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Abstract 

Ruminant livestock production in semi-arid regions faces persistent challenges, including 

seasonal feed shortages, variable nutrient quality, and environmental issues such as methane emissions. 

These constraints impact animal productivity, health, and sustainability. Tannins, a group of plant-

derived polyphenols, have garnered attention for their potential to improve protein utilization and reduce 

enteric methane emissions. However, at high concentrations, tannins exert anti-nutritional effects—

reducing feed intake, nutrient digestibility, and altering rumen microbial balance—thus limiting their 

practical utility in ruminant diets. Recent advancements in nanotechnology offer an innovative strategy 

to address these limitations through the formulation of tannin nanoparticles. These smart delivery 

systems have the potential to enhance the bioavailability, stability, and targeted release of tannins in the 

gastrointestinal tract, enabling controlled interactions with rumen microbes and dietary macromolecules 

based on principles demonstrated in other biological systems. This review explores the current state of 

knowledge regarding the dualistic role of tannins, the principles and safety of nanotechnology in animal 

feed, and the comparative impacts of conventional tannins and nano-tannin applications on rumen 

fermentation, methane mitigation, nutrient metabolism, and animal performance. While tannin 

nanoparticles show promise in improving ruminant nutrition and environmental sustainability, several 

research gaps remain. These include the need for standardized nanoparticle formulations, 

comprehensive long-term safety evaluations, and clear regulatory frameworks for their use in livestock 

systems. Addressing these challenges is crucial for enabling the responsible and effective integration of 

nanotechnology into future ruminant feeding strategies, particularly in resource-limited and climate-

vulnerable regions. Most evidence on nano-tannin applications in ruminants remains theoretical or from 

in vitro studies, highlighting the need for comprehensive in vivo validation. 
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1. Introduction  

In semi-arid regions, the productivity of ruminants is limited by the seasonal growth of grasses 

and the fluctuating quality of feed [1]. Additionally, digestive disorders due to inadequate nutritional 

management can lead to significant economic losses [2]. Ruminant livestock contribute to greenhouse 

gas emissions, particularly methane, which poses a challenge to global food sustainability [3]. The 

increasing global population demands more animal protein, putting pressure on the Earth's resources 

and contributing to climate change [4], [5]. Tannins, a group of plant secondary metabolites, have both 

beneficial and detrimental effects on ruminant nutrition: positive effects, at low concentrations, tannins 

can reduce methane emissions, improve rumen-bypass protein synthesis, and enhance the fatty acid 

composition in ruminant products [6], [7]. They also have bacteriostatic, anti-inflammatory, and 

antioxidant properties; and negative effects, high levels of tannins can be anti-nutritional, reducing feed 

intake and fiber digestibility [8], [9]. The complexity of tannins makes it challenging to remove their 

antinutritional effects without losing nutritive value [10].  

Nanotechnology can improve the stability and bioavailability of feed ingredients, leading to 

higher-quality and safer products [11]. Nanoencapsulation technologies, such as nano-propolis, 

enhance the absorption and effectiveness of natural supplements [12]. Nanotechnology applications in 
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veterinary medicine and animal health can address global challenges related to disease control and food 

security [12], [13]. Nanotechnology has the potential to reduce the environmental impact of ruminant 

production by improving feed efficiency and reducing greenhouse gas emissions [14]. The review aims 

to analyze the global challenges in ruminant nutrition and explore potential solutions to improve feed 

quality, animal health, and environmental sustainability; evaluate the role and limitations of tannins in 

ruminant feed, focusing on their beneficial and detrimental effects; investigate the promise of 

nanotechnology in feed science, highlighting its potential to revolutionize ruminant nutrition and 

production; and provide a comprehensive overview of current research and developments in ruminant 

nutrition, aiming to enhance sustainable productivity and food security. 

Scope and Methodology 

This comprehensive narrative review synthesizes current knowledge on tannins and 

nanotechnology in ruminant nutrition. Given the emerging nature of nano-tannin applications and 

limited in vivo ruminant studies, we adopted a narrative approach to integrate evidence from related 

fields (in vitro rumen studies, nanoparticle characterization, conventional tannin research) and identify 

research directions. Literature was identified through PubMed, Web of Science, and Google Scholar 

(2000-2025) using search terms including tannins, nanoparticles, ruminant nutrition, and methane 

mitigation. 

Tannins in Ruminant Nutrition 

Tannins are classified into two main types hydrolyzable tannins (HT) and condensed tannins 

(CT) [15]. Hydrolyzable tannins (HT), these are esters of phenolic acids (e.g. gallic acid) with a 

carbohydrate core [16]. Condensed tannins (CT), these are polymers of flavan-3-ols, lacking a 

carbohydrate core. Chemical properties, tannins are polyphenolic compounds with high molecular 

weight, capable of forming complexes with proteins, carbohydrates, and metal ions [17], [18]. 

Beneficial effects of tannins: protein protection, tannins can protect dietary proteins from degradation 

in the rumen, leading to increased protein availability in the intestines [19]; methane reduction, tannins 

have been shown to reduce methane emissions from ruminants, contributing to lower greenhouse gas 

emissions [20], [21]; and nutrient utilization, improved nutrient utilization, including better nitrogen 

retention and reduced nitrogen excretion, has been observed with tannin supplementation [22], [23]. 

High concentrations of tannins can inhibit the digestibility of nutrients by forming complexes 

with proteins and carbohydrates, making them less available for absorption [24], [25]. Tannins can 

suppress rumen microbial populations, including bacteria, protozoa, and fungi, which can negatively 

impact rumen fermentation and nutrient digestion [26], [27]. The beneficial effects of tannins are dose-

dependent. Low to moderate doses (e.g. <1% to ~3% of diet dry matter) are generally beneficial, while 

higher doses can be detrimental [7], [28]. Achieving the right balance is crucial. Over-supplementation 

can lead to reduced feed intake, lower nutrient digestibility, and adverse effects on animal 

performance [29]. The effects of tannins can vary based on their chemical structure, the type of tannin, 

the diet composition, and the animal species [30]. 

Table 1. Characteristics, Benefits, and Limitations of Tannins in Ruminant Diets 

Aspect Details 

Types of Tannins Hydrolyzable (HT) and Condensed (CT) 

Chemical Nature Polyphenolic compounds, high molecular weight, form complexes with 

macromolecules 

Beneficial Effects Protein protection, methane reduction, improved nutrient utilization 

Anti-Nutritional Effects Digestibility inhibition, microbial suppression 

Dose-Dependent Response Optimal at low to moderate doses, detrimental at high doses 

Balance Challenges Variability based on structure, type, diet, and species 

Optimal Dose Range 1-3% of diet DM for beneficial effects; >3-5% risk of anti-nutritional 

effects (species and tannin-type dependent) 
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Fig. 1. Conceptual Framework 

 

Nanotechnology in Animal Feed 

Nanotechnology involves the manipulation of materials at the nanoscale (1-100 nm) to create 

new materials and devices with unique properties [31], [32]. Nanoparticle delivery in animal feed 

utilizes these small particles to enhance nutrient absorption and bioavailability by passing through 

biological barriers more efficiently [11], [33]. Nanoparticles can be designed to deliver nutrients 

directly to specific organs or tissues, improving the efficiency of nutrient utilization [34], [35]. 

Nanoformulations can provide a sustained release of nutrients, ensuring a steady supply over time and 

reducing the frequency of feed administration [36]. Nanoparticles enhance the bioavailability of 

nutrients, allowing for lower doses and reducing waste [34], [35]. Types of nanocarriers used in 

livestock feed, lipid-based nanocarriers, these include liposomes and nanoemulsions, which are 

effective in encapsulating hydrophobic nutrients and improving their solubility and absorption [36]. 

Polymeric nanocarriers, made from biodegradable polymers, these carriers can protect nutrients from 

degradation and release them in a controlled manner [37]. Inorganic nanocarriers, examples include 

nano-minerals like nano-selenium and nano-zinc, which enhance nutrient bioavailability and have 

additional health benefits such as antioxidant activity [38]. 

The potential toxicity of nanoparticles at the cellular level is a significant concern. Studies 

have shown that nanoparticles like silicon oxide, titanium oxide, and zinc oxide can exhibit toxic 

effects [39], [40]. Regulatory bodies such as the european food safety authority (efsa) and the United 

States food and drug administration (fda) have established guidelines for the safety assessment of 

nanomaterials in food and feed [41]. These guidelines include physicochemical characterization, 

exposure assessment, and hazard identification [42], [43]. Comprehensive risk assessments are 

necessary to evaluate the long-term effects of nanoparticles on animal health, human health, and the 

environment. This includes studies on reproductive and developmental toxicity, immunotoxicity, and 

allergenicity [44]. 

Table 2. Overview of Nanotechnology Principles, Advantages, and Safety Considerations 

Aspect Details 

Definition Manipulation of materials at the nanoscale (1-100 nm) [31], [32]  

Principles Enhanced nutrient absorption and bioavailability [11], [33], [35] 

Advantages Targeted delivery, controlled release, improved bioavailability [34], [36] 

Types of Nanocarriers Lipid-based, polymeric, inorganic [37] 

Safety Concerns Potential toxicity at cellular level [39], [40], [42] 

Regulatory Frameworks EFSA, FDA guidelines for safety assessment [41] 

Risk Assessment Studies on toxicity, immunotoxicity, allergenicity [44] 

 

Tannin source Nanoencapsulation Rumen delivery 

Outcomes (↓CH4, ↑protein bypass, ↓N excretion) 
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Tannin Nanoparticles: Formulation and Characterization 

Green synthesis, tannins can be used as reducing and capping agents in the green synthesis of 

nanoparticles. This method is eco-friendly and cost-effective, utilizing plant extracts rich in tannins to 

reduce metal ions and stabilize the nanoparticles [45], [46]. Film dispersion method, this method 

involves the preparation of tannin-loaded nanoparticles, such as those decorated with FA-PEG, through 

film dispersion [47]. Solvothermal method, tannins can be used to modify magnetic nanoparticles via a 

solvothermal method, enhancing their properties for specific applications [48]. Size and morphology, 

nanoparticles synthesized using tannins typically range from 15-166.8 nm in size, with spherical and 

uniform shapes confirmed by techniques like TEM, SEM, and DLS [49], [50]. Charge and stability, zeta 

potential measurements indicate good stability, with values such as -28.48 mv for tannin-capped silver 

nanoparticles [51]. Stability is also confirmed by minimal changes in size and encapsulation efficiency 

over time 7. Release profile, encapsulation efficiency and controlled release profiles are crucial. For 

instance, tannin-modified nanoparticles show a high encapsulation efficiency (up to 92.11%) and 

controlled release under simulated conditions [52]. 

The advantages of nano-encapsulated tannins over free tannins in ruminant systems are 

hypothesized to stem from several mechanisms: (1) Protection from premature degradation – 

nanoencapsulation may protect tannins from rapid degradation by rumen microbes, allowing controlled 

release in targeted regions; (2) Modulated protein binding - encapsulation may prevent excessive tannin-

protein complexation in the rumen while maintaining beneficial effects post-ruminally; (3) Enhanced 

stability - nanoformulations may improve chemical stability during feed processing and storage; and (4) 

Improved bioavailability - smaller particle size may enhance absorption of bioactive compounds." 

Tannin nanoparticles exhibit stability and controlled release in varying pH environments, which 

is essential for their interaction with the rumen environment. For example, kafirin microparticles 

encapsulating tannins showed significant antioxidant release under simulated gastric conditions [53]. 

The stability and degradation of tannin nanoparticles can be influenced by their composition and the 

presence of stabilizing agents like glycine betaine, which enhances thermal stability [54]. Tannin 

nanoparticles have shown significant antimicrobial, antioxidant, and anticancer activities in vitro. For 

instance, tannin-capped silver nanoparticles exhibited strong antibacterial and antioxidant 

properties [55]. In vivo studies demonstrate the potential of tannin nanoparticles for therapeutic 

applications. For example, tannin-modified silver nanoparticles showed promising results in reducing 

liver enzyme levels and inflammation in mice models [56], [57]. Additionally, tannin nanoparticles have 

been used for drug delivery, showing improved bioavailability and stability of encapsulated 

compounds [52]. 

Table 3. Physicochemical and Functional Properties of Tannin Nanoparticles 

Aspect Details 

Encapsulation Methods Green synthesis, film dispersion, solvothermal method 

Size and Morphology 15-166.8 nm, spherical and uniform shapes 

Charge and Stability Zeta potential: -28.48 mV, stable over time 

Release Profile High encapsulation efficiency (up to 92.11%), controlled release 

pH Sensitivity and Degradation Stable in varying pH, enhanced thermal stability with glycine betaine 

In Vitro Dynamics Significant antimicrobial, antioxidant, and anticancer activities 

In Vivo Dynamics Reduced liver enzyme levels, inflammation, improved bioavailability 

and stability of drugs 
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Fig. 2. Nanoparticle Structure 

Effects of Tannin Nanoparticles on Rumen Fermentation 

Tannins have been shown to significantly reduce methane production in the rumen. This effect 

is primarily due to the suppression of methanogenesis, which is a key process in methane 

production [58]. Tannins can decrease the population of certain rumen microbes, such as Butyrivibrio 

fibrisolvens, which are involved in fiber degradation [59]. Additionally, tannins can alter the microbial 

protein synthesis, with varying effects depending on the type of tannin and the plant source [60], [61]. 

Increased levels of tannins in the diet have been consistently shown to lower methane emissions [22], 

[62]. This reduction is beneficial for mitigating greenhouse gas emissions from ruminants. Tannins can 

improve nitrogen utilization by reducing rumen protein degradation, thus increasing the proportion of 

feed protein reaching the lower digestive tract for enzymatic digestion [15], [61]. However, high levels 

of tannins can decrease nitrogen utilization efficiency, leading to more nitrogen being excreted in feces 

[22]. 

Tannins can inhibit fiber degradation by binding to proteins and protecting plant cell walls from 

microbial digestion [25]. This effect can slow down the digestibility of forages, which may be beneficial 

in certain feeding strategies. The impact of tannins on nutrient digestibility is dose-dependent. Lower 

levels of tannins may have minimal effects, while higher levels can significantly reduce the digestibility 

of dry matter and crude protein [61]. The type of tannin also plays a role, with hydrolyzable tannins 

(HT) being more favorable for maintaining nutrient intake and digestibility compared to condensed 

tannins (CT) [22]. Traditional tannin applications have shown similar effects on rumen fermentation, 

methane production, and nutrient digestibility as tannin nanoparticles [59], [62]. However, the use of 

nanoparticles may offer more controlled and targeted delivery, potentially enhancing the efficiency of 

tannin utilization. Nanoparticles can improve the bioavailability and stability of tannins, protecting them 

from degradation during digestion and ensuring more consistent effects on rumen fermentation [60], 

[63]. This targeted approach may lead to better modulation of microbial populations and fermentation 

processes. 

Table 4. Comparative Effects of Tannin Nanoparticles and Conventional Tannins: Evidence from 

Ruminant and Related Studies 

Aspect Tannin Nanoparticles Conventional Tannin Application 

Methane Emission Significant reduction [59], [62] Significant reduction [22], [58] 

Nitrogen Utilization Improved, but can decrease at high 

levels [61] 

Improved, but can decrease at 

high levels [22] 

Fiber Degradation Inhibited [61] Inhibited [25] 

Nutrient Digestibility Dose-dependent reduction [25] Dose-dependent reduction [61] 

Microbial Population Altered, reduced specific microbes [59] Altered, reduced specific 

microbes [64] 

Bioavailability and Stability Enhanced [60], [63] Variable [22], [59] 

*Most nano-tannin data derived from in vitro rumen studies or extrapolated from nanoparticle studies 

in other biological systems 
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Animal Performance and Health Outcomes 

Growth performance and feed efficiency are influenced by various factors including diet 

composition, genetic factors, and management practices. For instance, pharmacological 

supplementation of trace minerals like zinc (Zn) and copper (Cu) can enhance growth and feed 

efficiency in pigs [65]. Additionally, feed efficiency measures such as feed conversion ratio (FCR) and 

residual feed intake (RFI) are critical for evaluating animal performance [66]. Factors such as bedding, 

group composition, and ambient temperature significantly affect feed intake in pigs [67]. In cattle, 

dominance can influence feed intake, with more dominant animals having higher dry matter intakes [68]. 

Supplementation with rumen-protected amino acids (RPAA) like methionine and lysine can 

improve nitrogen balance and average daily gain (ADG) in buffalo calves, demonstrating a protein-

sparing effect [69]. Similarly, supplementation of RPAA in dairy cows can enhance milk production 

and overall performance [70], [71]. The form in which amino acids are provided (free vs. protein-bound) 

affects their postprandial plasma appearance and metabolic responses, impacting protein deposition and 

growth performance [72], [73], [74]. The rumen epithelium plays a crucial role in nutrient absorption 

and maintaining barrier function. High concentrate diets can lead to imbalances in cellular metabolism 

and immune responses, potentially causing epithelial damage and systemic inflammation [75], [76], 

[77]. 

Subacute ruminal acidosis (SARA) can alter rumen fermentation patterns and epithelial 

integrity, leading to health issues [78], [79]. Dysbiosis in the rumen can increase permeability, allowing 

harmful substances to enter the bloodstream and cause systemic inflammation [80], [81]. Antioxidants 

play a vital role in mitigating oxidative stress, which can affect animal health. The balance between 

reactive oxygen species (ROS) and antioxidants is crucial for maintaining health, especially under stress 

conditions [82], [83], [84]. The use of antimicrobials in animal production is a double-edged sword. 

While they improve health and growth, their overuse can lead to antimicrobial resistance, posing a 

significant public health threat [85], [86], [87], [88], [89]. 

Sustainability and Future Applications 

Livestock production is a significant contributor to greenhouse gas (GHG) emissions, 

accounting for about 14.5% of global emissions [90]. Strategies to mitigate these emissions include 

improving feed efficiency, changing animal diets, and adopting sustainable farming practices [91]. 

Precision Livestock Farming (PLF) technologies can help by optimizing resource use and reducing 

emissions through better management practices [92], [93]. Precision nutrition (PN), a component of 

PLF, involves supplying the right amount of feed with suitable composition to individual animals, which 

can reduce nitrogen excretion and improve feed efficiency [94]. The use of natural feed additives such 

as essential oils, polyphenols, and saponins has been explored as alternatives to synthetic additives. 

These natural additives can improve animal health and production while ensuring food safety [95]. 

Probiotics and phytobiotics are also promising alternatives to antibiotics, enhancing gut health and 

immunity [96], [97]. The ban on antibiotic growth promoters has led to the development of alternative 

feed additives. Probiotics and plant-based additives have shown potential in maintaining animal health 

and performance without the use of antibiotics [98]. 

PLF involves the use of sensors, algorithms, and data analytics to monitor and manage livestock. 

These technologies can improve animal health, welfare, and productivity by providing real-time data 

for decision-making [99]. PLF can also help in precision grazing, optimizing pasture use and reducing 

overgrazing [100], [101]. PN systems within PLF can tailor feed supply to individual animals, 

improving nutrient utilization and reducing waste. The high cost of PLF technologies and the need for 

customization in extensive farming systems pose significant barriers to widespread adoption [102]. 

Small ruminant farms, often located in remote areas, face additional challenges due to poor technological 

infrastructure and higher costs of miniaturized sensors [103]. Successful implementation of PLF 

requires adequate training for farmers and integration into existing farm management systems [99]. 

There is also a need for more research to understand the full impact of PLF technologies on animal 

health and production [104]. 
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Challenges and Research Gaps 

There is a significant gap in long-term in vivo studies on the effects of nanoparticles (NPs) in 

livestock. Most studies focus on short-term impacts, leaving long-term consequences largely 

unexplored [105], [106]. This lack of data hinders a comprehensive understanding of chronic exposure 

and its potential risks. The toxicity and accumulation of NPs in livestock and their environments pose 

substantial risks. Studies have shown that NPs can accumulate in various tissues, leading to potential 

health hazards. For instance, iron oxide NPs have been found to cross the placental barrier and 

accumulate in fetal tissues, causing increased fetal deaths [107]. Similarly, Cu and ZnO NPs have been 

shown to accumulate in aquatic organisms, indicating potential risks for livestock consuming 

contaminated water [108], [109]. The combined toxicity of NPs with other pollutants, such as pesticides, 

further exacerbates these risks. 

There is a lack of standardization in the formulation and dosage of NPs used in livestock. This 

variability can lead to inconsistent results and difficulties in comparing studies. The need for 

standardized protocols is critical to ensure reproducibility and reliability of research findings [110], 

[111]. Without standardization, it is challenging to determine safe and effective dosages for different 

applications. Regulatory frameworks for the use of NPs in livestock are still evolving. The potential 

risks associated with NPs necessitate stringent regulations to ensure safety. However, the current 

regulatory landscape is fragmented and lacks comprehensive guidelines [110]. Additionally, consumer 

acceptance of NP-based products in livestock is uncertain. Public concerns about the safety and ethical 

implications of using NPs in food production need to be addressed through transparent communication 

and robust safety assessments [111]. 

Table 5. Priority Research Gaps and Proposed Solutions 

Research Gap Current Status Proposed Approaches 

Formulation 

standardization 

Multiple methods exist; no 

standard protocols 

Develop consensus protocols for synthesis, 

characterization, and quality control 

In vivo ruminant data Limited to in vitro or short- 

term studies 

Conduct dose-response studies in sheep/cattle 

across lactation/growth cycles 

Safety assessment Mostly acute toxicity data Long-term feeding trials (>6 months) with 

tissue residue analysis 

Mechanism validation Hypothetical based on other 

systems 

Rumen-cannulated studies with temporal 

sampling 

Cost-effectiveness Unknown for commercial scale Techno-economic analysis and pilot production 

Regulatory pathway Unclear in most jurisdictions Engage with regulatory bodies early in 

development 

4. Conclusion  

The use of tannins and nanotechnology offers a promising strategy to address key nutritional, 

environmental, and health challenges in ruminant production, particularly in semi-arid regions. Tannins, 

when used at optimal levels, can improve nitrogen utilization and reduce methane emissions, although 

their anti-nutritional effects at high concentrations require careful management. Nanotechnology, 

especially through the formulation of tannin nanoparticles, enhances the stability, bioavailability, and 

targeted delivery of bioactive compounds. These advances may enable more efficient rumen modulation, 

improved animal performance, and reduced environmental impact. However, concerns over 

nanoparticle toxicity, regulatory uncertainties, and the lack of long-term in vivo data highlight the need 

for more standardized, transparent, and safety-focused research. Integration with Precision Livestock 

Farming (PLF) and natural feed strategies can further enhance sustainability. Future efforts must focus 

on bridging knowledge gaps and ensuring responsible innovation to fully leverage smart tannin 

nanoparticles for sustainable ruminant nutrition. 
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