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Abstract
Quinoa (Chenopodium quinoa Willd.) has transitioned from a regional Andean staple to a globally traded pseudocereal valued for its nutrient density, gluten-free status, and adaptability to diverse agroecologies. Beyond macronutrient quality, current quinoa research increasingly emphasizes bioactive compounds that may support “functional food” positioning, including phenolics (free and bound forms), flavonoids, betalains (in pigmented genotypes), triterpenoid saponins, bioactive peptides released during processing or digestion, and fiber-associated polysaccharides. At the same time, translational progress depends on resolving a persistent tension: many health-relevant phytochemicals are sensitive to processing, while consumer acceptance often requires processing precisely to reduce bitterness and improve texture, digestibility, and shelf stability. This review synthesizes recent advances on quinoa’s bioactive composition, the mechanisms by which key compound classes may contribute to antioxidant, cardiometabolic, and gut-microbiome–related outcomes, and the extent to which these compounds remain bioaccessible after domestic and industrial transformations. Evidence shows that germination, fermentation, and selected non-thermal treatments can enhance certain phenolics and functional attributes, whereas some thermal operations may either decrease labile compounds or improve extractability depending on matrix changes. Emerging work on quinoa proteins highlights modification strategies that improve solubility, emulsification, and gelation, enabling applications in gluten-free bakery, pasta, beverages, dairy alternatives, and hybrid foods. Finally, this review identifies research gaps that limit clinical translation and product standardization, including cultivar-by-environment variability, insufficient human trials with well-characterized quinoa matrices, and limited harmonization in analytical workflows for bioactive quantification and bioaccessibility. 
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1. Introduction
Quinoa (Chenopodium quinoa Willd.) is frequently described as a “nutritional powerhouse,” but that label is increasingly grounded in a more nuanced scientific narrative: quinoa combines high-quality protein with a diverse phytochemical profile whose biological effects depend strongly on genotype, environment, and processing conditions. In the last decade, quinoa research has moved beyond compositional claims toward mechanistic and application-oriented questions. Which compounds contribute most to antioxidant potential in realistic food matrices? How much of a given phytochemical is present in free versus bound forms, and how does that partitioning affect bioaccessibility? Which processing strategies simultaneously mitigate bitterness (often linked to saponins and other phytochemicals) while preserving or even enhancing nutritionally relevant constituents? These questions matter because quinoa’s market growth is now closely tied to functional food innovation in gluten-free and plant-forward categories, where sensory acceptability, techno-functionality, and substantiated health value must align (Sharma et al., 2025; Zhu, 2025). 	Comment by OREKOYA ELIAS: Add reference (s)	Comment by OREKOYA ELIAS: italicize
Quinoa’s bioactive landscape is broad. Phenolic acids and flavonoids are present as soluble (extractable) compounds and as insoluble-bound phenolics linked to cell wall components. This distinction has major implications for digestion: bound phenolics may be less bioaccessible in the upper gastrointestinal tract but can be released by colonic microbiota, positioning quinoa as a candidate for gut-targeted functional effects. Saponins, while historically treated as antinutritional because of bitterness, have become a research focus in their own right due to structural diversity and potential bioactivity; however, their role in foods is complicated by sensory thresholds and the common industry practice of desaponification. Pigmented quinoa varieties add betalains and other color-linked metabolites, opening pathways for antioxidant-rich products and clean-label coloration, but also raising stability questions under heat, oxygen, and varying pH (Guo et al., 2024; Medina-Meza et al., 2016). 	Comment by OREKOYA ELIAS: Add reference(s)	Comment by OREKOYA ELIAS: Add reference(s)
1.1 Scope and objectives
This review focuses on advances in quinoa research with emphasis on (i) the composition and variability of major bioactive compound classes, (ii) their nutritional value and likely functional mechanisms as interpreted from recent in vitro, animal, and human evidence, (iii) bioaccessibility and processing effects spanning household to industrial operations, and (iv) functional food applications that leverage quinoa ingredients (flours, starches, protein fractions, and co-products). The overarching objective is to connect compositional science to practical formulation pathways, highlighting how processing can be designed not merely to “preserve nutrients,” but to shape quinoa’s bioactive profile, sensory attributes, and techno-functional performance in real products (Sharma et al., 2025; Cui et al., 2023). 	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: italicize

2. Methods for literature selection
A focused literature search was conducted across Scopus, Web of Science Core Collection, PubMed, and Google Scholar for studies published from January 2014 to November 2025. Search strings combined controlled and free-text terms including: “quinoa” OR “Chenopodium quinoa” AND “bioactive” OR “phenolic*” OR “flavonoid*” OR “betalain*” OR “saponin*” OR “peptide*” OR “protein hydrolysate” OR “bioaccessibility” OR “in vitro digestion” OR “fermentation” OR “germination” OR “functional food” OR “gluten-free”. Inclusion criteria prioritized peer-reviewed journal articles and reviews reporting (i) quantified bioactive compounds, (ii) processing interventions with compositional and/or functional outcomes, (iii) digestion or bioaccessibility experiments, and/or (iv) functional food applications with quality or bioactivity metrics. Exclusion criteria removed non-peer-reviewed sources, studies lacking methodological transparency, and records without a resolvable DOI. Bibliographic metadata were cross-checked by resolving DOI links and/or confirming via indexed records (e.g., PubMed for biomedical and nutrition studies) to reduce citation and identifier errors. 	Comment by OREKOYA ELIAS: Pick one option instead of using OR. You can pick one option and then put the other word in bracket intead of using ‘OR’ repeatedly.
3. Nutritional value of quinoa as a foundation for functionality
Quinoa’s functional food relevance begins with its macronutrient profile. Protein content and amino acid balance frequently outperform many cereals, supporting product concepts where quinoa is used to raise protein density in gluten-free matrices. Yet the current research emphasis is less on total protein and more on how quinoa proteins behave as ingredients—particularly their solubility, emulsification, foaming, and gelation properties—because these functionalities govern texture and consumer acceptance in bakery, beverages, and dairy alternatives (Cui et al., 2023; Wang et al., 2024). In gluten-free systems, where structural support from gluten is absent, quinoa’s protein–starch interactions and water-binding behavior become decisive for crumb structure, staling kinetics, and sensory quality. 	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: Be consistent with the type of English you are using.  If it is British the spelling of behavior will be behaviour.
Micronutrient contributions further reinforce quinoa’s positioning: quinoa products are commonly used to diversify mineral intake and add dietary fiber in refined-grain contexts. However, “nutritional value” in modern functional food science is increasingly interpreted through a bioactive lens—how processing affects phenolics, how bitterness management influences phytochemical retention, and how product structure affects digestion kinetics. The practical implication is that two quinoa foods with identical label macronutrients can differ substantially in bioaccessible phenolics, peptide release, and sensory drivers of adherence, underscoring the need to integrate compositional analytics with product design (Sharma et al., 2025). 

4. Bioactive compounds in quinoa: classes, variability, and functional implications
4.1 Phenolic acids and flavonoids: free versus bound pools
Phenolic compounds are central to quinoa’s bioactivity narrative, but their interpretation requires attention to chemical form and matrix binding. Extractable phenolics (often measured in solvent extracts) may show higher immediate bioaccessibility during simulated gastric and intestinal digestion, while insoluble-bound phenolics, associated with cell wall polysaccharides and proteins, may be released more slowly and contribute to colonic fermentation dynamics. Work on quinoa has reinforced that both pools matter, and that processing can shift the balance: some treatments liberate bound phenolics by disrupting cell structures, while others degrade labile compounds depending on temperature and exposure time (Wang et al., 2016; Sharma et al., 2025). 
In vitro digestion studies show that measured “total phenolics” in raw or minimally processed quinoa do not translate directly to bioaccessible phenolics in the intestinal phase. For example, detailed studies have evaluated flavonoid bioaccessibility across quinoa products under gastrointestinal simulation, emphasizing that compound-specific behavior matters: some flavonoids decrease due to pH-driven instability or interactions with proteins, while others become more extractable as matrix softens (Balakrishnan & Schneider, 2020). Complementary work on polyphenol bioaccessibility across multiple quinoa seed types further supports that cultivar differences and food form (whole seeds vs processed fractions) can change the fraction reaching bioaccessible pools (Pellegrini et al., 2017). 	Comment by OREKOYA ELIAS: Use ‘and’ instead of the symbol	Comment by OREKOYA ELIAS: italicize
From a functional food perspective, these findings imply that product developers should avoid relying solely on “total phenolic content” of the raw ingredient. Instead, they should consider process-tailored endpoints such as intestinal-phase bioaccessibility, antioxidant activity after digestion, and the retention of specific marker compounds relevant to a product claim. In practice, quinoa processing strategies that increase phenolic extractability while maintaining palatable flavor profiles can provide a stronger foundation for functional positioning than formulations that merely maximize wholegrain inclusion (Sharma et al., 2025). 	Comment by OREKOYA ELIAS: italicize
4.2 Pigmented quinoa and betalains: opportunity and stability constraints
Colored quinoa varieties broaden the bioactive spectrum through pigments and co-accumulating phenolics. While anthocyanins dominate many cereal discussions, quinoa pigmentation is often linked to betalains in certain genotypes, alongside elevated phenolic diversity. These compounds can support antioxidant capacity and appeal to clean-label markets, yet their practical value depends on stability in real foods. Heat, oxygen, and processing pH can alter pigment intensity and antioxidant measurements, making it essential to interpret results within specific process conditions rather than assuming a universal advantage of “colored quinoa.” Research trends increasingly focus on mapping which phytochemicals correlate with bitterness or desirable flavor, guiding breeding and processing choices that balance nutrition and acceptance (Guo et al., 2024). 	Comment by OREKOYA ELIAS: italicize
4.3 Triterpenoid saponins: from antinutrient to managed bioactive
Saponins are among quinoa’s most distinctive phytochemicals, with a well-documented role in bitterness that historically motivated washing, abrasion, and breeding for low-saponin (“sweet”) varieties. Modern analytical work has expanded the picture by profiling quinoa saponin diversity across varieties, showing substantial qualitative and quantitative variation, which helps explain why debittering requirements differ across cultivars and supply chains (Medina-Meza et al., 2016). 	Comment by OREKOYA ELIAS: Be specific. Are you referring to saponin as antinutrient or as phytochemical	Comment by OREKOYA ELIAS: Italicizey
Functional food development must treat saponins as “managed bioactives”: complete removal can improve palatability but may reduce certain bioactive pools and change emulsification behavior in some systems. The practical pathway is not necessarily maximal retention, but controlled reduction to below sensory thresholds while leveraging other quinoa bioactives to support functionality. Recent work linking specific phytochemicals to bitterness underscores that bitterness is not only a “saponin problem” and that multi-compound contributions can shape flavor perception, reinforcing the need for integrated chemical–sensory approaches in quinoa processing (Guo et al., 2024). 	Comment by OREKOYA ELIAS: italicize
4.4 Bioactive peptides and protein-derived functionality
One of the most active research areas is quinoa protein transformation—how hydrolysis, fermentation, and physical/chemical modification can generate peptides with antioxidant or enzyme-inhibitory activity while improving techno-functionality. Reviews have synthesized extraction methods and modification strategies, emphasizing that quinoa proteins can be limited by poor aqueous solubility, which constrains beverage and emulsion applications unless modified (Cui et al., 2023; Wang et al., 2024). 	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: italicize
Enzymatic hydrolysis is frequently explored because it can increase solubility and release peptides with bioactivity in vitro. For example, controlled proteolysis has been reported to enhance functional attributes and antioxidant measurements of quinoa protein hydrolysates, highlighting a dual advantage: improved processing performance and potential health-relevant bioactivity (Daliri et al., 2021). More recent studies have extended this theme by focusing on specific enzymatic strategies, such as bromelain-driven hydrolysis to “unlock” peptide potential, although translation to human outcomes remains limited and requires careful consideration of dose, matrix, and digestion behavior (Manzanilla-Valdez et al., 2025). 	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: italicize
4.5 Polysaccharides, dietary fiber, and microbiome relevance
Quinoa’s fiber fraction is increasingly discussed not only for laxation and glycemic modulation, but also for microbiome interactions. Beyond insoluble fiber, quinoa contains polysaccharides that can influence microbial composition and metabolic outputs. Animal studies have reported that quinoa polysaccharide supplementation can ameliorate high-fat diet–induced hyperlipidemia alongside changes in gut microbiota profiles, supporting a plausible microbiome-mediated pathway for cardiometabolic effects (Cao et al., 2020). Human-relevant translation remains early-stage, but in vitro work also indicates that quinoa and quinoa polysaccharides can shift microbial communities in ways consistent with prebiotic potential (Zeyneb et al., 2021). 	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: italicize
The functional food implication is significant: if quinoa products are engineered to preserve fiber-associated phenolics and polysaccharides, they may support “gut health” positioning more plausibly than highly refined quinoa ingredients. However, this must be balanced against texture and flavor demands. Additionally, because microbiome outcomes are highly individualized, future quinoa studies need stronger characterization of baseline microbiota and dietary context, ideally with standardized quinoa matrices and well-defined fiber fractions (Zeyneb et al., 2021). 	Comment by OREKOYA ELIAS: italicize

5. Bioaccessibility and digestion: bridging composition to plausible health effects
A recurring finding across quinoa research is that processing and digestion reshape measured bioactivity. In vitro gastrointestinal digestion studies consistently demonstrate that the intestinal-phase bioaccessible fraction of phenolics is often smaller than the extractable fraction measured in raw ingredients, and that some compounds are transformed into metabolites with different activity profiles. This is not merely a laboratory nuance; it affects how functional claims should be framed. If a quinoa snack shows high antioxidant capacity in solvent extracts but low bioaccessible phenolics after digestion, consumer-relevant effects may be overestimated. Conversely, processes that appear to “reduce” phenolics in extraction-based assays may still improve bioaccessibility if they disrupt structure and increase release during digestion (Balakrishnan & Schneider, 2020; Pellegrini et al., 2017). 	Comment by OREKOYA ELIAS: ditto use ‘and’ instead of the symbol 	Comment by OREKOYA ELIAS: italicize
The form of quinoa matters. Whole seeds, flours, extrudates, and fermented products each create distinct matrices that influence enzyme accessibility and binding interactions among phenolics, proteins, and starch. Protein–polyphenol interactions can reduce immediate bioaccessibility, while fermentation can partly reverse this by proteolysis and acidification, potentially releasing bound phenolics and altering solubility. Bioaccessibility research also indicates that bound phenolics may become more relevant in the colon, where microbial enzymes can release phenolic acids and related metabolites, connecting quinoa’s fiber to longer-term functional potential. These pathways reinforce the concept that quinoa’s health value should be evaluated at the level of finished foods rather than raw grains alone, particularly for products intended for repeated consumption in dietary patterns (Sharma et al., 2025). 	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: 

6. Processing strategies to enhance nutritional and functional quality
6.1 Debittering and the phytochemical trade-off
Most quinoa entering global food systems undergoes some form of saponin reduction, commonly via washing, abrasion, or combined approaches. While effective for palatability, aggressive debittering can remove surface-associated phytochemicals and potentially reduce certain bioactive pools. Modern phytochemical research emphasizes that bitterness can be driven by multiple compounds, suggesting that optimizing debittering should not focus exclusively on total saponins but should aim to reduce key bitter drivers while preserving nutritional value where feasible (Guo et al., 2024). 	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: 
A practical research opportunity is process optimization that quantifies both sensory outcomes and chemical retention. For example, abrasion intensity, water temperature, and washing time can be tuned to minimize water use and nutrient losses while achieving target bitterness thresholds. Such optimization is especially relevant as quinoa co-products (e.g., saponin-rich fractions) may be valorized for non-food applications, supporting sustainability and circularity without compromising food quality.
6.2 Germination: enhancing phenolics, GABA, and flavor
Germination is one of the most promising “nutrient-enhancement” strategies because it can increase enzyme activity, modify starch and protein, and elevate certain bioactives. Recent research examining quinoa germination across time has reported increases in fiber, amino acids, GABA, and phenolic profiles alongside improved antioxidant measures, with some evidence that particular germination windows reduce undesirable flavors (Lan et al., 2024). 	Comment by OREKOYA ELIAS: italicize
From a functional food standpoint, germinated quinoa ingredients can be used to create sprouted flours for bakery or beverages, where enhanced sweetness and reduced off-notes can support cleaner formulations. However, germination outcomes depend on moisture control, microbial safety, and drying conditions post-germination, and these steps can re-shape phenolic retention. Thus, germination should be treated as a controlled bioprocess rather than a uniform “health upgrade.”
6.3 Microwave-assisted and other non-thermal or hybrid approaches
Non-thermal or hybrid processing is increasingly explored to balance nutrient retention with functionality and safety. Studies on microwave-related strategies aim to improve phenolic bioaccessibility and antioxidant activity while maintaining acceptable sensory properties, reflecting a broader interest in energy-efficient processing routes for quinoa ingredients (Valenzuela González et al., 2023). 	Comment by OREKOYA ELIAS: italicize
High-pressure technologies also appear in quinoa research, particularly for modifying starch behavior and improving functionality in thickened foods, gels, and emulsions without extensive thermal exposure. For example, high hydrostatic pressure has been investigated for its ability to modify quinoa starch structure and functional properties, which can be relevant in gluten-free textures and clean-label thickening systems (Unal et al., 2022). 	Comment by OREKOYA ELIAS: italicize
6.4 Thermal processing: losses, gains, and matrix effects
Thermal treatments can reduce heat-labile bioactives but can also enhance extractability by breaking cell structures and denaturing proteins. A key insight from recent work is that “thermal processing” is not a single variable; outcomes depend on time–temperature history, water activity, and whether quinoa is boiled, steamed, roasted, extruded, or baked within a composite matrix. Studies examining thermal processing effects on quinoa bioactive compounds and antioxidant measures illustrate that some processes decrease measured levels while others may preserve or even increase extractable fractions due to matrix disruption (Sharma et al., 2022).	Comment by OREKOYA ELIAS: italicize
For industrial applications, extrusion is particularly important because it produces shelf-stable, expanded products and can incorporate quinoa into snacks and breakfast cereals. Yet extrusion may reduce certain phenolics while improving digestibility and creating appealing textures that encourage regular consumption—a reminder that functional foods must succeed both biologically and behaviorally. The optimal strategy is often to pair thermal processing with upstream bioprocesses such as germination or fermentation to raise starting bioactive pools and then use moderate conditions to retain them.
6.5 Fermentation: improving digestibility, flavor, and potential bioactivity
Fermentation can address several quinoa limitations simultaneously: it can reduce off-flavors, improve protein digestibility, and increase the solubility of phenolics and peptides. While the specific outcomes depend on microbes and conditions, quinoa fermentation research aligns with broader cereal and pseudocereal trends in which lactic fermentation supports functional ingredient development for beverages, sourdough-like bakery, and dairy alternatives. Parallel to compositional changes, fermentation can improve techno-functionality of protein fractions, reinforcing the growing view of quinoa proteins as modifiable plant proteins rather than static “nutrition boosters” (Cui et al., 2023).	Comment by OREKOYA ELIAS: italicize

7. Functional food applications: formulation pathways and evidence strength
7.1 Gluten-free bakery and pasta
Gluten-free foods remain a primary channel for quinoa-based innovation. Quinoa flour can improve protein quality and micronutrient density, but formulation success depends on controlling bitterness, managing water absorption, and stabilizing structure. Recent product-oriented research includes quinoa–chickpea pasta development using robust experimental optimization to manage cooking quality and texture, illustrating how quinoa can be integrated into high-protein, gluten-free staples rather than niche products (Córdoba-Cerón et al., 2022). 	Comment by OREKOYA ELIAS: 	Comment by OREKOYA ELIAS: italicize
For bakery, quinoa’s impact is often two-sided: it can add flavor complexity and nutrients, but it can also darken crumb, increase density, and introduce bitterness if saponin control is insufficient. Processing choices such as using germinated quinoa flour, sourdough fermentation, or partial replacement strategies can mitigate these issues while improving consumer acceptance. Importantly, functional claims for baked goods should be grounded in post-processing and post-digestion metrics, because baking and storage can reshape phenolics and starch digestibility.
7.2 Beverages and dairy alternatives
Quinoa-based beverages and dairy alternatives are a growing focus because quinoa is gluten-free and can support both carbohydrate and protein fractions. Yet beverage systems are especially sensitive to protein solubility, sedimentation, and flavor stability. Reviews of quinoa proteins emphasize that extraction and modification methods (pH shifting, enzymatic hydrolysis, and other treatments) can improve solubility and emulsification, enabling more stable beverage applications (Cui et al., 2023; Wang et al., 2024).	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: italicize
Quinoa ingredients are also being explored in fermented dairy analogues. For instance, quinoa-based yogurt concepts reflect a strategy to combine fermentation-driven flavor improvement with the nutritional profile of quinoa, though scaling requires careful management of viscosity, syneresis, and consumer sensory expectations (Ajbli et al., 2025). 	Comment by OREKOYA ELIAS: italicize
A related trend is the use of quinoa and co-products in alternative dairy systems, emphasizing not only nutrition but also sustainability and ingredient functionality in plant-based and hybrid dairy formulations (Fernández-López et al., 2024).	Comment by OREKOYA ELIAS: italicize
7.3 Snacks, extrudates, and hybrid foods
Shelf-stable snacks are a commercially important route for quinoa, but they also illustrate the challenge of aligning industrial feasibility with bioactive retention. Extrusion and popping can create desirable textures and convenience, potentially increasing habitual intake, but may also reduce labile phytochemicals. Consequently, current research increasingly looks at upstream enhancement (germination, fermentation) and ingredient blending (e.g., quinoa with legumes) to create products that retain meaningful bioactivity after harsh processing while meeting taste expectations (Sharma et al., 2025).	Comment by OREKOYA ELIAS: italicize
Hybrid foods—products blending plant and animal ingredients—represent another pathway where quinoa can contribute fiber-associated phenolics and improved nutrient density while relying on dairy or egg proteins for structure. These systems may offer practical bridges for consumers who value health and sustainability but are not ready for fully plant-based products.	Comment by OREKOYA ELIAS: Add reference(s)

8. Evidence for health relevance: what is known and what remains uncertain
Functional foods require credible biological plausibility. Quinoa evidence includes in vitro antioxidant and enzyme-inhibitory studies, animal models, and a limited but growing set of human studies. A dose-response randomized controlled clinical trial reported that quinoa intake lowered serum triglycerides in overweight and obese participants, providing important clinical signal that supports cardiometabolic relevance, although broader endpoints and longer durations remain needed for claim-strengthening (Diana et al., 2017).	Comment by OREKOYA ELIAS: italicize
Animal studies have also reported improvements in glycolipid metabolism markers in obesity-related models following quinoa supplementation, often alongside oxidative stress and inflammation-related endpoints, suggesting multi-pathway mechanisms that could involve fiber–microbiome interactions and bioactive phytochemicals (An et al., 2021). However, translation from animal models to humans requires caution because doses, matrices, and baseline diets differ substantially from real-world consumption patterns.	Comment by OREKOYA ELIAS: italicize
Mechanistically, the most plausible human-relevant pathways emerging from current research include: (i) improved dietary protein quality and satiety from quinoa-containing staples; (ii) phenolic-related antioxidant and anti-inflammatory signaling, contingent on bioaccessibility; (iii) microbiome modulation driven by quinoa polysaccharides and fiber-bound phenolics; and (iv) potential bioactive peptide effects, although peptide-mediated outcomes remain primarily in vitro or short-term models and require human validation (Cao et al., 2020; Daliri et al., 2021).	Comment by OREKOYA ELIAS: italicize	Comment by OREKOYA ELIAS: italicize

9. Future directions
Quinoa research is increasingly sophisticated, but several gaps limit translation into high-confidence functional foods. First, cultivar-by-environment variation is not a peripheral issue; it can dominate differences in phenolics, saponins, and flavor outcomes. This means that research using “quinoa flour” without genotype and processing traceability cannot easily support standardized product claims. Second, analytical harmonization remains a bottleneck: studies differ in extraction methods, standards for phenolic subclasses, and reporting of free versus bound fractions, making cross-study comparisons difficult. Adoption of shared marker panels and consistent digestion models would substantially improve evidence synthesis (Zhu, 2025).
Third, bioaccessibility and microbiome research should more frequently use finished food matrices (bread, pasta, beverages) rather than isolated extracts. This would help connect laboratory signals to consumer-relevant delivery. Fourth, more human intervention trials are needed with standardized quinoa matrices and well-defined endpoints (lipids, glycemic control, inflammatory markers, and microbiome profiles). Even when early results are promising, claim-level evidence requires replication, longer durations, and attention to adherence and dietary context. Finally, functional food innovation should integrate sensory science with phytochemical analytics, particularly around bitterness, because acceptance determines sustained intake and therefore real-world impact (Guo et al., 2024).	Comment by OREKOYA ELIAS: italicize

10. Conclusions
1. Quinoa research now clearly positions the grain as more than a gluten-free carbohydrate source: it is a multi-component functional ingredient combining high-quality protein, dietary fiber, and a diverse phytochemical profile that can be purposefully shaped through processing.
2. The most important shift in recent studies is the move from reporting “total nutrients” toward understanding which bioactive compounds are present (phenolics, saponins, pigments, peptides, polysaccharides), where they reside in the grain matrix (free vs bound forms), and how they behave during cooking, industrial processing, and digestion.
3. Bioactivity claims are strongest when quinoa is evaluated as a finished food rather than a raw grain. Matrix effects, ingredient interactions, and digestion-driven transformations mean that the same quinoa cultivar can deliver very different functional outcomes depending on product format (bread, pasta, beverage, snack) and processing route.
4. Processing is not simply a cause of nutrient loss; it is a design tool. Germination, fermentation, and selected hybrid/non-thermal techniques can enhance bioactive availability and improve sensory quality, while careful control of thermal steps can preserve key compounds or improve their release through structural disruption.
5. Bitterness management remains a critical translational barrier. The most effective pathway is “controlled reduction” of bitter drivers while retaining overall nutritional value, rather than complete removal of phytochemicals through overly aggressive washing or abrasion.
6. Quinoa proteins are emerging as a strategic platform for functional foods because modification and hydrolysis can improve solubility, emulsification, foaming, and gelation—properties essential for successful gluten-free bakery, beverages, and dairy-alternative applications.
7. Quinoa’s fiber-associated fractions and polysaccharides strengthen its relevance for gut-health–oriented products, particularly when formulations preserve less-refined components that support fermentation in the colon and broader dietary pattern benefits.
8. Evidence for cardiometabolic relevance is promising but uneven across endpoints and study designs. The field is moving toward better clinical translation, yet stronger confirmation will require standardized product matrices, consistent intake doses, and longer intervention durations.
9. Future functional food development with quinoa will benefit most from integrating breeding (for improved flavor and phytochemical balance), processing optimization (for bioaccessibility and consumer acceptance), and product standardization (for reproducible health and quality outcomes).
10. Overall, quinoa’s greatest opportunity lies in designing foods that consumers will eat consistently—because sustained intake, supported by acceptable taste and texture, is the real bridge between quinoa’s biochemical potential and meaningful health impact.

11. Limitations
1. The evidence base is highly heterogeneous: quinoa studies differ widely in cultivar/genotype, growing environment, post-harvest handling, and storage, making it difficult to generalize findings or compare results across papers.
2. Many publications report “total phenolics” or broad antioxidant values without consistently separating free versus bound fractions, identifying marker compounds, or using harmonized analytical methods, which limits reproducibility and meaningful cross-study synthesis.
3. Processing conditions are often insufficiently detailed (time–temperature history, washing/abrasion intensity, moisture levels, fermentation parameters), reducing the ability to replicate outcomes and translate laboratory insights into scalable industrial processes.
4. A large share of bioactivity evidence still comes from in vitro assays and animal models; human intervention studies remain relatively limited in number, duration, and consistency of endpoints, reducing the strength of functional health conclusions.
5. Bioaccessibility and digestion studies frequently use simplified models or isolated extracts rather than whole, consumer-realistic foods, so results may not reflect what happens in finished products where matrix interactions strongly influence release and absorption.
6. Sensory evaluation is inconsistently integrated with chemical profiling; bitterness and off-flavors are sometimes discussed but not quantified alongside phytochemical drivers, weakening the practical pathway to products that consumers will accept long-term.
7. Ingredient fractionation and protein modification studies often demonstrate improved techno-functionality, but real-world validation in complex food systems (shelf life, stability, packaging interactions) is still underdeveloped.
8. Sustainability and supply-chain factors—water use in debittering, by-product valorization, and regional processing constraints—are not consistently addressed, yet they influence feasibility and scalability of quinoa-based functional foods.
9. Overall, the field needs stronger standardization (materials, methods, and reporting) to connect compositional science to reliable product performance and credible health-oriented outcomes.
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