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Abstract 

The global food system faces a persistent challenge in addressing "hidden hunger," where 

mechanical milling removes the nutrient-rich bran and germ layers of rice, depleting essential 

minerals and vitamins by up to 80%. This review synthesizes current advancements in the 

structural engineering and nutritional optimization of extruded fortified rice kernels (FRKs), 

highlighting the technical trajectories required to achieve true bioequivalence with natural 

grains. By utilizing broken rice as a primary substrate, cold extrusion technology (barrel 

temperatures below 70°C) is employed to preserve thermolabile micronutrients (vitamins A 

and B) and maintain a semi-intact starch network. Achieving an amylose concentration above 

25% and a retrogradation enthalpy exceeding 3.5 J/g during post-extrusion drying ensures the 

kernels resist structural disintegration during boiling, keeping cooking losses below 5%. To 

balance mineral bioavailability against sensory risks like lipid oxidation, advanced 

microencapsulation strategies are evaluated, including starch-OSA Pickering emulsions for 

micronized ferric pyrophosphate and nanoencapsulated ZnO within a whey protein isolate 

matrix, which increases fractional zinc release from 18% to 45% during simulated digestion. 

Furthermore, pre-extrusion enzymatic hydrolysis via phytase is shown to successfully 

mitigate phytic acid antagonism by reducing phytate-to-zinc molar ratios to <3:1. While FRK 

technology represents a seamless vehicle for nutritional intervention, achieving high-fidelity 

mimicry remains limited by the lack of native endosperm cell architecture, internal moisture 

gradients causing storage fissures, and non-linear scale-up challenges. Overcoming these 

industrial hurdles requires the integration of Computational Fluid Dynamics (CFD) modeling 

alongside long-term in vivo bioavailability studies under realistic household preparation 

conditions to transition reconstituted rice into a foundational pillar of global nutritional 

security. 

Key words: Fortified Rice Kernels (FRK), Cold extrusion, Starch retrogradation, 

Micronutrient bioavailability, Phytate antagonism, Analogues. 
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1. Introduction 

The global food system faces a persistent challenge in addressing "hidden hunger," 

characterized by chronic micronutrient deficiencies despite adequate caloric intake. Rice 

(Oryza sativa), serving as the primary dietary staple for over half the world's population, is 

central to this nutritional crisis. While white rice is a major source of energy, the mechanical 

milling process required for commercial shelf-stability r,emoves the nutrient-rich bran and germ 

layers, depleting essential minerals and vitamins by up to 80% [Bouis & Saltzman, 2017]. This 

nutritional erosion necessitates the development of effective fortification strategies that can be 

seamlessly integrated into existing supply chains and consumer habits. 

 

The  emergence  of  extrusion-based  food  engineering  has  enabled  the  production  of 

reconstituted rice kernels (RRK) or fortified rice kernels (FRK). By utilizing broken rice—a 

low-value milling byproduct—as a primary substrate, this technology allows for the precise 

incorporation of concentrated micronutrient premixes into a starch-based dough [Ali et al., 

2020]. Unlike traditional dusting or coating methods, extrusion encapsulates nutrients within 

the grain matrix, providing superior protection against rinsing and cooking losses. However, 

achieving parity with natural rice requires a sophisticated understanding of starch rheology, 

thermodynamic control during "cold" extrusion, and the complex biochemical interactions 

between minerals and antinutritional factors. This review synthesizes current advancements in 

the structural engineering and nutritional optimization of extruded rice analogues, highlighting 

the technical trajectories required to achieve true bioequivalence.  

 

2. Nutritional Fortification and Structural Engineering of Extruded Rice Analogues 

The nutritional disparity between whole-grain and processed rice remains a significant 

challenge for global food security, particularly in regions where rice is a primary caloric source. 

While global consumption exceeds 500 million metric tonnes annually, conventional milling 

practices—which involve the mechanical removal of the bran and germ layers—result in a 

substantial depletion of essential micronutrients. Specifically, concentrations of iron, zinc, 

and thiamine are reduced by approximately 70%, 55%, and 80%, respectively, relative to 

unpolished brown rice (Bouis & Saltzman, 2017).  

 

To mitigate these losses, food engineering has introduced reconstituted rice kernels (RRK), or 

fortified rice kernels (FRK). This technology utilizes extrusion to transform a nutrient-dense 

flour dough—amended with concentrated micronutrient premixes—into grain-like extrudates. 
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These kernels are subsequently integrated into bulk polished rice at blending ratios ranging 

from 1:50 to 1:200, maintaining a physicochemical profile that allows for standard domestic 

or institutional preparation without requiring behavioral shifts from consumers (Wieringa et 

al., 2014). 

 

The primary substrate for this fabrication is broken rice, a milling byproduct that accounts for 

15–20% of the total volumetric output in South and Southeast Asian mills (Ali et al., 2020). 

The disrupted integrity of the starch granules within broken rice facilitates superior hydration 

kinetics and accelerated gelatinization compared to intact grains. This increased surface-area- 

to-volume ratio allows for efficient dough development even under conditions of restricted 

moisture input during pre-conditioning.  

 

To optimize the structural characteristics of the extrudate, secondary starches from cassava 

(Manihot esculenta), maize, or parboiled rice are incorporated to recalibrate the amylose-to- 

amylopectin ratio. This ratio is a fundamental determinant of both the rheological behavior 

during extrusion and the final textural cohesion of the cooked kernel. Research indicates that 

an amylose concentration exceeding 25% (w/w dry basis) is essential for achieving desired 

organoleptic properties; higher amylose levels promote greater setback viscosity and enhance 

kernel firmness through retrogradation, ensuring the analogue mimics the structural integrity 

of premium long-grain varieties (Fitzgerald et al., 2009).  

 

3. Cold Extrusion: Process Mechanics and Starch Rheology 

In the manufacture of fortified rice kernels (FRK), cold extrusion—operationally defined by 

barrel temperatures remaining below 60°C—is the prevailing processing standard. This 

thermal constraint is specifically implemented to safeguard thermolabile micronutrients, such 

as folic acid, vitamin B12, and retinyl palmitate, which are prone to significant degradation at 

the elevated temperatures (120–180°C) characteristic of conventional thermoplastic extrusion 

([Wieringa et al., 2014; Kuong et al., 2016]. 

 

The process begins with the preparation of a rice flour-water dough, typically maintained at a 

moisture content of 25–40%. This matrix is subjected to compressive and shear forces as it is 

forced through a specialized die. Upon emergence, the resulting cylindrical extrudates are 

precision-cut by a rotary knife to approximate the biometric dimensions of natural long-grain 

rice, generally 6–7 mm in length and 2–3 mm in diameter.  

 

Unlike high-temperature processing, cold extrusion induces partial physical disruption of the 

starch granules rather than complete gelatinization. This localized disruption creates a 

cohesive, continuous matrix that binds the extrudate during die passage. Simultaneously, the 
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preservation of semi-intact granules ensures that the finished product's hydration properties— 

specifically the Water Absorption Index (WAI) and Water Solubility Index (WSI)—remain 

congruent with those of traditionally milled rice. (Lam & Bhupinder, 2019)  

 

Dynamic oscillatory measurements reveal that cold-extruded rice doughs exhibit distinct 

viscoelastic behavior. The rheological profile is dominated by the storage modulus (G') over 

the loss modulus (G'') at extrusion-relevant frequencies. This dominance (G' > G'') indicates a 

network governed by physical entanglement and partial crystalline disruption rather than a fully 

gelatinized, disordered continuous phase (Lam & Bhupinder, 2019).  

 

The final structural integrity of the kernel is established during the post-extrusion drying phase 

(40–60°C for 4–8 hours). This stage facilitates starch retrogradation, a phenomenon where 

amylose chains reassociate into double helices and form crystalline regions. These regions are 

essential for providing resistance to dissolution during the rolling boil (10–15 minutes) typical 

of domestic cooking. Differential Scanning Calorimetry (DSC) analysis confirms the criticality 

of this step: a retrogradation enthalpy exceeding 3.5 J/g is required to prevent kernel 

disintegration and ensure acceptable culinary performance (Vilaplana et al., 2012).  

 

4. Micronutrient Fortification: Encapsulation Strategies 

The inherent thermal lability of water-soluble vitamins, coupled with the potent pro-oxidant 

activity of iron, necessitates the use of advanced encapsulation technologies. These strategies 

are designed to isolate sensitive micronutrients from the starch matrix during high-shear 

processing, ensuring they are released quantitatively only during the final culinary preparation. 

The following table 1 synthesizes the predominant encapsulation methodologies currently 

employed in commercial FRK production.  

Table 1: encapsulation methodologies in commercial Fortified Rice Kernels (FRKs) 

production. 
 

Strategy Mechanism Reference 

Lipid Microencapsulation 

(e.g., Hydrogenated Palm 

Oil) 

Provides a physical lipid 

barrier to minimize O2 

diffusion to Fe2+; specifically 

engineered to melt at 

cooking  temperatures  to 

trigger nutrient release. 

Hurrell & Egli, 2010 
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Protein-Polysaccharide 

Coacervation 

Utilizes the electrostatic 

assembly of whey protein–

gum arabic shells; offers 

protection through pH-

triggered   or   thermal 

dissolution. 

Weinbreck et al., 2004 

Starch-Based Matrix 

Entrapment 

Leverages high-amylose 

starch to facilitate the 

formation of V-type 

inclusion  complexes  with 

vitamin guest molecules 

Lam & Bhupinder, 2019 

 

5. Iron Fortification via Ferric Pyrophosphate: Balancing Bioavailability and Sensory 

Integrity 

In the development of fortified rice kernels (FRK), ferric pyrophosphate (FePP; Fe4(P2O7)3) 

has emerged as the preferred fortificant. Its dominance in the sector is primarily due to its 

negligible solubility in water (K sp ≈ 10-36) and dilute acidic environments below pH 4. This 

chemical inertia is a critical functional requirement, as it prevents the characteristic "rusting" 

discoloration and the Fenton-mediated lipid pro-oxidation typically triggered by soluble 

ferrous salts within the rice flour matrix [Troesch et al., 2019].  

Despite its superior sensory stability, FePP presents a significant mechanistic challenge 

regarding  metabolic  uptake.  In  standardized  rat  hemoglobin  repletion  assays,  FePP 

demonstrates a relative bioavailability (RBV) of only 70–85% compared to the reference 

ferrous sulphate (FeSO4, RBV = 100%). This discrepancy stems from the compound's reliance 

on gastric acid-mediated dissolution before it can be absorbed in the duodenum [Cercamondi 

et al., 2021]. To bridge this efficacy gap, particle size engineering through micronization— 

utilizing fluid energy or wet bead milling—is employed to reduce the particle diameter to sub- 

5 μm. This process increases the specific surface area approximately tenfold, which accelerates 

dissolution kinetics in the stomach and elevates the RBV to 90–95%.  

 

5.1 Stability Challenges and Advanced Encapsulation 

While micronization solves the absorption issue, it reintroduces sensory risks by expanding the 

reactive surface area. Micronized FePP exhibits a marked increase in pro-oxidant activity; for 

instance, lipid oxidation levels (measured by headspace hexanal concentration) can be 3 to 4 

times higher than those in extrudates using standard FePP [Troesch et al., 2019]. To mitigate 
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this, current research highlights the use of starch octenyl succinate (starch-OSA) for 

encapsulation. As an amphiphilic modified starch, starch-OSA forms a Pickering emulsion- 

type shell around the micronized iron particles. This physical barrier effectively reduces 

hexanal generation by 65–75%, isolating the iron from the lipid fraction of the rice flour while 

maintaining ≥ 90% of the bioavailability gained through micronization [Cercamondi et al., 

2021]. 

 

 

6. Zinc Fortification: Speciation, Phytic Acid Antagonism, and Nano-Enabled Strategies 

The integration of zinc into fortified rice kernels (FRK) requires a sophisticated balance 

between chemical stability and physiological release. Zinc oxide (ZnO) is generally the 

preferred fortificated species over zinc sulphate heptahydrate, primarily due to its non- 

hygroscopic nature and its ability to minimize pro-oxidant interactions within the carbohydrate 

matrix during storage [Zimmermann et al., 2020]. However, the primary bottleneck for 

nutritional efficacy remains the poor bioavailability of the mineral, largely dictated by the 

inhibitory role of phytic acid.  

 

6.1 The Phytate-Zinc Interaction 

In the rice bran fractions often retained in FRK formulations, phytic acid concentrations 

(measured as phytate phosphorus) typically range from 8 to 15 mg/g on a dry weight basis. 

This high concentration facilitates the formation of thermodynamically stable, insoluble zinc 

phytate chelates (log K ≈ 11.0), which effectively resist dissolution under gastroduodenal pH 

conditions [Yadav et al., 2021]. While regulatory fortification levels (8–12 mg Zn per 100 g of 

blended rice) successfully lower the phytate-to-zinc (Phy : Zn) molar ratio from an initial 5– 

15:1 down to 3–7:1, mineral absorption remains significantly impaired whenever this ratio 

exceeds 6:1 [Zimmermann et al., 2020]. 

 

6.2 Enzymatic and Nano-Engineering Solutions 

To overcome this biochemical antagonism, recent research has focused on pre-extrusion 

enzymatic hydrolysis. Utilizing phytase (EC 3.1.3.8) during the dough conditioning phase— 

specifically at a pH of 4.5–5.5 and temperatures of 37–45°C—has been shown to reduce Phy : 

Zn ratios to <3:1 within a short 30–60 minute window [Yadav et al., 2021]. Given the risk of 

enzyme denaturation during the high-shear/thermal transit of the extruder barrel, interest has 

shifted toward immobilized phytase systems. These enzymes, often anchored to silica carriers, 

are designed to survive the extrusion process and initiate hydrolysis only upon subsequent 

aqueous cooking. 
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Simultaneously, nanoencapsulation has emerged as a high-fidelity delivery mechanism. 

Encapsulating ZnO within a whey protein isolate (WPI) matrix produces bioactive particles 

(80–200 nm) that demonstrate significantly enhanced bioaccessibility. Simulated in vitro 

digestion studies reveal that these nano-formulations achieve a 45% fractional zinc release at 

pH 2, compared to a mere 18% for bulk ZnO. Beyond intestinal release, this encapsulation 

strategy effectively isolates the mineral from the surrounding starch-lipid complex, reducing 

zinc-induced lipid oxidation by nearly 50% [Zimmermann et al., 2020].  

 

 

 

 

7. Cooking Stability and Disintegration Resistance 

The ultimate benchmark for FRK quality is the preservation of kernel morphology following 

standardized culinary preparation (typically involving excess water at 100°C for 15 minutes). 

Structural disintegration—defined by progressive surface erosion culminating in total 

mechanical failure—is a function of two competing factors: the kinetics of aqueous penetration 

into the kernel core and the tensile strength of the retrograded starch matrix. Microstructural 

analysis via Scanning Electron Microscopy  (SEM) indicates that kernels with high 

disintegration resistance possess a distinct, continuous amylose-enriched peripheral layer 

(approximately 200 µm in thickness). This dense surface layer acts as a semi-permeable barrier 

 that restricts rapid water ingress, a mechanism functionally analogous to the surface film 

formed during the parboiling of natural paddy (Ali et al., 2020).  

 

To reinforce this barrier, the integration of 2–5% (w/w) hydroxypropyl methylcellulose 

(HPMC) into the dough formulation has proven effective. As a hydrocolloid, HPMC 

significantly attenuates the rate of water diffusion, thereby reducing total cooking loss from 

8.2% to 3.1% (w/w). Crucially, this enhancement of the structural network occurs without 

inducing deleterious changes to the organoleptic profile or the desired "softness" of the cooked 

grain (Lam & Bhupinder, 2019). 

 

8. Processing Parameters 

The engineering of rice analogues, specifically Fortified Rice Kernels (FRK), is defined by a 

specialized operational window that prioritizes the preservation of a semi-intact starch network. 

Unlike high-moisture meat analogues that require intensive thermal alignment, rice FRK 

production utilizes cold extrusion technology to ensure kernel dimensional integrity. This 

process is mechanistically necessitated by the need to create a stable starch matrix that can 

withstand domestic cooking stresses while serving as a vehicle for essential micronutrients [Ali 

et al., 2020; Lam & Bhupinder, 2019]. 
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A critical parameter in this manufacturing pathway is the temperature regime, which must be 

strictly maintained below 70°C. This low-temperature stability is vital to safeguard 

thermolabile  micronutrients,  such  as  retinyl  palmitate,  and  to  prevent  uncontrolled 

gelatinization. If the thermal threshold is exceeded, the granular architecture of the starch 

collapses, which inhibits the necessary post-extrusion retrogradation [Kuong et al., 2016]. 

Consequently, precise thermodynamic control is the primary discriminating variable used to 

facilitate molecular transformation without inducing degradative over-processing [Lam & 

Bhupinder, 2019]. 

 

 

The management of feed moisture, typically between 25% and 40% (w/w), further regulates 

the melt rheology and plasticization of the rice flour. During extrusion, water acts as a 

plasticizer to facilitate die flow; however, it is the subsequent post-extrusion drying phase at 

40–60°C that drives amylose retrogradation. This structural evolution is what establishes the 

kernel's  mechanical  resistance  to  cooking-induced  disintegration  [Ali  et  al.,  2020]. 

Furthermore, the Specific Mechanical Energy (SME) is deliberately minimized to 30–80 kJ/kg 

to protect the semi-crystalline architecture of the starch and prevent the fragmentation of 

sensitive vitamins [Lam & Bhupinder, 2019].  

 

Ultimately, the quality of rice analogues is validated through metrics focused on dimensional 

and nutritional fidelity. The primary goal is for the FRK to survive hydrothermal cooking 

without excessive mass loss. This is quantitatively assessed through cooking loss percentages 

(targeted at < 5%) and the enthalpy of retrogradation, where a value > 3.5 J/g indicates a robust 

network [Vilaplana et al., 2012]. In this system, die geometry remains a passive interface, 

serving a purely volumetric shaping function to match the physical dimensions of natural rice 

grains [Kuong et al., 2016]. 

 

9. Technological Challenges in Analogue Mimicry 

Replicating the complex internal architecture of natural rice remains a primary hurdle in 

developing high-fidelity rice analogues. While cold extrusion successfully achieves the 

macroscopic morphology of a rice grain, it fails to recreate the intricate endosperm cell 

architecture found in native rice. This cellular organization dictates the spatial distribution of 

starch granules, and its absence often results in a different textural experience during 

consumption compared to that of traditionally harvested grains.  

 

Maintaining storage stability in fortified rice kernels (FRK) is further complicated by water 
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activity (aw) gradients. These gradients drive internal moisture redistribution within the 

product,  leading  to  significant  textural  defects.  In  rice  analogues  specifically,  this 

thermodynamic shift often manifests as surface cracking or fissuring. Because the equilibrium 

moisture isotherms of starch-protein composites are non-additive, internal moisture gradients 

can form even under isothermal storage conditions, and standard solutions like Modified 

Atmosphere Packaging (MAP) fail to address this underlying driving force for redistribution 

(Roos, 1995). 

 

From a nutritional standpoint, the efficacy of fortified rice is often limited by the presence of 

antinutritional factors like phytic acid. These compounds, which may be present in the base 

flour or added protein isolates, can chelate divalent minerals such as iron and zinc, significantly 

reducing their bioavailability. Although wet fractionation can reduce phytate levels by roughly 

60%, the residual interactions between minerals and phytates in the final extruded matrix have 

 not been systematically characterized. This gap in research remains a significant barrier to  

making definitive claims regarding nutritional equivalence (Gupta et al., 2015).  

 

Finally, the industrial production of rice analogues faces substantial scale-up challenges. 

Findings from laboratory-scale extruders with small screw diameters do not translate linearly 

to industrial-sized equipment. This discrepancy arises from non-proportional shifts in shear 

rate distribution, residence time, and the surface-to-volume ratio, which governs heat transfer 

kinetics. To bridge this gap, food engineers are increasingly turning to Computational Fluid 

Dynamics (CFD) modeling of flow fields, moving beyond simple dimensionless groups to 

ensure that the mechanical and thermal history of each fortified kernel remains consistent at a 

commercial scale (Guy, 2001). 

 

10. Conclusion and Future Perspectives 

The development of extruded rice analogues represents a sophisticated convergence of cereal 

science, rheological engineering, and nutritional biochemistry. As demonstrated in this review, 

the success of fortified rice kernels (FRK) is predicated on maintaining a delicate balance 

between structural integrity and nutrient bioavailability. The shift toward cold extrusion 

technology and the utilization of specific mechanical energy (SME) thresholds have effectively 

minimized the degradation of thermolabile vitamins while facilitating the formation of robust, 

retrograded starch networks. These advancements ensure that the engineered kernels can 

withstand the hydrothermal rigors of domestic cooking while maintaining a sensory profile 

congruent with traditionally milled varieties.  

Despite these successes, several frontiers in rice analogue engineering remain to be fully 
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addressed. The "bioavailability gap" caused by phytate antagonism continues to limit the 

efficacy of mineral fortification, necessitating a transition from simple salt addition to advanced 

nanoencapsulation and enzymatic pre-treatments. Furthermore, as the industry moves toward 

pilot and industrial scales, the non-linear nature of extrusion scale-up requires the adoption of 

high-fidelity Computational Fluid Dynamics (CFD) modeling to ensure product consistency. 

Future research should prioritize long-term, in vivo bioavailability studies under realistic 

household preparation conditions and the exploration of novel hydrocolloids to further enhance 

storage stability against moisture-induced fissuring. By addressing these lingering 

technological challenges, reconstituted rice technology can transition from a targeted 

intervention to a foundational pillar of global nutritional security. 
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