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ABSTRACT  

One of the major problems with HPBs (high protein bars) is that they become harder over time. The aim of this study 
was to investigate the effects of milk protein ingredients on the physical stability of these bars. Bar hardening was 
studied under accelerated shelf-life conditions at 37ºC during 30 days. Model bars comprising of 45% carbohydrate 
syrup, 45% milk protein ingredient and 10% glycerol were prepared using a range of milk protein ingredients. Texture 
analysis, water activity measurements and color changes were correlated with the properties of the protein powders 
(moisture sorption, particle size and structure, protein composition). Two extremes were found: crumbly and dry texture 
given by acid and rennet caseins, showing increased hardness over storage time, and viscous liquid and sticky texture 
given by casein hydrolysates, that formed the softest bars. The degree of solubility and the fraction of powders particles 
in the bar matrix were found to be the major factors that contribute to differences in texture. Correlation of bar hardness 
with protein ingredient properties indicate the following driving forces for development of bar hardness: (1) water-
sorption by proteins; (2) sorption of carbohydrate syrup by protein powder particles, (3) (partial) dissolution of 
proteins/peptides. Based hereon, protein type and powder particle size and density were identified as the most important 
properties of protein ingredients determining their behaviour in nutritional bars. 
 
Keywords: carbohydrate, hardness, milk proteins, moisture content, nutritional bar, texture 

 

1. Introduction 

 

Sports and energy bars are some of the fastest 
growing segments, as consumers are turning busier 
day-by-day and less reticent towards purchases of 
meals and meal replacements. As all the food products, 
besides the nutritional value, protein bars should be 
appealing to the consumer, promoting a satisfying 
experience. The flavor is one of the more important 
attributes. However, texture is also a crucial point to 
have in consideration. One of the major problems 
related with the texture of HPBs is that they became too 
hard over time, making them unacceptable for the 
consumer (McMahon et al. 2009). 

Typically, commercial protein bars are composed of 
two main ingredients: powdered proteins from soy or 
dairy sources and sugar- or polyol-based syrups (Li et 
al. 2008). The ingredient distribution is normally 20-40% 
protein, 10-50% carbohydrates and 10-15% fats with a 
water activity between 0.5 to 0.7 (Dan & Labuza 2010). 
HPBs usually also contain other components including 
flavors, stabilizers, and inclusions such as peanuts and 
dried fruits (McMahon et al. 2009). Whey protein isolate 
(WPI) is one of the most common sources of protein, but 
caseins can also be used. The carbohydrates are 
usually a blend of high fructose corn syrup (HFCS) and 
a polyol syrup (glycerol, sorbitol or maltitol) which has 
the function to provide the water needed to form a 
dough. HPBs also have a source of fat, which can be 
vegetable shortening, cocoa butter or vegetable oil 
(McMahon et al. 2009).  

When proteins are blended together they can have 
synergistic or antagonistic effects. This means that a bar 
can have a better or worse texture than the expected 
texture when only the pure proteins are used (Imtiaz et 

al. 2012). The present study investigates the influence 
of milk protein ingredients in the formulation of HPBs 
and their influence on texture. Milk proteins can be 
divided into caseins and whey proteins. The milk protein 
ingredients are commercially available either as 
mixtures of caseins and whey proteins in e.g., MPCs 
and MCCs, or as protein isolates in e.g., caseinate and 
WPCs and WPIs (McSweeney & O’Mahony 2013).  

Hardness of the bars can be attributed to a various 
number of mechanisms. These include aggregation of 
proteins following formation of intermolecular disulphide 
bonds and non-covalent interactions, Maillard reactions 
(non-enzymatic browning) (Zhou et al. 2013), moisture 
migration, phase separation phenomena (Hogan et al. 
2012) and fat oxidation (Dan & Labuza 2010). In fact, 
hardening of HPB does not occur due to a single 
mechanism, it is a combination of various chemical, 
physical, thermodynamic and process related factors 
(Hogan et al. 2012).  

 

2. Materials and methods 

 

2.1. Materials 

Fructose and sucrose were produced by Galam 

Group and glucose by Cargill. Maltose was provided by 

Merck KGaA and maltitol by Tokyo Chemical Industry 

co, LTD. Sodium caseinate (NaCas), calcium caseinate 

1 (CaCas 1), calcium caseinate 2 (CaCas 2), calcium 

caseinate roller dried (CaCas R), casein hydrolysate 1 

(CH 1), casein phosphopeptides (CPP) and the MCC80 

were provided by Friesland Campina DMV; casein 

hydrolysate 2 (CH 2) by DSM Food Specialties; whey 

protein isolate 1 (WPI 1) by Davisco, whey protein 

isolate 2 (WPI 2) by Arla Foods and whey protein isolate 
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3 (WPI 3) by Hilmar Ingredients; acid and rennet casein 

by Kerry, MPC90 and whey protein hydrolysate (WPH) 

by Nizo Food Research. 

2.2. Preparation of HPBs 

Bar material was made in 80 g batches using a 
formulation of 45, 45 and 10% m/m of protein powder, 
carbohydrate syrup and glycerol, respectively, which 
corresponds to 36 g protein powder, 36 g carbohydrate 
syrup and 10 g glycerol. The ingredients were mixed 
manually using a spatula. The carbohydrate syrup was 
first mixed with the glycerol for 1 min and then half of the 
protein ingredient was added. After mixing for 30 s, the 
other half of the protein was added to the mixture and 
mixed for another 30 s, scraping down the sides of the 
container to ensure even mixing and mixed for a final 30 
s. The resulting mixture was molded into plastic cups (~8 
g for hardness measurements and ~4 g for water activity 
measurements) and the lids were sealed with parafilm 
to prevent moisture loss. Samples were left to 
equilibrate for about 1 day at room temperature and then 
they were stored at 37ºC and ambient humidity to 
accelerate thermodynamic changes in bars. 

2.3. Powder characterization  

Dry matter content was determined by oven drying 
the protein powders as follows: ~2g of sample was 
weighted into metal cups (without lid) and placed into the 
oven for 2 hours at 102ºC. After that time, the cups were 
placed into desiccators (with lid) for 30 min to cool down. 
The samples were weighted and placed into the oven 
for 1 hour. After cooling down in the desiccators, the 
weight was measured again. This step was repeated 
until the difference between weights was less than 
0.0015 g. The water content was determined by the 
weight loss. The free moisture content was also 
determined by Infrared Moisture Analyser MA 150 
(Sartorius, Germany). Powder particle density (ρp) was 
determined by using a Beckman 930 pycnometer 
(Beckman Instruments Inc., USA).  

The true density of the powder (ρt) was estimated 
by calculation and taking into account the composition 
of the different powders (protein, fat, moisture, lactose 
and others). The component density values were found 
in literature (Walstra et al. 2005) and they represent the 
values for apparent density in aqueous solution, not the 
density of the components in dry state. 
Powder particle size was measured by laser light 
scattering using a Mastersizer 2000 and a HYDRO 
2000S (Malvern Instruments Ldt, UK).  

Shape and state of agglomeration was also 
tested using a REICHERT-JUNG POLYVAR 
microscope (Leica Microsystems, Switzerland). The 
powder was fixed in a microscope slide with parafin oil 
and the results were collected using bright field and 
different magnifications.  
 
 
 
 

2.4. Moisture sorption 

The moisture sorption behavior of protein powders 
was determined by weighing about 1g of each protein 
powder onto plastic cups with 7 cm length and 3 cm 
diameter and then holding at room temperature in 
desiccators containing saturated solutions of P2O5, 
K2CO3, Mg(NO3)2, NaNO3, NaCl and KCl, with water 
activities of ~0.0, 0.432, 0.532, 0.65, 0.75 and 0.85 
respectively. Powders were equilibrated until no change 
in weight was observed.  

2.5. Bar production 

Bar material was made in 80 g batches using a 
formulation of 45, 45 and 10% m/m of protein powder, 
carbohydrate syrup and glycerol, respectively, which 
corresponds to 36 g protein powder, 36 g carbohydrate 
syrup and 10 g glycerol. The ingredients were mixed 
manually using a spatula. The carbohydrate syrup was 
first mixed with the glycerol for 1 min and then half of the 
protein ingredient was added. After mixing for 30 s, the 
other half of the protein was added to the mixture and 
mixed for another 30 s, scraping down the sides of the 
container to ensure even mixing and mixed for a final 30 
s. The resulting mixture was molded into plastic cups (~8 
g for hardness measurements and ~4 g for water activity 
measurements) and the lids were sealed with parafilm 
to prevent moisture loss. Samples were left to 
equilibrate for about 1 day at room temperature and then 
they were stored at 37ºC and ambient humidity to 
accelerate thermodynamic changes in bars. 

2.6. Water activity 

Water activity, aw, was determined using an AQUA 
LAB serie 3 (Decagon Devices, USA). Samples were 
measured in AQUA LAB water activity cups (Decagon 
Devices, USA) and were considered as equilibrated if no 
change in aw occurred for 1 min. 

2.7. Texture analysis  

The firmness of the protein bars was measured 
using a Texture Analyser XT Plus from Stable Micro 
Systems (Godalming, UK) with 30 kg load cell, which 
was calibrated with a 5 kg weight or with a 5 kg load cell, 
which was calibrated with a 1 kg weight. A cylindrical 
probe with 5 mm diameter was used to penetrate the 
sample at the test-speed of 1 mm/s. The target mode 
selected was distance which was set to 6 mm. The 
experiments were performed with “auto-trigger” which 
had the value of 0.1 N (for the 30 kg load cell) or 0.001 
N (for the 5 kg load cell).  Measurements were taken for 
freshly produced bars and subsequent intermittent 
measurements following storage at 37ºC. Samples were 
equilibrated at room temperature prior to hardness 
measurements and the results were expressed as 
maximum peak force (N) as function of distance (mm).   

2.8. Free amino residues (OPA method) 

The samples were prepared by diluting the protein 
bars 100 times. For this purpose, 1 g of protein bar in 
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was dissolved 9 g of MilliQ water using a magnetic 
stirrer. And 1 g of the resulting solution was taken and 
diluted in 9 g MilliQ. The preparation of the OPA solution 
required the preparation of a 0.1 M Borax solution by 
dissolving 3.814 g di-natrumtetraborat-decahydrat 
(Na2B4O7.10H2O) in 100 mL of MilliQ water and a 20% 
SDS solution by dissolving 20 g of sodiumdodecylsulfate 
in 100 mL of MilliQ water. The OPA reagent was 
prepared freshly by dissolving 16 mg of OPA (Sigma, P-
0657) in 0.4mL methanol, followed by the addition of 2.5 
mL of 0.1 M Borax buffer, 88 mg DTT (Aldrich) and 0.25 
mL of 20% SDS. The volume was adjusted to 20 mL with 
MilliQ water. Volumes of 200 μL of each sample were 
titrated manually to a 96 well plate, all to different wells. 
The addition of the reagents and the following procedure 
was done automatically by a robot into a 384 well plate. 
The final 384 well plate contained 8 μL of sample and 72 
μL of reagents in each well. The absorbance was 
measured at 340nm by a M3 spectrophotometer 
(Molecular Devices, USA). 

3. Results  

 

3.1. Powder properties 

The values of powder particle density and volume 
of occluded air have a direct correlation, with a powder 
with a higher powder particle density having a lower 
volume of occluded air (Figure 1). The air present inside 
the particles will contribute to lowering the powder 
particle density. The calculated true density was based 
in the assumption that all the powders had a protein 
content of 90% which resulted in a similar value for all of 
the powders, with the exception of MCC80 that has 80% 
of protein content.   

 

Figure 1 Powder Particle Density (ρp), True Density (ρT) and 
Specific Volume of Occluded Air (Voa) in the different proteins. 

According to the values for the different CaCas 
tested it can be concluded that the same type of protein 
powder could have different properties. CaCas 1 and 
CaCas 2 are both spray dried powders, but from 
different suppliers, and CaCas R is from the same 
supplier as CaCas 1 but it was roller dried. Powder 
structure and properties are extremely dependent on the 
drying technique. A roller dried powder will have an 
irregular shape and structure and a low volume of 
occluded air.

 

Table 1 Results obtained from powder particle size for the proteins in study 

 
d(0,1) 
(μm) 

d(0,5) 
(μm) 

d(0,9) 
(μm) 

D[3,2] - Surface 
weighted mean (μm) 

D[4,3] - Volume 
weighted mean (μm) 

Exterior particle 
surface area (m2/100g) 

NaCas 48.3 126.8 289.7 87.8 151.8 5.3 

CaCas 1 31.0 74.9 192.7 56.2 99.6 10.1 

CaCas 2 22.1 61.7 174.7 17.9 86.5 9.5 

CaCas R 25.0 118.9 427.0 28.2 179.2 3.9 

CH 1 14.2 53.6 108.5 15.7 58.3 8.8 

CH 2 90.8 231.2 487.0 130.5 262.4 2.6 

CPP 11.1 39.8 79.1 14.7 43.1 12.3 

WPH 122.6 247.4 452.8 154.2 267.9 2.4 

Acid Casein 49.2 130.8 252.3 59.0 141.8 3.6 

Rennet Casein 28.4 115.5 247.6 34.7 128.6 3.9 

WPI 1 21.7 64.8 138.9 39.4 74.0 8.7 

WPI 2 61.6 142.6 307.1 94.2 167.2 3.8 

WPI 3 23.9 74.0 169.6 44.8 87.8 7.0 

MCC 80 19.8 63.3 161.6 42.5 81.3 13.3 

MPC 90 10.9 31.8 68.0 10.2 36.0 22.0 
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The results obtained from measuring particle size 
and the resulting values for the exterior particle surface 
area are presented in Table 1. The value used as the 
powder particle size for calculating the exterior particle 
surface area is the median powder particle diameter, 
d(0.5), expressed in μm, that is the value which 50% of 
the powder particles are smaller than. The differences in 
CaCas powders are also reflected in the powder particle 
size and concomitant exterior particle surface area. 
Roller dried powders have a larger particle size which 
results in a lower exterior surface area of the powder 
particles. Spray dried products have a narrow particle 
size interval due to the precise drying method, that only 
makes particles in a small range of sizes. Roller dried 
powder particles have an irregular shape and size, 
which will result in a powder with a wide particle size 
distribution.  

The sorption isotherms of the different proteins 
were obtained by equilibrating the powders at defined 
water activities until no changes in weight were 
observed. As it can be seen in Figure 2, CH 1 is the 
protein ingredient that showed the highest water 
sorption, followed by CH 2 and CPP. All the whey-based 
powders were found to have a relatively similar water 
sorption behavior, with the exception of WPH. Also, the 
non-hydrolyzed casein based-powders had a similar 
water sorption behavior.  

 

Figure 2 Sorption isotherms of the different protein powders. 

 

3.2. HPBs 

Carbohydrate concentration and the effect of 
using a reducing, a non-reducing or a sugar 
alcohol  

The 13 protein ingredients where separated into 3 
different groups: casein-based, whey-based and 
hydrolysates (WPH and casein hydrolysates). Casein 
hydrolysates resulted in softer bars with a texture 
comparable to a viscous solution. The results for the 
casein hydrolysates are presented in a different scale as 
they had lower values of hardness, and therefore a 
smaller scale was required (Figure 3). Hardness 
increased as a function of time in all bars and the extent 
of hardness was different between the protein bars. The 
hardness is expressed as the force needed applied by 
the probe at 3 mm distance into the bar as a function of 

storage time at 37ºC. From the intact protein 
ingredients, WPI resulted in the formation of the softest 
bars. On other hand, WPH resulted in the hardest bars 
out of all the hydrolysates. In the group of the casein-
based protein ingredients, MCC80 made the softest 
bars for all the concentrations of carbohydrate solution. 
Although all the bars showed an increasing in hardness 
over time, if a longer distance is considered, it can be 
observed a decrease in the force value. This happens 
because the fracture point is reached. Water activity 
depends, amongst others, on the carbohydrate syrup 
concentration. The bars prepared with 65% 
carbohydrate syrup had higher water activity, due to the 
higher amount of water present in the bars. Also, aw 
decreased with storage time for most the protein 
powders used. 

Maltose and sucrose are reducing and non-
reducing sugars, respectively, with similar solubility in 
water. Maltitol is the equivalent sugar alcohol of maltose 
and it also have similar solubility in water to sucrose and 
maltose. Hardness started at similar values and 
increased with time at the same rate for all the bars, 
regardless of the type of sugar used. Water activity 
showed a decrease with the storage time and had higher 
value for the bars prepared with maltose syrup, probably 
due to the formation of water through Maillard reaction.  

In order to investigate the extent of the Maillard 
reaction, the free amino groups residues in the protein 
bars prepared with NaCas, CP, CH 1 and CH 2, and 
sucrose or maltose syrup, were quantified with OPA 
method during storage of the bars at 37ºC. As it was 
expected, samples prepared using maltose syrup 
showed a decrease in the concentration of leucine 
equivalent over time, whereas the bars prepared with 
sucrose syrup the leucine equivalent concentration 
remained almost constant (Figure 4). Maltose and 
sucrose are both disaccharides. Unlike maltose, 
sucrose is a non-reducing disaccharide and therefore it 
does not participate in Maillard reaction. Bars prepared 
with maltose and sucrose syrups underwent different 
color changes. Discoloration is highly perceptible over 
time in the samples prepared with maltose, which is the 
result of the non-enzymatic browning. In the samples 
made with maltose is highly perceptible the browning 
over time, which is a result of the enzymatic browning. 
Sucrose, in the other hand, a non-reducing 
disaccharide, produced samples with small changes 
over the 30 days of storage at 37ºC. The discoloration 
in bars made with sucrose can be associated with the 
presence of lactose, a reducing sugar, in the protein 
powder ingredients. The results are presented in Figure 
5.
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Figure 4 Changes in the leucine equivalent concentrations as a function of storage time (d) at 37ºC.

 

Figure 5 Color changes in bars prepared with maltose and sucrose syrups during storage for 30 days at 37º.

Figure 3 Hardness (N) over 30 days of storage at 37ºC of bars prepared with different protein ingredients and with different 
carbohydrate concentrations. 
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Pre-equilibrated powders 

The water gained in the pre-equilibration was 
calculated for each powder and an 80% carbohydrate 
syrup was then diluted with the specific amount of water 
needed for each protein bar. Also, it was assured that all 
bars had the same amount of protein material: the water 
absorbed by the powders was compensated in the 
carbohydrate syrup. The final composition of the bars 
(protein powder, carbohydrate, water and glycerol) was 
the same for all the powders used. It was found that pre-
equilibration of protein powders prior to bar manufacture 
result in an efficient softening of the bars. The effect was 
more pronounced for NaCas than for WPH or WPI 2. 
Although softer, NaCas remained more susceptible to 
bar hardening than WPH and WPI 2. water activity 
stayed almost constant over the 30 days of storage, 
ranging between 0.64 and 0.7. 

Fractionated powders 

As would be expected, the bars prepared with 
CaCas 1 were harder to begin with, and developed 
higher hardness over time than the bars prepared with 
WPI 2. The decrease in water activity was higher for the 
bars prepared with CaCas 1 fractions, compared to the 
ones prepared with WPI 2 fractions. The fraction with the 
lowest final value for activity was F3 for CaCas 1 and F4 
for WPI 2. 

Protein blends 

When mixed together, some protein materials can 
have synergistic effects and produce a softer bar than 
the actual single ingredients. Protein blends of NaCas 
with CH 2 and WPH with WPI 2 were prepared using 
different ratios. 

Table 2 Ratios of the protein ingredients in blends and 
percentages of each protein powder in mixture 

Ratio 
NaCas (% in NaCas : CH 2) 
WPI 2 (% in WPI 2 : WPH) 

CH 2 (% in NaCas : CH 2) 
WPH (% in WPI 2 : WPH) 

0:1 0 100 

1:4 20 80 

1:2 33 67 

1:1 50 50 

2:1 67 33 

4:1 80 20 

1:0 100 0 

 

The mixtures were then used to prepare bars that 
were stored during 30 days at 37ºC. For the mixture with 
WPI 2 and WPH it was found that the hardness of the 
single ingredients is higher than the hardness measured 
for the mixture of both protein ingredients, which shows 
that these protein powders together can develop 
synergistic effects and produce a softer bar. Water 
activity showed a small variation over the 30 days of 
storage and it remained always between 0.6 and 0.7. 
The water activity of the bars produced with protein 
blends mostly remained in between the water activity 
levels of the bars produced with the individual protein 
ingredients.  

Coated powders 

In order to evaluate the influence of a coated 
particle surface on protein bars hardness, NaCas 
powder was coated with palm oil or lecithin, or with a 
mixture of both (75% palm oil and 25% lecithin). Two 
concentrations coating material were tested (5 and 
10%). Two types of control samples were prepared: bars 
with non-coated NaCas where the coating material was 
added to the bar formulation, and bars with no lecithin 
and no palm oil. The hardness of the bars with coated 
and non-coated powder particles was plotted against the 
storage time and compared to the hardness of a NaCas 
bar with no coating agent added to the formulation. The 
results revealed a softening effect of the coated particles 
that gave softer bars than the pure NaCas bars. In the 
30th of storage all the powders reached a hardness close 
to the NaCas bars with no coating agent added. Lecithin 
(coated and non-coated) remained softer than the 
others. However, there is no difference in using fat (palm 
oil) or an amphiphilic molecule (lecithin). Moreover, the 
difference between the coated and non-coated powders 
was not noteworthy. Water activity of the coated and 
non-coated powders stayed almost constant over time, 
ranging between 0.65 and 0.7 for all the powders tested.  

Insoluble MPC90 

Insoluble MPC90 (stored at 60ºC or microwaved) 
were used to make protein bars in to order to evaluate 
the influence of an insoluble powder in the bar 
formulation. The texture and water activity were 
measured on the day after making the bars (day 1), 8th 
and 15th day. Insoluble MPC90 (stored at 60ºC or 
microwaved) resulted in harder bars than the 
soluble/control MPC90 with an increase in hardness 
over the storage time. Water activity remained constant 
over the storage time.  

4. Discussion 

 

4.1. Carbohydrates 

The carbohydrates are one of the main ingredients 
present in the formulation of protein bars and they will 
therefore have an influence over the texture of the final 
product. Each carbohydrate has a characteristic 
solubility limit and this limit is a determinant factor to the 
final texture of the carbohydrate syrup and, as a 
consequence, for the protein bar. The use of different 
concentrations of carbohydrate in solution, varying from 
-10 to +10% of the solubility limit for each carbohydrate 
showed a gradual increase in the surface tension of the 
resulting solution. Fructose is the carbohydrates that 
has the major increase, from 0.05N (-10% of the 
solubility limit) to 0.33N (+10% of the solubility limit). 
Fructose is also the one which has the higher solubility 
limit. When mixtures of the different carbohydrates were 
tested the trend was the same: an increase in hardness 
with the increase in the solubility limit. The water activity 
values are directly related with the amount of water 
added in each solution and they therefore decreased 
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with the increase of carbohydrate in the solution. The 
three different carbohydrate syrup concentrations tested 
(65, 70 and 75%) revealed that the final hardness of the 
bars was not influenced by the carbohydrate 
concentration used in the bars formulation. The 
discussion and the conclusions will be based on the 
70% sugar concentration. As mentioned before, maltose 
is reducing sugar and therefore is able to participate in 
non-enzymatic browning. Maillard reaction has been 
reported as one of the possible contributors for the 
hardening of the bars. Although the small difference in 
texture between this two disaccharides, Maillard 
reaction were found to have less or no influence in the 
texture of bars. The extent of Maillard reaction is 
confirmed by the decrease in the leucine equivalent over 
time for maltose. This leucine equivalent corresponds to 
the free amino groups that reacted with the reducing 
sugar through non-enzymatic browning, which lead to a 
decrease in their concentration. The same is confirmed 
by the color changes observed during storage. Bars with 
maltose underwent a noticeable browning, unlike the 
bars with sucrose that remained light-colored over the 
storage time.  

4.2. Powder properties and HPBs 

Hardness of protein bars is extremely dependent on 
the type of protein used. The proteins used were divided 
into three groups: casein-based, whey-based and 
casein hydrolysates. The casein-based are composed 
of NaCas, CaCas 1, acid casein, rennet casein, MCC80 
and MPC90. As shown in Figure 3, for all the 
carbohydrate syrup concentration tested, acid and 
rennet casein were found to form the hardest bars, 
followed by the NaCas and CaCas 1. Acid and rennet 
caseins are considered insoluble-casein ingredients, as 
they are obtained by insolubilizing caseins. Although 
insoluble, acid and rennet casein are not inert, but they 
can interact and can hydrate by taking water. On the 
other hand, NaCas and CaCas are highly soluble in 
water (McSweeney & O’Mahony 2013). In general, it can 
be said that NaCas gave harder bars than CaCas 1. The 
difference in hardness for these two caseinates is 
caused by the presence of mono- or divalent cations. 
For monovalent caseinates as NaCas, the casein-
casein interactions are dominated by electrostatic 
repulsions because the interactions between cation-
polyanion are much weaker. This repulsion overcomes 
the hydrophobic association energy resulting in loose 
aggregates that are highly hydrated and exhibit high 
apparent viscosities in solution. In the case of divalent 
cations as CaCas, the inter- and intra- casein molecule 
bonds dominate causing a rearrangement of the casein 
in order to minimize the repulsion and form micelle-like 
particles with charged κ-caseins on the surface. This 
divalent caseinates are poorly hydrated and compact, 
giving origin to less viscous solutions than monovalent 
cations (Carr et al. 2003). Another fact that can be 
pointed out as a cause for the differences in texture is 
the presence or absence of whey proteins. These 
proteins are completely absent in caseinates and acid 
and rennet casein but they are part of MPC and MCC 
composition (Loveday et al. 2010). In general, the 

protein content in MPCs is composed by 80% caseins 
and 10% whey proteins. In the case of an MPC90, the 
90% protein in the powder is in fact 72% caseins and 
18% whey proteins.  MCCs, on the other hand, are 
composed by ≥ 90% caseins and ≤ 10% whey proteins, 
that in the case of MCC80 (with 80% protein in its 
composition) totals 72% caseins and 8% whey proteins 
(McSweeney & O’Mahony 2013). Therefore, the 
softness of the bars made with MCC80 can be explained 
by lower protein content the powder material (90% in 
MCP90 versus 80% in MCC80). 

The water activity of the dry powder material plays 
also an important role when differences in hardness of 
same powders types are compared. (Hogan et al. 2012) 
reported that differences in WPI-based bars could be 
largely related with differences between the aw of 
powder and liquid phases, then other physical factors. 
In fact, it is well known that water migration occurs from 
the regions of high aw to regions of low aw and the 
discontinuities of water activity between bar ingredients 
(or micro-regions) are one of the major forces for water 
migration. From Figure 3 can be observed that a bar with 
WPI 3 in its composition had a harder texture than a bar 
made with WPI 1 or 2. The results are in line with the 
previous studies (Hogan et al. 2012), since WPI 3 had 
the lowest water activity value (aw=0.241), followed by 
WPI 2 (aw=0.242) and WPI 1 (aw=0.477). These results 
show that minimizing the differences between the aw of 
the different protein bar ingredients can improve bar 
stability and decrease moisture migration. The main 
difference in using whey protein and casein-based 
ingredients is that the presence of whey proteins 
appears to plasticize the bar matrix. Figure 2 indicates 
that hydrolyzed proteins have a higher moisture sorption 
capacity than non-hydrolyzed proteins. During 
hydrolysis, peptides with different sizes are generated 
and their size will define the degree of hydrolysis, DH. A 
high DH is due to the presence of low molecular weight 
peptides. These small peptides have increased 
hygroscopicity due to the existence of more hydrophilic 
groups exposed and could further increase the 
plasticizing effect, leading to a decrease in the glass 
transition temperature, Tg. The Tg is defined as the 
transition of the physical state “glassy” to a “rubbery” 
state and it is time, composition and temperature 
dependent (Rao et al. 2016). 

The protein ingredients used can be divided into 5 
categories: acid and rennet casein, casein micelles, 
caseinates, whey protein isolates and hydrolysates. The 
bar matrix can be divided into two phases: a liquid phase 
composed by the carbohydrate syrup and glycerol and 
a powder phase composed by the powder particles. In 
the case of hydrolysates this phase separation is almost 
nonexistent because the powder is completely soluble 
in the liquid phase. However, other protein powders give 
origin to a two phase system. Micellar casein and 
caseinates-based powder are not completely soluble 
and so they will have some particles in the powder 
phase. Acid and rennet casein are completely insoluble, 
which means that the bar matrix will be composed by a 
liquid phase with no soluble particles and a powder 
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Figure 6 Average EMC at aw of 0.65 for the 5 protein 
categories. 

phase with all the protein particles. The higher the 
fraction of protein particles that remained insoluble, the 
hard is the final texture of the bar.  The expected results 
were that hardness would follow the order mentioned 
previously (hydrolysates < whey proteins < caseinates < 
micellar caseins < acid and rennet casein). 
Nevertheless, the average of the protein bars hardness 
with the proteins in each category revealed a switch 
between casein micelles and caseinates-based 
powders (hydrolysates < whey proteins < micellar 
caseins < caseinates < acid and rennet casein). 
Caseinates resulted in harder bars than micellar caseins 
due to the influence of the soluble particles in the bar. 
The NaCas soluble powder particles dissolved in the 
carbohydrate syrup have higher viscosity than an 
equivalent part of micellar casein soluble powder 
particles. Therefore, higher viscosity can be correlated 
with higher hardness. 

Fractionated powders 

As it was expected, all the fractions tested reveled 
an increase in hardness over time. The CaCas 1 powder 
material has a narrow range of particle sizes in its 
composition, which gave origin to fractions with very 
similar particle size. The same is not true for WPI 2, 
since the latter had broader particle size distribution, 
which made it possible to have fractions with distinct 
sizes. Therefore, for CaCas 1 no fraction specifically 

stood out from the others. All fractions of the same 
powder showed the same moisture sorption behavior, 
irrespective of the powder particle size. However, the 
hydration of a powder material, and its ability to take up 
water is favored by the size of the particles due to the 
increased wettability, sinkability and dispersibility 
capacity with increasing particle size (Bhandari et al. 
2013). Labuza & Hyman 1998 affirmed that smaller pore 
sizes will lower the moisture migration rate in foods as 
the water needs to pass through more tortuous 
pathways. Actually, in the case of WPI 2, F4 has 
hardened considerably when compared with the other 
fractions. This fraction has particles with a medium size 
of 327.8 μm, almost the twice of the size for the particle 
in fraction 3 (166.3 μm) which lead to an easily hydration 
of the particles and so, as a consequence, to bars with 
a higher value for hardness after the storage time. 
Another possible cause for these results is related with 
the atomization process of the powder. During drying 
the, the liquid is atomized into droplets of different sized. 
All droplets fall down the same drying tower, under the 
same conditions. The small droplets have less moisture 
and larger surface area and they will dry faster. The 
large droplets have more moisture and lower surface 
area. Because water diffusion out of the droplet is slower 
in larger droplets, they stay wet for a longer time. This 
can lead to development of insolubility over time which 
can be related to the higher hardness of the bars with 
the largest particles. 

Nonetheless, if the percentage of hardness over 
time was taken into account for each fraction, and not 
only the absolute value of hardness for the last 
measurement, for CaCas 1 F4 is also the fraction that 
had a higher increase in hardness over the 30 days.  

Protein blends 

The resulting bars have a hardness in each time 
point that is lower than the hardness for the single 
ingredients. It was also found that a mixture with a 
concentration of WPI 2 between 50 and 67% is the 
optimal concentration of proteins that result in the softest 
bars. The mechanism behind this behavior is not well 
known yet, but it can be associated with some effects on 
moisture sorption and also with the different sizes of the 
particles. Nevertheless, a possible cause for this effect 
is the concomitant better packing of protein particles. A 
good packing of protein particles is almost always 
favored by a blend of proteins due to the existence of a 
wide distribution of particle size.

 

Figure 7 Illustration of the distribution of the protein powder particles within the bar matrix. 
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The inter-particular space, also called as void 
volume, and its fraction normally decrease with the 
presence of smaller particle size. The fine particles can 
occupy the interstitial space and pack together in bulk, 
which lead to a jamming effect. However, above a 
certain concentration of fine particles, this effect is 
reversed. The fine powder fraction volume has an ideal 
value between 0.5 and 0.6, which is concordant with the 
volume fraction of WPI 2 added to the mixture that was 
found to be the ideal ratio for WPI 2 and WPH. When 
NaCas was mixed with CH 2 the same trend was 
observed for the first NaCas percentages: increasing the 
concentration of NaCas caused a decrease in hardness. 
However, percentages of NaCas higher than 33% lead 
to an increase of the hardness. For the first ratios, CH 2 
was the dominant protein, due to the higher percentage 
in the mixture. When a half-half mixture was made, the 
effect of NaCas started to overcome the effect of CH 2. 
Hereupon, it was found that a bar made with 33% of 
NaCas and 77% of CH 2 produce the softest bars. 
However, the effect of the void volume in the packing of 
powder particles, and therefore in the resulting 
hardness, has only effect when particles remain 
insoluble.  In the case of the NaCas and CH 2 mixture, 
the hydrolysate is completely soluble in the syrup and so 
it is not possible to mention void volume as the reason 
for the changes in hardness. When the two protein 
powders are mixed in the syrup there is a competition 
for the moisture available. In the first two ratios of NaCas 
and CH 2, the amount of NaCas powder particles was 
not sufficient to have any effect on texture and thus, the 
decrease in texture can be explained by the decrease in 
the CH 2 powder particles dissolved in the bar matrix. 
NaCas particles are mostly insoluble and their 
concentration in the first two ratios is not enough to allow 
particle interaction. Also, the effect of the swollen NaCas 
is not sufficient to have influence in the development of 
hardness. Nonetheless, when a blend of 50% NaCas 
and 50% of CH 2 was tested, the bars shown to develop 
a noticeable hardness. The amount of NaCas in the 
mixture allows particle-particle interactions and the 
syrup swelled by the particles increased their volume 
fraction (and decreased the water available to dissolve 
the hydrolysate), which resulted in harder bars. 
Increasing the concentrations of NaCas to 80% 
increased the effects mentioned above and gave origin 
to harder bars. In the case of WPI 2 and WPH, the same 
explanation is valid: increasing the concentration of WPI 
2 to about 50% will have no effect on hardness, and the 
texture of the bars is explained by the concomitant 
decrease in WPH in the formulation.  

To test the veracity of this theory, a blend with 
NaCas and CPP was made, using the same ratios as 
before. The process of manufacturing the bars was 
changed: first, the CPP was added into the carbohydrate 
syrup and glycerol and mixed until all the powder was 
dissolved. After that, the NaCas was added and mixed 
for 30 s. The bars were stored at 37ºC and 
measurements were made at day 1, 4, 7 and 10. The 
texture results showed that the hardness behavior was 
the same seen previously for the other protein blends 
(see appendix B). However, the minimum that was 

reached for a 33% NaCas for the NaCas:CH 2 mixture 
was now reached for a 20% NaCas. The results can be 
caused by (1) the influence in texture given by CPP is 
not the same as CH 2, and (2) the dissolution of the 
particles in the syrup will minimize the competition for 
water and the effect of NaCas is noted earlier.  
 

Coated powders 
 

The reactive groups present in proteins and that 
can absorb water are located at the exterior surface of 
the protein. Covering these reactive groups should 
decrease the interactions between the proteins and 
water (and also protein-protein interactions) and 
therefore, bars made with coated powders should have 
a softer texture than bars produced with non-coated 
powders. In effect, all the 10% coated powders had a 
lower moisture sorption. It was found that a higher 
content of the coating agent will cover more reactive 
sites and therefore less water will be taken from the 
liquid phase. Moreover, it was found that covering the 
powder with palm oil, lecithin or a mixture of both will 
result in softer bars. Nonetheless, there is no difference 
in using an amphiphilic molecule as lecithin or fat as 
palm oil. It can be said that lecithin gives softer bars 
according to Erro! A origem da referência não foi 
encontrada. , and a 10% lecithin coated powder made 

the softest bars, but the difference is not substantial.  
When the carbohydrate syrup is mixed with the protein 
powder a suspension of powder particles is formed. 
However, this “equilibrium” state is not permanent. In 
fact, two reactions start almost immediately when mixing 
protein bar ingredients: (1) some powder particles, in 
this case NaCas particles, will dissolve in the liquid 
phase or (2) some of the carbohydrate syrup will get 
sucked up by the protein powder particles, that start to 
swell. These swollen particles can interact and form 
some aggregates that can be involved in the hardening 
process. When using palm oil, the softening effect is not 
so efficient compared to lecithin. It is known that lecithin 
is surface active and so it can act minimize the 
hardening in two ways: (1) by reducing the interactions 
between the powder particles or (2) by reducing the 
syrup that is taken by the particles. This amphiphilic 
molecule will be orientated with the polar (hydrophilic) 
domain to the syrup and with the non-polar 
(hydrophobic) domain to the powder particles and this 
distribution can reduce the interaction between particles, 
which lead to less aggregates formed. Also, the 
attachment of these molecules on the surface of the 
protein particles can be more “permanent” that palm oil, 
which can lead to less syrup taken by protein particles. 
When looking to the bars with the non-coated powders, 
the final hardness is practically the same as the ones 
with coated powders, although faster. Mixing the coating 
agent with the remain ingredients can have the same 
effect of using a powder that was coated previously. In 
the case of amphiphilic molecules as lecithin, when 
mixed with the other ingredients, the tendency will be to 
rearrange the position of the molecules with the 
hydrophobic part facing the powder particles and 
hydrophilic facing the carbohydrate/water syrup. This 
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will have the same effect of using a powder that was 
previously coated. Loveday et al. 2010 studied the 
texture of protein bars consisting of glucose, protein 
powder, glycerol and cocoa butter. The results 
confirmed that some fat was probably distributed in the 
surface of the powder particles. When using palm oil, the 
fat molecules can migrate towards the protein particles 
and stayed located at their surface. This positioning of 
fat molecules will end up having the effect of using a 
coated powder.  

 
Insoluble MPC90 

 
As a result of heating, the casein micelle-based 

powders loose the layer κ-caseins that are located at the 
surface of the micelles. The κ-caseins collapse in the 
powder and form patches around the surface of the 
casein micelles.  
When the powder is subjected to a higher water activity 
than its own some water is entering the system. This 
extra water allied with a high storage will confer some 
mobility to the proteins that rearrange in the powder 
particles through strong non-covalent interactions 
creating a thick and compact skin on the surface of the 
powder particles. This new rearrangement is very 
difficult to dissolve without high temperature and high 
shear.  In the case of protein bars, the MPC90 was 
subjected to aw=0.4 and then stored at 60ºC and the 
resulting insoluble powder was used in the formulation 
of protein bars. Nevertheless, the process of making the 
bars does not involve high temperature or high shear 
and so the particles were not dissolved in the bar matrix.  
Insoluble MPC90 (maintained at 60ºC or microwaved) 
produced harder bars than the MPC90 stored at 5ºC. 
Although insoluble, these powder particles can still be 
hydrated, swollen and interact with each other. The 
volume of the residual undissolved powder particles 
seems to be a key factor for the bar hardness. As it was 
mentioned previously, the fraction of powder particles is 
correlated with the hardness of the bars: a higher 
powder particle fraction is associated with a higher 
hardness. In the case of the microwaved MPC90, the 
hardness on the 15th day was almost the same as the 
soluble MPC90. This can be due to the non-
homogeneity of the particles in the microwaved powder: 
some particles were affected by the heating and became 
insoluble, but others were not affected and remained 
soluble. These soluble particles contributed to the 
slightly lower value of hardness for the microwaved 
MPC90. Moreover, the MPC90 that remained soluble 
formed the softest bars possibly due to the partial 
dissolution of powder particles into the syrup that formed 
a viscous liquid with a smaller fraction of (insoluble) 
powder particles.   
 

5. Conclusions  

Overall, it was found that a wide range of interactive 
physical and chemical factors can contribute to the 
hardening of HPB during storage, with protein type and 
powder particle size and density being the major issues 

to consider. Some of the experiments revealed to be an 
effective way to control and improve bar stability, 
reducing hardening over time: 

(1) Minimizing the osmotic differential between 
components with high and low aw; 

(2) Using a blend of proteins, rather than individual 
protein ingredients, e.g., using a mixture of 
intact protein and protein hydrolysate, or using 
a mixture of caseins and whey proteins; 

(3) Using protein powders with a wide range of 
particles sizes; 

(4) Adjusting the volume of occluded air that 
should be high for soluble particles and as low 
as possible for insoluble particles; 

(5) Minimizing the powder fraction in the bar 
matrix. 

This study reinforces that hardening is manly 

caused by the reorganization of protein particles, driven 

by osmotic pressure differences and their structural 

properties.  
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