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ABSTRACT 

High protein nutrition (HPN) bars are gaining increased global popularity as convenient and high nutritious food products. Proteins of 

different origins have been used singly or in combinations in HPN but milk proteins (whey protein products, casein and caseinates) 

remain the favorable proteins used in HPN formulations. Milk protein concentrates (MPC) of different protein contents are new milk 

protein ingredients of multifunctional properties for diversified food applications.  They contain both casein and whey protein in their 

native form and ratio found in milk. The use of high protein MPCs in nutrition bars is one of the promising applications for these 

products. HPN based on different protein sources develops hardness during storage particularly at high temperatures but more 

pronounced hardness develops on the use of MPCs. Several approaches have been suggested to overcome this problem through 

modification of MPCs.  This review presents an overview ofthe HPN bar hardness mechanisms and MPC modifications to combat this 

problem. 
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1. INTRODUCTION 

 The high protein nutrition (HPN)bars, are bar-shaped dense 

nutrient products based on balanced combinations of proteins, 

carbohydrates and fats. Vitamins minerals and/or fiber are usually 

added to enhance the nutritional value of HPN.  They are regarded 

as intermediate moisture foods developed for sports nutrition, 

muscle building, health supplement, and weight reduction markets 

[1]. They provide healthy substitutes to conventional snacks 

because they contain 15% to 35% (wt/wt) of protein.  HPN 

isformulated to have water activity (αw) less than 0.65 in order to 

inhibit the growth of spoilage microorganisms. Nutritional bars are 

generally classified as high-protein (HPN bars), balanced nutrition 

(40%/30%/30% carbohydrates/ non-trans fat/protein caloric-

basis), carb conscious, and carbohydrate-rich. In USA, the number 

of commercial nutrition bars increased from 226 products in 2005 

to 1012 product in 2015 whereas the high protein bars shows 

better marketability than other categories of nutrition bars [2].  

 High protein nutrition bars were first commercially 

released in 1986 under the name of “power bars”, as a new 

segment of energy supplements for athletes to provide them with a 

source of high level and quality proteins.  Soon protein bars have 

been formulated to appeal to a wide range of health-conscious 

consumers and became a regular replacement of many protein 

diets. Globally, sales of protein and nutrition bars in 2016 

exceeded 4 billion US $ and areexpected to register a CAGR of 

4.23 %, during the forecast period (2019 – 2024) [3]. 

 Single or mixed proteins of animal and plant sources have 

been used in the formulations of HPN bars. There is no official 

standard for the amount of protein to be added in HPN bars 

formulations but ratios that range between 15 and 35% are usually 

added [4]. Proteins are added in HPN bars formulations to provide 

texture, flavour, consumer acceptability and stability of the 

product. Milk proteins including whey protein products, casein, 

caseinates and milk protein concentrate vegetable proteins such as 

soy protein, rice proteins and pea proteins and protein 

hydrolysates have been used in the formulations of HPN bars. 

However, Casein, caseinates and whey protein products are 

heavily used in HPN due to their unique functional and nutritional 

properties. 

 With the advent of membrane processing and ion exchange 

technologies, several milk protein products of diversified 

functional products became available in the market [5]. 

Traditionally casein and caseinates have been the main industrially 

produced milk protein products but growth in the production of 

whey protein concentrates and milk protein concentrate became 

evident in recent years. 

 Ultrafiltration/diafiltration of skim milk followed by 

concentration and spray drying of the concentrate results in a total 

milk protein concentrate (MPC) with casein/whey protein ratio 

(80/20) similar to that of the original milk. MPCs are produced 

with different protein contents and identified by the number 

directly following MPC (i.e., MPC80 has almost 80% protein 

content). MPCs with protein content ≥ 90% are referred to as milk 

protein isolates (MPIs).The use of membrane filtration in the 

manufacture of MPCs allows the casein micelles to retain its 

structure offering emulsion  and heat stabilities, opacity, flavour, 

and protein fortification for different food applications.  Compared 

to other protein sources, MPC has the highest digestible 

indispensable amino acid score (DIAAS; 1.18) while the scores 

for soy protein isolate and whey protein concentrate are 0.91 and 

1.10 respectively [6]. Also, MPC can be considered as a natural 

and rich source for calcium which adds to the nutritional quality of 

these products [7]. Also, MPCs have unique multifunctional 

properties such as water holding, gelling, emulsification, foaming 

and heat stability that diversify its potential uses as food 

ingredients [7].  Significant (P<0.05) differences in the sensory 

flavor profile between MPC, caseins and caseinates have been 

reported [8] whereas MPC showed better bland flavor. Lagrange 

et al. [9] stated that data on the production of MPC was only 
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available from USA where 50,000-55,000 metric tons (MT) from 

MPC42 and MPC56 and 17,000-18,000 MT from MPC70, 

MPC80 and MPI were produced in 2013.  Nowadays several 

MPCs of variable composition and functional properties are 

available in the market. 

 Although MPCs contain the two protein fractions (casein 

and whey proteins) commonly used in the formulation of HPN 

bars, bars formulated with MPCs tend to develop hardness, to 

become unpalatable, and to have reduced shelf-life. Also, HPN 

bars containing high MPC content tend to lack cohesiveness and 

are too crumbly [1].  During the last decades, studies have been 

directed to investigate changes in the texture of HPN during 

storage, the mechanism of hardening of high protein bars 

particularly with the use of MPCs in formulation, ways to 

overcome this problem through MPC modification and to design 

suitable approaches to successful incorporation of MPC in HPN 

bars.  This paper presents a comprehensive overview ofthis 

subject. 

2. COMPOSITION AND INGREDIENTS OF HIGH PROTEIN NUTRITION BARS 

 High protein nutrition (HPN) bars are composed ofblends 

of proteins, sugar and /or polyol-based syrups and fats/oils as the 

main ingredients. In addition, vitamins, minerals and/or fibers are 

usually added to enhance the nutritional value of the products.  

HPN bars have typically moisture content that range from 10% to 

15% and a low water activity (< 0.65) to avoid microbial growth 

and to ensure consumer safety as they are usually made with no 

heat treatment applied. Low molecular weight humectants such as 

glycerol and sorbitol are added to control the water activity of the 

product. 

3. HARDENING OF HIGH PROTEIN BARS 

 Hardening is the main defect ofconsumer acceptability of 

HPN bars. Understanding the mechanism of hardening is a key 

element for developing HPN bars of acceptable quality and 

storage stability.  The number and complexity of the ingredients 

used, and the low moisture and low water activity of the different 

formulations are the main difficulties in understanding and solving 

the problem of hardening. Changes in proteins and their 

interaction with small molecules polyol and sugars play the main 

roles in hardening of HPN and they should be taken into 

consideration. Hogan et al. [10] showed that the hardness of bars 

was dependent on protein type, concentration and co-solvents and 

that hardening arises from solvent-induced plasticisation and re-

conformation of protein secondary structures. 

 

4. CHANGES IN MILK PROTEIN CONCENTRATES DURING STORAGE 

 Briefly, MPC ismade by ultrafiltration (UF)/diafiltration 

(DF) of skim milk where milk proteins, colloidal calcium 

phosphate and residual fat are retained in the UF retentate while 

the lactose and soluble minerals are removed in the permeate [11]. 

In order to produce MPC of protein content higher than 65% DF 

must be used.  The retentate is then spray dried directly or after 

further concentration by evaporation under reduced pressure.  The 

American Dairy Products Institute set standard specification for 

MPC and MPI of different protein contents (Table1). Only a single 

study [13] gave data on the mineral composition of commercial 

MPC samples (Table 1) which shows marked differences between 

MPC of different protein contents.  This study [13] showed a high 

negative correlation between solubility and Ca content of the 

MPC. 

 MPCs of high protein content usually exhibit poor 

dissolution, even after long rehydration time. This has been 

explained by the difficulty for water to transport into powder 

particles, and the particle surface activity which may decrease the 

powder dispersion [14]. High-protein MPC powders (≥ 80% 

protein) exhibited the poor wettability, which negatively affected 

rehydration. This behavior was attributed to the combined effect 

of the high calcium ion activity and poor solvent quality, which 

promote the formation of aggregates between casein micelles [15]. 

         The changes in the texture and structure of milk protein 

concentrates (MPC) have been attributed to decreases in the 

interparticle distances, their spatial correlations and diffusivity 

between casein micelles during concentration [16]. Both solubility 

and flavors of MPC change during storage but only solubility that 

received much attention [8]. Solubility of MPC varies depending 

on the method and conditions used for measurement [17]. For 

example the differences in the solubility of aged MPC were more 

pronounced in the presence of sugars than in water [18]. The 

changes in the solubility of MPCs during storage are affected by 

their protein contents whereas high protein MPCs can be severely 

affected by storage at high temperature and humidity [13]. During 

storage the percentage of the insoluble materials increased in MPC 

which has been attributed to non-covalent interactions between α-

casein and β-casein [19]. Although, β-LG interact with κ-casein 

and some αs2-casein through disulphide bonds the formed 

aggregates have no significant role in the formation of the 

insoluble materials [19]. Anema et al. [20] showed that the 

solubility of MPC 85 decreased with time, the insoluble proteins 

were caseins and caseins underwent lactolysation. They [20] 

postulated that the insolubility of MPC 85 aroused from cross-

linking of proteins at the MPC surfaces. Slight decrease in rigidity 

of molecular domains in MPC during storage brought by the 

plasticizing effect of moisture was observed by FTIR and NMR 

analysis which could facilitate protein interaction and denaturation 

[21, 22].  A crust was observed on the surface of the stored 

powders by scanning electron microscopy [23]. This crust 

consisted of a thin layer of fused casein micelles. Also, the 

hydrophobicity at the surface of the particles increased as evident 

by X-ray photoelectron spectroscopy analysis and atomic force 

microscopy measurements [23]. Mimouniet al., [14, 24] attributed 

the decreased solubility of MPC during storage to changed 

rehydration kinetics.  The release of casein micelles from MPC 

particles was suggested to be the rate-limiting step of the 

rehydration process  which was inhibited with storage. Also, 

interactions between and within casein micelles were increased 

during storage of MPC  leading to compaction of micelles and 

formation of a tightly packed surface layer of casein micelles. 

These changes may be also responsible for the slow  solubilization 
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of stored MPC powders [14]. The high calcium ion activity and its 

gradual transfer from the aqueous phase to the non-aqueous phase 

surrounding the casein micelles were considered to contribute to 

insolubility of MPC [25]. The effect of storage temperature on 

MPC 80 flavor was more pronounced than that of MPC 40 

whereas animal and burnet sugar flavors developed in both stored 

samples [8]. 

 

Table 1. Composition of milk protein concentrates 

Component MPC40 MPC80 MPI Reference 

Protein % min 39.5 79.5 89.5 [12] 

Fat % max 1.25 2.5 2.5 

Lactose % max 52.0 9.0 5.0 

Ash % max 10.0 8.0 8.0 

Moisture % max 5.0 6.0 6.0 

Ca mg/100 g 903-956 1423-1496 1436-1506 Modified 

from [13] Mg mg/100 g 83-89 68-80 66-69 

K mg/100 g 1134-1177 217-336 199-266 

Na mg/100 g 284-303 45-100 52-64 

P mg/100 g 816-882 375-1109 1083-1118 

Cl mg/100 g 1049-1059 70-213 155-183 

Total minerals 4279-4456 2614-3339 3022-3173 

 

5. CHANGES IN WHEY PROTEIN PRODUCTS DURING STORAGE 

 The changes in the solubility of whey protein concentrate 

during storage were less pronounced compared to MPC.  A slight 

decrease in the solubility of WPC (34% protein after storage at 

37ºC and 75% humidity for 42 days but pronounced losses in free 

lactose and available lysine and formation of large aggregates 

were evident [26]. Hsu &Fennema [27] reported that browning 

was the most important change in WPC during storage. The 

storage temperature and time were the most important factors in 

the developed changes in the WPC and αw wereless important.  

High protein WPC (80% protein) exhibited less solubility than 

WPC of lower protein content (34%) and in both the solubility 

decreased slightly during storage at high temperature [28].  The 

loss in solubility was attributed to thiol-disulphide bonding and 

Maillard reaction. 

 

6. POLYOLS/PROTEIN INTERACTIONS 

 Polyols have the capacity to protect proteins from thermal 

unfolding depending mainly on their molecular volume [29] but 

the mechanism of these effects still debatable. The stabilizing 

effect of a polyol originates mainly from its preferential exclusion 

effect from the protein surface whereas a thin hydration shell is 

formed on the protein surface and a cluster of many polyol 

molecules at a distance of 4 Å  around the protein indicating no 

direct contact between the polyol and the protein. Vagenendeet al. 

[30] gave evidence for significant electrostatic and hydrophobic 

interactions between glycerol and specific side chains on the 

surface of the protein. This formed an amphiphilic surface which 

prevented the protein from undergoing conformational changes 

and intermolecular aggregations. Also, electrodynamic force was 

suggested to  have a role in the protein stability due to the polyol 

cosolvents including glycerol [31].The type of polyol and protein 

determine the changes observed in the intermediate moisture high 

protein model system.  Glycerol, sorbitol and maltitol stabilized 

the native structure of whey proteins, provided thedesired texture, 

and slowed the hardening of the model systems but glycerol was 

the most effective in this respect [32]. Differences were observed 

in protein stability with the increase in glycerol concentration 

depending on the protein nature [33]. Thus the stability of β-LG 

increased with the increase of glycerol concentration but the 

stability of α-LA first increased and then decreased beyond 50% 

glycerol which may be attributed to penetration of glycerol the 

protein hydration layer [34]. 

 

7. MECHANISM OF HPN BARS HARDENING 

 Several mechanisms based on moisture migration, phase 

separation, protein aggregation and Maillard reaction have been 

proposed to explain the developed hardening of HPN but no single 

mechanism has agreed upon. Table 2 summarizes the different 

proposed mechanisms for HPN hardening.  More than one of these 

mechanisms may be responsible for the developed hardening of 

HPN. 

        Differences in the moisture content of the HPN ingredients 

were responsible for the hardening of HPN bars [10]. During 

storage, particularly at high temperature, it was hypothized that the 

moisture migrates from high αw components to low αw 

components in order to attain equilibrium [10]. Also, simple 

sugars in the formulations lose their ability to hold water on 

crystallization or glass transition and the released water migrates 

to the protein phase [1]. Consequently, changes in moisture 

distribution result in the development of hard texture. Also, the 

differences in the osmotic pressure between phases were 

considered to be responsible for the observed changes HPN 

microstructure as it results in segregation of proteins from small 

polyhydroxy compounds [38]. On the other hand, migration of 

water and small molecules (such as glycerol) into the protein 

phase was reported to be responsible for the observed changes in 

the microstructure of HPN [35]. 
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       Aggregation of proteins during storage is another factor for 

the hardening of HPN.  In a model system of HPN based on WPI, 

addition of cysteine and N-ethylmaleimide (NEM) reduced 

hardening [36].  Formation of thiol-disulphide bonds was 

suggested to dominate for the hardening at the early stages of 

storage while the non-covalent interactions were responsible for 

the hardening in later stages of storage. 

      Phase separation into protein-rich and carbohydrate-rich 

phases has been proposed as a mechanism for the hardening in 

HPN bars due to the preferential exclusion of sugar/polyols 

surrounding the protein molecules [37]. The decreased protective 

effect of polyols on protein structure and closer proximity of 

protein molecules would increase the protein-protein and protein-

moisture interaction resulting in protein aggregation.  Hassan & 

McMahon [41] proposed that the hardening of HPN bars aroused 

from the interactions between the co-solvents and the protein 

surface and not because of phase separation. The orientation of 

glycerol on the protein surfaces whereas its carbon backbone 

masks the hydrophobic regions thus avoiding a decrease in 

entropy of water molecules. 

          Zhou et al. [40] showed that the early stages of the Maillard 

reaction caused little changes in the hardness of HPN.  On further 

storage, dramatic modifications were developed in proteins with 

the formation of high-molecular-weight polymers and significant 

hardening of HPN bars. 

 

Table 2. Proposed mechanisms for hardening of high milk protein bars. 

Mechanism Basis Supporting evidences Suggested steps to control Reference 

Moisture 

migration 

1-Non-equilibrium  αw  distribution 

between bar constituents leading to of 

moisture migration from high to low αw 

constituents 

2- Loss of the ability of sugars to hold 

water either by crystallization or glass 

transition which results in migration of 

moisture to the component proteins. 

 

3- Migration of small molecules into 

protein particles.  

Changes in microstructure and 

conformation of proteins. 

 

 

Marked decrease in mobility of 

solid-like domains of water and 

low molecular weight 

polyhydroxy components, which 

may indicate glucose 

crystallization. 

 

Reduced mobility of small 

molecules and changes in 

microstructure 

1-Minimizing the osmotic 

differences between bar 

components 

 

2-Selection of type and 

concentration of used protein 

concentrate.  

[10] 

 

 

 

[1] 

 

 

 

[35] 

Protein 

aggregation 

Formation of intermolecular disulphide 

bonds and non-covalent interactions 

Reduced aggregation of WPI via 

thiol-disulphide was positively 

correlated with bar softening  

Minimizing protein aggregation [36] 

Phase 

separation 

Separation of the protein from the sugars 

into two distinct phases 

High osmotic pressure of sugar/glycerol 

phase.  

Phase separation between proteins 

and carbohydrates. 

Low molecular mobility of 

proteins 

Selection of polyol/sugars to be 

preferentially excluded from the 

salvation layer surrounding 

proteins. 

[37] 

[38] 

 

Maillard 

reaction 

Glycation of proteins  Replacement of reducing sugars 

with non-reducing polyol 

minimized changes in texture 

Use of non-reducing polyol in 

formulation 

 

[39,40] 

 

8. MODIFICATION OF MPCS IN ORDER TO REDUCE THE HARDNESS OF HPN BARS 

 Industrial production of MPCs utilizes basically 

ultrafiltration (UF) and diafiltration (DF) of skim milk without pH 

adjustments with or without further removal of water by 

evaporation under vacuum followed by spray drying for the 

obtained retentate [42]. The protein content of the obtained MPC 

can be manipulated by changing the number of DF stages. 

Solubility is considered as the most important functional 

properties of MPC that determine the expression of other MPC 

properties [17]. Reduction of solubility of the high protein MPC 

during storage particularly at high temperature is a major problem 

that limits its use in many food applications including HPN [17]. 

Therefore, modifications in MPC should target decreased 

hardening and improved cohesion being the two important quality 

attributes for HPN acceptability [43]. Specifically modified MPC 

(PowerProtein™ 4857 andPowerProtein™ 4861) produced by 

Fonterra™ have been reported suitable for inclusion in HPN 

formulation with minimal hardness development but increased 

crumbliness during storage [43]. Several approaches have been 

developed to modify the conformational structure, functional 

properties and storage stability of high protein MPCs (>80% 

protein). 

8.1.Reducing calcium content of MPCs.  

 Partial removal of Ca was reported to improve the stability 

of MPCs during storage as apparent from its improved solubility. 

Acidification of skim milk before ultrafiltration, addition of 

monovalent cations or calcium chelators, and injection with CO2 

have been used to reduce the Ca content of MPC. A decrease in 

the pH of skim milk during UF was reported to affect the integrity 

and supramolecular structure of casein micelles due to the partial 

removal of Ca [44, 45] and the internal structure of the non-

dissociated micelles became more homogenous. Replacement ~ 

30% of Ca with Na in MPC powder was carried by contacting an 

aqueous solution of MPC with a strong cation ion exchanger in the 

sodium form [46]. Partial removal of Ca (0-38.7%) using ion 

exchange treatment was accompanied byincreased dissociation of 

casein from casein micelles and the size of casein micelles 
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decreased markedly [47]. Injection of CO2 in skim milk before and 

during UF significantly decreased the zeta-potential and increased 

casein micelle size and 28 and 34% decrease in ash and Ca 

contents respectively of the resultant MPC [48].  The modified 

MPC80 had significantly higher solubility after storage both at 

room temperature and at elevated temperatures. Adjusting the pH 

of skim milk to pH 5.9 before UF exhibited minimal effect on 

membrane performance and resulted in MPC of optimum 

emulsifying properties [49].  Addition of 150 mMNaCl or KCl 

during diafiltration reduced the Ca content and changed the 

partition of minerals and proteins between the colloidal and 

soluble phases of the resulting MPCs [50, 51]. The retained high 

solubility of NaCl or KCl treated MPCs during storage was 

attributed to the modification in powder hydrophobicity and 

sulfhydryl-disulfide interchange reactions and/or increased 

electrostatic repulsion between casein micelles. Addition of 20-30 

mM calcium chelators (EDTA or citrate) to skim milk prior to UF 

resulted in MPC with enhanced solubility and heat stability [52]. 

The enhanced solubility was explained by the partial removal of 

Ca and modification of casein micelle structure.  Reducing the Ca 

content of MPC altered its emulsifying properties [53]. Compared 

with emulsions formed with higher calcium MPCs emulsions 

formed with low calcium MPCs were finer with low total surface 

protein concentration and altered protein composition [53]. 

8.2.Modifying the manufacturing steps of MPC.  

 Treatments of concentrate prior to spray drying affected 

the solubility of the obtained MPC. High shear treatment (high 

pressure homogenization, microfluidization and ultrasonication) 

increased the nitrogen solubility of MPC powders but 

microfluidization was most effective in improving the long term 

solubility of MPC during storage [54].  Application of combined 

high hydrostatic pressure (HHP) and heat (200 MPa and 40⁰C) for 

concentrate before spray drying improved the solubility of the 

obtained MPC [55]. This treatment increased the solubility of 

MPC from 66% to 85% and the powder retained the initial 

solubility for 6 weeks at 20⁰C and 85% of the initial solubility 

after 12 mo of storage. The HHP assisted improvement in MPC 

solubility was attributed to an increase in the non-micellar casein 

content. Preparation of concentrate by combined UF and 

evaporation steps resulted in MPC80 of higher ash, total calcium, 

and bound calcium contents compared to concentration with only 

membrane filtration but with no marked influence on powder 

solubility [56]. Hydrodynamic cavtation(HC) , a process of 

vaporisation, bubble generation and bubble implosion which 

occurs in a flowing liquid as a result of a decrease and subsequent 

increase in local pressure, decreased markedly the viscosity of UF 

skim milk retentate and improved the performance of the spray 

dryer [57]. The HC treatment improved the bulk density and 

tapped density of the obtained MPC powder indicating smaller 

particle size but had no effect on the solubility of the product.  The 

effect of HC treatment on the changes in the solubility of the 

stored MPC was not studied Spray drying conditions affect the 

morphological properties and distribution of constituents within 

the MPC particles and intern the solubility of the powder. The 

lipids and proteins were reported to be preferentially located at the 

particle surface whereas lactose was found in the core irrespective 

of the drying temperature.  However, surface enrichment with 

lipids and proteins increased in powders spray dried at low outlet 

pressure [58].  At low inlet air temperature MPC particles had 

spherical shape while those obtained at high inlet air temperature 

appeared deflated and exhibited low solubility due to protein 

denaturation [59]. Increasing the solids in the retentate reduced the 

shrinkage, increase the rate oftemperature rise during drying and 

slowdown the rehydration of the obtained MPC [60]. Protein cross 

linking was carried out by treatment of concentrate with 

trasglutaminase (0.3 unit/g protein) before spray drying but small 

textural differences were found between the cross linked MPC and 

the control [61].   

8.3.Mechanical treatments of MPC powder.  

 Extrusion of MPC induces the formation of disulphide 

bonds and may create non-reducible protein association in the 

texturized product and in turn modifying its functional properties 

[62]. The extruded MPC80 had reduced solubility, surface 

hydrophobicity and water holding capacity suggesting its 

suitability for use in HPN bars [62]. This has been proved by 

incorporating extruded MPC80 in HPN formulation as the 

obtained product was less prone to phase separation and low 

textural changes during storage but these changes were not related 

to disulphide bonds formation [63].  MPC powder (85% protein) 

of fine (22 μm) and coarse (49 μm) particle sizes were prepared 

using jet-milling of control (86 μm). Reducing the particle size 

improved the ability of MPC to plasticize within HPN and in turn 

the cohesiveness and textural stability of the HPN bar [64].  

Extrusion-porosification increased the number and size of pores in 

powder particles and improved significantly the rehydration 

properties of MPC [65]. 

8.4.Enzymatic hydrolysis.   

 Limited hydrolysis of MPC 80 with chymotrypsin, trypsin, 

pepsin and papain improved its solubility within the pH range of  

4.7-7.0, reduced its surface hydrophobicity and gel strength [66].  

Also, the emulsifying properties of MPC were improved by 

hydrolysis with trypsin and chymotrypsin.  However, these 

hydrolysates were not tested in the formulation of HPN bars.

 

9. EFFECT OF USING MODIFIED MPC ON THE HARDNESS OF HPN BARS 

 Few studies have been done on the effect of useing 

modified MPC on the textural properties of HPN bars.Using MPC 

as the only protein source to provide 30% protein in the 

formulations [61, 67].TGase cross linked, calcium reduced, 

toasted and texturized MPCs were tested for their effects on HPN 

textural properties (Table 3).  These results concluded the TGase 

cross linking and calcium reduction and toasting did not improve 

the storage stability of HPN bars compared to the unmodified 

MPC. However, the use of extruded MPC improved the storage 

stability of HPN and MPC modified by extrusion can be 

considered as promising candidates in the formulation of HPN 

bars. 
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Table 3.Effect of using modified MPC on the hardness of HPN bars during storage. 

Modification Formulation (g/100 g) Storage conditions Findings  Reference 

TGase crosslinking MPC (251-271), lactose (0-28), glycerol 

(50.6), maltitol syrup (26.9),palm kernel 

stearin (18.4) water (1.0-2.2)  

32ºC/42 days Hardness and crumbliness decreased 

initially with the increase of TGase 

treatment but differences almost 

disappeared during storage 

[61] 

Reduced calcium Same as above  Same as above Produce softer and crumblier bars but did 

not improve the bar stability during 

storage 

[61] 

Extruded MPC at 

65ºC and 120ºC 

E65(38.11) or E120 (37.41), glycerol 

(21.50), maltitol syrup (12.0), high fructose 

syrup (10.0), palm kernel stearin (18.45) 

water (0.0-0.65) 

22 ºC, 32ºC, 42 ºC 

/ 42 days 

Decreased hardness, fracturability and 

shear stresss compared to unmodified 

MPC. E65 gave softer bars than E120 

when stored at 22 ºC, 32ºC but no 

difference when stored at 42 ºC 

[67] 

Toasted MPC at 75 

ºC and 110 ºC 

Same as above but with the use of T75 and 

T110 instead of E65 and E120 

22 ºC, 32ºC, 42 ºC 

/ 42 days 

No differences in textural properties 

compared with unmodified MPC 

[67 

 

10. CONCLUSION 

 High protein nutrition bars produced with MPC are prone 

to develop textrural changes during storage, particularly at high 

storage temperatures. Modification of MPC by reducing its 

calcium content, cross linking using and toasting had no practical 

advantage over the unmodified MPC with respect to textural 

changes in HPN bars during storage while extrusion gave 

promising results. Blending MPC with WPC was reported to 

improve the texture of HPN bars during storage [43].  This trend 

needs further studies using other protein sources.   Formulation 

and the ratio of the used ingredient have received much less 

attention in the studies on the use of MPC in HPN bars.  These 

factors were reported to be of notable impact on the rheological 

properties of HPN bars [68]. Several additives can reduce the 

hardness of HPN bars during storage and needs to be investigated 

in HPN based on the use of MPC. Addition of a low concentration 

of xenthan gum was reported to soften the high protein 

intermediate-moisture model system containing sodium caseinate 

[69]. Also, the addition of SiO2 and Ca3(PO4)2 as anticaking 

agents slowed down the increase in hardness and inhibited the 

Millard reaction in HPN based on whey protein concentrate [70]. 

5. REFERENCES 

1. Loveday, S.M.; Hindmarsh, J.P.; Creamer, L.K.; Singh, H. 

Physicochemical changes in a model protein bar during storage. 

Food Res. Inter. 2009 42, 798–

806,https://doi.org/10.1016/j.foodres.2009.03.002. 

2. Banach, J.C. Modified milk protein concentrates in high-

protein nutrition bars. Graduate Theses and Dissertations 2016, 

15135,https://doi.org/10.31274/etd-180810-4739. 

3. Mordor Intelligence. https://www.mordorintelligence.com › 

2018 Industry Reports 

4. Zhu, D.; Labuza, T.P. Effect of Cysteine on Lowering 

Protein Aggregation and Subsequent Hardening of Whey Protein 

Isolate (WPI) Protein Bars in WPI/Buffer Model Systems. J. 

Agric. Food Chem. 2010 58, 7970-7979, 

https://doi.org/10.1021/jf100743z. 

5. Suthar, J.; Jana, A.; Balakrishnan, S. High protein milk 

ingredients - a tool for value addition to dairy and food products. 

J. Dairy Vet. Anim. Res. 2017, 6, 259-265, 

https://doi.org/10.15406/jdvar.2017.06.00171. 

6. Rutherfurd, S.M.; Fanning, A.C.; Miller, B.J.; Moughan, 

P.J. Protein digestibility corrected amino acid scores and 

digestible indispensable amino acid scores 

differentially describe protein quality in growing male rats. J 

Nutr 2015,145, 372-379, https://doi.org/10.3945/jn.114.195438. 

7. Agarwal, S.; Beausire, R.L.W.; Patel, S.; Patel, H. 

Innovative uses of milk protein concentrates in product 

development. J. Food Sci. 2015, 80, A23-A29, 

https://doi.org/10.1111/1750-3841.12807. 

8. Smith, T.J.; Campbell, R.E.; Jo, Y.; Drake, M.A.  Flavor 

and stability of milk proteins.  J. Dairy Sci. 2016, 99, 4325–

4346, http://dx.doi.org/10.3168/jds.2016-10847. 

9. Lagrange, V; Whitsett, D; Burris, C. Global market for 

dairy proteins. J. Food Sci. 2015, 80, A16-

A22, https://doi.org/10.1111/1750-3841.12801. 

10. Hogan, S.A.; Chaurin, V.; O’Kennedy, B.T.; Kelly, P.M. 

Influence of dairy proteins  on textural changes in high-protein 

bars. Int. Dairy J. 2012, 26, 58-

65,https://doi.org/10.1016/j.idairyj.2012.02.006. 

11. Mistry, V. Manufacture and application of high milk 

protein powder. Le Lait 2002, 82, 515-

522,https://doi.org/10.1051/lait:2002028. 

12. ADPI.Concentrated Milk Proteins Standard. 2019 

American Dairy Products 

Institute.https://www.adpi.org/Portals/0/Standards/Concentrated

MilkPowder_book.pdf. 

13. Sikand, V.; Tong, P.S.; Roy, S.; Rodriguez-Saona, L.E.; 

Murray, B.A. Solubility of commercial milk protein concentrates 

and milk protein isolates. J. Dairy Sci. 2011, 94, 6194–

6202,https://doi.org/10.3168/jds.2011-4477. 

14. Mimouni,A.; Deeth, H.C.; Whittaker, A.K.; Gidley, M.J.; 

Bhandari, B.R. Investigation of the microstructure of milk 

protein concentrate powders during rehydration: alterations 

during storage. J. Dairy Sci. 2010, 93, 463–

72,https://doi.org/10.3168/jds.2009-2369. 

15. Da Silva, D.F.; Ahrnè, L.; Ipsen, R.; Hougaard, A.B. 

Casein-based powders: characteristics and rehydration 

properties. Comp. Rev. Food Sci. Food Saf. 2018, 17, 240-

254,https://doi.org/10.1111/1541-4337.12319. 

16. Corredig, M.; Nair, P.K.; Li, Y.; Eshpari, H.; Zhao, Z. 

Invited review: Understanding the behavior of caseins in milk 

concentrates. J. Dairy Sci. 2019, 102, 4772–4782, 

https://doi.org/10.3168/jds.2018-15943. 

https://doi.org/10.1016/j.foodres.2009.03.002
https://doi.org/10.31274/etd-180810-4739
https://doi.org/10.1021/jf100743z
https://doi.org/10.15406/jdvar.2017.06.00171
https://doi.org/10.3945/jn.114.195438
https://doi.org/10.1111/1750-3841.12807
http://dx.doi.org/10.3168/jds.2016-10847
https://doi.org/10.1111/1750-3841.12801
https://doi.org/10.1016/j.idairyj.2012.02.006
https://doi.org/10.1051/lait:2002028
https://doi.org/10.3168/jds.2011-4477
https://doi.org/10.3168/jds.2009-2369
https://doi.org/10.1111/1541-4337.12319
https://doi.org/10.3168/jds.2018-15943


Mohamed H. Abd El-Salam,Safinaz El-Shibiny 

Page | 4920 

17. Uluko, H.; Liu, L.; Lv, J.P.; Zhang, S.W. Functional 

characteristics of milk protein concentrates and their 

modification. Crit. Rev. Food Sci. Nutr 2016, 56, 1193-1208, 

https://doi.org/10.1080/10408398.2012.758625. 

18. Paracha, G.M.U. Characterization of rehydration behaviour 

of milk protein concentrates in the presence of sugar. M.Sc. 

Thesis2011, Massy Univ. New Zealand. 

19. Havea, P. Protein interactions in milk protein concentrate 

powders. Int. Dairy J. 2006, 16, 415–422, 

https://doi.org/10.1016/j.idairyj.2005.06.005. 

20. Anema, S.G.;Pinder, D.N.;Hunter, R.J.;Hemar,Y. Effects 

of storage temperature on the solubility of milk protein 

concentrate (MPC85). Food Hydro. 2006, 20, 386-393, 

https://doi.org/10.1016/j.foodhyd.2005.03.015. 

21. Haque, E.; Bhandari,B.R.; Gidley, M.J.; Deeth, H.C.; 

Whittaker, A.K. Ageing-induced solubility loss in milk protein 

concentrate powder: effect of protein conformational 

modifications and interactions with water. J Sci Food Agric. 

2011, 91, 2576–2581, https://doi.org/10.1002/jsfa.4478. 

22. Haque, E.; Bhandari, B.R.; Gidley, M.J.; Deeth, H.C.; 

Whittaker, A.K. Change in molecular structure and dynamics of 

protein in milk protein concentrate powder upon ageing by solid-

state carbon NMR. Food Hydro. 2015, 44, 66-70, 

https://doi.org/10.1016/j.foodhyd.2014.09.022. 

23. Fyfe, K.N.; Kravchuk, O.; Le, T.; Deeth, H.C.; Nguyen, 

A.V.; Bhandari, B. Storage induced changes to high 

proteinpowders: influence on surface properties and solubility. J. 

Sci. Food Agric. 2011, 91, 2566-2574, 

https://doi.org/10.1002/jsfa.4461. 

24. Mimouni, A.; Deeth, H.C.; Whittaker, A.K.; Gidley, M.J.; 

Bhandari B.R. Rehydration of high-protein-containing dairy 

powder: slow- andfast-dissolving components and storage 

effects. Dairy Sci. Technol. 2010, 90, 335–44, 

https://doi.org/10.1051/dst/2010002. 

25. Gazi, I.; Huppertz, T. Influence of protein content and 

storage conditions on the solubility of caseins and whey proteins 

in milk protein concentrates. Int. Dairy J. 2015, 46, 22-30, 

https://doi.org/10.1016/j.idairyj.2014.09.009. 

26. Li-Chan, E. Properties and molecular interactions of whey 

protein concentrates upon storage. J. Dairy Sci. 1983, 66, 1843–

1853, https://doi.org/10.3168/jds.S0022-0302(83)82022-0. 

27. Hsu, K.H.; Fennema, O.Changes in the functionality of dry 

whey proteinconcentrate during storage. J. Dairy Sci. 1989, 72, 

829-837, https://doi.org/10.3168/jds.S0022-0302(89)79175-X. 

28. Tunick, M.H.; Thomas-Gahring, A.; Van Hekken, D.L.; 

Iandola, S.K.; Singh, M.; Qi, P.X.; Ukuku, D.O.; 

Mukhopadhyay, S.; Onwulata, C.I.; Tomasula, P.M. Physical 

and chemical changes in whey protein concentrate stored at 

elevated temperature and humidity. J. Dairy Sci. 2016, 99, 

2372–2383, https://doi.org/10.3168/jds.2015-10256. 

29. Liu, F.F.; Ji, L.; Zhang, L.; Dong, X.Y.; Sun, Y. Molecular 

basis for polyol-induced protein stability revealed by molecular 

dynamics simulations. J. Chem. Phys. 2010, 132, 5103, 

https://doi.org/10.1063/1.3453713. 

30. Vagenende, V.; Yap, M.G.S.; Trout, B.L. Mechanisms of 

protein stabilization and prevention of protein aggregation by 

glycerol. Biochemistry, 2009, 48, 11084-11096, 

https://doi.org/10.1021/bi900649t. 

31. Damodaran, S. Electrodynamic pressure modulation of 

protein stability in cosolvents. Biochemistry 2013, 52, 8363–

8373, https://doi.org/10.1021/bi400656a. 

32. Liu, X.;  Zhou, P.;Tran, A.; Labuza, T.P. Effects of polyols 

on the stability of whey proteins in intermediate-moisture food 

model systems. J. Agric. Food Chem. 2009, 57, 2339-2345, 

https://doi.org/10.1021/jf802789y. 

33. Chen, X.; Bhandari, B.; Zhou, P. Insight into the effect of 

glycerol on stability of globular proteins in high protein model 

system. Food Chem. 2019, 278, 780–785, 

https://doi.org/10.1016/j.foodchem.2018.11.117. 

34. Hirai, M.; Ajito, S.; Sugiyama, M.; Iwase, H.; Takata, S-I.; 

Shimizu, N.; Igarashi, N.; Martel, A.; Porcar, L. Direct evidence 

for the effect of glycerol on protein hydration and thermal 

structural transition. Biophys. J. 2018, 115, 313-327, 

https://doi.org/10.1016/j.bpj.2018.06.005. 

35. Lu, N.; Zhang,  L.; Zhang, X.; Li, J.; Labuza, T.P.; Zhou, P. 

Molecular migration in high-protein intermediate-moisture foods 

during the early stage of storage: Variations between dairy and 

soy proteins and effects on texture. Food Res. Inter. 2016, 82, 

34–43, https://doi.org/10.1016/j.foodres.2016.01.026. 

36. Zhu, D.; Labuza, T.P. Effect of cysteine on lowering 

protein aggregation and subsequent hardening of whey protein 

isolate (WPI) protein bars in WPI/buffer model systems. J. 

Agric. Food Chem. 2010, 58, 7970-7979, 

https://doi.org/10.1021/jf100743z. 

37. McMahon, D.J.; Adams, S.L.; McManus, W.R. Hardening 

of High-Protein Nutrition Bars and Sugar/Polyol–Protein Phase 

Separation. J. Food Sci. 2009, 74, E312-E321, 

https://doi.org/10.1111/j.1750-3841.2009.01225.x. 

38. Loveday, S.M.; Hindmarsh, J.P.; Creamer, L.K.; Singh, H. 

Physicochemical changes in intermediate-moisture protein bars 

made with whey protein or calcium caseinate. Food Res. Inter. 

2010, 43, 1321–1328, 

https://doi.org/10.1016/j.foodres.2010.03.013. 

39. Chen, Y.J.; Liang, L.; Liu, X.M.; Labuza, T.P.; Zhou, P.  

Effect of fructose and glucose on glycation of beta-lactoglobulin 

in an intermediate-moisture food model system: Analysis by 

liquid chromatography–mass spectrometry (LC–MS) and data 

independent acquisition LC–MS(LC–MSE). J. Agric. Food 

Chem. 2012, 60, 10674–10682, 

https://doi.org/10.1021/jf3027765. 

40. Zhou, P.; Guo, M.; Liu, D.; Liu, X.; Labuza, T.P. Maillard-

Reaction-Induced Modification and Aggregation of Proteins and 

Hardening of Texture in Protein Bar Model Systems. J. Food 

Sci. 2013, 78, C437-C445, https://doi.org/10.1111/1750-

3841.12061. 

41. Hassan, S.K.; McMahon, D.J.Hardening and microstructure 

of high protein nutrition bars made using whey protein isolate or 

milk protein concentrate. J. Anim. Sci. 2016, 94, 439-440, 

https://doi.org/10.2527/jam2016-0913.  

42. Meena, G.S.; Singh, A.K.;Panjagari, N.R. ;Arora, S. Milk 

protein concentrates: opportunities and challenges. J Food Sci 

Technol  2017, 543010–3024. https://doi.org/10.1007/s13197-

017-2796-0.    

43. Imtiaz, S.R.; Kuhn‐Sherlock, B.; Campbell, M. Effect of 

dairy protein blends on texture of high protein bars. J. Texture 

Stud. 2012, 43, 275-86, https://doi.org/10.1111/j.1745-

4603.2011.00337.x. 

44. Eshpari, H.; Jimenez-Flores, R.; Tong, P.S.; Corredig, M. 

Partial calcium depletion during membrane filtration affects 

gelation of reconstituted milk protein concentrates. J. Dairy Sci. 

2015, 98, 8454–8463, https://doi.org/10.3168/jds.2015-9856. 

45. Liu, D.; Li, J.; Zhang, J.; Liu, X.; Wang, M.; Hemar, Y.; 

Regenstein, J.M.; Zhou, P. Effect of partial acidification on the 

ultrafiltration and diafiltration of skim milk: Physico-chemical 

properties of the resulting milk protein concentrates. J. Food 

Eng. 2017, 212, 55-64, 

https://doi.org/10.1016/j.jfoodeng.2017.05.019. 

46. Bhaskar, G.V.; Singh, H.; Blazey, N.D.Milk protein 

products and processes. US Patent 2007, 7, 108. 

47. Xu, Y.; Liu, D.; Yang, H.; Zhang, J.; Liu, X.; Regenstein, 

J.M.; Hemar, Y; Zhou, P. Effect of calcium sequestration by ion-

exchange treatment on the dissociation of casein micelles in 

model milk protein concentrates. Food Hydro. 2016, 60, 59-66, 

https://doi.org/10.1016/j.foodhyd.2016.03.026. 

https://doi.org/10.1080/10408398.2012.758625
https://doi.org/10.1016/j.idairyj.2005.06.005
https://doi.org/10.1016/j.foodhyd.2005.03.015
https://doi.org/10.1002/jsfa.4478
https://doi.org/10.1016/j.foodhyd.2014.09.022
https://doi.org/10.1002/jsfa.4461
https://doi.org/10.1051/dst/2010002
https://doi.org/10.1016/j.idairyj.2014.09.009
https://doi.org/10.3168/jds.S0022-0302(83)82022-0
https://doi.org/10.3168/jds.S0022-0302(89)79175-X
https://doi.org/10.3168/jds.2015-10256
https://doi.org/10.1063/1.3453713
https://doi.org/10.1021/bi900649t
https://doi.org/10.1021/bi400656a
https://doi.org/10.1021/jf802789y
https://doi.org/10.1016/j.foodchem.2018.11.117
https://doi.org/10.1016/j.bpj.2018.06.005
https://doi.org/10.1016/j.foodres.2016.01.026
https://doi.org/10.1021/jf100743z
https://doi.org/10.1111/j.1750-3841.2009.01225.x
https://doi.org/10.1016/j.foodres.2010.03.013
https://doi.org/10.1021/jf3027765
https://doi.org/10.1111/1750-3841.12061
https://doi.org/10.1111/1750-3841.12061
https://doi.org/10.2527/jam2016-0913
https://doi.org/10.1007/s13197-017-2796-0
https://doi.org/10.1007/s13197-017-2796-0
https://doi.org/10.1111/j.1745-4603.2011.00337.x
https://doi.org/10.1111/j.1745-4603.2011.00337.x
https://doi.org/10.3168/jds.2015-9856
https://doi.org/10.1016/j.jfoodeng.2017.05.019
https://doi.org/10.1016/j.foodhyd.2016.03.026


Hardness of high protein nutrition bars based on the use of milk protein concentrates: a review 

Page | 4921 

48. Marella, C.; Salunke, P.; Biswas, A.C.; Kommineni, A.; 

Metzger, L.E.; Manufacture of modified milk protein 

concentrate utilizing injection of carbon dioxide. J. Dairy Sci. 

2016, 98, 1–13, https://doi.org/10.3168/jds.2014-8946. 

49. Luo, X.; Vasiljevic, T.; Ramchandran, L.Effect of adjusted 

pH prior to ultrafiltration of skim milk on membrane 

performance and physical functionality of milk protein 

concentrate. J. Dairy Sci. 2016, 99, 1083-1094, 

https://doi.org/10.3168/jds.2015-9842. 

50. Sikand, V.; Tong, P.; Walker, J. Effect of adding salt 

during the diafltration step of milk protein concentrate powder 

manufacture on mineral and soluble protein composition. Dairy 

Sci. Technol. 2013, 93, 401-413, https://doi.org/10.1007/s13594-

013-0110-0. 

51. Mao, X.Y.; Tong, P.S.; Gualco ,S.; Vink, S. Effect of NaCl 

addition during diafiltration on the solubility, hydrophobicity, 

and disulfide bonds of 80% milk protein concentrate powder. J. 

Dairy Sci. 2012, 95, 3481–3488, 

https://doi.org/10.3168/jds.2011-4691. 

52. Ramchandran, L.; Luo, X.;Vasiljevic, T.Effect of chelators 

on functionality of milk protein concentrates obtained by 

ultrafiltration at a constant pH and temperature. J Dairy Res. 

2017, 84, 471-478, https://doi.org/10.1017/S0022029917000528.  

53. Ye, A. Functional properties of milk protein concentrates: 

Emulsifying properties, adsorption and stability of emulsions. 

Int. Dairy J. 2011, 21, 14-20, 

https://doi.org/10.1016/j.idairyj.2010.07.005. 

54. Augustin, M.A.; Sanguansri, P.; Williams, R.; Andrews, H. 

High shear treatment of concentrates and drying conditions 

influence the solubility of milk protein concentrate powders. J 

Dairy Res. 2012, 79, 459-68, 

https://doi.org/10.1017/S0022029912000489. 

55. Udabage, P.; Puvanenthiran, A.; Yoo, J.A.; Versteeg, C.; 

Augustin, M.A. Modified water solubility of milk protein 

concentrate powders through the application of static high 

pressure treatment. J. Dairy Res. 2012, 79, 76–83, 

https://doi.org/10.1017/S0022029911000793. 

56. Rupp, L.S.; Molitor, M.S.; Lucey, J.A.Effect of processing 

methods and protein content of the concentrate on the properties 

of milk protein concentrate with 80% protein. J.Dairy Sci. 2018, 

101, 7702-7713, https://doi.org/10.3168/jds.2018-14383. 

57. Li, K.; Woo, M.W.; Patel, H.; Metzger, L.; Selomulya, C. 

Improvement of rheological and functional properties of milk 

protein concentrate by hydrodynamic cavitation. J. Food Eng. 

2018, 221, 106-113, 

https://doi.org/10.1016/j.jfoodeng.2017.10.005. 

58. Gaiani, C.; Morand, M.; Sanchez, C.; Tehrany, E.A.; 

Jacquot, M.; Schuck, P.; Jeantet, R.; Scher, J.How surface 

composition of high milk proteins powders is influenced by 

spray-drying temperature. Coll. Surf. B: Biointerf. 2010,75, 377–

384, https://doi.org/10.1016/j.colsurfb.2009.09.016. 

59. Fang, Y.; Rogers, S.; Selomulyaa, C.; Chen, X.D. 

Functionality of milk protein concentrate: Effect of spray drying 

temperature. Biochem. Eng. J. 2012, 62, 101–105, 

https://doi.org/10.1016/j.bej.2011.05.007. 

60. Chew, J.H.; Liu, W.; Fu, N.; Gengenbach, T.; Chen, X.D.; 

Selomulya, C. Exploring the drying behaviour and particle 

formation of high solids milk protein concentrate. J. Food Eng. 

2014, 143, 186–194, 

https://doi.org/10.1016/j.jfoodeng.2014.07.004. 

61. Banach, J.C.; Clark, S.; Metzger, L.E.; Lamsal, B.P. 

Textural performance of cross linked or reduced-calcium milk 

protein ingredients in model high-protein nutrition bars. J. Dairy 

Sci. 2016, 99, 6061–6070, https://doi.org/10.3168/jds.2016-

10995. 

62. Banach, J.C.; Lin, Z.; Lamsal, B.P. Characterization of 

extruded and toasted milk protein concentrates. J. Food Sci. 

2013, 78, E861-E867, https://doi.org/10.1111/1750-3841.12122. 

63. Banach, J.C.; Clark, S.; Lamsal, B.P. Microstructural 

Changes in high-protein nutrition bars formulated with extruded 

or toasted milk protein concentrate. J. Food Sci. 2016, 81, C332-

C340, https://doi.org/10.1111/1750-3841.13198. 

64. Banach, J.C.; Clark, S.; Lamsal, B.P. Particle size of milk 

protein concentrate powder affects the texture of high-protein 

nutrition bars during storage. J. Food Sci. 2017, 82, 913-922, 

https://doi.org/10.1111/1750-3841.13684. 

65. Bouvier, J-M.; Collado, M.; Gardiner, D.; Scott, M.; 

Schuck, P. Physical and rehydration properties of milk protein 

concentrates: comparison of spray-dried and extrusion porosified 

powders. Dairy Sci. Technol. 2013, 93; 387-399, 

https://doi.org/10.1007/s13594-012-0100-7.  

66. Banach, J.C.; Lin, Z.; Lamsal, B.P. Enzymatic modification 

of milk protein concentrate and characterization of resulting 

functional properties. LWT - Food Sci. Technol. 2013, 54, 397-

403, https://doi.org/10.1016/j.lwt.2013.06.023. 

67. Banach, J.C.; Clark, S.; Lamsal, B.P. Texture and other 

changes during storage in model high-protein nutrition bars 

formulated with modified milk protein concentrates. LWT- Food 

Sci. Technol 2014, 56, 77–86, 

https://doi.org/10.1016/j.lwt.2013.11.008. 

68. Sparkman, K.; Joyner, H.S. Impact of formulation on high-

protein bar rheological and wear behaviors. J. Texture Stud. 

2019, 1–11, https://doi.org/10.1111/jtxs.12455 

69. Li, J.; Wu, Y.; Ma, Y.; Lu, N.; Regenstein, J.M.; Zhou, P. 

Effects of addition of hydrocolloids on the textural and structural 

properties of high-protein intermediate moisture food model 

systems containing sodium caseinate. Food Funct. 2017, 8, 

2897-2904, https://doi.org/10.1039/c7fo00570a. 

70. Meng, X.; Ji, J.; Qi, X.; Nie, X. Effect of anticaking agents 

on hardening and  Maillard-induced protein aggregation in high-

protein nutrition bars formulated with whey protein concentrate. 

LWT-Food Sci. Technol. 2019, 108, 261–267, 

https://doi.org/10.1016/j.lwt.2019.03.077. 

 

 

© 2019 by the authors. This article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

https://doi.org/10.3168/jds.2014-8946
https://doi.org/10.3168/jds.2015-9842
https://doi.org/10.1007/s13594-013-0110-0
https://doi.org/10.1007/s13594-013-0110-0
https://doi.org/10.3168/jds.2011-4691
https://doi.org/10.1017/S0022029917000528
https://doi.org/10.1016/j.idairyj.2010.07.005
https://doi.org/10.1017/S0022029912000489
https://doi.org/10.1017/S0022029911000793
https://doi.org/10.3168/jds.2018-14383
https://doi.org/10.1016/j.jfoodeng.2017.10.005
https://doi.org/10.1016/j.colsurfb.2009.09.016
https://doi.org/10.1016/j.bej.2011.05.007
https://doi.org/10.1016/j.jfoodeng.2014.07.004
https://doi.org/10.3168/jds.2016-10995
https://doi.org/10.3168/jds.2016-10995
https://doi.org/10.1111/1750-3841.12122
https://doi.org/10.1111/1750-3841.13198
https://doi.org/10.1111/1750-3841.13684
https://doi.org/10.1007/s13594-012-0100-7
https://doi.org/10.1016/j.lwt.2013.06.023
https://doi.org/10.1016/j.lwt.2013.11.008
https://doi.org/10.1111/jtxs.12455
https://doi.org/10.1039/c7fo00570a
https://doi.org/10.1016/j.lwt.2019.03.077

