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Abstract
Camel milk has gained substantial interest as a functional food, primarily due to its unique nutritional composition and therapeutic properties, including antidiabetic, antimicrobial, and hypoallergenic effects. This review provides a comprehensive overview of the chemical composition, health benefits, and processing challenges associated with camel milk. Compared to bovine milk, camel milk is characterized by higher levels of bioactive compounds such as insulin-like proteins, vitamin C, and long-chain unsaturated fatty acids, alongside a distinctive protein profile lacking β-lactoglobulin and exhibiting larger casein micelles. Despite its therapeutic potential and growing global market demand, the industrial-scale production of camel milk products remains constrained by technological limitations such as poor rennet coagulation, inefficient creaming, high microbial load, and heat sensitivity of bioactive components. Recent advances in processing strategies—including the use of recombinant camel chymosin, non-thermal preservation techniques, ultrafiltration, and tailored starter cultures—have demonstrated promise in improving product yield, stability, and quality. Establishing adaptive process control systems, improving hygienic practices, and implementing standardized regulatory frameworks are critical steps toward expanding the commercial utilization of camel milk as a sustainable and functional dairy alternative.
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Introduction
Camels have long supported nomadic communities by supplying nutrient-rich milk and meat, in addition to serving as a mode of transportation. At present, they are increasingly recognized as a sustainable livestock species due to their multifunctional role and remarkable adaptability to extreme and arid environments (Liu et al., 2025). From a taxonomic perspective, domestic camels are classified into two principal species: the single-humped camel (Camelus dromedarius), commonly referred to as the Arabian camel, and the double-humped camel (Camelus bactrianus). The domestication of C. dromedarius is believed to have occurred approximately 5,000–6,000 years ago in the Arabian region (Manee et al., 2024). In contrast, the domestication of Bactrian camels occurred in the desert and cold regions of Asia. Recent estimates from the Food and Agriculture Organization (FAO) indicate that the global camel population is around 29 million, of which approximately 95% consists of the single-humped dromedary species(Sahoo,2020). The lactation period in camels generally ranges from 9 to 18 months, with variations influenced by factors such as geographic location, breed characteristics, health status, management practices, and prevailing environmental conditions (Almathen et al., 2016)."Global camel milk production is reported to be increasing at an annual rate of 2.45% (FAO, 2020), driven by several factors: (i) its contribution to food security in arid and resource-limited environments, (ii) the rising consumer demand linked to its unique functional and nutritional properties, and (iii) the progressive establishment of the camel dairy sector, offering economic opportunities for pastoralists and producers (Bediye et al., 2018).
Camel milk has historically served as an important dietary component and source of livelihood in many Asian and African countries. For centuries, it has been a staple food for nomadic and indigenous communities, including the Tuareg, Fulani, Borana, Maasai, and others (Sikkema et al., 2019). Traditionally, camel milk was not regarded as a commercial commodity, and in many regions its sale was culturally restricted or considered taboo. However, in recent years, consumer and scientific interest in camel milk and its derived products has grown substantially, largely due to its recognition as a promising alternative to bovine milk, attributed to its distinctive therapeutic properties and potential health-promoting benefits (Arain et al., 2023). Traditionally, camel milk was consumed in its raw form, with fermentation being the primary method employed to extend its shelf life in harsh environments where cold chain facilities were unavailable (Hamed et al., 2024).In contrast, the commercial production and processing of camel milk in many Asian and African countries have progressed slowly, primarily due to limited access to processing technologies, challenging climatic conditions, and the low economic capacity of nomadic populations. Fodder availability and nutritive value are strongly influenced by geographical location and seasonal variability. Rising ambient temperatures are expected to adversely affect pasture productivity and livestock performance, particularly in arid and semi-arid regions (Sharma et al., 2024) Milk represents one of the most important and widely utilized animal-derived foods in arid and resource-limited regions, particularly across Africa and Asia; however, its per capita consumption in these areas remains relatively low. The comparatively low levels of milk consumption and production in these regions have limited the diversification of dairy products in Africa and Asia. Historically, the marketing and processing of camel milk have been minimal, largely due to the absence of processing infrastructure in camel-rearing areas, restricting its use primarily to household consumption among nomadic communities. Furthermore, unlike bovine milk, only a limited range of camel milk-derived products is currently available on the market. The distinctive composition, functional characteristics, and relatively higher concentration of bioactive components in camel milk present significant technological challenges for the dairy industry in developing a wider array of functional dairy products with enhanced nutritional value.In recent years, camel milk has attracted growing commercial and scientific interest, particularly in the context of global warming, which poses challenges to the productivity of conventional dairy cattle. In arid and semi-arid regions, camels are increasingly recognized as a sustainable source of milk and meat due to their exceptional ability to adapt to hot and dry climatic conditions (Sahoo, 2020).
Although camel milk contains protein, fat, and lactose in proportions comparable to bovine milk, its chemical composition, molecular structure, and the distribution of proteins and lipids exhibit distinct differences from those of other mammalian species (Berhe et al., 2017).Proteomic analyses of camel whey proteins have revealed notable differences in both structural characteristics and biological functions when compared with whey proteins from cow, buffalo, yak, and goat (Yang et al., 2013)."A deeper understanding of the chemical composition and techno-functional properties of camel milk, together with the optimization of advanced processing technologies, is essential to support the development of its market and the production of diversified functional dairy product (Arain, et al., 2024). This review provides an overview of recent advances in the processing and conversion of camel milk into functional dairy products, while also addressing the challenges and limitations associated with its industrial utilization. Furthermore, it emphasizes the need to establish appropriate processing conditions to facilitate the development of innovative camel milk-based products at a commercial scale.
Chemical composition of camel milk
Camel milk is broadly comparable to bovine milk in its proximate composition, yet it exhibits distinct molecular and functional traits (Table 1). On average, it contains 3.0–3.8% protein, 3.0–4.5% fat, 3.5–5.0% lactose, and 0.7–0.9% ash, with total solids between 11–14% (Abdelazez, et al., 2024). Caseins represent 75–88% of total protein, whereas whey proteins account for 12–25%. Unlike bovine milk, camel milk lacks β-lactoglobulin, a key allergen, and displays larger casein micelles with lower κ-casein, which influence heat stability and coagulation (El‐Agamy, 2017).
The lipid fraction is dominated by long-chain fatty acids, with oleic and palmitic acids being prominent; short-chain fatty acids are relatively lower compared to cow milk, contributing to distinctive flavor and digestibility (Muthukumaran et al.,2023). Lactose content ranges from 3.3–5.4% and is generally stable across lactation stages, though often better tolerated by lactose-intolerant individuals (Mustafa et al., 2023). 
Camel milk contains higher levels of certain minerals such as potassium, magnesium, and zinc, while calcium is slightly lower relative to bovine milk (Kula and Tegegne, 2016). Its vitamin profile is characterized by a markedly higher concentration of vitamin C (3–5 times greater than cow milk), together with appreciable levels of B-complex vitamins, though vitamin A and B₁₂ are relatively lower (Alhassani,2024).
These compositional characteristics provide camel milk with unique techno-functional properties, but also create challenges for conventional dairy processing such as cheese- and yogurt-making. Tailored technological approaches are therefore required to exploit its nutritional and functional potential.

	Component
	Camel milk (average range)
	Bovine milk (average)
	Key differences

	Protein (%)
	3.0 – 3.8
	3.2 – 3.4
	Similar amount, different structure (larger micelles, low κ-casein, no β-lactoglobulin)

	Fat (%)
	3.0 – 4.5
	3.5 – 4.0
	Smaller fat globules; higher unsaturated FA (oleic, linoleic)

	Lactose (%)
	3.3 – 5.4
	4.5 – 5.0
	Slightly variable; better tolerated by lactose-intolerant individuals

	Ash (%)
	0.7 – 0.9
	0.7
	Similar; camel milk higher in K, Mg, Zn

	Vitamin C (mg/100 ml)
	30 – 60
	8 – 12
	3–5 times higher in camel milk

	Casein micelle size
	260 – 300 nm
	100 – 140 nm
	Larger micelles, low κ-casein

	β-lactoglobulin
	Absent
	Present
	Reduced allergenicity


Table 1- Comparison Between Camel milk and Bovine milk
Health Benefits of Camel Milk
Camel milk has long been recognized as a therapeutic food in traditional medicine, and in recent decades, modern scientific studies have provided evidence for its potential health-promoting functions (Table 2). Its unique bioactive composition differentiates it significantly from bovine milk.
1. Antiallergenic Potential
Camel milk does not contain β-lactoglobulin, one of the main allergens in cow’s milk, which makes it more tolerable for individuals suffering from cow-milk protein allergies. Additionally, camel milk proteins are structurally different and less immunogenic, which explains its hypoallergenic properties (Zhao et al., 2023).
2. Antidiabetic Properties
Camel milk has gained particular attention for its hypoglycemic activity. It contains insulin-like proteins and small peptides that survive gastric digestion and act in a manner similar to insulin, improving glucose uptake and reducing hyperglycemia (Anwar et al., 2022). Several clinical studies have reported a reduction in insulin dosage among diabetic patients consuming camel milk regularly. This property makes it a promising dietary adjunct in the management of type 1 and type 2 diabetes.
3. Antimicrobial and Immunomodulatory Activity
Camel milk contains bioactive proteins such as lactoferrin, lysozyme, and immunoglobulins that demonstrate antimicrobial activity against pathogenic bacteria, viruses, and fungi. Lactoferrin, in particular, exhibits bacteriostatic effects through iron sequestration and immunomodulatory roles by regulating immune cell activity (Kanwar et al., 2015). These properties contribute to strengthening the host defense system.
4. Antioxidant and Anticancer Potential
Camel milk is relatively rich in, selenium, and antioxidant peptides, which enhance its oxidative stress-reducing potential (Kocatürk et al., 2021). Recent experimental evidence suggests that camel milk bioactive components may induce apoptosis in cancer cells and inhibit tumor growth, although more clinical evidence is still required (Badawy et al., 2018).
5. Digestibility and Gastrointestinal Health
Camel milk fat is characterized by smaller fat globules, higher levels of long-chain polyunsaturated fatty acids, and an absence of short-chain fatty acids, which makes it easier to digest compared to cow milk. Furthermore, camel milk proteins possess probiotic-supporting properties, enhancing gut microbiota balance and protecting against gastrointestinal disorders.
	Health Benefit
	Major Effect
	Study Type
	Reference

	Antidiabetic effect
	Improves insulin sensitivity, reduces blood glucose, lowers insulin requirement
	Clinical (T1D patients)
	(Agrawal et al., 2005).

	Antimicrobial activity
	Inhibits pathogenic bacteria & viruses due to lactoferrin, lysozyme, and lactoperoxidase
	In vitro
	(Abdelazez et al.,2024)

	Anticancer potential
	Induces apoptosis, inhibits proliferation of cancer cells
	In vitro
	(Uversky et al., 2024).

	Immunomodulatory effect
	Enhances immune response, stimulates cytokine production
	In vivo (animal trial)
	(Behrouz et al., 2022).

	Hypoallergenic property
	Safer substitute for children with cow’s milk allergy
	Clinical
	(Ehlayel et al., 2011).

	Antioxidant effect
	Protects against oxidative stress and free radical damage
	In vivo (animal)
	(Salami et al. ,2011).

	Neuroprotective potential
	Improves autistic behavior, reduces oxidative stress
	Clinical (autism patients)
	(Al-Ayadhi & Elamin, 2013).

	Gastrointestinal health
	Enhances gut microbiota balance, anti-ulcer effect
	In vivo (animal)
	(AL-LBBAN, 2024).

	Cardioprotective effect
	Improves lipid profile, lowers cholesterol and triglycerides
	In vivo (animal)
	(Althwab et al., 2024).

	Hepatoprotective effect
	Protects liver from toxins and oxidative stress
	In vivo (animal)
	(Shakeel et al., 2022).

	Wound healing effect
	Promotes tissue regeneration, accelerates wound closure
	In vivo (animal)
	(Flis et al.,2023)

	Anti-inflammatory effect
	Reduces pro-inflammatory cytokines
	In vivo (animal)
	(Behrouz et al., 2022 

	Antiviral potential
	Inhibits hepatitis C virus replication
	In vitro
	(Almahdy et al., 2011).

	Antifungal effect
	Inhibits Candida and Aspergillus species
	In vitro
	(Mudgil et al., 2022).

	Bone health
	Improves calcium absorption, prevents osteoporosis
	In vivo (animal)
	(Yadav et al., 2015)

	Antihypertensive effect
	Lowers blood pressure via bioactive peptides
	In vitro & in vivo
	(Alhaj et al., 2024)

	Anti-obesity effect
	Regulates lipid metabolism, reduces fat accumulation
	In vivo (animal)
	(Hao, et al., 2022)

	Dermatological benefit
	Improves skin hydration, anti-aging properties
	In vitro & topical application
	(Tola,2024)



Table 2- Health Benefits of Camel Milk
Dairy Products Derived from Camel Milk
Despite its nutritional and therapeutic benefits, the transformation of camel milk into dairy products remains challenging due to differences in protein composition, particularly the low proportion of κ-casein, which affects coagulation properties (Table 3). Nevertheless, several products have been successfully developed and commercialized.
1. Fermented Products
Fermented camel milk products such as yogurt, laban, and cultured drinks are commonly consumed in pastoral communities. These products not only extend shelf life but also enhance probiotic potential. However, camel milk yogurt typically has weaker gel strength and lower viscosity compared to bovine milk yogurt, which necessitates the use of stabilizers, fortifiers, or mixed starter cultures for better texture (Dikhanbayeva et al., 2024).
2. Cheese
Cheese production from camel milk has historically been difficult due to its unique casein profile. The lack of κ-casein impairs rennet-induced coagulation. Recent innovations, including the use of camel chymosin, calcium supplementation, and microbial transglutaminase, have improved cheese yield and quality (Mbye et al., 2022). Some varieties of camel cheese are now available commercially in niche markets.
3. Butter and Ghee
Traditional methods of butter production from camel milk exist in nomadic cultures, but efficiency is low due to the small fat globules that hinder creaming. Consequently, butter and ghee from camel milk are less common compared to cow or buffalo milk products. However, they remain important in certain African and Middle Eastern communities (Seifu, 2022).
4. Functional Beverages and Powdered Products
Spray-dried camel milk powder is an emerging product, addressing challenges of transportation and preservation in arid regions. In addition, fortified beverages enriched with probiotics or plant-based extracts are gaining traction in functional food markets, enhancing camel milk’s global value chain (Mengistu,2025).
Importance of Camel Milk in Human Health
Camel milk’s importance lies in its dual role as both a nutritional resource and a therapeutic food.
Nutritional Perspective: It provides essential proteins, minerals, and vitamins in regions where food diversity is limited. Its high content of vitamin C and iron helps combat deficiencies common in desert communities.
Therapeutic Perspective: Its role in reducing the risk of diabetes, allergies, gastrointestinal disorders, and infectious diseases positions it as a functional food with global potential (Arain et al., 2023).
Sustainability: Camels are highly adapted to hot, dry climates, requiring less water and feed compared to cattle. Thus, camel milk ensures food security in arid regions affected by climate change (Seifu, 2022).
	Product Type
	Key Bioactive Component(s)
	Health Effect(s)
	Reference

	Raw Camel Milk
	Insulin-like proteins, Lactoferrin, Immunoglobulins, Vitamin C
	Improves glycemic control (diabetes), enhances immunity, strong antimicrobial activity
	(Agrawal et al., 2005)

	Fermented Camel Milk (Shubat, Gariss, Yogurt)
	Probiotics (Lactobacillus, Bifidobacteria), Bioactive peptides
	Improves gut microbiota, reduces cholesterol, strengthens immunity, prevents diarrhea
	(Sulieman et al., 2022)

	Camel Milk Kefir
	Lactic acid bacteria, Exopolysaccharides, Organic acids
	Antimicrobial, antioxidant, enhances gut health, protects against gastrointestinal infections
	(Yadav et al., 2015)

	Camel Milk Cheese
	Casein-derived peptides, Conjugated linoleic acid (CLA), Minerals (Ca, Mg, P)
	Antihypertensive effect (ACE inhibition), antioxidant properties, improved bone health
	(Samtiya et al., 2022)

	Camel Milk Powder
	Stable insulin-like proteins, Vitamins (C, B-group), Minerals (Ca, Mg, Zn)
	Shelf-stable supplement for diabetes management, boosts antioxidant defense, improves immunity
	(Legesse., 2018)

	Camel Milk Whey Protein
	Lactoferrin, Lysozyme, Immunoglobulins, α-lactalbumin
	Anticancer (apoptosis induction), antimicrobial, enhances immune function, antiviral properties
	(Khan et al., 2021)

	Camel Milk Ice Cream
	Probiotic cultures, Bioactive peptides, Vitamins
	Enhances gut microbiota, antioxidant activity, suitable for lactose-intolerant consumers
	(Sharma et al., 2025)

	Camel Milk Butter / Ghee
	CLA, Unsaturated fatty acids (oleic, linoleic, linolenic acids), Tocopherols
	Cardioprotective (reduces LDL), anti-obesity (fat metabolism regulation), improves lipid profile
	(Mehany et al., 2023)

	Camel Milk Chocolate
	Antioxidants (Vitamin C, polyphenols), Probiotics
	Antioxidant activity, mood-enhancing, functional food option for children and elderly
	(Tiwari et al., 2011)

	Camel Milk Infant Formula
	Hypoallergenic proteins, Immunoglobulins, Lactoferrin
	Suitable for infants allergic to cow’s milk, supports immune system, prevents gastrointestinal infections
	(Almasri et al., 2024)

	Camel Milk-based Probiotic Beverages
	Probiotics, Organic acids, Peptides
	Improves digestion, reduces constipation, modulates gut microbiome
	(Sharma, et al., 2025)

	Camel Milk-based Functional Drinks (fortified)
	Vitamins, Minerals, Probiotic strains
	Used in sports nutrition, enhances hydration, improves energy metabolism
	(Muthukumaran et al.,  2023)

	Cosmetic Products (lotions, creams, soaps)
	Proteins, Vitamin C, Lactic acid, Fatty acids
	Improves skin hydration, anti-aging effect, wound healing, anti-inflammatory
	(Tola, 2024)

	Camel Milk Protein Hydrolysates
	Bioactive peptides, ACE-inhibitory peptides
	Antihypertensive, antioxidant, anti-inflammatory
	(Mudgil et al., 2019)

	Camel Milk Yogurt with Probiotics & Prebiotics
	Synbiotic cultures (Lactobacillus, Bifidobacterium + prebiotics)
	Enhances gut health, reduces cholesterol, antioxidant properties
	(Shori, 2015)

	Camel Milk-derived Nutraceuticals (capsules, tablets)
	Isolated proteins, CLA, Vitamins
	Convenient supplement for diabetes, cardiovascular diseases, immune support
	(Khan et al., 2022)



Table 3- Products manufactured from Camel milk and its health benefits
Clinical Evidence and Case Studies on the Health Benefits of Camel Milk
Several human case studies and clinical trials provide evidence for the therapeutic potential of camel milk in chronic and metabolic disorders (Fig 1). In the context of type 1 diabetes (T1D), (Agrawal et al., 2005) conducted a two-year randomized controlled trial in India and reported that daily consumption of camel milk, in combination with insulin therapy, significantly reduced insulin dose requirements, improved glycemic control, and lowered HbA1c levels. Similarly, studies in adults with type 2 diabetes (T2D) have demonstrated improvements in fasting blood glucose and lipid profile following camel milk intake, indicating its hypoglycemic and hypolipidemic properties (Fallah et al., 2020).
In neurodevelopmental conditions, camel milk has shown benefits for individuals with autism spectrum disorder (ASD). (Al-Ayadhi and Elamin,2013) reported that autistic children who consumed camel milk exhibited reductions in oxidative stress biomarkers and demonstrated improved behavioral and social interactions. Likewise, in pediatric populations suffering from cow’s milk allergy (CMA), clinical trials have shown that camel milk can be safely consumed without eliciting allergic reactions, making it a promising hypoallergenic alternative to bovine milk (Navarrete-Rodríguez et al.,2018).
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Fig 1:Camel Milk Health Benefits-Clinical Evidence
Case studies have also highlighted camel milk’s role in infectious and hepatic diseases. In Sudanese patients with hepatitis C virus (HCV), camel milk and its bioactive proteins were found to exert antiviral effects, improving liver enzyme profiles and reducing viral infectivity (El-Fakharany et al., 2012). Furthermore, in adults with hyperlipidemia, daily consumption of camel milk was associated with reductions in total cholesterol and LDL levels, alongside an increase in HDL cholesterol, supporting its cardioprotective potential (Saleem, et al., 2025).
In addition to internal health outcomes, camel milk has demonstrated efficacy in dermatological and wound-healing applications. Topical application of camel milk-based formulations accelerated skin regeneration, reduced infection rates, and enhanced tissue repair in burn patients, an effect largely attributed to its bioactive proteins, vitamins, and antioxidant compounds (Arain et al., 2023).
Collectively, these case studies and clinical observations underscore camel milk’s multifaceted role as a functional food with applications in metabolic regulation, immune modulation, infectious disease management, and dermatological care.
Processing Challenges of Camel Milk
The implementation of novel feed formulation strategies holds significant promise for transforming livestock production systems by enhancing growth performance and optimizing feed utilization efficiency (Jawla et al., 2025). Processing of camel milk presents several technological challenges that differ markedly from bovine milk due to its unique physicochemical characteristics. Thermal treatment, such as pasteurization and sterilization, often leads to extensive protein denaturation, aggregation, and reduced stability of casein micelles, resulting in sedimentation and age gelation during storage Moreover, heat-sensitive vitamins, particularly vitamin C, are lost at higher rates compared to cow milk, which further compromises its nutritional profile . Alternative approaches including high-pressure processing, pulsed electric fields, ultrasonication, and UV treatment have been suggested as non-thermal or less-thermal methods to ensure microbial safety while preserving functional properties (Mazumder et al., 2024).
Fat separation and butter production from camel milk are also problematic. Unlike cow milk, camel milk lacks agglutinin and contains smaller fat globules with thicker membranes, making creaming inefficient and prolonging churning time, thereby reducing butter yield (El‐Agamy, 2006). To overcome these issues, pre-fermentation to lower pH, increasing churning temperature, or employing centrifugation techniques have been shown to improve phase separation (Mbeche et al., 2025).
Fermentation into yogurt or cultured products is hindered by the strong antimicrobial activity of camel milk proteins such as lysozyme and lactoferrin, which slow starter culture growth and acidification (Hamed et al., 2024). Consequently, camel yogurt typically forms weak gels with high syneresis. Optimized starter strains, including Lacticaseibacillus casei Zhang, and the addition of stabilizers or hydrocolloids have been reported to improve texture and water-holding capacity (Wang et al., 2025). Furthermore, controlled pre-heating or mild ultrasonication may enhance protein interactions, thereby strengthening the gel network (Akter and Salunke, 2025).
Cheese making remains the most critical technological challenge. Camel milk shows poor rennet coagulation due to its low κ-casein content, atypical micelle size, and weak mineralization, leading to fragile curds and low yields (Mbye et al., 2022). The use of recombinant camel chymosin has markedly improved curd formation compared to bovine rennet, while supplementation with CaCl₂ and partial concentration of milk proteins through ultrafiltration have further enhanced cheese yield and quality (Mbye et al.,,2022; Baig and Khan,2022). Novel coagulants such as chicken gizzard extract have also been tested, demonstrating improved clotting under controlled pH and temperature conditions (Sboui et al., 2025).
Drying of camel milk into powders is another bottleneck. The proteins in camel milk are more prone to heat-induced changes and Maillard reactions, resulting in lower solubility, reconstitution difficulties, and undesirable flavors (Ji et al., 2024). Optimizing spray-drying conditions, reducing residence time, and pre-concentrating via membrane filtration have been suggested as strategies to minimize quality deterioration . Membrane processes themselves face challenges due to fouling behavior caused by camel milk’s protein and mineral composition; however, disc-stack centrifugation and carefully designed cleaning-in-place (CIP) systems can improve operational efficiency (Arain et al., 2023).
Another significant limitation lies in the variability of camel milk composition, which is influenced by breed, feeding practices, and seasonal conditions, thereby affecting standardization and consistency of processed products (El-Hanafy et al., 2023). This heterogeneity necessitates frequent compositional monitoring and adaptive processing approaches. Additionally, regulatory frameworks for camel dairy are less developed in many regions, complicating commercialization and market access (Ait El Alia et al., 2025).
Collectively, these challenges highlight the necessity of tailored technologies and innovative approaches for camel milk processing. Advances in biotechnology, non-thermal preservation, and membrane filtration, combined with standardized quality systems, are expected to pave the way for wider industrial utilization of camel milk (Pérez Núñez et al., 2024).
Market Potential and Technical Challenges of Camel Milk
Camel milk has attracted considerable commercial interest in recent years, driven by its nutritional and functional properties, sustainable production in arid regions, and increasing global demand for health-promoting dairy products. It is recognized as a rich source of bioactive proteins, vitamins (notably vitamin C), unsaturated fatty acids, and minerals, offering hypoallergenic and antidiabetic benefits (Muthukumaran et al., 2023). The global camel milk market is estimated to be approximately USD 7.7–14.3 billion in 2024, with projections indicating a compound annual growth rate of 8–9% through 2030 (IMARC Group, 2024; Grand View Research, 2024). Africa and the Middle East remain the largest producers, while commercial dairies in Asia and the Middle East are expanding production scale and exports. Market expansion is fueled by rising consumer awareness of functional foods, niche premium pricing for therapeutic products, and the adaptability of camels in climate-stressed regions, positioning camel milk as both a sustainable and functional dairy option (IMARC Group, 2024).
Despite this market potential, camel milk processing presents several technical challenges that limit industrial-scale production. One of the primary constraints is poor rennet coagulation and weak curd formation. Camel milk has a lower κ-casein content and a higher β-casein proportion, resulting in larger casein micelles that resist enzymatic destabilization, causing slow clotting and fragile curd formation in cheese production (Mbye et al.,22). Additionally, the absence or divergence of β-lactoglobulin alters casein–whey interactions critical for gelation and foaming, affecting yogurt texture. (Homoud,2025 ). The large casein micelles and overall lower casein content further compromise curd firmness, water retention, and cheese yield (Mbye et al., 2022).
The fat fraction in camel milk poses additional challenges. Its smaller fat globules and altered membrane composition reduce creaming efficiency, making butter and ghee production inefficient and altering mouthfeel in traditional dairy products (Seifu, 2022). Moreover, camel milk is sensitive to thermal treatments due to its protein composition and heat-labile bioactive compounds. UHT processing or high-temperature spray-drying can lead to protein denaturation, phase separation, or loss of functional peptides and vitamins, limiting shelf-life stability in industrial products (Rakhmatulina et al., 2024; KOSFA, 2023).
Another significant constraint is the hygienic and microbiological risk associated with raw camel milk. Most production occurs in remote pastoral settings with limited cold-chain infrastructure and traditional handling practices, resulting in high microbial loads and short shelf life. Combined with seasonal variations in milk yield and extensive pastoral systems, these factors complicate industrial supply chains and contribute to inconsistent raw material availability.Finally, regulatory gaps and consumer unfamiliarity in developed markets pose additional barriers to commercialization despite growing niche interest (Smits et al., 2022; Grand View Research, 2024).
To overcome these challenges, several strategies have been proposed. Camel-specific chymosin or recombinant camel chymosin improves curd formation and cheese yield compared to bovine rennet (Sharma et al., 2025). Addition of calcium salts, milk solids, or stabilizers enhances the texture of fermented products and yogurt, while optimized pasteurization and drying protocols help preserve bioactive components in UHT and powdered products (Arain, et al., 2023; KOSFA, 2023). Investments in milk collection centers, rapid chilling, and hygiene training further improve microbial quality and support industrial processing (Seifu, 2022). Additionally, value-chain innovations such as cooperative aggregation, contractual farming, and niche marketing of functional beverages, powders, and nutraceuticals help overcome supply limitations and justify premium pricing (IMARC Group, 2024; Singh et al., 2025).
Overcoming Processing Challenges of Camel Milk
Although camel milk presents several processing challenges, multiple technological strategies have been explored to improve its suitability for industrial applications. One of the major issues during thermal treatment is excessive protein denaturation and destabilization of casein micelles, which can lead to age gelation and sedimentation during storage. These problems may be minimized by optimizing pasteurization conditions, such as applying high-temperature short-time (HTST) treatments with rapid cooling, or by integrating non-thermal preservation methods including high-pressure processing, pulsed electric fields, and ultrasonication, which can ensure microbial safety while maintaining the functional integrity of proteins (Mazumder et al., 2024; Dutta , 2024).
The difficulty in cream separation and butter production due to small fat globules and the absence of agglutinin can be addressed through mechanical and biochemical interventions. Techniques such as disc-stack centrifugation improve phase separation, while pre-fermentation to lower the pH or increasing the churning temperature enhances fat coalescence and butter yield (Seifu, 2023; Mbeche et al., 2025).
For fermented camel milk products, weak gel structure and syneresis have been improved through the selection of robust starter cultures with higher acidification capacity, such as Lacticaseibacillus casei Zhang, or the use of mixed cultures including Streptococcus thermophilus and Lactobacillus helveticus (Wang et al., 2025). The incorporation of stabilizers such as pectin or starch-based hydrocolloids can also enhance viscosity and water-holding capacity (Alam et al., 2025). Additionally, mild pre-heating or sonication has been shown to promote protein interactions, strengthening the gel matrix (Lajnaf, et al., 2025).
In cheese making, the use of recombinant camel chymosin has significantly improved rennet coagulation, curd firmness, and yield compared to bovine chymosin (Al-Zoreky and Almathen,2021). Supplementation with calcium chloride and the application of ultrafiltration to increase casein concentration further enhance cheese-making performance (Wu et al., 2024). 
Powder production from camel milk can be improved by adjusting spray-drying conditions to minimize protein denaturation and Maillard reactions. Pre-concentration through membrane processes, such as ultrafiltration or reverse osmosis, reduces the thermal load on proteins during drying and enhances solubility in the reconstituted powder (Fenelon et al., 2020). To overcome membrane fouling during processing, pretreatment strategies such as centrifugation or controlled homogenization have been recommended, along with customized cleaning-in-place (CIP) systems tailored to camel milk’s specific protein–mineral interactions (Arain et al., 2023).
Finally, the large variability in camel milk composition due to breed, season, and feeding conditions can be managed by routine monitoring of key parameters, particularly protein and mineral contents, and by adopting adaptive process control systems that adjust inoculum levels, stabilizer addition, or CaCl₂ supplementation accordingly (Ait El Alia et al., 2025). Developing harmonized product standards and regulatory frameworks for camel dairy is also essential to support large-scale commercialization and ensure product consistency across markets (Ait El Alia et al., 2025).
Overall, targeted technological interventions—including the use of specialized enzymes, non-thermal preservation technologies, functional starter cultures, and membrane-based concentration—offer promising solutions to overcome the unique processing limitations of camel milk, thereby enhancing its industrial potential and nutritional value (Arain et al., 2024; Seifu, 2023).
Conclusion
Camel milk represents a unique functional food with significant nutritional and therapeutic potential, especially in arid and resource-limited regions. Its distinctive chemical composition—including a high content of bioactive proteins, unsaturated fatty acids, and vitamins—supports various health benefits such as improved glycemic control, antimicrobial activity, and hypoallergenic properties. However, camel milk poses several processing challenges related to protein and fat composition, microbial safety, and thermal sensitivity, which hinder its broader industrial application. Innovations such as recombinant camel chymosin, ultrafiltration, optimized spray-drying, and specialized starter cultures have contributed to overcoming these challenges, allowing the production of fermented products, cheese, powders, and functional beverages. Furthermore, the adoption of non-thermal preservation technologies and improved hygienic infrastructure is essential to preserve the bioactivity of camel milk components and ensure safety. Standardization of product specifications and regulatory frameworks remains a key requirement to facilitate market expansion and consumer acceptance. Overall, targeted technological interventions and process optimization will enable the transformation of camel milk from a traditional staple to a commercially viable and sustainable dairy product, particularly in the context of climate change and global health challenges.
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