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Abstract

:

Camel milk powder production is an alternative to preserve the perishable milk for later-date consumption. However, the impacts of dehydration processes on bioactive compounds in camel milk are largely unknown. Hence, the present study attempted to compare the physicochemical properties and protein profiles of camel milk powders produced by different concentration and dehydration processes. Six camel milk powders were produced by freeze- and spray-drying methods in conjunction with two liquid concentration techniques, namely spray dewatering and reverse osmosis. The results of proteomic analysis showed that direct freeze-dried camel milk powder had the least changes in protein profile, followed by direct spray-dried powder. The camel milk powders that underwent concentration processes had more profound changes in their protein profiles. Among the bioactive proteins identified, lactotransferrin and oxidase/peroxidase had the most significant decreases in concentration following processing. On the contrary, glycosylation-dependent cell adhesion molecule 1, peptidoglycan recognition protein 1, and osteopontin increased in concentration. The results revealed that direct freeze drying was the most ideal method for preserving the bioactive proteins during camel milk powder production. However, the freeze-drying technique has cost and scalability constraints, and the current spray-drying technique needs improvement to better retain the bioactivity of camel milk during powder processing.
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1. Introduction


Camel milk has become topical in recent years because of its nutritional value [1]. As compared to bovine milk, camel milk is richer in vitamin C, essential minerals, and bioactive proteins, such as lactotransferrin (LTF), glycosylation-dependent cell adhesion molecule 1 (GLYCAM1), peptidoglycan recognition protein 1 (PGRP1), and whey acidic protein (WAP) [2]. Camel milk lacks beta-lactoglobulin, which is one of the major protein allergens in bovine milk [3]. Several studies have also shown evidence of camel milk having prospective therapeutic properties, such as antidiabetic and antiautism, which is associated with their abundant level of bioactive peptides/proteins [2]. Despite the high nutritional and potential medicinal value of camel milk, its global supply is limited because camels are typically raised in arid places such as deserts. Therefore, the production of dried powder from camel milk without impairing its bioactive components is highly desirable not only to make it available worldwide but also to extend its shelf life, reduce transportation costs, and expand its applications. Although camel milk powder is becoming an increasingly important dairy product, studies on camel milk powder production are still limited, and it is unclear how different processing conditions affect the inherent bioactivity of camel milk [4].



Most of the commercial camel milk powder products available in Australia are freeze-dried. The core principle of freeze drying is sublimation, which is the removal of water at a pressure well below the triple point of water. Milk is frozen prior to sublimation under high vacuum, leaving its solid components such as protein and carbohydrates behind. From a theoretical perspective, freeze drying would retain heat-liable bioactive components since no heat treatment is involved. However, proteins and enzymes can either undergo structural changes or aggregation, or even both, during freeze drying, and these developments can damage their biological activities. Chemical changes, such as deamidation of asparagine residues and hydrolysis of peptide bonds (next to aspartic acid residues), have been reported to occur during freeze drying, leading to destabilisation of the proteins [5]. Key disadvantages of freeze drying include high running costs and a long processing time, resulting in high retailing prices for freeze-dried camel milk powder and limiting its application to industrial-scale production for economical dairy products.



Spray drying, on the other hand, is the most widely used dehydration technique for dairy powder production. An atomiser or spray nozzle is used to disperse the liquid into a controlled drop-size spray, which is subsequently dried as it passes through a flow of hot gas. Spray drying is an efficient and economical drying approach for large-scale processing. However, the heat treatment may be detrimental to temperature-sensitive components in the milk. It is known that excessive heat during processing causes free -SH groups to interact with the S-S bond of cysteine-containing proteins. As a result, these -SH/S-S-interchange reactions lead to the irreversible aggregation of proteins into protein complexes [6]. Hydrophobic interactions and hydrogen bonding have also been reported to play a crucial role in heat-induced milk protein association [7]. Several studies have attempted to determine the optimal spray-drying conditions for camel milk powder production. However, most of these studies focused on evaluating the optical, surface, or physicochemical properties of camel milk powders [8,9]. Recently, changes to major proteins in spray-dried dromedary camel milk were investigated by Zouari et al. [10] using liquid chromatography–mass spectrometry (LC-MS). The concentrations of camel milk PGRP and caseins remained stable, while serum albumin (SA) and α-lactalbumin (α-LA) decreased after drying. In another study by Li et al. [11], protein profiles of unprocessed Bactrian camel milk were compared with camel milk powder (dried using heat). Approximately 20% of proteins quantified in Bactrian camel milk powder were found to have undergone profound changes as compared with unprocessed camel milk. Comprehensive analysis on the changes in bioactive proteins and bioactivities in dromedary camel milk powder is still lacking presently.



In industrial-scale production of bovine milk powder, ‘falling-film evaporation’ is a common method of milk concentration prior to spray drying. In addition to thermal evaporation methods, reverse osmosis (RO) has also been used for milk concentration, as the relatively low processing temperature minimises thermal destruction of thermosensitive bioactive components [12]. Milk concentration reduces the energy required for subsequent spray drying [13]. Moreover, longer shelf life, larger powder particles, and better rehydration properties have been observed for milk powders produced from concentrated milk, suggesting the concentration step has a positive influence on the physical properties of the dried milk powder [14]. The higher total solid content in bovine milk has also been reported to contribute to the preservation of whey proteins during drying [15]. However, there is limited information on the influences of concentration processes on physicochemical properties and bioactivities of camel milk powders.



The objective of the present study is to compare the physicochemical properties and protein profiles of camel milk powders produced by different concentration and dehydration processes. Results from this study can provide valuable information and contribute to the current understanding of camel milk powder production.




2. Materials and Methods


2.1. Materials


Camel milk samples were collected from a local camel farm (QLD, Australia). The milk samples were kept at 4 °C and processed within 48 h of collection. Each treatment was performed in triplicate. Formic acid, Pierce™ BCA Protein Assay Kit, and the SOLAμ HRP 96-well plate were purchased from Thermo Fisher Scientific Pty. Ltd. (Scoresby, VIC, Australia). Trypsin Gold was purchased from Promega Australia (Sydney, NSW, Australia). All the other chemicals were obtained from Sigma-Aldrich Pty. Ltd. (Castle Hill, NSW, Australia) unless otherwise noted. Water was high-grade deionised (>18.5 megaOhm) water.




2.2. Concentration of Camel Milk by Spray Dewatering


Camel milk was concentrated using spray-dewatering (SD) equipment designed at the University of Queensland. However, details of the equipment cannot be disclosed, as a patent application is being considered. The product temperature during concentration was maintained at 35 °C. To avoid protein denaturation during a lengthy process, SD concentration was stopped when the total solids content of camel milk attained 20% w/w.




2.3. Concentration of Camel Milk by Reverse Osmosis


Reverse osmosis (RO) was conducted as a batch process. The milk was circulated between a small bulk tank and the filtration plant until the volume was reduced by half. The 1812 spiral-wound membrane used for RO was produced by Guochu Technology Co. Ltd. (Xiamen, China). Pressure across the RO membrane was set at 30 bar, and the temperature was kept below 50 °C by circulating cooling water during processing. To avoid thermal inactivation and interfacial inactivation (caused by milk foaming during the RO process) of bioactive proteins, RO concentration was stopped when the total solids content of camel milk reached 20% w/w.




2.4. Dehydration by Spray Drying of Camel Milk


Spray drying was undertaken on raw milk and both types of concentrated milk (SD and RO) using a concurrent Anhydro spray dryer (the University of Queensland, St. Lucia, Australia), which was equipped with a twin fluid nozzle and had a water evaporation capacity of about 4 L/h. The compressed air at the inlet of the atomiser was set at 40 kPa. The inlet and outlet temperatures of the drying air were controlled at 160 and 70 °C, respectively. The powders were collected from the cyclone separator and stored in vacuum-sealed aluminium-coated plastic pouches at −20 °C for further analyses.




2.5. Dehydration by Freeze Drying of Camel Milk


Camel milk (raw, or concentrated by SD or RO) was frozen at −20 °C for two days, then dried using a vacuum freeze dryer (John Morris Scientific Pty. Ltd., Murarrie, QLD, Australia). The condenser temperature was maintained at approx. −55 °C, and the vacuum was approx. 0.2 mbar. The powders were stored in vacuum-sealed aluminium-coated plastic pouches at −20 °C for further analyses.




2.6. Physicochemical Properties of Camel Milk Powders


Colour, true density, water activity, moisture content and solubility analyses, X-ray diffraction analysis (XRD), and scanning electron microscopy (SEM) of the camel milk powders produced were performed according to Ho et al. [16].




2.7. Lactoperoxidase Activity of Camel Milk Powder


Camel milk powder was reconstituted in Milli-Q water equivalent to the total solids content of corresponding raw milk. The lactoperoxidase (LPO) activity was assayed using the fluorescent AR®/Resorufin method [17].




2.8. Proteomics Comparison of Raw Milk and Camel Milk Powders


Aqueous solutions of camel milk powders were prepared by adding the powders into Milli-Q water with constant stirring, equivalent to the total solids content corresponding to raw milk. The reconstituted camel milk, together with camel raw milk, was ultracentrifuged at 100,000× g for 60 min at 25 °C (Beckman JXN-30 ultracentrifuge, with rotor JA-30.50, Beckman, Brea, CA, USA). The middle layer of milk serum was used for protein quantification using Pierce™ BCA Protein Assay Kit. The milk serum obtained through ultracentrifugation was diluted in Milli-Q water to get a 1 mg/mL protein solution.



For proteomic analysis, protein digestion was directly conducted on filter membrane of a Pall Nanosep with 10 K omega filter (PALL Corporation, Washington, NY, USA) by mixing 100 μL diluted milk serum with 100 μL 50 mM ABC (ammonium bicarbonate in water, pH 8) on the membrane. The fractions were reduced with 1 mM dithiothreitol, alkylated with 2.5 mM iodoacetamide, washed with 100 μL 50 mM ABC three times, and digested with 1 μg trypsin (37 °C, overnight). After overnight trypsin digestion, 100 μL 0.1% formic acid was added to the membrane, and the sample was centrifuged at 15,000× g for 5 min. The eluate was mixed with 200 μL 0.1% trifluoroacetic acid and desalted using the SOLAμ HRP 96-well plate following the manufacturer’s instruction. The eluted peptides were dried in a vacuum centrifuge and resuspended in 0.1% formic acid for HPLC-MS analysis.



The information-dependent acquisition was carried out on an AB SCIEX TripleTOF 5600 mass spectrometer (ABSCIEX, Redwood City, CA, USA) coupled to a Nano Ultra 1D + HPLC system (Eksigent, Redwood City, CA, USA) as described by Jayabalan et al. [18]. Full-scan (survey scan) mass spectra were acquired for 0.2 s in high sensitivity mode from 300 to 1700 m/z, followed by collision-induced dissociation data-dependent product ion scan (MS/MS) of the most abundant ions (Top 25) from a survey scan. Identical LC-MS conditions were used for SWATH-MS on the same instrument. Using an isolation width of 26 Da (containing 1 Da for the window overlap), a set of 32 overlapping windows was constructed covering the precursor mass range of 400–1200 Da for SWATH acquisition. An accumulation time of 0.08 s was used for all fragment ion scans, and the high sensitivity mode was selected.



Product ion spectra were searched using the Paragon search engine on ProteinPilot™ Software (Version 5.0, AB Sciex, Redwood City, CA, USA). The Camelus (Taxon identifier 9836) reference database was downloaded as fasta files from UniProt (http://www.uniprot.org/, accessed on 1 July 2021). The results from ProteinPilot were used as an ion library to measure the abundance of peptides and proteins using PeakView 2.1 (SCIEX) with the following settings: shared peptides, excluded; peptide confidence threshold, 99%; false discovery rate (FDR), 1%; extracted-ion chromatogram extraction window, 6 min; extracted-ion chromatogram width, 75 ppm. For protein-centric analyses, protein abundances were normalised to total protein in a sample. Peakview output was reformatted with a Python script to eliminate low-quality data by applying a peptide FDR cut-off of 1%, and protein abundance differences between samples were determined using MSstats (2.4) in R as described by Kerr et al. [19]. Principal component analysis (PCA) was performed using Python, the machine learning library Scikit-learn (0.19.1), and the data visualisation package Plotly (1.12.2).





3. Results and Discussion


3.1. Concentration and Dehydration of Camel Milk


The concentration of camel milk was performed by SD, which removes water as a vapour using hot air, or by RO, which removes water through membrane filtration. On the basis of total solids content, the concentration factors of both SD and RO processes were between 1.6 and 1.7 (Table S1). The raw and concentrated camel milk samples were either freeze dried or spray dried subsequently.



The samples used for this investigation included raw milk (RM) and six different camel milk powders. A breakdown of the samples prepared by different processing techniques is as follows:




	
Six camel milk powders:



	
Freeze-dried raw milk powder (FR);



	
SD-concentrated/freeze-dried milk powder (FSD);



	
RO-concentrated/freeze-dried milk powder (FRO);



	
Spray-dried raw milk powder (SR);



	
SD-concentrated/spray-dried milk powder (SSD);



	
RO-concentrated/spray-dried milk powder (SRO).








During spray drying, only milk powder in the product collection chamber below the cyclone separator was retrieved for subsequent analysis. Milk powder stuck onto the drying chamber was discarded to avoid the incorporation of outliers that are potentially overheated. In addition, a proportion of the milk powder was lost in the exhaust gas from the cyclone separator, resulting in a low yield (24.7–34.0%, Table S2). However, it appeared that concentration step and type of concentration did not have any effect on powder yield. Freeze drying, on the other hand, recovered more than 95% of the dry matter in the milk samples.




3.2. Physicochemical Properties of the Camel Milk Powders


Water activity, moisture content, colour, true density, and solubility of camel milk powders produced from the different combinations of concentration and dehydration are summarised in Table 1. In general, the freeze-dried camel milk powders had lower water activity and moisture content as compared with spray-dried camel milk powders. Lower water activity in a powder is usually associated with greater stability and longer shelf life of the product [20]. Schuck et al. suggested that water activity of milk powders should be close to 0.2 for optimal preservation [21]. Lower moisture content was also reported for freeze-dried coconut milk powder than spray-dried [22]. Spray-dried goat milk powders showed similar water activity (0.239–0.259) to spray-dried camel milk powders in the present study [23]. The spray-dried camel milk powders were significantly whiter than freeze-dried camel milk powders (Table 1).



True densities of the spray-dried camel milk powders were similar to values reported by Ho et al. [16] but were significantly lower than those of freeze-dried camel milk powders (Table 1). An increased moisture content usually decreases the true density of an amorphous powder [24]. Therefore, the lower true density of spray-dried camel milk powder could be ascribed to their higher moisture content. The lower true densities of the spray-dried camel milk powders may be an indication of a greater amount of intraparticle pores that might have been generated from thermal devolatilisation of milk carbohydrates but could not be penetrated by nitrogen gas during measurement [25]. Although the amorphous or crystalline state of powder has also been reported to affect powder true density [16], no differences in amorphous/crystalline structure were observed between freeze-dried and spray-dried camel milk powders, as discussed in the following. Freshly freeze-dried and spray-dried camel milk powders dissolved well in water. Ho et al. also reported good solubility (98.62%) for freshly spray-dried camel milk powder, and the solubility level remained stable for at least 9 weeks of storage based on their results [26].



The XRD spectra in Figure 1 show the diffractogram of the scattering patterns, which provide insights into the crystalline or amorphous structure of the camel milk powders. The intensities and diffraction patterns of X-rays were quite similar for all the six camel milk powder samples, indicating that different concentration and dehydration techniques did not have a notable influence on the amorphous/crystal structure in the final camel milk powder product. A single large peak with some smaller sharp peaks was observed on the XRD scattering patterns, suggesting that the predominant fraction of camel milk powder existed as an amorphous structure with some amount of crystalline. Four crystal forms (marked with “*” in Figure 1) at diffraction angles (2θ) 6.4, 20.8, 21.6, and 23.1, respectively, were identified in the camel milk powders. These four sharp peaks are attributed to the diffractions of small amounts of lactose and milk fat crystals that were formed during the processing and storage of camel milk powders [27,28,29].



The SEM images of freeze-dried and spray-dried camel milk powders are shown in Figure 2. The former have irregular structures, while the latter are characterised by spherical-shaped particles with wrinkled and folded surfaces. These images are similar to those reported previously for bovine and camel milk powders [30,31]. Compared with the powder particles from SR shown here, more agglomerated particles were observed for SSD and SRO (Figure 2). In agreement with our findings, Balde and Aïder [32] reported that cryo-concentrated and spray-dried bovine milk powder had predominantly agglomerated particles. High lactose content has been reported to generate more wrinkled particles [33]. However, the differences between surface morphology of camel milk powders with or without concentration were not notable, perhaps due to the relatively low concentration factors in this study.




3.3. Quantitative Proteomics of Whey Protein Changes Following Camel Milk Powder Processing


3.3.1. Identification of Whey Proteins before and after Processing


Venn diagram analyses of the quantified proteins from the SD and RO milk concentration groups are shown in Figure 3. There were 212, 201, 197, 161, 176, 164, and 143 proteins identified in RM, FR, SR, FSD, SSD, FRO, and SRO, respectively. Among the 223 proteins identified in raw milk and six milk powders, 156 and 128 proteins were present across SD- and RO-group powders, respectively. By comparison to the 212 proteins identified in raw milk, there were 18, 21, 51, 38, 56, and 73 proteins missing from FR, SR, FSD, SSD, FRO, and SRO, respectively. This indicates that direct drying of camel milk without any preconcentration step had the least influence on protein components of the final product. The concentration processes, either SD or RO, prior to camel milk drying, markedly altered the protein components of the camel milk powder produced, with RO having a greater effect than SD.



α-Actinin-4 isoform 1, antigen p97 melanoma-associated protein, 6-phosphogluconate dehydrogenase, mesothelin, neutrophilic granule protein-like, and elongation factor 2 were absent in FR, FSD, or FRO. This revealed that these proteins might have been obliterated after freeze drying. According to Gene Ontology (GO) annotation, they are involved in actin/calcium ion binding (α-actinin-4 isoform 1), ATP/microtubule/NADP binding (6-phosphogluconate dehydrogenase), GTP binding (elongation factor 2), catalytic activity (6-phosphogluconate dehydrogenase and elongation factor 2) and defence response (neutrophilic granule protein-like).



A total of 12 proteins present in RM were not detected in any milk powders processed by spray drying (SR, SSD, and SRO). Over half of them have also been annotated to have binding function, including calcium binding (calcium-binding protein and calmodulin), ATP/unfolded protein binding (endoplasmin), cobalamin binding (transcobalamin-2), RNA binding (uncharacterised protein), DNA binding (histone H1t), and Guanine nucleotide binding (Guanine nucleotide-binding protein).




3.3.2. Quantification of Whey Proteins before and after Processing


PCA was used to provide an overview of the proteomic variability between raw camel milk and the six camel milk powders (Figure 4). Clustering of the triplicate analyses of each milk/milk powder sample was observed. Among all the milk powders, FR and SR showed the closest association with RM. The milk powders that involved concentrating by RO (FRO and SRO) had clusters that were distinctively distant from the rest of the milk powders, indicating that their proteomes were more altered.



For the six camel milk powders, a total of 108 proteins were successfully quantified for abundance as fold change in comparison to raw camel milk (Figure 5A). Consistent with the PCA analysis results, there was less change in protein abundance in FR and SR compared with RM, while the greatest fold change of protein abundance was marked in the RO-derived (FRO and SRO) powders. Among the 108 proteins quantified in all the samples, changes in the abundance of 9, 38, 39, 31, 25, and 26 proteins were significant (p < 10−5) in FR, FSD, FRO, SR, SSD, and SRO, respectively.



The proteins showing significant changes after processing were then grouped, based on their function annotation, in Figure 5B. Two proteins related to immune response (α-1-acid glycoprotein and platelet glycoprotein 4) were significantly decreased after freeze drying (FR). For FSD, most of the proteins with significant fold change were enriched after processing, except for some of the enzymes and perilipin (lipid storage regulator). In the case of FRO, a reduction in most of the protein categories, enzymes, and binding proteins in particular was observed.



Spray drying caused an abundant decrease in cellular components, enzymes, and proteins involved in immune response, while binding proteins, osteopontin (OPN, cell adhesion), κ-casein (κ-CN, protein stabilisation), and two uncharacterised proteins were enriched after spray drying (SR, Figure 5B). There was a nominal decrease in the enzyme inhibitors in SR. Zhang et al. [34] compared the whey proteomes in raw camel milk with spray-dried milk powder and found that the amount of enzymes and proteins exerting immunity activities were also reduced after processing, while protease inhibitors were relatively stable during spray drying. Spray-dewatering concentration prior to spray drying (i.e., SSD) produced a positive effect on the preservation of binding proteins, cellular components, and enzymes compared to spray drying alone (SSD vs. SR, Figure 5B). However, a more significant loss of proteins related to immune response was observed in SSD.



Similar to the protein profile change in FRO, enzymes were severely reduced in SRO, while enzyme inhibitors were well preserved. Slight reductions in the amounts of binding proteins, cellular components, and proteins related to immune response were also observed in SRO. The complete information of proteins showing significant changes after processing in each powder sample is detailed in Table S2.



Denaturation of whey proteins during spray drying of skimmed camel milk has been shown to be associated with processing temperature, and processing at either lower inlet or outlet temperatures resulted in lower overall denaturation values [35]. Although limited information is available in regards to the impact of drying processes on camel milk proteomes, several studies employed proteomic approaches to examine the effect of heat treatment on camel milk proteins [36,37]. Benabdelkamel et al. [37] showed that enzymes were the major fraction (61%) of heat-treatment-affected proteins in camel milk, followed by binding proteins (20%), cell adhesion proteins (10%), and proteins involved in the immune response (5%). In addition, it was observed that some key proteins such as serum albumin (SA), apolipoprotein, and carboxypeptidase were reduced significantly after heat treatment. This observation concurred well with the present study, in which the abundances of these proteins in SR, SSD, and SRO were also decreased markedly as compared with raw milk (Table S2). However, due to the different heat processing conditions and whey protein separation methods employed in present and the earlier study by Benabdelkamel et al. [37], variations in the preservation of some whey proteins were also observed. For example, hemopexin, a plasma glycoprotein that acts as a binding protein for iron and exerts antioxidant activity, did not change significantly in SR and SSD but decreased significantly at 98 °C in their study.




3.3.3. Changes in Bioactive Proteins following Camel Milk Powder Processing


The abundance as fold change of bioactive proteins in the six camel milk powders is shown in Figure 6. LTF was observed to be unstable during the concentration and dehydration processing, with a significant amount of reduction in all of the camel milk powders, apart from FR and FSD. Other bioactive proteins showing significantly decreased concentrations in the camel milk powders included WAP in FSD, α-LA in SSD, lactadherin (LTD) in FSD and SR, SA in SR and SSD, Ig-like domain-containing protein (Ig1) in SSD, complement C3 (C3) in SSD, and peroxidase (POD) and LPO in all powders except for FR. A marked decrease in the concentration of xanthine oxidase (XO) and amine oxidase (AO) was observed in FRO and SRO, which may have resulted from the removal of a certain enzyme cofactor or ion during the RO processing.



GLYCAM1 was found to be enriched in all of the camel milk powders except for FR, although only the increases in FRO, SR, and SRO were identified as significant. OPN also seemed to be upregulated by the concentration and dehydration processing, with higher concentrations being observed in all powder samples. It is worth highlighting that both GLYCAM1 and OPN lack cysteine in their structures. During heat processing, irreversible aggregation of proteins into protein complexes is known to occur due to -SH/S-S interchange reactions, which involves the interaction of free -SH groups with the S-S bond of proteins [6,38]. Therefore, GLYCAM1 and OPN may not tend to aggregate during heating as both do not contain cysteine residues. Other bioactive proteins that were significantly enriched in the camel milk powders include PGRP1 (in FSD and FRO), α-LA (in FRO and SR), LTD (in FRO and SRO), SA (in FR), and XO (in SSD).



LTF is an iron-binding protein with several beneficial biological properties, such as antimicrobial, anticancer, and antioxidant activities [39]. Camel milk is known for its rich LTF content [40]. Downregulation of LTF by spray drying [34] or heat treatments [37,40] has been reported, suggesting the loss of LTF activity in thermally processed milk products. The C3, GLYCAM1, LTF, LTD, OPN, and XO in camel milk were reported to be greatly reduced from spray drying, with less than 10% protein retained in the powder produced, while 17% of α-LA and 35% of WAP were retained [34]; the prolonged heating process during spray drying may have led to the severe reduction in protein content observed in their study. It was recently reported by Zouari et al. [10] that 14.1%, 3.3%, and 0% of SA, α-LA, and PGRP, respectively, in camel milk were diminished after spray drying, which concurred well with the protein abundance changes reported in this study. During spray drying of acidic camel whey samples, PGRP also showed better stability than SA and α-LA [41]. Few other studies have investigated the effects of heat treatment on camel milk proteins. Similar to the results observed here, the degree of whey protein denaturation was found to be LTF > SA > α-LA > GLYCAM1 when camel milk was heated under varying conditions (75/85/90 °C, 5 min) [42]. α-LA was also found to be more heat stable than SA in camel milk by El-Agamy [40]. β-Lactoglobulin in bovine milk has been reported to interact with α-LA and promote aggregate formation during the heating process [6]. Therefore, the absence of β-lactoglobulin in camel milk might thus reinstitute the inherent heat stability of camel α-LA.



In bovine milk, SA, LTF, and αs2-CN were reported to form covalent complexes during heating [43]. Similar reactions might have also occurred in the present study when camel milk was heated during spray drying, leading to aggregation and denaturation of SA and LTF. Benabdelkamel et al. [37] reported that the order of heat denaturation followed LTF/LTD/SA > PGRP > α-LA/GLYCAM1 in camel milk. This trend is similar to that observed in the present study (Figure 6).



However, higher retainment of SA (62%), compared with PGRP (33%) and α-LA (0%) in camel milk after 80 °C heat treatment for 60 min has been reported [36]. Different protein extraction methods were used (urea incubation followed by filtration in the study conducted by Felfoul et al., as opposed to centrifugation extraction performed in other studies cited in the preceding) may account for the different residual protein amounts.





3.4. Lactoperoxidase Activities in Concentrated Camel Milk and Powders


Residual activities of the antimicrobial enzyme LPO after the different concentration and dehydration processes are shown in Table 2. For camel milk concentration, SD did not reduce the LPO activity significantly, while 37% of LPO activity was lost after RO. Among the six camel milk powders, FR and FSD retained significantly higher LPO activity with approximately 40–50% of activity remaining, while only approximately 10–20% of LPO activity remained in the other four powder samples. The observed changes in LPO activity were in agreement with the SWATH-MS quantification results of LPO (Figure 6).



The LPO activities in camel milk before and after SD were similar, indicating the mild heating in SD did not negatively affect the LPO activity. For RO, there is limited information on the changes in enzymatic activity during membrane concentration of milk. Syrios et al. [44] found that concentrating skim bovine milk by RO prior to drying altered the calcium concentration and pH of the retentate and its reconstituted powder. Changes in milk ionic environment and pH may consequently influence the LPO activities of the reverse-osmosis-concentrated milk (ROC) and RO powders. As whey is a severe fouling agent for RO membranes [45], it is possible that LPO may also be involved in deposit formation on membrane surfaces during RO processing, resulting in LPO activity loss in the RO retentate. Minerals, especially calcium phosphate, can also play an important role in fouling formation during RO, by acting as a binding bridge between the membrane and protein [45,46]. Thus, the high-affinity site for calcium in LPO may contribute to its binding to the RO membrane [47].



The LPO activity of raw camel milk decreased significantly after freeze drying (FR, Table 2). Although there is no heating involved in freeze drying, conformational changes and aggregation during freeze drying could result in protein inactivation [5]. The low moisture content of the freeze-dried camel milk powders (Table 1) may also have contributed to the loss of LPO activity. The residual moisture level was reported to be a critical variable affecting activity recovery of the freeze-dried enzyme, and a marked drop in activity recovery was observed at residual moisture levels less than 10% [48].



Severe heating during spray drying of raw and concentrated camel milk greatly reduced the LPO activity, resulting in much lower values observed in SR, SSD, and SRO. Thermal deactivation kinetics of camel milk LPO have been studied previously, and the half-time of camel milk LPO has been reported to be 4.45 min at 69 °C and 1.68 min at 71 °C [49]. On this basis, the enzyme has been identified as a promising marker to verify effective pasteurisation [50]. In the present study, LPO was also a good indicator to evaluate the possible loss of bioactive components caused by different processes due to its heat sensitivity and easy detection.





4. Conclusions


Six camel milk powders were produced from different combinations of concentration and dehydration processes. The physicochemical properties and changes in protein profiles of the camel milk powders were studied. Milk concentration did not have much influence on the physicochemical properties of the final milk powder produced but altered the protein profile significantly. LTF, POD, and LPO significantly decreased in all the spray-dried camel milk powders, while XO and AO2 decreased significantly in RO-processed powders (FRO and SRO). GLYCAM1, PGRP1, and OPN were the most stable bioactive whey proteins during milk processing. These results revealed that alternative large-scale techniques still need to be developed to preserve all the important bioactive proteins in camel milk, such as LTF. Future research might determine if further concentrating the milk benefits the preservation of bioactive components during the subsequent drying of camel milk.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods11050727/s1, Table S1: Summary of concentration and dehydration processes of camel milk, Table S2: Proteins showing significant change after camel milk powder processing.





Author Contributions


Conceptualisation, Z.Z., J.A.D., D.M.C., B.B. and N.B.; methodology, Z.Z., J.A.D., D.M.C., S.R., B.J.A., B.B. and N.B.; formal analysis, Z.Z., J.A.D. and D.M.C.; investigation, P.N.S. and N.B.; resources, J.A.D., S.R., B.B., P.N.S. and N.B.; data curation, Z.Z. and B.J.A.; validation, Z.Z.; software, B.J.A. and S.R.; writing—original draft preparation, Z.Z.; writing—review and editing, J.A.D., D.M.C., P.N.S. and N.B.; visualisation, Z.Z., B.J.A. and S.R.; supervision, N.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research study received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors would like to acknowledge Thao Ho and Xi Chen for their help with the camel milk powder production and the Summer Land Camels in Harrisville, Queensland, for kindly supplying all the camel milk samples.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ho, T.M.; Zou, Z.; Bansal, N. Camel milk: A review of its nutritional value, heat stability, and potential food products. Food Res. Int. 2021, 153, 110870. [Google Scholar] [CrossRef]

	



Mati, A.; Senoussi-Ghezali, C.; Si Ahmed Zennia, S.; Almi-Sebbane, D.; El-Hatmi, H.; Girardet, J.-M. Dromedary camel milk proteins, a source of peptides having biological activities—A review. Int. Dairy J. 2017, 73, 25–37. [Google Scholar] [CrossRef]

	



Zou, Z.; Duley, J.A.; Cowley, D.M.; Reed, S.; Arachchige, B.J.; Koorts, P.; Shaw, P.N.; Bansal, N. Digestibility of proteins in camel milk in comparison to bovine and human milk using an in vitro infant gastrointestinal digestion system. Food Chem. 2022, 374, 131704. [Google Scholar] [CrossRef]

	



Ho, M.T.; Zou, Z.; Bhandari, B.; Bansal, N. Properties of functional camel milk powder. In Drying in the Dairy Industry-From Established Technologies to Advanced Innovations; Floch-Fouere, C.L., Schuck, P., Tanguy, G., Lanotte, L., Jeantet, R., Eds.; CRC Press: Boca Raton, FL, USA, 2020; pp. 226–238. [Google Scholar]

	



Roy, I.; Gupta, M.N. Freeze-drying of proteins: Some emerging concerns. Biotechnol. Appl. Biochem. 2004, 39, 165–177. [Google Scholar] [CrossRef] [PubMed]

	



Wijayanti, H.B.; Bansal, N.; Deeth, H.C. Stability of whey proteins during thermal processing: A review. Compr. Rev. Food Sci. Food Saf. 2014, 13, 1235–1251. [Google Scholar] [CrossRef]

	



Hansen, S.F.; Nielsen, S.D.; Rasmusen, J.T.; Larsen, L.B.; Wiking, L. Disulfide bond formation is not crucial for the heat-induced interaction between β-lactoglobulin and milk fat globule membrane proteins. J. Dairy Sci. 2020, 103, 5874–5881. [Google Scholar] [CrossRef]

	



Habtegebriel, H.; Edward, D.; Wawire, M.; Sila, D.; Seifu, E. Effect of operating parameters on the surface and physico-chemical properties of spray-dried camel milk powders. Food Bioprod. Process. 2018, 112, 137–149. [Google Scholar] [CrossRef]

	



Ogolla, J.A.; Kulig, B.; Bădulescu, L.; Okoth, M.W.; Esper, G.; Breitenbach, J.; Hensel, O.; Sturm, B. Influence of inlet drying air temperature and Milk flow rate on the physical, optical and thermal properties of spray-dried camel Milk powders. Food Bioproc. Tech. 2019, 12, 751–768. [Google Scholar] [CrossRef]

	



Zouari, A.; Briard-Bion, V.; Schuck, P.; Gaucheron, F.; Delaplace, G.; Attia, H.; Ayadi, M.A. Changes in physical and biochemical properties of spray dried camel and bovine milk powders. LWT 2020, 128, 109437. [Google Scholar] [CrossRef]

	



Li, R.; Yue, H.; Shi, Z.; Shen, T.; Yao, H.; Zhang, J.; Gao, Y.; Yang, J. Protein profile of whole camel milk resulting from commercial thermal treatment. LWT 2020, 134, 110256. [Google Scholar] [CrossRef]

	



Kumar, P.; Sharma, N.; Ranjan, R.; Kumar, S.; Bhat, Z.; Jeong, D.K. Perspective of membrane technology in dairy industry: A review. Asian-Australas. J. Anim. Sci. 2013, 26, 1347. [Google Scholar] [CrossRef] [PubMed]

	



Schuck, P.; Jeantet, R.; Bhandari, B.; Chen, X.D.; Perrone, Í.T.; de Carvalho, A.F.; Fenelon, M.; Kelly, P. Recent advances in spray drying relevant to the dairy industry: A comprehensive critical review. Dry. Technol. 2016, 34, 1773–1790. [Google Scholar] [CrossRef]

	



Roy, I.; Bhushani, A.; Anandharamakrishnan, C. Techniques for the Preconcentration of Milk. In Handbook of Drying for Dairy Products; Anandharamakrishnan, C., Ed.; Wiley-Blackwell: Chichester, UK, 2017; pp. 23–37. [Google Scholar]

	



Markoska, T.; Huppertz, T.; Grewal, M.K.; Vasiljevic, T. Structural changes of milk proteins during heating of concentrated skim milk determined using FTIR. Int. Dairy J. 2019, 89, 21–30. [Google Scholar] [CrossRef]

	



Ho, T.M.; Chan, S.; Yago, A.J.E.; Shravya, R.; Bhandari, B.R.; Bansal, N. Changes in physicochemical properties of spray-dried camel milk powder over accelerated storage. Food Chem. 2019, 295, 224–233. [Google Scholar] [CrossRef] [PubMed]

	



Zou, Z.; Bauland, J.; Hewavitharana, A.K.; Al-Shehri, S.S.; Duley, J.A.; Cowley, D.M.; Koorts, P.; Shaw, P.N.; Bansal, N. A sensitive, high-throughput fluorescent method for the determination of lactoperoxidase activities in milk and comparison in human, bovine, goat and camel milk. Food Chem. 2021, 339, 128090. [Google Scholar] [CrossRef]

	



Jayabalan, N.; Lai, A.; Nair, S.; Guanzon, D.; Scholz-Romero, K.; Palma, C.; McIntyre, H.D.; Lappas, M.; Salomon, C. Quantitative proteomics by SWATH-MS suggest an association between circulating exosomes and maternal metabolic changes in gestational diabetes mellitus. Proteomics 2019, 19, 1800164. [Google Scholar] [CrossRef]

	



Kerr, E.D.; Phung, T.K.; Caboche, C.H.; Fox, G.P.; Platz, G.J.; Schulz, B.L. The intrinsic and regulated proteomes of barley seeds in response to fungal infection. Anal. Biochem. 2019, 580, 30–35. [Google Scholar] [CrossRef]

	



Stapelfeldt, H.; Nielsen, B.R.; Skibsted, L.H. Effect of heat treatment, water activity and storage temperature on the oxidative stability of whole milk powder. Int. Dairy J. 1997, 7, 331–339. [Google Scholar] [CrossRef]

	



Schuck, P.; Mejean, S.; Dolivet, A.; Jeantet, R.; Bhandari, B. Keeping quality of dairy ingredients. Le Lait 2007, 87, 481–488. [Google Scholar] [CrossRef]

	



Zafisah, N.S.; Yusof, Y.A.; Ali, M.A.; Roslan, N.S.; Tahir, A.; Aziz, M.G.; Chin, N.L. Processing of raw coconut milk for its value addition using spray and freeze drying techniques. J. Food Process Eng. 2018, 41, e12602. [Google Scholar] [CrossRef]

	



Sert, D.; Mercan, E. Production and characterisation of goat milk powder made from sonicated whole milk concentrates. Int. Dairy J. 2022, 129, 105333. [Google Scholar] [CrossRef]

	



Sebhatu, T.; Ahlneck, C.; Alderborn, G. The effect of moisture content on the compression and bond-formation properties of amorphous lactose particles. Int. J. Pharm. 1997, 146, 101–114. [Google Scholar] [CrossRef]

	



Tsai, W.; Liu, S. Effect of temperature on thermochemical property and true density of torrefied coffee residue. J. Anal. Appl. Pyrolysis. 2013, 102, 47–52. [Google Scholar] [CrossRef]

	



Ho, T.M.; Ton, T.T.; Gaiani, C.; Bhandari, B.R.; Bansal, N. Changes in surface chemical composition relating to rehydration properties of spray-dried camel milk powder during accelerated storage. Food Chem. 2021, 361, 130136. [Google Scholar] [CrossRef]

	



Haque, M.K.; Roos, Y.H. Crystallization and X-ray diffraction of spray-dried and freeze-dried amorphous lactose. Carbohydr. Res. 2005, 340, 293–301. [Google Scholar] [CrossRef] [PubMed]

	



Ramel, P.R.; Marangoni, A.G. Insights into the mechanism of the formation of the most stable crystal polymorph of milk fat in model protein matrices. J. Dairy Sci. 2017, 100, 6930–6937. [Google Scholar] [CrossRef]

	



Marabi, A.; Raemy, A.; Bauwens, I.; Burbidge, A.; Wallach, R.; Saguy, I. Effect of fat content on the dissolution enthalpy and kinetics of a model food powder. J. Food Eng. 2008, 85, 518–527. [Google Scholar] [CrossRef]

	



Deshwal, G.K.; Singh, A.K.; Kumar, D.; Sharma, H. Effect of spray and freeze drying on physico-chemical, functional, moisture sorption and morphological characteristics of camel milk powder. LWT 2020, 134, 110117. [Google Scholar] [CrossRef]

	



Kosasih, L.; Bhandari, B.; Prakash, S.; Bansal, N.; Gaiani, C. Effect of whole milk concentrate carbonation on functional, physicochemical and structural properties of the resultant spray dried powder during storage. J. Food Eng. 2016, 179, 68–77. [Google Scholar] [CrossRef]

	



Balde, A.; Aïder, M. Effect of cryoconcentration, reverse osmosis and vacuum evaporation as concentration step of skim milk prior to drying on the powder properties. Powder Technol. 2017, 319, 463–471. [Google Scholar] [CrossRef]

	



Mistry, V.V.; Hassan, H.N.; Robison, D.J. Effect of lactose and protein on the microstructure of dried milk. Food Struct. 1992, 11, 73–82. [Google Scholar]

	



Zhang, L.; Boeren, S.; Smits, M.; van Hooijdonk, T.; Vervoort, J.; Hettinga, K. Proteomic study on the stability of proteins in bovine, camel, and caprine milk sera after processing. Food Res. Int. 2016, 82, 104–111. [Google Scholar] [CrossRef]

	



Habtegebriel, H.; Edward, D.; Wawire, M.; Seifu, E. Insolubility and denaturation of whey proteins of skimmed camel milk as affected by spray drying operating parameters. Int. J. Food Prop. 2021, 24, 517–532. [Google Scholar] [CrossRef]

	



Felfoul, I.; Jardin, J.; Gaucheron, F.; Attia, H.; Ayadi, M.A. Proteomic profiling of camel and cow milk proteins under heat treatment. Food Chem. 2017, 216, 161–169. [Google Scholar] [CrossRef]

	



Benabdelkamel, H.; Masood, A.; Alanazi, I.O.; Alzahrani, D.A.; Alrabiah, D.K.; Alyahya, S.A.; Alfadda, A.A. Proteomic profiling comparing the effects of different heat treatments on camel (Camelus dromedarius) milk whey proteins. Int. J. Mol. Sci. 2017, 18, 721. [Google Scholar] [CrossRef]

	



Momen, S.; Salami, M.; Emam-Djomeh, Z.; Hosseini, E.; Sheibani, N.; Moosavi-Movahedi, A.A. Effect of dry heating on physico-chemical, functional properties and digestibility of camel whey protein. Int. Dairy J. 2018, 86, 9–20. [Google Scholar] [CrossRef]

	



Habib, H.M.; Ibrahim, W.H.; Schneider-Stock, R.; Hassan, H.M. Camel milk lactoferrin reduces the proliferation of colorectal cancer cells and exerts antioxidant and DNA damage inhibitory activities. Food Chem. 2013, 141, 148–152. [Google Scholar] [CrossRef]

	



El-Agamy, E.I. Effect of heat treatment on camel milk proteins with respect to antimicrobial factors: A comparison with cows’ and buffalo milk proteins. Food Chem. 2000, 68, 227–232. [Google Scholar] [CrossRef]

	



Zouari, A.; Briard-Bion, V.; Gaucheron, F.; Schuck, P.; Gaiani, C.; Triki, M.; Attia, H.; Ayadi, M.A. Effect of pH on the physicochemical characteristics and the surface chemical composition of camel and bovine whey protein’s powders. Food Chem. 2020, 333, 127514. [Google Scholar] [CrossRef]

	



Genene, A.; Hansen, E.B.; Eshetu, M.; Hailu, Y.; Ipsen, R. Effect of heat treatment on denaturation of whey protein and resultant rennetability of camel milk. LWT 2019, 101, 404–409. [Google Scholar] [CrossRef]

	



Donato, L.; Guyomarc’h, F. Formation and properties of the whey protein/kappa-casein complexes in heated skim milk—A review. Dairy Sci. Technol. 2009, 89, 3–29. [Google Scholar] [CrossRef]

	



Syrios, A.; Faka, M.; Grandison, A.S.; Lewis, M.J. A comparison of reverse osmosis, nanofiltration and ultrafiltration as concentration processes for skim milk prior to drying. Int. J. Dairy Technol. 2011, 64, 467–472. [Google Scholar] [CrossRef]

	



Madaeni, S.; Mansourpanah, Y. Chemical cleaning of reverse osmosis membranes fouled by whey. Desalination 2004, 161, 13–24. [Google Scholar] [CrossRef]

	



Tew, X.W.; Fraser-Miller, S.J.; Gordon, K.C.; Morison, K.R. A comparison between laboratory and industrial fouling of reverse osmosis membranes used to concentrate milk. Food Bioprod. Process. 2019, 114, 113–121. [Google Scholar] [CrossRef]

	



Booth, K.S.; Kimura, S.; Lee, H.C.; Ikeda-Saito, M.; Caughey, W.S. Bovine myeloperoxidase and lactoperoxidase each contain a high affinity site for calcium. Biochem. Biophys. Res. Commun. 1989, 160, 897–902. [Google Scholar] [CrossRef]

	



Jiang, S.; Nail, S.L. Effect of process conditions on recovery of protein activity after freezing and freeze-drying. Eur. J. Pharm. Biopharm. 1998, 45, 249–257. [Google Scholar] [CrossRef]

	



Tayefi-Nasrabadi, H.; Hoseinpour-Fayzi, M.A.; Mohasseli, M. Effect of heat treatment on lactoperoxidase activity in camel milk: A comparison with bovine lactoperoxidase. Small Rumin. Res. 2011, 99, 187–190. [Google Scholar] [CrossRef]

	



Lorenzen, P.C.; Wernery, R.; Johnson, B.; Jose, S.; Wernery, U. Evaluation of indigenous enzyme activities in raw and pasteurised camel milk. Small Rumin. Res. 2011, 97, 79–82. [Google Scholar] [CrossRef]








[image: Foods 11 00727 g001 550] 





Figure 1. X-ray diffraction (XRD) analysis of camel milk powders. FR, freeze-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SR, spray-dried raw milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. *, Four crystal forms at diffraction angles (2θ) 6.4, 20.8, 21.6, and 23.1, respectively, were identified in the camel milk powders. 
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Figure 2. Scanning electron microscopy (SEM) images of camel milk powders. FR, freeze-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SR, spray-dried raw milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. 
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Figure 3. Venn diagrams of camel serum proteins identified in the spray-dewatering (SD) group (A) and reverse osmosis (RO) group (B). RM, raw milk; FR, freeze-dried raw milk powder; SR, spray-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. 
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Figure 4. Principal component analysis of proteome of raw camel milk and processed camel milk powders. RM, raw milk; FR, freeze-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; SR, spray-dried raw milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. 
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Figure 5. Heat map of abundance change of the proteins quantified in all the samples (A) and annotation of significantly changed proteins (B). Values shown as log2 (fold change) for proteins. RM, raw milk; FR, freeze-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SR, spray-dried raw milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. 
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Figure 6. Fold change of bioactive proteins in the camel milk powders produced. LTF, Lactotransferrin (W6GH05); WAP, whey acidic protein (P09837); GLYCAM1, glycosylation-dependent cell adhesion molecule 1 (P15522); PGRP1, peptidoglycan recognition protein 1 (Q9GK12); α-LA, α-lactalbumin (S9YFK0); LTD, lactadherin (S9WF76); SA, serum albumin (S9WI87); Ig1, Ig-like domain-containing protein (S9X0W6); Ig2, Ig γ-3 chain C region (S9XBS9); C3, complement C3 (S9XDK9); OPN, osteopontin (S9XC74); POD, peroxidase (Q9GJW6); LPO, lactoperoxidase (S9X7Q1); XO, xanthine oxidase (S9Y4T1); AO1, amine oxidase (S9XJ18); AO2, amine aoxidase (S9Z0L8). UniProt accession numbers are given in brackets. RM, raw milk; FR, freeze-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SR, spray-dried raw milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. * indicates the change directly above or below it is significant (p < 10−5). 
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Table 1. Selected physicochemical properties of camel milk powders.
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	FR
	FSD
	FRO
	SR
	SSD
	SRO





	Water activity
	0.161 ± 0.057 a
	0.138 ± 0.020 a
	0.179 ± 0.039 a
	0.296 ± 0.050 b
	0.288 ± 0.031 b
	0.235 ± 0.021 ab



	Moisture, %
	2.20 ± 0.19 ab
	1.82 ± 0.27 a
	2.74 ± 0.57 ab
	3.83 ± 1.22 b
	3.90 ± 0.70 b
	3.23 ± 0.20 ab



	Whiteness
	89.8 ± 1.0 a
	88.6 ± 1.2 a
	87.4 ± 0.5 a
	94.4 ± 0.8 b
	94.8 ± 0.6 b
	95.2 ± 0.3 b



	True density, g/cm3
	1.377 ± 0.007 a
	1.360 ± 0.059 a
	1.382 ± 0.001 a
	1.242 ± 0.022 b
	1.251 ± 0.017 b
	1.261 ± 0.009 b



	Solubility, %
	98.99 ± 0.42 ab
	99.08 ± 0.29 a
	99.01 ± 0.24 ab
	98.24 ± 0.37 b
	98.33 ± 0.28 ab
	98.67 ± 0.17 ab







FR, freeze-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SR, spray-dried raw milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. a,b Means with different superscripts within a row are significantly different (p < 0.05) from each other.
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Table 2. Change of lactoperoxidase (LPO) activity during concentration and dehydration of camel milk.
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	Sample
	Relative Activity (%)





	RM
	100.0 ± 0.9 a



	SDC
	96.0 ± 5.6 a



	ROC
	63.0 ± 6.3 b



	FR
	49.8 ± 4.6 bc



	FSD
	41.1 ± 3.7 c



	FRO
	18.5 ± 2.3 d



	SR
	13.9 ± 3.5 d



	SSD
	8.5 ± 2.0 d



	SRO
	9.0 ± 1.7 d







RM, raw milk; SDC, spray-dewatering-concentrated milk; ROC, reverse-osmosis-concentrated milk; FR, freeze-dried raw milk powder; FSD, spray-dewatering-concentrated/freeze-dried milk powder; FRO, reverse-osmosis-concentrated/freeze-dried milk powder; SR, spray-dried raw milk powder; SSD, spray-dewatering-concentrated/spray-dried milk powder; SRO, reverse-osmosis-concentrated/spray-dried milk powder. a–d means the columns with different superscripts are significantly different (p < 0.05) from each other.
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