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Abstract: At present, infant formula is a food that mimics human milk and is intended for infants under 

1-year-old. Phenylketonuria (PKU) is a congenital defect in the synthesis of phenylalanine (Phe) and is 

caused by the failure of phenylalanine hydroxylase to convert phe to tyrosine. Infant formula products 

produced in Iran contain skimmed milk powder, liquid milk, or whey powder; therefore, the final 

product contains a large amount of Phe, which prevents infants with PKU from using them. In this 

study, producing milk with low phe content by formulation procedure was evaluated for PKU patients. 

It was a combination of the wet & dry mix processes, including evaporation, spray drying, and fluidized 

bed equipment contributing to the product's suitable physical and sensory properties.  Raw materials 

with low phe content, glycomacropeptide, and essential amino acids were used as part of the recipe. 

The maximum daily intake of phe for PKU infants < 1 year is 35 mg/kg of the infant’s body weight. 

The amount of the phe in the final product produced according to this study was analyzed by an amino 

acid analyzer, and it was 0.0098 g/100g. According to the determined serving size and preparation 

method of the infant formula, infants with PKU can take the product at different times every day, which 

contains appropriate amounts of essential amino acids and vitamins, which can meet the needs of 

patients according to their body weight.  

Keywords: phenylketonuria; glycomacropeptide; essential amino acids; infant formula; amino acid 

analyzer; spray drying. 
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1. Introduction 

Infant formula is currently a food that imitates human milk and is intended for use by 

infants under the age of one either as powdered formula or liquid formula [1]. In addition to 

the ingredients, it is continuously improved based on new nutritional information and 

technology. Focusing on nutritional interventions in the early life stages may improve health 

status [2].  

A new formula is required for a particular treatment formula due to the deficiency of 

phenylalanine hydroxylase in infants. This enzymatic deficiency results in an inborn error of 

https://nanobioletters.com/
https://nanobioletters.com/
https://doi.org/10.33263/LIANBS124.142
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0269-6385
https://orcid.org/0000-0001-5159-7781
https://orcid.org/0000-0003-2670-0956


https://doi.org/10.33263/LIANBS124.142  

 https://nanobioletters.com/ 2 of 11 

 

phe metabolism called PKU, which converts phe to tyrosine (Figure 1). Tyrosine is an essential 

amino acid in the diet of patients with PKU, which makes it difficult to hydrolyze Phe to 

tyrosine under normal circumstances. Phe is an essential amino acid to ensure normal 

anabolism [3]. 

During the newborn screening, most patients with PKU who need lifelong care are 

identified [4]. The control of phe levels is crucial throughout childhood, especially for 

behavioral and mental functions [5]. Growth is one of the main results that need to be 

considered, and its optimization plays a key role in PKU [3]. Patients' views should be 

considered when developing and approving new therapies and treatments for PKU [6]. 

PKU diet management is to limit the combination of natural protein in the diet to reduce 

the intake of phe, and to supplement special medical formulas to provide enough essential 

amino acids, energy, vitamins, and minerals [7]. The main purpose of PKU treatment is to 

strictly control the blood Phe level, mainly during the early stages of life, and new treatment 

methods are needed to improve the quality of life of PKU patients [8]. 

 
Figure 1. The phenylalanine metabolism in Phenylketonuria. 

 

Glycomacropeptide (GMP) is a plentiful 64-amino-acid glycophosphopeptide 

produced in the cheese production process. Bovine kappa (κ)-casein is cleaved by chymosin 

into para-κ-casein remaining with the curd, while GMP remains with the whey. Compared to 

typical dietary proteins, GMP has a large profile of indispensable or essential amino acids [13]. 

Pure GMP has a unique amino acid profile that includes a higher concentration of threonine 

and isoleucine and no aromatic amino acids, including Phe, tyrosine, and tryptophan [3]. GMP 

is currently being marketed as an ingredient that demonstrates a strong food safety record 

according to the global supplementation of foods with whey protein and the use of whey-

predominant infant formulas [9]. While synthetic amino acids are not suitable for food 

production, GMP has good functional properties for food manufacturing, including good 

thermal stability and solubility in acids. GMP has different theoretical advantages, such as 

enhancing protein retention and nitrogen utilization, strengthening bones, enhancing 

immunological activities, and improving taste and acceptance [10]. 

PKU diet management should be appropriate and lifelong to achieve the desired results. 

Compared with the free synthetic amino acids used as test meals in PKU patients, GMP does 

not significantly affect any biomarkers. GMP can be used to make palatable, low-Phe foods 

and beverages to provide an alternative low-Phe protein source in the PKU diet [11].  

It is not easy to set a good nutritional status because there are different contributors to 

the definition. PKU patients have lower intakes of certain micronutrients, such as vitamins A, 

C, and E, selenium, coenzyme Q10, vitamins B2, B6, and B12, folates, iron, zinc, calcium, 
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carnitine, long-chain polyunsaturated fatty acid and vitamin D [12]. That is why 

supplementation with micronutrients is essential, and vitamins and minerals should either be 

added to supplement phenylalanine-free L-amino acids or given alone. 

In the past few years, adding free L-amino acids, vitamins, and minerals as supplements 

to the PKU diet has become a common practice [12]. Comparing medical foods containing 

GMP with traditional amino acid medical foods, the results show that GMP medical foods are 

an acceptable and safe source for the nutritional management of PKU and can improve people’s 

lifetime compliance with the essential low-Phe diet [3]. In PKU, biochemical micronutrient 

deficiencies are common even though micronutrient intake is higher than the reference nutrient 

intake. Once used in combination with l-amino acid supplements, irregular dose intervals of 

micronutrients may lead to poor bioavailability [12].  

At the clinical level, an obvious “safe” protein: energy ratio should be used to promote 

optimal body composition and reduce long-term health risks. The concept of protein: energy 

ratio considers the interdependence between protein and energy intake and describes the ratio 

of dietary energy obtained from protein [13]. 

The European PKU guidelines recommend that the total protein intake be 40% more 

than the FAO/WHO/UNU safe protein intake. However, the amount is arbitrary and has not 

been confirmed by research. Since most of the available protein substitutes are entirely derived 

from amino acids that do not contain phe, it is recommended to give higher doses than 

FAO/WHO/UNU. This extra amount compensates for the ineffective absorption of 

natural/whole protein (mainly based on plants), poor L-amino acid utilization, and insufficient 

energy absorption. When determining the dosage of protein substitutes, weight, age, growth, 

and the prescribed amount of phe/natural protein should be considered. If a person with PKU 

is obese, protein replacement needs should be based on ideal body weight [14]. The prescribed 

amount of medical food is designed to meet the protein requirement of each age group in the 

life cycle shown in Table 1 [7]. 

PKU is often found in the worldwide population, which is more observed in the Middle 

East compared to the Western world. Previous studies have been carried out mainly on 

skimmed milk product powder and also milk to remove phe from these products based on 

activated carbon usage together with enzymatic hydrolysis by hydrolysates originating from a 

different microorganism. Lopes et al. used activated carbon to remove phe from skim milk 

powder with enzymatic hydrolysates [15].  

Silvestre et al. prepared low phe milk hydrolysates by changing enzyme type, enzyme-

substrate ratio, and temperature [16]. Silva et al. ran research with the aim of Phe removal from 

skim milk powder by activated carbon and enzymatic hydrolysates using a protease from 

Aspergillus oryzae, isolated or in association with papain [17]. Abdel-Salam et al. produced a 

dairy-based drink by emulsifying corn germ oil with casein GMP solution in milk permeates, 

leading to a 30% - 80% reduction of serum Phe levels in all PKU patients who consumed this 

product [18]. 

Table 1. Recommended daily nutrient intakes (ranges) for infants, children, and adults with PKU [adapted from 

7]. 

Age Nutrients 

 Phe Tyrosine Protein Energy Fluid 

Infants (mg/kg) (mg/kg) (g/kg) (kcal/kg) (ml/kg) 

0 to < 3 months 25 - 70 300 - 350 3.50 - 3.00 120 (145 - 95) 160 - 135 

3 to < 6 months 20 - 45 300 - 350 3.50 - 3.00 120 (145 - 95) 160 - 130 

9 to < 12 months 15 - 35 250 - 300 3.00 - 2.50 110 (135 - 80) 145 - 125 

7 to < 9 months 10 - 35 250 - 300 3.00 - 2.50 105 (135 - 80) 135 - 120 
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Age Nutrients 

 Phe Tyrosine Protein Energy Fluid 

Infants (mg/kg) (mg/kg) (g/kg) (kcal/kg) (ml/kg) 

Girls and boys (mg/kg) (g/day) (g/day) (kcal/day) (ml/day) 

1 to < 4 years 200 - 400 1.72 - 3.00 ≥ 30 1300 (900 - 1800) 900 - 1800 

4 to < 7 years 210 - 450 2.25 - 3.50 ≥ 35 1700 (1300 - 2300) 1300 - 2300 

7 to < 11 years 220 - 500 2.55 - 4.00 ≥ 40 2400 (1650 - 3300) 1650 - 3300 

Women  

11 to < 15 years 140 - 750 3.45 - 5.00 ≥ 50 2200 (1500 - 3000) 1500 - 3000 

15 to < 19 years 230 - 700 3.45 - 5.00 ≥ 55 2100 (1200 - 3000) 1200 - 3000 

≥ 19 years 220 - 700 3.75 - 5.00 ≥ 60 2100 ( 1400 - 2500) 2100 - 2500 

Men  

11 to < 15 years 225 - 900 3.38 - 5.50 ≥ 55 2700 (2000 - 3700) 2000 - 3700 

15 to < 19 years 295 - 1100 4.42 - 6.50 ≥ 65 2800 (2100 - 3900) 2100 - 3900 

≥ 19 years 290 - 1200 4.35 - 6.50 ≥ 70 2900 (2000 - 3300) 2000 - 3300 

This research aims to develop formulated infant formula products according to the 

selection of the raw materials and adjustment of the formula as per the Phe content for infants 

from 1st day of birth until 1 year old. Compared to previous research, this study considers 

different target population ages, product matrices, and manufacturing methods so that PKU 

babies can be fed healthier from the first day of birth. 

2. Materials and Methods 

2.1. Material. 

L-Carnitine, L-Histidine, L-Isoleucine, L-Leucine, L-Methionine, L-Threonine, L-

Tryptophan, L-Valine, and L-Lysine Acetate were purchased from Kyowa Hakko Company in 

Japan. GMP (Lacprodan® CGMP-20) and Lactose were supplied from Arla Foods Ingredients 

in Denmark. Fish oil, vegetable oils, soya lecithin, nucleotides, minerals, vitamins, trace 

elements, and Bifidus culture were supplied from Fuji Oil in Japan and Nestle factory in 

Switzerland. 

2.2. Method. 

2.2.1. Recipe adjustment and calculation. 

To produce infant formula with low Phe content for infants under the age of 1, the 

recommended daily intake (RDI) of Phe is considered 15-35 mg/kg (Table 1) in the finished 

product. In the formula, different raw materials are selected based on their Phe content not to 

exceed the RDI in the finished product. Except for GMP <0.28 g/100g Phe, no raw materials 

containing Phe are used in the formula, so the reverse calculation is carried out according to 

the RDI to define the dosage of GMP in the formula: 15-35 mg/kg and maximum possible 

content of Phe in the GMP (0.28g/100g). In addition to GMP, essential amino acids were added 

in pure format. 

 

Table 2. Special equipment and the instrument used for analyses. 

Equipment/Instrument Brand Country 

Amino acid analyser  Hitachi Germany 

Karl-Fischer Mettler Toledo -DL31 Germany 

Balance Mettler Toledo Germany 

Hygrolab Rotronic America 

Atomic absorption spectrometer Varian-GTA96 Germany 

Buchi water bath Buchi461 Switzerland 

Spectrophotometer Hach DR2800 Germany 

Buchi distillation unit Buchi K350 Switzerland 
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Equipment/Instrument Brand Country 

pH meter Metrohm 780 Switzerland 

Dosimat Metrohm 876 Switzerland 

Water bath Memmert Germany 

Buchi digestion unit Buchi-K424 Switzerland 

Centrifuge Gerber Switzerland 

Hot plate Rommelsbacher Germany 

Vacuum filter instruction Gerber Switzerland 

Solumixer Gerber Switzerland 

Vacuum oven & chamber LGH America 

2.2.2. Production of powdered infant formula.  

2.2.2.1. Wet mix process. 

First, some powdered ingredients (such as amino acids, GMP, minerals, vitamins, etc.) 

are mixed with water in a mixer, Scanima supplied from Denmark, to prepare a liquid phase to 

form a uniform emulsion, then heated in a plate heat exchanger, and transferred To the 

evaporator where the oil and lecithin will be added. 

2.2.2.2. Evaporation and spray drying. 

The total solid in the liquid phase is increased through the evaporation process, and the 

final heat treatment step is carried out in the falling film evaporator, which is thermal Vapour 

Recompression developed by TetraPak in Switzerland and Germany. Once the evaporation 

process is finished, the condensed liquid formulation is dehydrated by spray drying to produce 

base powder, followed by fluidized bed drying and cooling. The spray drying system is Egron, 

and the equipment is designed by Nestle Switzerland. 

2.2.2.3. Dry mixing step. 

After the drying step, the dry blend ingredients are mixed with the produced base 

powder to protect certain materials from the heat treatment step and obtain a better nutritional 

status in the final product. 

2.2.3. Quality control of the product and required analyses.  

To ensure product quality and to take into account the standards of infant formula milk 

powder and formula milk powder used for special medical purposes, comprehensive 

microbiological, physical, and chemical amino acid profiles, in particular, phe levels in the 

final product, vitamin profiles and elemental contaminant analyses of the final product have 

been carried out [19] using equipment mentioned in Table 2 and all the required chemicals 

supplied from Sigma, Merck and Fluka. Phe amount in the final product is analyzed by an 

amino acid analyzer. 

3. Results and Discussion 

Compared with the previous study, this study is unique in that it seeks to produce 

formula products for infants on the first day of birth, while the previous products did not 

directly target infants. Due to this research's target consumer age group, a lot of analysis is 

required to demonstrate the applicability of the product to infants from a food safety 

perspective, such as microbiological and chemical contaminant parameters. 
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Another difference is that in this study, the final product was produced according to the 

formula, and several ingredients were added to make infant formula, whereas the goal of 

previous studies was to remove phe from the existing milk matrix. A comprehensive profile of 

nutrients, chemical, physical, and amino acid parameters have been analyzed to control the 

formulation, ingredient selection, and production process. 

Five samples were taken from the manufactured batch of infant formula, and a full 

series of analyses were carried out in compliance with the Codex Standard for Infant Foods 

[19] and the Iran Regulations. As shown in Table 3, both pathogens and non-pathogenic 

microorganisms are within the acceptable level of the infant products. This is because the direct 

steam injection in the process contributes to eliminating hazardous microorganisms like 

Salmonella, Bacillus Cereous, Cronobacter and reducing other microorganisms to an 

acceptable level. Blanchard et al. [20] described wet mix and steam injection in the evaporation 

process well in their study. Compared to previous research, in this study, a comprehensive 

microbiological analysis was carried out following all baby food criteria and the current 

regulations. 

Table 3. Microbiological characterization of produced low phenylalanine milk. 

Parameter Content  (CFU/g) Acceptable range 

Salmonella Negative Negative 

E. Sakazakii Cronobacter Negative Negative 

Yeast and Molds 10 <10 

Contaminating microorganisms 100 < 500 

Bacillus cereous <10 <10 

Probiotic 20760000 ± 54772.256 Min 10000000 CFU 

Enterobacteriaceae Negative Negative 

As shown in Table 4, combining the wet and dry mixing processes with appropriate 

process parameters in the evaporation method, spray drying tower, and fluidized bed will 

provide consumers with appropriate physical properties of infant formula. 

Table 4. Physical analysis results produced low phenylalanine milk. 

Parameter Value Acceptable range 

Scoop Delivery 4.04 ± 0.035 g 4 – 4.1 g 

Solubility 0.1 ml Max. 0.5 ml 

Dirt Test 1 2 

Miscibility 0 2 

White specs 1 3 

State of dissolution 1 2 

Fat Separation No Separation 1 

Phase Separation No Separation 1 

An amino acid analyzer checked the amino acid profile of the product as part of the key 

performance check of this research. The detailed results are recorded in Table 5 and Figure 2. 

As shown in the peak in Figure 3, the content of phe in the final product is 0.0098 g / 100 g, 

which is lower than the detection limit (LOD) of the device (0.01 g / 100 g).  

To minimize the phe content in the product, infant-grade ingredients with acceptable 

levels of phe have been selected in the formula. GMP is used as one of the key ingredients in 

the formula. In addition, as shown in Table 5, due to the addition of GMP and other pure 

essential amino acids in the formula, the essential amino acid profile of the final product also 

meets the needs of patients. According to the research of Lammardo et al. [21], it has been a 

common practice in the last years to supplement the product with L-amino acids. Shehata et al. 

[22] also used pure essential amino acids for product supplementation. 
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Table 5. Amino acid profile in produced low phenylalanine milk. 

Amino acid Content (g/100g) Acceptable ranges 

L Threonine 1.71 ± 0.017 Min. 0.4 

L Valine 2.22 ± 0.024 Min. 0.458 

L Isoleucine 1.92 ± 0.027 Min. 0.468 

L Leucine 3.42 ± 0.022 Min. 0.864 

L Lysine 1.65 ± 0.022 Min. 0.588 

L Histidine 0.03 ± 0.003 Min. 0.020 

L Tryptophan 0.53 ± 0.001 Min. 0.166 

L Cysteine 0.01 ± 0.000 Methionine + Cysteine = Min. 0.317 

L Methionine 0.75 ± 0.003 

L Phenylalanine 0.01 ± 0.000 Refer to table 1 

 
Figure 2. Amino acid analyzer standard curve. 

 
Figure 3. Amino acid analyzer sample curve for produced low phenylalanine milk. 

Vitamin premix, probiotics, and trace elements are added in the dry blending process 

to enrich the final product for PKU infants and meet their needs for vitamins and other 

micronutrients, as illustrated in Tables 6 and 7, respectively. This product enables patients to 

rectify vitamin and micronutrient deficiencies considered in the research by Demirkol et al. 

[23]. 

Table 6. Vitamins analyses profile for produced low phenylalanine milk. 

Parameter Vitamin content (mg/100g) Acceptable Range 

VITAMIN B6 0.53 ± 0.015 0.238 – 0.68 

VITAMIN PP 6.43 ± 0.022 2.73 – 7.8 

VITAMIN H 0.02 ± 0 0.009 – 0.027 

VITAMIN B5 4.75 ± 0.030 2.24 – 6.4 

Vitamin B9 0.09 ± 0 0.053 – 0.152 

CARNITINE, L 10.70 ± 0 5.6 – 16 
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Parameter Vitamin content (mg/100g) Acceptable Range 

ADENOSINE 5'-MONOPHOSPHATE < 0.02 < 7.8 

CYTIDINE 5'-MONOPHOSPHATE < 0.007 < 13 

GUANOSINE 5'-MONOPHOSPHATE < 0.005 < 2.6 

URIDINE 5-MONOPHOSPHATE < 0.02 <9.1 

VITAMIN A 0.64 ± 0.001 0.369 – 0.937 

VITAMIN E 4.64 ± 0.024 4.2 – 12 

VITAMIN D 0.01 ± 0 0.005 – 0.013 

VITAMIN K 0.07 ± 0 0.030 – 0.086 

VITAMIN B12 0.00 ± 0 0.001 – 0.004 

VITAMIN B1 0.64 ± 0.023 0.39 – 1.12 

Vitamin B2 1.24 ± 0.018 0.44 – 1.26 

Vitamin C 98.08 ± 0.228 60 – 174 

Table 7. Chemical characterization of produced low phenylalanine milk. 

Parameter Value (mg/100g) Acceptable range Unit 

pH 6.69 ± 0.01 6.3 - 7.1  

Moisture 2.46 ± 0.00 < 3 g/100g 

Fat 27.28 ± 0.07 23 – 31 g/100g 

Total Nitrogen 1.56 ± 0.00 1.5 – 2 g/100g 

Water Activity 0.11 ± 0.00 < 0.15  

Sodium 173.80 ± 3.35 112 – 241 mg/100g 

Potassium 516.20 ± 2.95 404 – 832 mg/100g 

Iron 8.75 ± 0.42 5.2 – 10.4 mg/100g 

Magnesium 51.58 ± 0.35 35 – 75 mg/100g 

Calcium 279.40 ± 1.34 260 – 528 mg/100g 

Phosphorus 133.00 ± 1.41 130 – 277 mg/100g 

Chloride 351.80 ± 1.30 260 – 549 mg/100g 

Copper 0.49 ± 0.00 0.28 – 0.52 mg/100g 

Zinc 6.23 ± 0.04 3.78 – 7.8 mg/100g 

Manganese 115.20 ± 0.84 66.5 – 190 µg/100g 

Iodine 138.32 ± 0.37 66.5 – 190 µg/100g 

Cyanuric Acid < 0.05 < 0.1 mg/100g 

Melamine <0.05 < 0.1 mg/100g 

Aflatoxin M1 <0.025 < 0.1 µg/100g 

Lactose 57.52 ±0.08 40.7 – 75.5 g/100g 

Infant formula milk powder is a product made to fulfill the specific dietary intake of 

infants. However, infant formula usually contains harmful substances, such as chemical 

contaminants and residues, which are usually caused by possible contamination of the raw 

material or supply chain [24]. As shown in Table 8, a comprehensive elemental contaminants 

analysis was performed to evaluate the food safety compliance of produced products from the 

perspective of chemical contaminants. All results meet the requirements of Iranian regulations 

and infant food CODEX.  

Table 8. Elemental contaminants in produced low phenylalanine milk. 
Parameter Content (mg/kg) Acceptable range 

Arsenic <0.020 < 0.050 

Lead <0.007 < 0.050 

Cadmium <0.005 < 0.011 

Mercury <0.003 < 0.012 

Aluminum 0.158 ± 0.004 < 2.10 

Selenium 0.078 ± 0.008 0.077 – 0.22 

Nitrate 6.000 ± 0.000 < 100 

Nitrite 0.840 ± 0.055 < 2 

 

In this study, the “In/Out” method is used to perform the sensory evaluation. Product 

characterization is used to decide whether a sample meets the target sensory quality (“In”) or 

not (“Out”) or is at the border to “Out” but still acceptable (“Just In”) for a specific sensory 

attribute. The concept of consumer-centric sensory specification corresponds to the 

“Acceptability limits”. Sensory evaluation of a sample is performed against its In/Out sensory 
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specification and/or physical standard sample that results in an overall In/Out score for the 

sample by using a 3-point scale (‘In’, ‘Just In’, or ‘Out’). In order to perform sensory 

evaluation, 5 different samples are evaluated by 10 panelists based on “In/Out” method as per 

Eq (1): 

 

Defect Score = ((Number of Out x 3) + (Number of Just In x 1)) / (Number of Panelists x 3) 

In/Out Score = (1 – Defect Score) x 100   Eq. 1 

 

Where (‘In’, ‘Just In’, or ‘Out’) are as above mentioned description. The sensory evaluation 

results of different samples are shown in Figures 4 and 5. From the perspective of appearance, 

smell, taste, texture, and overall acceptability, the acceptance of this product in all test panels 

is higher than 90%.  

This study's sensory results proved that adding GMP to the formula has a positive 

impact on sensory characteristics, which is consistent with the research conducted by Ney et 

al. [25]. GMP has a range of benefits, such as enhancing the product's sensory characteristics. 

Appropriate process parameters and the right raw materials selection are crucial to achieving 

acceptable levels of product sensory and physical properties. In order to determine the 

acceptability of GMP products, a blind sensory study was carried out (Figure 4). 

 
Figure 4. Sensory characterization of 5 samples of produced low phenylalanine milk (based on 10 panelists’ 

evaluation). 

 
Figure 5. Overall sensory acceptance for 5 samples of produced low phenylalanine milk. 

4. Conclusions 

According to the 0.0098 g / 100 g phe value reported in the final product, every 100 ml 

of reconstituted milk contains 0.00117 g phe / 12 g product (1.17 mg Phe / 12 g product). For 

PKU infants under 1 year of age, the maximum daily intake of phe is 35 mg phe/1 kg of infant 
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weight. Based on the findings of the final product phe, it can be concluded that PKU infants 

can take the product at different times of the day depending on their weight. According to this 

research, the formula method based on the correct selection of the phe content in the raw 

materials and the dry-wet blending process using infant formula milk powder can effectively 

produce products with qualified phe content. 
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