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Abstract


Doce de leite (DL) is a product originating in South America, particularly in countries such as Brazil, Argentina, and Uruguay. The product is widely used for direct consumption and industrial applications and can be added with thickening agents to modify its rheological properties. This study aimed to produce DL with the addition of three different components (skimmed milk powder—SMP, whey protein concentrate—WPC, and microparticulated whey protein—MWP) in two different concentrations (2.1 and 4.2%). The composition of the products aligned with Mercosur regulations, except for the fat content, where the result was slightly lower. The HMF (5-hydroxymethylfurfural) concentration in the samples was also determined, showing no statistically significant differences between products. The products with SMP showed a higher browning index and color saturation compared to WPC and MWP formulations. The addition of MWP increased the hardness (from 10.2 to 467.8 g), gumminess (from 8.2 to 362.1 g), and viscosity (from 6.7 to 18.3 Pa.s) of the DL compared to the control product (SMP). These findings suggest that adding MWP can modulate the rheological and textural characteristics of such products without significantly altering their proximate composition, offering an alternative to using thickeners in this type of product.
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1. Introduction


Doce de leite (DL) is a product obtained by concentrating and heating milk or reconstituted milk under normal or reduced pressure, with or without the addition of dairy solids and/or cream, and added sucrose (partially substituted or not by monosaccharides and/or other disaccharides) [1].



DL originates from South America, with Brazil, Argentina, and Uruguay having the largest consumer markets and highest production of this food [2]. In Brazil, the state that stands out in the production of DL is Minas Gerais, accounting for more than 60% of all national production [3]. This product is commonly produced by both large and small producers, thus resulting in a wide variability of its physicochemical and sensory characteristics in Brazil [4].



DL is widely used for direct consumption and in the food industry, so maintaining control over the product’s characteristics is essential for brand/market success [5]. DL intended for confectionery can be added with thickeners/stabilizers and/or humectants and must meet certain characteristics, especially high viscosity, which is requirement for creating relatively stable profiles and structures [6].



The advancement in the development of foods with better nutritional value has led the industry to seek alternatives to a) replace certain constituents, such as some additives, and b) to shorten the list of ingredients [7,8]. In this context, the dairy industry has incorporated different types of (milk) proteins into the manufacturing of various products while aiming to maintain their original characteristics. For example, supplementation with skim milk powder (SMP) and/or whey protein concentrates or isolates (WPCs or WPIs) is widely practiced [9]; however, some proteins, such as whey proteins, might have a high rate of thermal denaturation, which can generate undesirable characteristics in the product [10,11]. To overcome this problem, microparticulation has emerged as an alternative, since microparticulated proteins are already denatured, reducing problems such as phase separation [12].



Microparticulated whey proteins (MWPs) are obtained by a process that involves the denaturation and aggregation of these particles by heating, followed by controlled intense shearing steps, to monitor the aggregation and fragmentation of aggregates formed during heating [13]. In addition, pH adjustment, protein, lactose, minerals, and salt concentration play key roles in this process [14,15,16]. As a result, MWPs become a combination of denatured and native proteins, with particle sizes ranging from 0.1 µm to 10 µm [17,18]. This combination of native and aggregated particles can make proteins more resistant to (a downstream) heat treatment, since there is a reduction in the number of free thiol groups, which are responsible for the formation of disulfide (strong covalent) bonds generated during protein denaturation [19], and also results in water absorption, which affects the viscosity and texture of the product to which it is added [20,21].



Studies have reported the use of MWP in various products, such as yogurt, cheese, salad dressing, and ice cream [18,20,21,22,23,24]. That said, in the context of DL formulation, supplementing milk with microparticulated whey protein appears as a possible alternative for replacing thickeners, since it can modify the viscosity of the product while contributing to increasing its nutritional value [25]. In addition, this protein has the potential to mimic fat and, hence, to reduce the lipid content in a formulation, as well as to enhance flavor and improve the emulsifying capacity of foods [11,16,18].



In the dairy literature, we could not find any report on the use of MWP in DL manufacture. The present work aims to partially replace a portion of the milk used in a DL formulation with whey protein concentrate (WPC) and with microparticulated whey protein (MWP), each supplemented at two levels, and evaluate the physicochemical and rheological modifications of the products obtained in comparison to a conventional product with added skim milk powder (SMP) at the same level as the control.




2. Materials and Methods


2.1. Milk Substitutes and Control Sample


Skimmed milk powder (SMP), whey protein concentrate (WPC), and microparticulated whey protein (MWP) were used as (milk) substitutes in the DL prototypes’ production. The WPC solution was obtained and microparticulation of this solution (MWP) was carried out in this study. Deionized water, WPC 80% (80.0% (w.w−1) protein; 6.6%(w.w−1) lactose; 3.6% (w.w−1) ash; Manufactured by Sooro Renner Nutrition S.A. (Mal. Cândido Rondon-PR, Brasil)), and whey permeate powder (89.8% (w.w−1) lactose; 5.6% (w.w−1) ash; Manufactured by Sooro Renner Nutrition S.A. (Mal. Cândido Rondon, PR, Brasil)) were weighed, mixed, and then dissolved in water (22 ± 1 °C) to obtain a final solution with 10.0% (w.w−1) protein, 9.4% (w.w−1) lactose, and 20.0% (w.w−1) total solids, with the solution named WPC. A portion of the rehydrated WPC solution was also used to obtain the microparticulated whey protein solution (MWP) after adjusting its pH, as shown in Figure 1. In addition, the SMP (control supplement) was prepared from reconstituted skimmed milk powder (Itambé® (Lactalis, Sete Lagoas, MG, Brasil); 33.0% (w.w−1) protein; 48.0% lactose) to obtain a solution with a 10.0% (w.w−1) protein and 14.0% (w.w−1) lactose content.



To characterize the microparticulation process, the particle size of the whey protein solutions (WPC and MWP) and the denaturation level induced by the process were analyzed before/after treatment by determining via high-performance liquid chromatography (HPLC) [26] the native α-lactalbumin (α-la) and β-lactoglobulin (β-lg) content. The particle size was determined by a particle size analyzer LS 13 320 (Beckman Coulter, Brea, CA, USA), coupled with a liquid module. The solutions before and after the microparticulation process (WPC and MWP) were added directly to the equipment’s reservoir for reading, and the results obtained are reported as the average particle size (Dv50).



The denaturation level induced by the microparticulation of the α-la and β-lg fractions was determined by HPLC (system Waters, model 1525, Milford, MA, USA), equipped with a UV-VIS detector (DAD, diode array detector) and a binary pump. Chromatographic separation was performed on a Phenomenex column Luna (5 μm, 250 mm × 4.6 mm), kept at 40 °C. The injection volume was 20 μL, and detection of β-lg and α-la was carried out at 214 nm. Gradient elution was performed using a mixture of two solvents at a flow rate of 0.5 mL min−1. The mobile phase comprised 0.1% TFA in ultrapure water (solvent A) and 0.09% TFA in 90% acetonitrile/10% ultrapure water (solvent B). A gradient program was initiated as follows: 0–3 min, 20–40% B; 3–5 min, 45–45% B; 5–7 min, 45–50% B; 7–9 min, 50–80% B; 9–14 min, 80–20% B; and 14–15 min, 20–20% B [26]. The determination of the percentage of protein denaturation was calculated based on the results obtained from the quantification of each of the protein fractions before and after the protein microparticulation process [10].




2.2. Doce De Leite Prototypes Production


Six DL samples (2 × 3) were formulated using a Thermomix process simulator (TM5, Vorwerk, Wuppertal, Germany) coupled to a load cell (Ramuza IDR 7.500, Santana de Parnaíba, Brazil). The production was carried out as described by Pinto et al., [27], in triplicate (n = 3). The DL was manufactured with partial substitution of milk at 2.1% and 4.2% of the total mass of the mixture. SMP, WPC, and MWP were used as (milk) substitutes in the production. Table 1 represents the quantity of each material used for the manufacture of the DL prototypes.



The milk used to make the DL prototypes had the following average composition: 3.14 ± 0.16% (w.w−1) fat, 3.13 ± 0.10% (w.w−1) protein, 4.18 ± 0.16% (w.w−1) lactose, 87.89 ± 0.21% (w.w−1) moisture, and 6.68 ± 0.09 pH. Analyses were carried out on each of the batches of milk used to make the DL samples. Compositional analysis (moisture, soluble solids, fat, protein, carbohydrate, ash, pH, and lactic acid), quantification of Maillard reaction markers, colorimetry, browning index, texture, and rheology were assessed as described below.




2.3. Gross Composition and Physical–Chemical Parameters


Moisture content was determined using a thermogravimetric balance with infrared heating (Sartorius, model MA 150, Göttingen, Germany). The temperature used was 145 °C, and the moisture content was determined when the first variation in water loss of 0.05 g or less was observed [28].



The soluble solids index was determined by refractometry using a digital refractometer (Hanna, model HI96801, Cluj-Napoca, Romania); samples were taken at 22 ± 1 °C by carefully deposing a portion of the sample directly into the sample holder of the equipment [27].



For the determination of fat, the Gerber method was used [29]. The fixed mineral residue (ashes) was determined in a muffle furnace (Quimis, model Q318M21, Diadema, Brazil). The sample was incinerated at 550 °C for approximately 6 h, was weighed before and after incineration, and the percentage of ashes was calculated from the resulting mass [30]. The protein content was determined by the ISO8968-1 methodology [31], which details the Kjeldahl principle for determining the nitrogen and crude protein content in milk and dairy products. The carbohydrate content was measured by difference: 100–(water + protein + fat + ash) [32].



The pH was measured using a portable digital pH meter (Gehaka, model PH1400, Real Parque, Brazil) at a temperature of 22 ± 1 °C. The acidity index (lactic acid) was determined by titration following ISO/IDF methodology [33].




2.4. Quantification of Maillard Reaction Markers


Standards of 5-hydroxymethylfurfural (HMF), 2-furfuraldehyde (F), 5-methyl-2-furfural (MF), and 2-furylmethylketone (FMC), as well as the solvent acetonitrile, were obtained from Sigma-Aldrich in analytical grade. The analytes were quantified by reverse-phase HPLC (Waters, model 1525, Milford, MA, USA), with a UV-Vis detector (PDA—Photodiode Array Detector) and a binary pump. A gradient was used for elution at a flow rate of 1 mL.min−1, with a mobile phase composed of water and acetonitrile (ACN) in an initial ratio of (95.5:4.5) H2O:ACN; 5 min/(80:20) H2O:ACN; 9 min/(95.5:4.5) H2O:ACN and 10 min/(95.5:4.5) H2O:ACN. Chromatographic separation employed a Waters Spherisorb column (150 mm × 4.6 mm; particle size 3 µm), with a temperature set at 30 °C, injection volume of 20 µL, and analytes detected at a wavelength of 284 nm, as described in [34].



To prepare the sample, 1 g of DL was transferred to a 10 mL volumetric flask and the meniscus was adjusted with ultrapure water (MilliQ) at room temperature (22 ± 1 °C); then, a 1 mL aliquot was taken from this solution and added with 200 µL of ultrapure water (MilliQ) to an Eppendorf tube. The solution was vortexed in a vortex mixer K45-2810 (KASVI, Pinhais, Brazil) for 20 s. In total, 300 µL of 55% (w.v−1) trichloroacetic acid (TCA) was added, and the sample was vortexed again for another 20 s. This solution was centrifuged for 10 min in a KASVI K14-1215P centrifuge (KASVI, Pinhais, Brazil) (15,590× g), and then 500 µL of the supernatant was removed, to which 100 µL of ultrapure water and 300 µL of TCA were added. This new solution was centrifuged for 20 min, and the supernatant was collected and subsequently filtered through a 0.22 µm filter. After this preparation, the sample was manually injected into the HPLC apparatus [34].




2.5. Color Parameters (CIE-LAB) and Browning Index


For the color analysis of the different DL prototypes, the CIELab (Commission Internationale de l’Eclairage) scale was used, which consists of five parameters, L, a*, b*, C*, and h. The L parameter refers to the brightness of a product, with the scale ranging from 0 (black) to 100 (white). The a* scale varies from negative values (green) to positive values (red). The b* scale ranges from negative values (blue) to positive values (yellow). The C* parameter refers to the amount of saturation of a certain color, and the last parameter, h, refers to the hue of that color. All these parameters were determined using a colorimeter (Konica Minolta, model CR-400, Chiyoda, Tokyo, Japan), and the analysis was carried out directly on the sample [28].



The browning index (BI) was determined using the L, a*, and b* parameters from the colorimetric analysis by Equations (1) and (2) [35].


  B I = 100 ×    ( x − 0.31 )   0.17     



(1)




whereby


  x =    (   a   *   + 1.75 × L )   ( 5.645 × L +   a   *   − 3.012 ×   b   *   )     



(2)








2.6. Texture


A texture analysis equipment (Brookfield, model CT3 Texture Analyzer, Middleboro, MA, USA) was used to measure hardness and gumminess parameters. The texture profile analysis (TPA) measurement method was employed, with a sample depth of 6.0 mm, trigger force of 6.8 g, and analysis speed of 0.50 mm/s. The TA11/1000 probe was used for the analyses. This analysis was carried out at a temperature of 22 °C.




2.7. Rheology


Rheological determinations were performed using a rheometer (Thermo Scientific, model Haake Viscotester iQ, Waltham, MA, USA). Parallel plate geometry with a dimension of 35 mm and an analysis temperature of 22 °C was used. Data acquisition was conducted with an ascent from 0.1 s−1 to 100.0 s−1 over a period of 200 s and descent from 100.0 s−1 to 0.1 s−1 over a period of 200 s.




2.8. Statistical Analysis


Statistical analyses were conducted at a significance level of 0.05 using the Tukey test applied with the assistance of R software version 4.1.2 (The R® Foundation for Statistical Computing, Vienna, Austria). All analyses were performed in triplicate.





3. Results and Discussion


3.1. Characterization of WPC and MWP Protein Solution


The protein solutions before (WPC) and after (MWP) microparticulation had an average particle size of 10.62 ± 3.76 µm and 4.88 ± 0.38 µm, respectively, demonstrating the effect of the microparticulation process on particle size.



Regarding the concentration of the major protein fractions, α-la and β-lg, initially (WPC before microparticulation) the concentrations were 0.63 ± 0.03 g.100 g−1 and 2.68 ± 0.22 g.100 g−1, respectively, and the final concentrations (MWP) were 0.23 ± 0.02 g.100 g−1 and 0.10 ± 0.02 g.100 g−1 after microparticulation, respectively. This resulted in a denaturation level caused by microparticulation of approximately 63.5% for α-la and 96.3% for β-lg.




3.2. Gross Composition and Physical–Chemical Parameters


The Mercosur establishes compositional limits for moisture concentration (maximum of 30% w.w−1), fat (from 6% to 9% w.w−1), ash (maximum of 2% w.w−1), and protein (minimum of 5% w.w−1) in DL [1]. All six prototypes showed values within the established limits for moisture, ash, and protein; however, the results obtained for fat were below the stipulated range for WPC and MWP products at both substitution concentrations (Table 2). The same result for fat was observed by Gwala et al., where the authors added WPI (whey protein isolate) and WPH (whey protein hydrolysate) in the manufacture of DL [9]. The results obtained for all compositional parameters were consistent with other studies reported in the literature [3,5,35].



The parameters of moisture, fat, and lactic acid did not show statistical differences among the six produced DL samples. However, for the protein parameter, there were statistical differences (p < 0.05) between the three treatments with 4.2% supplementation, but not at the 2.1% substitution level. This difference might be attributed to the milk used in the manufacturing of the three prototypes, because the substitutes were standardized to 10% (w.w−1) protein.



Another attribute that showed a statistical difference was ash content. The SMP and MWP products, at the same substitute concentration, showed a significant statistical difference, probably due to the mineral content of the raw materials (e.g., whey permeate). No statistical difference was observed between the WPC and MWP DL products.



Regarding the carbohydrate content of the three DL prototypes, statistical differences (p < 0.05) were observed at both supplementation levels, but not within the same level. The pH values between the three prototypes were not statistically different (p > 0.05) within each supplementation level, but there were slight pH differences for the three prototypes between both levels (Table 2), with values ranging from 6.51 to 6.61, similar to those reported in the literature for this type of product [32].




3.3. Quantification of Maillard Reaction Markers


Four markers of the Maillard reaction, namely 5-hydroxymethylfurfural (HMF), 2-furaldehyde (F), 5-methyl-2-furfural (MF), and 2-furylmethylketone (FMC), were analyzed. Among the four products analyzed, only HMF was found in the DL samples (Table 2). The results obtained for the six products did not show statistical differences. However, even if there were no statistical differences between the concentrations of HMF obtained in the samples, it was observed that the products added with WPC and MWP had higher values of this intermediate than the control product (SMP). This statistical similarity is probably related to the high deviations (see the standard deviations in Table 2) obtained during the analysis, which are associated with the complexity of the study matrix.



The concentration of the determined HMF was close to that reported in a recent study, where the author varied the added sucrose concentration in DL production [3].




3.4. Color Parameters (CIE-LAB) and Browning Index


The color parameters and browning index of the DL products with 2.1% milk substitution showed similar behavior to the product with 4.2% substitution (Figure 2). The lighter color difference between the samples with 4.2% supplementation might be attributed to the lower carbohydrate level compared to those samples with 2.1% substitution. Moreover, the products added with WPC or MWP were lighter in color than the product made with SMP. This is surprising, because the carbohydrate and HMF contents of WPC and MWP products were, on average, higher than the SMP samples, suggesting that these two parameters are not enough to characterize color in DL. It is conceivable that the lower pH (6.51) of these samples (at 4.2% addition level) might be the reason for the color difference (see also Table 2). Comparing the results obtained for the saturation parameter (denoted as C*, see Figure 2 and point 2.5), the product using SMP showed higher saturation than the other two products (WPC and MWP) at both substitution concentrations. In both analyses, the substitution percentage did not generate statistical differences between products with the same milk substitute (SMP, WPC, and MWP).



Averages followed by the same letter in the line do not differ from each other by the Tukey test at 5% probability. Abbreviation: SMP—skimmed milk powder; WPC—whey protein concentrate; MWP—microparticulated whey protein.



The browning index (BI) values of DL prototypes with SMP were close to the values reported in the literature for DL products with and without crystallization after production [35]. The BI of both SMP prototypes (2.1% and 4.2%) was clearly higher than that in the WPC and MWP samples. Interestingly, in the literature report, the use of MWP in bread production resulted in darker products after production [36].



The lighter color and lower browning index of DL samples with added WPC and MWP, compared to SMP, can be rationalized by differences in the carbohydrate–protein matrix and the reactivity of available substrates for the Maillard reaction. Conversely, whey proteins, especially in their microparticulated form, underwent extensive denaturation before incorporation into the DL system, exposing thiol and amino groups that may preferentially engage in protein–protein interactions rather than in glycation pathways. This structural behavior could partially divert reactive groups away from the Maillard reaction, limiting chromophore formation despite measurable levels of HMF. These factors provide a possible mechanistic explanation for the lighter appearance of DL with MWP, suggesting that protein state and matrix interactions play a more decisive role than sugar concentration alone in color development.




3.5. Texture


For texture analysis, the following two parameters were quantified: hardness and gumminess (Figure 3). Hardness refers to the resistance of a material to undergoing plastic deformation. This attribute was extremely high (467.8 ± 13.9 g) for the product added with 4.2% MWP compared to all other products. The DL products with 2.1%WPC, 4.2%WPC, and 2.1%MWP had similar hardness, being, respectively, 213.0 ± 4.6 g, 259.2 ± 7.3 g, and 230.8 ± 5.0 g. The two DL samples added with SMP (2.1% and 4.2%) showed lower hardness values (11.0 ± 0.1 g and 10.2 ± 0.3 g, respectively). From these results, a clear effect of the added whey proteins on the hardness of doce de leite is evident compared to the addition of skim milk powder.



Gumminess, a material property, can be understood as the energy required to disintegrate or chew a food; it indicates the difficulty in biting, chewing, or even swallowing a food. The results for gumminess in DL, as determined with the texture profile analyzer, followed the trend observed for hardness: the product with 4.2% MWP added had the highest value for this attribute (362.1 ± 53.2 g). Also, the two DL samples added with SMP showed the lowest gumminess values (8.9 ± 0.2 g and 8.2 ± 1.0 g, respectively, for 2.1%SMP and 4.2% SMP). The gumminess of the products with 2.1% WPC, 4.2% WPC, and 2.1% MWP were intermediate, at 180.0 ± 43.2 g, 229.8 ± 5.3 g, and 241.6 ± 8.6 g, respectively. These results let us infer that the addition of whey proteins in DL manufacture influences this property of the food, increasing the hardness and gumminess parameters.



Research reports showed that the use of MWP in the production of petit-suisse cheese did not generate statistical differences in the parameters of gumminess and hardness when fat was substituted by microparticulated whey proteins at three different levels [22]. Another study by Meng et al., showed that the use of MWP in different concentrations in cheese production increased the hardness of the formulated product [37], a result similar to that found in the present study (see Figure 3). The results of this study indicate that the influence of MWP addition on texture parameters depends on the type of product to which it is applied.



Comparing the results obtained for hardness and gumminess (Figure 3) between the control product (SMP) and the products with added whey protein (WPC and MWP), we can infer that the whey products indicate that microparticulated protein could be an alternative for the DL industry, especially because texture parameters can be modified to optimize the organoleptic characteristics of this product. Microparticulated protein has a great potential in the Brazilian dairy industry, even though is playing catching up with other areas of food product development; it is a new technology in the country.




3.6. Rheology


Rheological analysis was carried out in the three prototypes and the following parameters were determined: apparent viscosity (Figure 4A) and shear stress by the shear rate applied to the products (Figure 4B). Products with the addition of MWP and WPC showed a higher apparent viscosity at 100 s−1 compared to products with SMP at both substitution concentrations. This was corroborated by the values calculated by the Herschel–Bulkley model (Table 3), which is the most appropriate model for flow data for DL, according to studies in the literature [38]. The results obtained might be associated with the size of the aggregates formed during the microparticulation and manufacture of DL (with MWP) and the aggregates of whey proteins during the manufacture of DL (with WPC). These results are consistent with yogurts produced with and without added microparticulated protein, where a higher viscosity was observed in products with MWP [25]. As the shear rate was applied, the apparent viscosity of the six products decreased, with the whey protein products showing a greater variation in viscosity compared to the product with skim milk powder. Shear stress was higher in products with whey proteins (WPC and MWP) compared to products with SMP at both substitution concentrations (Figure 4B). As mechanical stress was applied, the shear stress value increased, and the final values tended to converge for all treatments; similar results have been reported in the literature [24,32].



The K value in Table 3 relates to the consistency of the product, with the 4.2% MWP product showing the highest value. This result confirms again that microparticulated whey proteins at this level of addition have great potential to influence texture in DL. Additionally, since the n values were less than 1, all products exhibited a pseudoplastic profile, with the 4.2% MWP treatment showing the most pronounced characteristic [38]. Studies in the literature compare household and confectionery DL and show that the characteristics described here are consistent with a product to which starch has been added to increase viscosity and enable industrial use [38].



The pronounced increases in hardness, gumminess, and viscosity observed in DL supplemented with MWP can be explained by the structural characteristics of microparticulated proteins. During microparticulation, whey proteins undergo controlled denaturation and aggregation, resulting in spherical particles that mimic fat globules in size but retain a strong water-binding capacity. When incorporated into the DL matrix, these particles enhance protein–protein and protein–water interactions, promoting the formation of a more compact and cohesive gel network. This structural reinforcement is consistent with reports on yogurts and cheeses enriched with MWP, where higher viscosities and firmer textures have also been observed. Furthermore, unlike SMP, which contributes mainly casein micelles and lactose, WPC and especially MWP increase the concentration of denatured β-lactoglobulin, capable of forming disulfide-linked aggregates during heating, which intensifies the product’s resistance to deformation. These mechanisms help rationalize the technological potential of MWP as a clean-label alternative to hydrocolloids for modulating texture and rheology in DL.



From an industrial perspective, the incorporation of MWP into DL formulations highlights an opportunity to align technological functionality with consumer-driven trends toward cleaner labels and reduced additive use. The ability of MWP to increase viscosity and firmness without altering proximate composition suggests that manufacturers could replace or reduce hydrocolloids such as starches or gums, while still achieving desirable textural profiles. Moreover, the lighter color of MWP-supplemented DL may be advantageous for specific market niches, such as confectionery applications where uniformity and stability of color are critical. On a nutritional level, replacing some milk solids with whey-derived proteins also enhances the protein density of the product, which could meet the growing demand for high-protein dairy desserts. These combined functional and marketing advantages reinforce the rationale for adopting MWP as a strategic ingredient in DL production, offering both technological robustness and differentiation potential in competitive markets.





4. Conclusions


Doce de Leite (DL) was produced by replacing a portion pasteurized milk with skimmed milk powder (SMP), whey protein concentrate (WPC), and microparticulated whey protein (MWP) at two different percentages (2.1% and 4.2%). The composition of the DL products met the parameters established by Mercosur legislation, with the exception of the fat content, which was below the levels allowed for products made with added WPC and MWP. Only 5-hydromethylfurfural (HMF) was detected from the four markers chosen for the Maillard reaction, and the levels detected in all samples were in agreement with the range given in the literature; the HMF content was higher in DL products made using WPC and MWP compared to the standard (SMP). Despite of these results, the browning index and the saturation level were lower for the WPC and MWP products than the control (SMP), suggesting a lower progression in browning reactions and resulting in a lighter color.



From a rheological perspective, the addition of WPC and MWP increased the hardness, gumminess, and viscosity of the DL prototypes compared to the product made with SMP, which can be attributed to the interactions formed by the increased whey protein concentration in the medium, given the aggregates formed during microparticulation and/or heating. Several studies show that the use of microparticulated whey proteins can modulate rheological and textural characteristics, such as in yogurt and cheeses, and the present study shows that the same occurs in a product like doce de leite. In conclusion, for the first time, DL prototypes were made using MWP, and the results obtained open a new avenue for product improvements/developments (beyond whey valorization) without altering the compositional aspects of the final product.
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Figure 1. Schema utilized to prepare the liquid whey protein concentrate (WPC) and the microparticulated whey protein (MWP). 
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Figure 2. Browning index (BI) and saturation (C*ab) images of the laboratory prototypes of doce de leite, prepared with milk substitutes added at of 2.1% and 4.2% levels to the processing milk. 
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Figure 3. Texture properties (hardness and gumminess) of doce de leite samples, prepared with three milk replacers, each at two addition levels (2.1% and 4.2%): SMP—skimmed milk powder; WPC—whey protein concentrate; MWP—microparticulated whey protein. 
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Figure 4. (A) Apparent viscosity (Pa.s) of doce de leite prototypes based on upward shear rate (0.1 s−1 to 100 s−1) and (B) shear stress (Pa) based on downward shear rate (100 s−1 to 1.0 s−1), both measured at 22 °C during 200 s, addition at 2.1% and 4.2% level: SMP—skimmed milk powder; WPC—whey protein concentrate; MWP—microparticulated whey protein. 
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Table 1. Ingredients and formulation used in doce de leite production.
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	Ingredients
	Formulation 2.1% (g.100 g−1)
	Formulation 4.2% (g.100 g−1)





	Pasteurized milk
	81.1
	79.0



	SMP, WPC, or MWP

(rehydrated to 10% protein)
	2.1
	4.2



	Sucrose
	16.7
	16.7



	Sodium bicarbonate
	0.1
	0.1







Abbreviation: SMP—skimmed milk powder; WPC—whey protein concentrate; MWP—microparticulated whey protein. (n = 3).













 





Table 2. Proximate composition of doce de leite samples supplemented with dairy proteins.
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Parameters

	
Formulation 2.1%

	
Formulation 4.2%




	
SMP

	
WPC

	
MWP

	
SMP

	
WPC

	
MWP






	
Moisture (g.100 g−1)

	
27.96 ± 1.14 a

	
27.30 ± 1.06 a

	
28.08 ± 0.78 a

	
29.25 ± 0.83 a

	
28.11 ± 1.41 a

	
28.26 ± 1.14 a




	
Protein (g.100 g−1)

	
7.18 ± 0.02 d

	
7.22 ± 0.02 cd

	
7.18 ± 0.01 d

	
7.31 ± 0.01 c

	
7.61 ± 0.02 b

	
7.74 ± 0.02 a




	
Carbohydrates (g.100 g−1)

	
56.96 ± 1.15 ab

	
57.83 ± 1.03 a

	
57.17 ± 1.27 ab

	
55.41 ± 0.89 b

	
56.68 ± 1.56 ab

	
56.24 ± 0.92 ab




	
Fat (g.100 g−1)

	
6.13 ± 0.41 a

	
5.81 ± 0.35 a

	
5.69 ± 0.56 a

	
6.19 ± 0.35 a

	
5.69 ± 0.43 a

	
5.81 ± 0.61 a




	
Ash (g.100 g−1)

	
1.79 ± 0.05 c

	
1.85 ± 0.03 bc

	
1.87 ± 0.06 b

	
1.85 ± 0.02 b

	
1.91 ± 0.02 ab

	
1.96 ± 0.08 a




	
pH

	
6.58 ± 0.05 ab

	
6.58 ± 0.08 ab

	
6.61 ± 0.05 a

	
6.57 ± 0.01 ab

	
6.51 ± 0.08 b

	
6.51 ± 0.05 b




	
Lactic acid (g.100 g−1)

	
0.181 ± 0.016 a

	
0.187 ± 0.016 a

	
0.184 ± 0.025 a

	
0.198 ± 0.004 a

	
0.188 ± 0.006 a

	
0.195 ± 0.012 a




	
HMF (µmol.kg−1)

	
38.85 ± 18.88 a

	
42.28 ± 2.85 a

	
41.27 ± 10.73 a

	
37.63 ± 9.44 a

	
54.63 ± 10.78 a

	
40.92 ± 13.77 a








Averages followed by the same letter in the line do not differ from each other by the Tukey test at 5% probability. Abbreviation: SMP—skimmed milk powder; WPC—whey protein concentrate; MWP—microparticulated whey protein. (n = 3).













 





Table 3. Herschel–Bulkley model parameters (increasing shear rate) and apparent viscosity at 100 s−1 determined in DL prototypes made with skim milk powder, whey protein concentrate, and microparticulated whey protein.
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	Samples
	K (Pa.sn)
	n
	R2
	ηap100 (Pa.s)





	2.1% SMP
	55.81
	0.52
	0.9935
	5.88



	2.1% WPC
	346.10
	0.22
	0.9463
	15.80



	2.1% MWP
	80.57
	0.48
	0.9717
	15.70



	4.2% SMP
	49.03
	0.57
	0.9936
	6.70



	4.2% WPC
	12.71
	0.82
	0.8480
	13.50



	4.2% MWP
	1459.83
	0.06
	0.8106
	18.30







Abbreviation: SMP—skimmed milk powder; WPC—whey protein concentrate; MWP—microparticulated whey protein.
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