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Objective: Increasing concerns over saturated fat intake and related chronic diseases have driven the 

demand for reduced-fat dairy products. However, fat reduction in cheese often results in increased 

hardness, higher syneresis, and poorer sensory quality, necessitating the use of functional fat replacers. 

This study aimed to evaluate the effects of inulin and whey protein concentrate (WPC) as fat replacers 

in low-fat wheyless cheese and to optimize the formulation using response surface methodology (RSM).  

Methods: A Box-Behnken design was applied with inulin (0-5%), WPC (0-2%), and fat (5-15%) as 

independent variables. The responses measured included texture (hardness), syneresis, protein content, 

dry matter, and sensory attributes.  

Results: The results showed that inulin enhanced hardness and markedly decreased syneresis due to its 

gel-forming and water-binding capacity. WPC significantly increased protein content and contributed to 

improved water retention, although its effect on hardness and sensory attributes was not significant (P > 

0.05). Sensory evaluation showed that formulations containing moderate inulin and adequate fat 

achieved high overall acceptability, particularly in mouth-feel and texture. Fat exerted the strongest 

effect on hardness, syneresis, and dry matter, significantly increasing matrix compactness and reducing 

whey separation. Dry matter ranged from 27.56% to 41.11%. The optimized formulation yielded a 

desirability value of 0.709, indicating a favorable balance between functional and sensory properties.  

Conclusion: The synergistic incorporation of inulin and WPC effectively compensates for fat reduction 

by improving water retention, protein content, and sensory acceptance, enabling the development of 

nutritionally enhanced, low-fat wheyless cheese with desirable functional properties. 

Keywords: Inulin, WPC, Fat replacer, Low-fat cheese, Optimization 

Article History: 

Received: 05 Jul 2026 

Revised: 09 Aug 2026 

Accepted: 10 Aug 2026 

Published Online:  

 

 Correspondence to: 

Ebrahim Sadeghi 

 

 

Email:  

ebrahim_sadeghi@shomal.ac.ir 

➢ How to cite this paper 

Rostami L, Naeimi M, Sadeghi E. Effect of Inulin and Whey Protein Concentrate as Fat Replacer in Low-Fat Wheyless Cheese: Textural, 

Physicochemical, and Sensory Characteristic.  Plant Biotechnology Persa. 2026; 8(3): Proof. 
 

 

Introduction 
Milk and dairy products play a crucial role in human 

nutrition due to their high content of proteins, lipids, 

minerals, and vitamins, and their consumption has 

increased steadily worldwide due to the growth in 

population [1]. However, alongside this growing 

consumption, concerns related to high dietary fat intake - 

particularly saturated fatty acids and cholesterol - have 

intensified, as these components are strongly associated 

with cardiovascular diseases, obesity, diabetes, and certain 

cancers [2]. Milk fat contains more than 70% saturated fatty 

acids, among which lauric, myristic, and palmitic acids 

exhibit pronounced atherogenic properties [3]. As a result, 

nutritional guidelines increasingly recommend limiting 

total fat intake to less than 30% of daily energy and 

saturated fat to less than 10% [4]. 

Cheese is one of the most widely consumed dairy products 

and represents a major source of dietary fat and saturated 

fatty acids. While cheese offers high nutritional value due to 

its rich protein and calcium content and favorable mineral 

bioavailability [5], its fat fraction remains a key nutritional 

concern. The demand for reduced-fat and low-fat cheeses 

has therefore increased substantially, particularly among 

health-conscious consumers and individuals with 
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 cardiovascular risk factors [6]. Nevertheless, fat plays a 

fundamental role in determining the sensory, rheological, 

and structural properties of cheese. Reduction or removal of 

fat often leads to undesirable changes, including firm and 

rubbery texture, weak flavor development, poor meltability, 

and increased syneresis, ultimately reducing consumer 

acceptance [7,8]. 

To address these challenges, extensive research has focused 

on improving the quality of reduced-fat cheeses through 

technological modifications and formulation strategies. 

These include alterations in cheesemaking processes, 

selection of starter and adjunct cultures, and, most 

importantly, the incorporation of fat replacers [9]. Fat 

replacers are designed to mimic the functional and sensory 

roles of fat while reducing caloric density and saturated fatty 

acid content. They are commonly classified into 

carbohydrate-based, protein-based, and fat-based 

substitutes, each exhibiting distinct functional behaviors in 

dairy matrices [10]. 

Among carbohydrate-based fat replacers, inulin has 

attracted considerable attention because of its favorable 

technological and functional properties. Inulin is a non-

digestible fructan that can interact with water and form a 

gel-like structure, thereby contributing to a creamy 

mouthfeel and improving the texture of low-fat food 

products [11]. In dairy systems, its ability to bind water and 

modify the structural properties of the food matrix makes it 

a promising ingredient for partially replacing fat while 

maintaining desirable sensory and textural characteristics 

[12,13]. Therefore, the application of inulin in reduced-fat 

dairy products has been investigated primarily for its 

potential to improve product structure, mouthfeel, and 

overall acceptability. In the present study, the role of inulin 

was considered from a technological perspective, 

particularly in relation to the physicochemical, textural, and 

sensory characteristics of low-fat wheyless cheese.  These 

properties make inulin particularly suitable for the 

development of functional and reduced-fat dairy products. 

Whey proteins, especially whey protein concentrate (WPC), 

represent another promising fat replacer option. Whey 

proteins possess high nutritional value, excellent water-

binding capacity, and favorable gelation and emulsification 

properties [14,15].   In cheese systems, inulin and WPC can 

enhance moisture retention, modify the protein–water 

matrix, and improve structural stability, thereby influencing 

the texture, mouthfeel, and overall sensory acceptability of 

low-fat cheese  [14,15].Their incorporation into cheese 

formulations has been shown to improve texture, reduce 

syneresis, and enhance overall product yield [16,17]. 

Numerous research studies have shown that inulin and WPC 

can effectively substitute for fat [18-23]. Onsri et al. (2022) 

investigated how different levels of inulin (20, 35, and 50% 

wt) and WPC (5, 10, and 15% wt) affect both the crust (CPC) 

and the filling (CPF) of cream-puffs [24]. Their findings 

indicated that a formulation containing 20% inulin resulted 

in a well-structured crust. Sensory panels rated the 

combination of 20% inulin with 10% WPC in the crust and 

20% inulin with 5% WPC in the filling as the most preferred, 

scoring highest for appearance, taste, texture, and overall 

acceptance. In another work, Kant et al. (2024) assessed the 

use of inulin and WPC as fat replacers in low-fat paneer [17]. 

The low-fat paneer was made from standardized skim milk 

(0.5% fat) and was fortified with inulin (0.25 g/g), WPC 

(0.30 g/g), and a combination of both (0.27 g/g), compared 

to a control sample. They reported that the paneer 

containing only inulin showed the highest overall sensory 

acceptability. The samples fortified with WPC had the 

highest hardness values, while those containing inulin 

exhibited improved cohesiveness and chewiness. 

Although both inulin and WPC have been investigated 

individually as fat replacers in various dairy products, 

limited information is available on their combined 

application in low-fat wheyless cheese. In particular, the 

simultaneous optimization of inulin, WPC, and fat levels 

based on multiple physicochemical, textural, and sensory 

responses has not been sufficiently explored. Therefore, this 

study aimed to investigate the combined effects of inulin and 

WPC on the quality characteristics of low-fat wheyless 

cheese and to determine the optimal formulation using 

response surface methodology (RSM). 

 

Materials and methods 

Materials 

Fat milk and pasteurized cream were procured from 

Mahdasht Dairy Co. (Sari, Iran). Milk protein concentrate 

(MPC) and skim milk powder were supplied by Pegah Dairy 

Co. (Isfahan, Iran). Food-grade salt was obtained from 

Taban Co. (Semnan, Iran). WPC and inulin were provided by 

Lactoprot (Kaltenkirchen, Germany) and Sensus 

(Roosendaal, the Netherlands), respectively. The starter and 

rennet enzyme were purchased from Chr. Hansen 

(Hørsholm, Denmark). All analytical-grade chemicals used 

throughout the study were obtained from Merck 

(Darmstadt, Germany). 

 

Preparation of low-fat wheyless cheese 

Cheese samples were produced following the method of 

Omrani Khiabanian et al. (2020) [25], with slight 
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modifications. First, fat milk, cream, and powdered 

ingredients were combined in a thermomix (Vorwerk, 

Germany) at 40 ℃ for 5 min to ensure they dissolved 

completely and blended well. Next, the mixture was heated 

to 80 ℃ and held at this temperature for about 3 min for 

pasteurization. The temperature was then lowered to 35 ℃, 

and starter along with rennet enzyme were added while 

gently stirring. The mixture was immediately poured into 

polypropylene (PP) containers and sealed with aluminum 

foil. These containers were incubated at 35 ℃ for around 10 

h until the pH dropped to roughly 4.9. After incubation, the 

samples were stored in a cold room. The control sample (CS) 

was prepared using 1000 g of milk (3.2% fat), 670 g of cream 

(40% fat), 160 g of skim milk powder, 140 g of milk protein 

powder (70% protein), and 24 g of salt. 

Experimental design 

The experimental design was derived using RSM with a Box-

Behnken design (BBD). A total of 54 runs were generated 

from the design, which included three repetitions of the 

central point. Three independent variables (i.e., inulin, WPC, 

and fat) were assessed at various levels: 0-5% for inulin, 0-

2% for WPC, and 5-15% for fat (Table 1). The dependent or 

response variables included, physicochemical attributes 

(hardness), syneresis, protein content, dry matter, and 

sensory properties (odor, taste, texture, appearance, and 

overall acceptability). Equation (1) illustrates the second-

order polynomial model that was fitted to both the 

independent and dependent variables (Sadeghi et al., 2019) 

[26]: 

(1) 
Y = 𝑏0 + ∑ 𝑏𝑗

𝑘

𝑗=1

𝑋𝑗 + ∑ 𝑏𝑗𝑗

𝑘

𝑗=1

𝑋𝑗
2 + ∑ ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗

𝑘

<𝑗=2𝑖

 

 

Where Y represents the predicted response, 𝑏0 is the model 

intercept, 𝑏𝑗 , 𝑏𝑗𝑗 , and 𝑏𝑖𝑗  are the coefficients for linear, 

quadratic, and interactive regressions, respectively. 𝑋𝑖  and 

𝑋𝑗  denote independent variables, while k signifies the count 

of independent variables. 

 

Table 1. Coded and real values of the independent variables used in the experimental design 

Run no. Real values (Coded values) 

Inulin (%) WPC (%) Fat (%) Formula 

Control sample 0 0 15 CS 

1 2.5 (0) 2 (+1) 15 (+1) S1 

2 5 (+1) 1 (0) 15 (+1) S2 

3 2.5 (0) 0 (-1) 15 (+1) S3 

4 0 (-1) 1 (0) 15 (+1) S4 

5 0 (-1) 0 (-1) 10 (0) S5 

6 2.5 (0) 1 (0) 10 (0) S6 

7 2.5 (0) 1 (0) 10 (0) S7 

8 2.5 (0) 1 (0) 10 (0) S8 

9 5 (+1) 2 (+1) 10 (0) S9 
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 10 5 (+1) 0 (-1) 10 (0) S10 

11 0 (-1) 2 (+1) 10 (0) S11 

12 5 (+1) 1 (0) 5 (-1) S12 

13 2.5 (0) 0 (-1) 5 (-1) S13 

14 2.5(0) 2 (+1) 5 (-1) S14 

15 0 (-1) 1 (0) 5 (-1) S15 

Note: Runs 7, 8, and 9 represent replicated experimental trials. 

 

Textural analysis (hardness) 

The sample hardness was assessed using a texture analyzer 

(CT3, Brookfield, USA) equipped with a 50-kg load cell. 

From each sample, three cubes of cheese (2 × 2 × 2.5 cm3) 

were prepared and then immediately compressed at room 

temperature using a TA25/1000 probe at 1 mm/s to half 

their original height [25]. Hardness was measured from the 

force-time curves on the day of production. 

 

Syneresis determination 

The level of spontaneous whey separation in cheese was 

assessed using a siphon drainage technique [27]. In this 

procedure, a cup of cheese was removed from the cold 

storage (4 ℃), weighed, and positioned at about a 45° angle 

to facilitate whey collection at the cup's edge. A syringe was 

utilized to extract the whey from the surface of the sample 

every 10 seconds, after which the weight of the cheese cup 

was measured again. Syneresis was calculated as the 

percentage of weight loss of whey compared to the initial 

weight of the cheese sample. 

 

Protein content 

The protein content was determined by assessing total 

nitrogen through the Kjeldahl method (AOAC, 2005) using a 

Kjeldahl nitrogen analyzer (Velp, Italy). All measurements 

were done in triplicate. 

 

Dry matter content 

The dry matter of the samples was determined according to 

standard No. 1753 (ISIRI, 2006). In this procedure, the plate 

is dried at 104 ℃, then cooled in a desiccator containing 

silica gel. After weighing the empty plate, 3 g of the sample 

are added. The plate is placed in the oven at 104 ℃ for 3 h, 

cooled, and the dry matter is calculated as the weight 

percentage. 

 

Sensory properties 

Sensory evaluation was conducted using a five-point 

hedonic scale, where 1 represents "very poor" and 5 

represents "very good" to assess taste, mouth-feel, odor, 

color, texture, and overall acceptability. A total of 10 trained 

sensory panelists, comprising 5 women and 5 men aged 30 

to 50, were selected from the members of Amol Zago Dairy 

Co. based on their willingness to participate, with the 

assurance that the samples evaluated were safe. This 

approach ensured a representative sample size for the 

study. Participants with food allergies were excluded from 

participation. In this study, a random sampling technique 

was used to select samples for each experimental block. The 

samples were appropriately coded and subsequently 

presented to the panelists for evaluation. Panel members 

were asked to rinse their mouths with water between 

testing samples to ensure that the results of the previous 

sample test did not affect the next sample test. Results were 

reported as the average of ten determinations per replicate.  

 

Statistical analysis 

The effects of each variable and their interactions were 

examined using analysis of variance (ANOVA) with a 95% 

confidence level, utilizing Design Expert Software version 

12 (Stat-Ease Inc, Minneapolis, USA). Response surface plots 

depicted how a response variable varied with two factors, 

with the third factor fixed at its medium value, as per the 

software's default setting. Additionally, this software was 

used for process optimization. 
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Results  

The hardness data measured by the texture analyzer are 

shown in Table 2. ANOVA results indicated significant 

differences between treatments for inulin and fat 

parameters (P < 0.05). S1, S2, S3, S9, and S10 displayed 

higher hardness compared to the CS. As illustrated in Fig. 1a, 

increasing inulin from 0 to 5% raised hardness by about 

20.95%, while increasing fat from 5% to 15% raised 

hardness by approximately 45.86%. The more effect of fat 

compared to the other parameters thoroughly complied 

with its F-value (52.14) in Table 3. The results showed a 3.7-

fold reduction in hardness in cheese containing WPC 

compared to control cheese. 

 

Figure 1: Response surface plots of the effects of inulin, whey protein concentrate (WPC), and fat on texture (hardness) of low-fat 

wheyless cheese 
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From a matrix interaction standpoint, the coexistence of 

inulin, fat, and WPC creates a competitive environment for 

structure formation. Inulin and fat work together to increase 

hardness by raising total solids, making the matrix more 

compact, and strengthening the overall structure. 

Conversely, WPC opposes this by improving hydration, 

breaking up dense protein clumps, and forming a more 

cohesive yet less rigid network. As a result, the observed 

texture in our study depends on the balance between the 

reinforcing effects of inulin and fat and the plasticizing and 

hydrating effects of WPC. This dynamic is especially relevant 

in formulated, wheyless cheese systems, where texture 

depends not only on casein interactions but also on the 

complex interactions among hydrocolloids, fat globules, and 

whey proteins. Our findings suggest that hardness mainly 

results from the degree of matrix density and water 

retention, both of which increase with added inulin and fat, 

while WPC softens the product by boosting moisture and 

creating a more flexible protein network. 

 

Table 2. Obtained results for responses under different formulations 

Run no. Independent variables  Responses 

Inulin  

(%)  

WPC  

(%) 

Fat  

(%) 

Syneresis 

(%) 

Texture 

(N) 

Protein 

(%) 

Dry matter 

(%) 

Overall 

acceptability 

CS 0 0 15  0.57 1.7 9.68 35.89 4.96 

S1 2.5 2 15  0.51 1.85 11.15 39.81 4.84 

S2 5 1 15  0.49 2.14 10.30 41.11 4.38 

S3 2.5 0 15  0.54 2.3 9.61 38.07 4.98 

S4 0 1 15  0.51 1.65 10.45 36.76 4.82 

S5 0 0 10  0.71 1.52 9.83 31.29 3.7 

S6 2.5 1 10  0.64 1.6 10.50 34.15 4.16 

S7 2.5 1 10  0.66 1.54 10.58 34.74 4.16 

S8 2.5 1 10  0.63 1.50 10.62 34.34 4.16 

S9 5 2 10  0.52 1.71 11.22 37.38 4.24 

S10 5 0 10  0.60 1.75 9.68 35.64 4.1 

S11 0 2 10  0.57 1.50 11.37 33.03 3.9 

S12 5 1 5  0.77 1.52 10.60 31.91 4 

S13 2.5 0 5  0.86 1.41 9.91 28.87 3.1 

S14 2.5 2 5  0.80 1.3 11.45 30.61 3.42 
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 S15 0 1 5  0.89 1.24 10.75 27.56 2.5 

*CS: control sample. 

 

Table 3: Summarized results of ANOVA for responses 

Response  Source  Predictive 

models 

Equation terms 

𝐗𝟏 𝐗𝟐 𝐗𝟑 𝐗𝟏𝐗𝟐 𝐗𝟏𝐗𝟑 𝐗𝟐𝐗𝟑 𝐗𝟏
𝟐 𝐗𝟐

𝟐 𝐗𝟑
𝟐 

Texture  Linear  

(𝑅2 = 0.8606) 

         

df 3 1 1 1       

MS 0.3312 0.1830 0.0480 0.7626       

F-value 22.64 12.51 3.28 52.14       

P-value < 0.0001 0.0047 0.0973ns < 0.0001       

LoF 0.1341          

Syneresis   Quadratic 

(𝑅2 = 0.9872) 

         

df 9 1 1 1 1 1 1 1 1 1 

MS 0.0264 0.0116 0.0117 0.1975 0.0011 0.0019 0.0002 0.0028 0.0006 0.0089 

F-value 42.69 18.83 18.95 319.75 1.76 3.06 0.3173 4.51 1.04 14.38 

P-value 0.0003 0.0074 0.0073 < 0.0001 0.2416ns 0.1405ns 0.5975ns 0.0872ns 0.3540ns 0.0127 

LoF 0.1845          

Protein  Linear  

(𝑅2 = 0.9977) 

         

df 3 1 1 1       

MS 1.66 0.0450 4.7400 0.1800       

F-value 1601.71 43.52 4587.50 174.09       

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001       

LoF 0.9918          

Dry matter  Linear  

(𝑅2 = 0.9991) 

         

df 3 1 1 1       

MS 71.06 37.85 6.06 169.28       

F-value 4021.44 2141.73 342.68 9579.91       

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001       

LoF 1.0000          

Overall 

acceptability 

 2FI 

(𝑅2 = 0.9712) 

         

df 6 1 1 1 1 1 1    

MS 0.9889 0.4050 0.0338 4.50 0.0009 0.9409 0.0529    

F-value 44.95 18.41 1.54 204.55 0.0409 42.77 2.40    

P-value < 0.0001 0.0026 0.2503ns < 0.0001 0.8448ns 0.0002 0.1596ns    

 [
 D

ow
nl

oa
de

d 
fr

om
 p

bp
.m

ed
ila

m
.a

c.
ir

 o
n 

20
26

-0
8-

16
 ]

 

                             8 / 19

https://pbp.medilam.ac.ir/article-1-434-en.html


 

3 | Plant Biotechnology Persa Volume 8, Issue 3, 2026 

Rostami L et al., 

 

Among the studied factors, fat exhibited the most 

pronounced effect on syneresis, as reflected by its 

substantially higher F-value (319.75, Table 3) compared 

with inulin and WPC. The magnitude of this effect indicates 

that fat played a dominant role in controlling moisture 

release within the matrix.  

Fig. 2a depicts that an increase in inulin from 0 to 2.5% 

resulted in an approximate 1.53% reduction in syneresis, 

whereas a further increase from 2.5% to 5% led to a more 

pronounced decrease of about 10.11%.  

 

LoF -          

Note: 𝑋1, 𝑋2,and 𝑋3 are inulin, WPC, and fat, respectively. df is degree of freedom. MS is Mean square. LoF is lack of fit. ns is not significant. 

 [
 D

ow
nl

oa
de

d 
fr

om
 p

bp
.m

ed
ila

m
.a

c.
ir

 o
n 

20
26

-0
8-

16
 ]

 

                             9 / 19

https://pbp.medilam.ac.ir/search.php?sid=1&slc_lang=en&author=Nazarbaghi
https://pbp.medilam.ac.ir/article-1-434-en.html


 

2 | Plant Biotechnology Persa Volume 8, Issue 3, 2026 

Inulin and WPC as Fat Replacers in Low-Fat Wheyless Cheese: Textural, Physicochemical, and 

Sensory Properties 

 Figure 2: Response surface plots of the effects of inulin, whey protein concentrate (WPC), and fat on syneresis of low-fat 

wheyless cheese 

 

Furthermore, S1, S2, S3, S4, and S9 exhibited lower 

syneresis values than the CS (S2 < S1 = S4 < S9 < S3 < CS). 

This observation is consistent with the individual and 

combined effectiveness of inulin, WPC, and fat in enhancing 

water retention. The lower syneresis of these samples can 

be attributed to their improved structural integrity and 

higher capacity to immobilize water within the protein-

polysaccharide-fat network. Overall, the observed ranking 

of samples was in line with the expected behavior based on 

the significant contributions of the formulation variables, 

particularly the dominant and nonlinear effect of fat on 

reducing syneresis. 

Cheese samples contained protein levels ranging from 

9.61% to 11.45%. All three parameters significantly 

influenced these levels (P < 0.05). The lowest protein 

content was found in the sample with 2.5% inulin, no WPC, 

and 15% fat, while the highest was in the sample with 2.5% 

inulin, 2% WPC, and 5% fat, which is in line with the 

effectiveness priority of formulation variables. Also, other 

samples except S3 exhibited a higher protein content in 

comparison to the CS. 

In contrast, based on Fig. 3b, increasing fat to 15% led to a 

reduction in protein content by approximately 2.81%. 

Additionally, increasing inulin to 5% slightly decreased 

protein content (by about 1.41%), likely due to the 

replacement of protein-rich components with a non-protein 

polysaccharide, thereby lowering the overall protein 

percentage on a mass basis. 

The dry matter content in the cheese samples ranged from 

27.56% to 41.11%. Statistical analysis indicated that all 

three formulation variables - inulin, WPC, and fat - 

significantly affected dry matter content (P < 0.05). The 

highest dry matter was found in S2 (5% inulin, 1% WPC, and 

15% fat), while the lowest was in S15 (no inulin, 1% WPC, 

and 5% fat). ANOVA results showed that fat had the 

strongest impact on dry matter (F-value = 9579.91), 

followed by inulin (F-value = 2141.73), with WPC having a 

smaller but still significant effect (F-value = 342.68). As 

shown in Fig. 4a, increasing fat to 15% led to a 31.87% rise 

in dry matter, mainly due to the contribution of milk fat to 

total solids and moisture displacement in the cheese matrix.  
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Figure 3: Response surface plots of the effects of inulin, whey protein concentrate (WPC), and fat on protein content of low-fat 

wheyless cheese 
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Figure 4. Response surface plots of the effects of inulin, whey protein concentrate (WPC), and fat on dry matter of low-fat 

wheyless cheese 

 

Sensory characteristics are a key factor in potential 

consumer acceptance and market success. Table 4 displays 

the mean scores for taste, mouth-feel, odor, color, texture, 

and overall acceptability. 

Results showed that, except for the CS, formulations S1 and 

S3 - which contain high fat (15%) and moderate inulin 

(2.5%) - received mean scores above 4.5 across all assessed 

attributes, indicating strong panelist approval. Among all 

samples, S3 scored highest for mouth-feel (5.0), surpassing 

the CS. This enhanced mouth-feel likely results from the 

combined effect of fat and inulin (P < 0.05) in improving 

creaminess and lubricity within the cheese matrix. 

Conversely, S15 - characterized by low fat (5%) and no 

inulin - scored lowest (< 3.0) for overall acceptability, 

especially in taste, mouth-feel, and texture. This 

underscores the importance of fat and functional 

ingredients in offsetting quality reductions linked to fat 
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reduction. Statistical analysis showed that increasing fat and 

inulin significantly improved taste and overall scores (P < 

0.05). 

 

 

Table 4: Sensory properties of low-fat wheyless cheese 

Samples  Formulation Taste Mouth-feel Odor Color Texture Overall 

acceptability 
Inulin  

(%) 

WPC  

(%) 

Fat  

(%) 

CS 0 0 15 5.0 ± 0.000 4.9 ± 0.316 5.0 ± 0.000 5.0 ± 0.000 4.9 ± 0.316 4.96 ± 0.126 

S1 2.5 2 15 4.7 ± 0.483 4.5 ± 0.527 5.0 ± 0.000 5.0 ± 0.000 5.0 ± 0.000 4.84 ± 0.126 

S2 5 1 15 4.2 ± 0.422 3.7 ± 0.483 5.0 ± 0.000 4.0 ± 0.000 5.0 ± 0.000 4.38 ± 0.114 

S3 2.5 0 15 5 ± 0.000 5.0 ± 0.000 5.0 ± 0.000 5.0 ± 0.000 4.9 ± 0.316 4.98 ± 0.063 

S4 0 1 15 4.3 ± 0.483 5.0 ± 0.000 4.9 ± 0.316 5.0 ± 0.000 4.9 ± 0.316 4.82 ± 0.175 

S5 0 0 10 3.6 ± 0.516 3.3 ± 0.483 4.0 ± 0.000 4.0 ± 0.000 3.6 ± 0.516 3.70 ± 0.216 

S6 2.5 1 10 4.5 ± 0.527 4.3 ± 0.483 4.0 ± 0.000 4.0 ± 0.000 4.0 ± 0.471 4.16 ± 0.126 

S7 2.5 1 10 4.5 ± 0.527 4.3 ± 0.483 4.0 ± 0.000 4.0 ± 0.000 4.0 ± 0.471 4.16 ± 0.126 

S8 2.5 1 10 4.5 ± 0.527 4.3 ± 0.483 4.0 ± 0.000 4.0 ± 0.000 4.0 ± 0.471 4.16 ± 0.126 

S9 5 2 10 4.7 ± 0.483 3.9 ± 0.316 4.0 ± 0.000 4.0 ± 0.000 4.6 ± 0.516 4.24 ± 0.158 

S10 5 0 10 4.5 ± 0.527 4.0 ± 0.000 4.0 ± 0.000 4.0 ± 0.000 4.0 ± 0.000 4.10 ± 0.105 

S11 0 2 10 3.9 ± 0.316 3.6 ± 0.516 4.0 ± 0.000 4.0 ± 0.000 4.0 ± 0.000 3.90 ± 0.105 

S12 5 1 5 3.9 ± 0.316 3.8 ± 0.422 4.0 ± 0.000 4.0 ± 0.000 4.3 ± 0.483 4.00 ± 0.094 

S13 2.5 0 5 2.6 ± 0.516 2.5 ± 0.527 3.9 ± 0.316 3.0 ± 0.000 3.5 ± 0.527 3.10 ± 0.287 

S14 2.5 2 5 3.0 ± 0.000 2.5 ± 0.527 3.9 ± 0.568 4.0 ± 0.000 3.7 ± 0.483 3.42 ± 0.114 

S15 0 1 5 1.3 ± 0.483 2.2 ± 0.632 3.6 ± 0.516 4.0 ± 0.000 1.4 ± 0.516 2.50 ± 0.236 

 

 [
 D

ow
nl

oa
de

d 
fr

om
 p

bp
.m

ed
ila

m
.a

c.
ir

 o
n 

20
26

-0
8-

16
 ]

 

                            13 / 19

https://pbp.medilam.ac.ir/search.php?sid=1&slc_lang=en&author=Nazarbaghi
https://pbp.medilam.ac.ir/article-1-434-en.html


 [
 D

ow
nl

oa
de

d 
fr

om
 p

bp
.m

ed
ila

m
.a

c.
ir

 o
n 

20
26

-0
8-

16
 ]

 

                            14 / 19

https://pbp.medilam.ac.ir/article-1-434-en.html


 

1 | Plant Biotechnology Persa Volume 8, Issue 3, 2026 

Rostami L et al., 

To produce low-fat wheyless cheese, multi-objective 

optimization was utilized. Responses such as texture 

(hardness) and syneresis were selected as the minimum 

value, and protein, dry matter, and overall acceptability 

scores at the maximum level. Furthermore, the control 

factors, including inulin and WPC were chosen to remain in 

the predefined range and fat was set as the minimum level, 

according to the work goal. Corresponding importance of 

goals were selected as 4 for texture (hardness), syneresis, 

protein, and dry matter, and 5 for overall acceptability in 

multi-objective optimization. After analyzing the data from 

54 experiments with design expert software and achieving 

valid prediction models for each response, the software 

suggested a solution. The results of the combined 

optimization, yield a combined desirability of 0.709, as 

displayed in Fig. 5. The optimum conditions were detected 

at 4.99% inulin, 2% WPC, 7.63% fat, and under these 

optimized parameters, texture (hardness), syneresis, 

protein, dry matter, and overall acceptability were predicted 

to be 1.56 N, 0.61%, 11.30%, 35.21%, and 4.23, respectively. 

To assess the RSM model's prediction accuracy, a single test 

was performed under determined optimal parameters, 

resulting in response values of 1.62 N, 0.58%, 11.18%, 

35.61%, and 4.31, for texture (hardness), syneresis, protein, 

dry matter, and overall acceptability, respectively, which 

showed that the expected values are consistent with the 

experimental values. 

 
Figure 5: Ramps of the numerical optimization. 

 

Discussion 

The findings of this study demonstrated that the 

incorporation of inulin, whey protein concentrate (WPC), 

and fat can differentially influence the textural, 

physicochemical, and sensory properties of the product. 

Among these formulation variables, WPC exerted the 

strongest effect on protein content, whereas inulin and fat 

played important roles in improving water retention, 

structural characteristics, and sensory attributes. The 

effects of the main formulation variables and their 

interactions on hardness, syneresis, chemical composition, 

and sensory acceptance are discussed below in comparison 

with previous studies. 

Junaid et al. (2024) reported that increasing fat levels 

significantly increased hardness, cohesiveness, and gel 

strength due to higher total solids and a more compact 

microstructure in cheese analogues [28]. Although WPC did 

not have a significant effect (P > 0.05) on hardness in our 

research, increasing WPC from 0 to 2% caused a decrease of 

around 9.20% (Fig. 1b). The increase in hardness is likely 

due to inulin’s gel-forming ability, which reinforces the 

protein matrix, whereas WPC helps create a more cohesive 

network that prevents excessive firmness [29]. The results 

of the present study align with the findings of Moghiseh et 

al. (2021) [30], who observed that the textural properties of 

low-fat mozzarella cheese were significantly influenced by 

the incorporation of inulin. Specifically, they noted that as 

the ratio of inulin to kefiran mixtures changed from 8:1 to 
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 12:1, the hardness increased from 21.29 N to 30.69 N. 

Bielska and Cais-Sokolińska (2023) analyzed the impact of 

adding whey proteins in the production of white cheese 

from buttermilk [31]. 

Syneresis is viewed as a drawback that can be minimized by 

raising the quantity of milk solids, particularly protein [25]. 

Changes in syneresis are presented in Table 2. All three 

formulation variables - inulin, WPC, and fat - significantly 

influenced syneresis (P < 0.05). An increase in the levels of 

each of these components led to a consistent reduction in 

syneresis, indicating an overall improvement in the water-

holding capacity and structural stability of the cheese 

matrix. This trend suggests that the incorporation of 

functional ingredients and higher total solids contributed to 

enhanced serum retention and reduced whey separation 

[32]. 

Notably, the second-order term of fat was nearly 

comparable in significance to the linear effects of inulin and 

WPC (ANOVA, Table 3), demonstrating a nonlinear 

relationship between fat content and syneresis. This finding 

implies that at higher fat levels, the reduction in syneresis 

becomes more pronounced (Fig. 2a), likely due to increased 

matrix compactness and reduced mobility of entrapped 

moisture [33-35]. 

This behavior can be attributed to the high water-binding 

capacity of inulin, which inhibits syneresis and thereby 

improves the functional properties of the cheese system 

[36]. Arango et al. (2013) examined the effect of inulin as a 

fat replacer in milk gels. They showed that increasing the 

concentration of inulin to 6% reduced syneresis from 0.033 

to 0.025 min−1 [37]. In another work, Żbikowska et al. 

(2020) examined how varying amounts of inulin (3%, 6%, 

9%, 12%, or 15% w/w) affected the physicochemical 

properties of natural yogurt [38]. The findings indicated a 

statistically significant linear decrease in syneresis as the 

level of inulin increased. Specifically, higher levels of inulin 

led to a further reduction in syneresis; samples containing 

9% and 12% inulin demonstrated reductions of 17.6% and 

25%, respectively. Also, the results demonstrated that 

increasing the WPC level to 2% led to an approximate 

11.53% reduction in syneresis (Fig. 2b). Similar findings 

were obtained in the thermosonicated milk-WPC system for 

producing reduced-fat Panela cheese; water holding 

capacity (syneresis index) values for blends containing WPC 

were higher than those of the control [39]. The mechanism 

was attributed to whey-protein aggregates forming 

complexes with casein and attaching to the milk-fat globule 

membrane, creating additional hydrophilic sites that bind 

water. 

As indicated by the ANOVA results (Table 3), WPC exerted 

the most dominant influence on protein content (F-value = 

4587.5), followed by fat (174.09) and inulin (43.52). The 

pronounced effect of WPC is expected, as whey protein 

concentrate directly increases the total protein fraction of 

the formulation and enhances protein retention within the 

matrix. Consequently, Fig. 3a shows that increasing WPC to 

2% resulted in a substantial rise in protein content 

(approximately 15.78%), reflecting its role as a 

concentrated protein source and a structural component of 

the cheese system. These findings are consistent with the 

work of Pires et al. (2022) [40], who noted a direct 

correlation between the quantity of WPC added and the 

protein percentage in ice cream. 

Likewise, raising inulin to 5% caused a 13.57% increase in 

dry matter. Sedaghati and Kavand (2026) noted that higher 

inulin levels increased solid content and significantly 

decreased protein in ricotta-like synbiotic cheese (P < 0.05). 

Conversely, increasing WPC to 2% resulted in a moderate 

dry matter increase of 5.22% (Fig. 4b). These findings align 

with Hanafy et al. (2016)'s report that higher WPC levels 

increase dry matter in cheese [41]. Consistent with these 

results, S1, S2, S3, S4, and S9 showed higher dry matter 

content compared to the CS. 

The positive effect of inulin on sensory perception aligns 

with prior research; for instance, Sedaghati and Kavand 

(2026) found that adding inulin significantly boosted 

acceptance scores (P < 0.05) in ricotta-like synbiotic cheese 

[42]. Likewise, more fat raised taste, mouth-feel, and overall 

acceptability, while fat reduction decreased odor, color, and 

texture scores (P < 0.05). Meanwhile, WPC did not 

significantly influence any sensory attribute (P > 0.05), 

which matches findings by Akalın et al. (2012) [43], who 

observed no significant differences in appearance, aroma, 

flavor, or overall acceptability among yogurts with varying 

WPC levels during storage (P > 0.05). However, other 

research suggests that combining inulin and WPC can 

improve sensory qualities in reduced-fat dairy products, 

such as low-fat paneer [17]. 

Overall, increasing the levels of inulin and WPC improved 

water-holding capacity, reduced syneresis, and increased 

total solids, while WPC markedly increased the protein 

content. Increasing fat also reduced syneresis and improved 

several sensory attributes, although its effect on texture 

appeared to be more complex, particularly in combination 

with the other formulation components. Therefore, an 

appropriate balance of inulin, WPC, and fat may provide an 

effective strategy for achieving desirable structural, 

nutritional, and sensory properties in the studied product. 
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Conclusion 

This study demonstrated that the incorporation of inulin 

and WPC, together with controlled fat reduction, can be used 

to formulate low-fat wheyless cheese with acceptable 

physicochemical, textural, and sensory characteristics 

under the conditions investigated. Among the formulation 

variables, fat had the strongest effect on hardness, syneresis, 

and dry matter, highlighting its important role in 

determining the structural and moisture-retention 

properties of the cheese matrix. Inulin contributed to 

hardness and moisture retention, whereas WPC primarily 

increased protein content and was associated with reduced 

syneresis. The results suggest that appropriate 

combinations of inulin and WPC may help mitigate some of 

the textural and physicochemical changes associated with 

fat reduction.  The response surface optimization identified 

a formulation with an overall desirability of 0.709, 

indicating that the selected combination of formulation 

factors provided a satisfactory balance among the measured 

responses within the experimental range. However, the 

findings should be interpreted within the scope of the 

present study. The sensory evaluation involved a relatively 

small panel, and shelf-life, microbiological safety, 

rheological or microstructural properties, and the actual fat 

content of the final products were not evaluated. In addition, 

the optimized formulation requires further experimental 

validation under independent conditions. Therefore, the 

present findings provide preliminary evidence for the 

technological potential of inulin and WPC in low-fat 

wheyless cheese rather than definitive evidence of 

industrial applicability. Further studies involving larger 

sensory panels, storage and microbiological evaluations, 

direct determination of final fat content, rheological and 

microstructural analyses, and independent validation of the 

optimized formulation are warranted to confirm product 

quality and assess its potential for broader dairy 

applications. 
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