 

 
120 222, 214, 214 0, 11%, 85% 0%, 4%, 4%, 13% 

 
 

The dominant color in Table 12 shows no significant change in the color of the porous PCL 

biosensor. The graphical representation of RGB values in Table 12 is shown in Figure 36.  

 

Figure 36: RGB values vs. time graph for 4% PKU solution added to 0.1% doped porous PCL 

biosensor. 
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The porous PCL biosensor with 0.1% doped FeCl3 was tested with 4% of  PKU solution. 

Pictures are captured after adding a few drops of PKU solution to the biosensor at different time 

intervals. The pictures captured were processed for RGB, HSL, and CMYK values. Figure 37 

shows the color changes of the porous PCL biosensor. 

 

Figure 37: Pictures of 4% PKU solution added to 0.1% FeCl3 doped porous PCL biosensor at 

time intervals. 

Table 13: RGB, HSL, and CMYK values of 4% PKU solution added  0.1% FeCl3 doped porous 

PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 216,214,207 47, 10%, 83% 0%, 1%, 4%, 15% 

 
30 223, 216, 219 334, 10%, 86% 0%, 3%, 2%, 13% 

 
60 221, 214, 214 330, 9%, 85% 0%, 3%, 3%, 13% 

 
120 217, 210, 215 320, 7%, 84% 0%, 3%, 1%, 15% 

 
 

The RGB, HSL, and CMYK values of the picture shown in Figure 37 are tabulated. Table 

13 gives the RGB, HSL, and CMYK values of 4% PKU solution added  0.1% FeCl3 doped porous 
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PCL. There is a minor change in the RGB values, but there is no noticeable color change in the 

pictures. The graphical representation of these RGB values is shown in Figure 38. 

 

Figure 38: RGB values vs. time graph for 4% PKU solution added to 0.1% doped porous PCL 

biosensor. 

The concentration of the FeCl3 doped into the porous PCL sheet increased to 10%. The 

polymer biosensor we use for testing is a 10% FeCl3 doped porous PCL biosensor. These 

biosensors are tested for color change with 0.25% PKU solution. Figure 39 shows the pictures 

taken at different times after adding a few drops of PKU solution. 

 

Figure 39: Pictures of 0.25% PKU solution added to 10% FeCl3 doped porous PCL biosensor at 

time intervals 
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The RGB, HSL, and CMYK values of the picture shown in Figure 39 are tabulated. Table 

14 gives the RGB, HSL, and CMYK values of 0.25% PKU solution added  10% FeCl3 doped 

polymers. There is a slight change in the RGB values, and the pictures have a minor color change.  

Table 14: RGB, HSL, and CMYK values of 0.25%PKU solution added  10% FeCl3 doped 

porous PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 230, 188, 54 46, 78%, 56% 0%, 18%, 76%, 10% 

 
30 235, 223, 192 43, 52%, 84% 0%, 5%, 18%, 8% 

 
60 224, 208, 187 34, 37%, 81% 0%, 7%, 17%, 12% 

 
120 233, 219, 205 30, 39%, 86% 0%, 6%, 12%, 9% 

 

 

The porous PCL biosensor, after 30 minutes, shows a change in the green and blue index 

of the RGB value. The graphical representation of these RGB values is shown in Figure 40. 
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Figure 40: RGB values vs. time graph for 0.25% PKU solution added to 10% doped porous PCL 

biosensor. 

The porous PCL biosensor we use for testing is a 10% FeCl3 doped porous PCL biosensor. 

These biosensors are tested for color change with 1% PKU solution. Figure 41 shows the pictures 

at different times after adding a few drops of PKU solution to the biosensor. The RGB, HSL, and 

CMYK values of the picture shown in Figure 41 are tabulated in Table 15. 

 

Figure 41: Pictures of 1% PKU solution added to 10% FeCl3 doped porous PCL biosensor at 

time intervals. 
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Table 15: RGB, HSL, and CMYK values of 1% PKU solution added 10% FeCl3 doped porous 

PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 233, 187, 65 44, 79%, 58% 0%, 20%, 72%, 9% 

 
30 231, 213, 190 33, 48%, 83% 0%, 8%, 18%, 9% 

 
60 223, 202, 183 28, 38%, 80% 0%, 9%, 18%, 13% 

 
120 225, 208, 201 18, 29%, 84% 0%, 8%, 11%, 12% 

 
 

There is a slight change in the RGB values, and the pictures have a minor color change. 

After 30 minutes, the porous PCL biosensor shows a change in the green and blue index of the 

RGB value. The graphical representation of these RGB values is shown in Figure 42. 

 

Figure 42: RGB values vs. time graph for 1% PKU solution added to 10% doped porous PCL 

biosensor. 
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The 10% FeCl3 porous PCL biosensor was tested with a 4% concentrated PKU solution. 

Pictures were taken at time intervals to see the color change of the sensor. These pictures are used 

to tabulate the RGB, HSL, and CMYK values. Figure 43 shows the pictures of 4% PKU solution 

added to 10% FeCl3 doped porous PCL biosensors at different times. There is a significant change 

in the color of the porous PCL biosensor. 

 

Figure 43: Pictures of 4% PKU solution added to 10% FeCl3 doped porous PCL biosensor at 

time intervals. 

Table 16: RGB, HSL, and CMYK values of 4% PKU solution added  10% FeCl3 doped porous 

PCL. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 228, 185, 62 44, 75%, 57% 0%, 19%, 73%, 11% 

 
30 221, 193, 161 32, 47%, 75% 0%, 13%, 27%, 13% 

 
60 221, 198, 183 24, 36%, 79% 0%, 10%, 17%, 13% 

 
120 222, 201, 194 15, 30%, 82% 0%, 9%, 13%, 13% 
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The RGB values of the samples were tabulated, and there is a minor change Green index 

and a drastic change in the Blue index. The dominant color of the porous PCL biosensor is changed. 

The graphical representation of these tabulated values is shown in Figure 44. The presence of the 

L-phenylalanine in the PKU solution is confirmed as the color of the sample changes. Recently, 

several studies have been conducted on porous materials and biosensors for various purposes in 

the biomedical, aerospace, and energy industries, and these studies will continue in the future [62-

67]. The information and other relevant data are given in the Appendix for comparisons and further 

explanations.  

 

Figure 44: RGB values vs. time graph for 4% PKU solution added to 10% doped porous PCL 

biosensor.  

After adding the PKU solution, the biosensor with a 10% iron (III) chloride solution 

showed darker colors (brown/green intense color changes). The liquid biosensor can detect as low 

as 0.25-0.50% L-phenylalanine in the PKU solution, while the porous PCL-based biosensor can 

detect as low as 0.5-1% L-phenylalanine in the PKU solution. The actual urine samples with 

various PKU concentrations need to be analyzed for the capability of the biosensors. Further 
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optimization, high-resolution imaging, and color analysis can reduce the levels of the PKU 

detections in the samples and urines.  

 

4.3 Cost Analysis for Production of Biosensors 

 

It is assumed that the manufacturing plant for producing FeCl3 and porous PCL 

biosensors is set up for the cost analysis. Table 17 gives the approximate cost analysis of 

producing ten samples of biosensors for the market use. 

Table 17: Cost of producing ten samples of biosensors. 

Selected  

Materials 

Amount of Material 

Used for Ten 

Samples (gr) 

Cost for Purchasing 

Materials 

(U.S. $) 

DMF 40 1.52 

PCL 14 2.86 

PVP 6 1.67 

FeCl3 10 0.6 

NaCl 10 0.1 

DI water 100 0.1 

 

  Here, the total cost for materials to be used in this PKU metabolic disorder detection 

system is $6.85 for the production of 10 biosensor samples. The operation cost for running 

the equipment to produce ten samples is approximately $30. The storage cost for ten samples 

is $5.83. Assuming that there might be miscellaneous costs to be approximately 10 dollars 

for the biosensor. The total cost for producing ten samples is $52.68. The final cost of 

producing one PKU detection sample/biosensor is approximately $5.27 in today's conditions 
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(12/3/2021). Cost analysis is an estimated cost for the production, not the exact amount, 

since materials and labor costs can vary monthly.   
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CHAPTER 5 

CONCLUSIONS 

This study developed two significant biosensors, including iron (III) chloride liquid-based 

biosensors and iron (III) chloride porous PCL-based biosensors. The developed biosensors were 

able to detect the presence of the L-phenylalanine in the PKU solution. Out of many tests, we tried 

the biosensor with a 10% iron (III) chloride concentration, which is the most successful in both 

liquid-based and porous PCL-based biosensors. After adding the PKU solution, the biosensor with 

a 10% iron (III) chloride solution showed darker (brown/green) colors (intense color changes).  

The liquid biosensor can detect as low as 0.25-0.50% L-phenylalanine in the PKU solution. The 

porous PCL-based biosensor can detect as low as 0.5-1% L-phenylalanine in the PKU solution. 

As the concentration of the PKU solution increases, the biosensors are more accurate. The porosity 

of the porous PCL-based biosensor is needed to improve the accuracy of the test. The biosensors 

are accurate for higher concentrations of L-phenylalanine, which commonly occurs in moderately 

controlled PKU patients. Testing time, substrate composition and uniformity, and photographic 

conditions can be optimized to produce more accurate results. The biosensors change their color 

to a darker color when the sample (or urine) with L-phenylalanine is present. This testing method 

using biosensors reduces the time required for getting test results. The new test method 

demonstrated an improvement over the time-consuming laboratory blood tests. The need for a 

simple, low-cost, non-invasive PKU monitoring test is excellent, and this testing method is a step 

in the right direction. The actual urine samples with various PKU concentrations will be needed to 

analyze the capability of the biosensors for future use. 
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CHAPTER 6 

FUTURE WORK 

In the future, more porous PCL-based biosensors with highly sensitive imaging techniques 

can be developed. The characterization of mechanical properties of the porous PCL-based 

biosensor can be studied before and after the tests. The test method developed, color readings were 

taken at different time intervals ranging from 0 to 120 minutes. To determine when the darkest 

color change occurs, taking more frequent readings or a video may help determine a better time to 

take measurements to maximize accuracy. The biosensors can be 3D printed to increase the 

accuracy and maintain a regular pattern of the material's porosity. Future work might also have to 

get the actual urine samples with different concentrations of PKU in real patients to see the 

accuracy of the tests. The use of clinicians and patients will help troubleshoot the test difficulties 

and determine its accuracy as the home-based Phe-level monitoring method. A programmed 

software can also be developed to get the RGB values from the photographs taken during the test 

process and determine the Phe levels of the patient. 
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APPENDIX A 

 

 

Figure A- 1 Pictures of 4% PKU in 20% iron (III) chloride solution at time intervals. 
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Table A- 1 RGB, HSL, and CMYK values of 20% FeCl3 + 4% PKU solution. 

Time 

(In mins) 

RBG HSL CMYK Dominant Colors 

Before  

PKU  

146, 70, 27 22, 69%, 34% 0%, 52%, 82%, 43% 

 
0 82, 39, 39 0, 36%, 24% 0%, 52%, 52%, 68% 

 
5 92, 44, 41 4, 38%, 26% 0%, 52%, 55%, 64% 

 
10 80, 37, 34 4, 40%, 22% 0%, 54%, 58%, 69% 

 
20 80, 38, 35 4, 39%, 23% 0%, 52%, 56%, 69% 

 
40 86, 43, 39 5, 38%, 25% 0%, 50%, 55%, 66% 

 
60 84, 40, 36 5, 40%, 24% 0%, 52%, 57%, 66% 

 
120 88, 43, 40 4, 38%, 25% 0%, 51%, 55%, 65% 
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Figure A- 2 Pictures of 0.5% PKU in 10% iron (III) chloride solution at time intervals. 
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Table A- 2 RGB, HSL, and CMYK values of 10% FeCl3 + 0.5% PKU solution. 

Time 

(In mins) 

RBG HSL CMYK Dominant Colors 

Before  

PKU  

181, 100, 27 28, 74%, 41% 0%, 45%, 85%, 29% 

 
0 174, 96, 35 26, 67%, 41% 0%, 45%, 79%, 32% 

 
5 192, 109, 35 28, 69%, 45% 0%, 43%, 82%, 25% 

 
10 190, 108, 38 28, 67%, 45% 0%, 43%, 80%, 25% 

 
20 193, 111, 39 28, 66%, 45% 0%, 42%, 80%, 24% 

 
40 189, 109, 38 28, 67%, 45% 0%, 42%, 80%, 26% 

 
60 188, 106, 33 28, 70%, 43% 0%, 44%, 82%, 26% 

 
120 187, 106,35 28, 68%, 44% 0%, 43%, 81%, 27% 
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Figure A- 3 Pictures of 0.125% PKU in 10% iron (III) chloride solution at time intervals. 
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Table A- 3 RGB, HSL, and CMYK values of 10% FeCl3 + 0.0625% PKU solution. 

Time 

(In mins) 

RBG HSL CMYK Dominant Colors 

Before  

PKU  

183, 100, 29 28, 73%, 42% 0%, 45%, 84%, 28% 

 
0 194, 118, 29 32, 74%, 44% 0%, 39%, 85%, 24% 

 
5 189, 117, 32 32, 71%, 43% 0%, 38%, 83%, 26% 

 
10 186, 112, 28 32, 74%, 42% 0%, 40%, 85%, 27% 

 
20 197, 124, 31 34, 73%, 45% 0%, 37%, 84%, 23% 

 
40 195, 123, 31 34, 73%, 44% 0%, 37%, 84%, 24% 

 
60 197, 124, 28 34, 75%, 44% 0%, 37%, 86%, 23% 

 
120 195, 125, 34 34, 70%, 45% 0%, 36%, 83%, 24% 
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Figure A- 4 Pictures of 0.25% PKU solution added to 1% FeCl3 doped porous PCL biosensor at 

time intervals. 

 

Table A- 4 RGB, HSL, and CMYK values of 0.25%PKU solution added to 1% FeCl3 doped 

porous PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 220, 218, 176 57, 39%, 78% 0%, 1%, 20%, 14% 

 
30 224, 218, 198 46, 30%, 83% 0%, 3%, 12%, 12% 

 
60 216, 205, 182 41, 30%, 78% 0%, 4%, 16%, 15% 

 
120 227, 218, 199 41, 33%, 84% 0%, 4%, 12%, 11% 
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Figure A- 5 Pictures of 1% PKU solution added to 1% FeCl3 doped porous PCL biosensor at 

time intervals. 

 

Table A- 5 RGB, HSL, and CMYK values of 1% PKU solution added to 1% FeCl3 doped porous 

PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 215, 208, 125 55, 53%, 67% 0%, 3%, 42%, 16% 

 
30 230, 220,188 46, 46%, 82% 0%, 4%, 18%, 10% 

 
60 210, 195, 160 42, 36%, 73% 0%, 7%, 24%, 17% 

 
120 227, 215, 181 44, 45%, 80% 0%, 5%, 20%, 11% 

 
 



84 

 

 

Figure A- 6 Pictures of 4% PKU solution added to 1% FeCl3 doped porous PCL biosensor at 

time intervals. 

 

 

Table A- 6 RGB, HSL, and CMYK values of 4%PKU solution added to 1% FeCl3 doped porous 

PCL biosensors. 

Time 

(In mins) 

RGB HSL CMYK Dominant Colors 

0 215, 207, 122 55, 54%, 66% 0%, 4%, 44%, 16% 

 
30 222, 212, 180 44, 39%, 79% 0%, 5%, 19%, 13% 

 
60 214, 203, 178 42, 31%, 77% 0%, 5%, 17%, 16% 

 
120 222, 211, 190 39, 33%, 81% 0%, 5%, 14%, 13% 

 
 

 


