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ABSTRACT

Objective: This study evaluated the effects of biologically synthesized iron oxide nanoparticles (Fes04 NPs) on rumen fermentation, methane (CHa) production,
and in vitro digestibility of a dairy cattle concentrate feed.

Material and Methods: Iron oxide nanoparticles synthesized using Prunus serrulata leaf extract were added to a commercial dairy concentrate at 0, 10, 20,
and 30 mg/kg dry matter (DM). Feed samples were analysed for nutrient composition, and in vitro gas production was performed using slaughterhouse-derived
rumen fluid with 24 h incubation to estimate CHa production, organic matter digestibility, and metabolizable energy using standard gas production equations.

Results: Nanoparticle supplementation did not affect dry matter, ether extract, acid detergent fiber, hemicellulose, organic matter digestibility, or
metabolizable energy (P 2 0.05). Crude ash and crude protein increased with FesOs NPs (P < 0.001), whereas neutral detergent fiber and total carbohydrate
values decreased (P < 0.05). CH4 production was significantly reduced at 20 and 30 mg/kg DM supplementation levels, with reductions approaching 9%
compared with the control (P < 0.05).

Conclusion: Biologically synthesized Fes0s NPs reduced CHs production without impairing feed digestibility or energy value, indicating potential as feed
additives for CHa mitigation in dairy cattle systems.

Keywords: Iron oxide nanoparticles; rumen fermentation; CHa mitigation; trace element bioavailability; in vitro gas production technique.

Biyolojik Olarak Sentezlenmis Fe;0, Nanopartikiillerinin Siit S1gir1 j(onsan!_re Yeminin Besin Madde Bilesimi, in
Vitro Organik Madde Sindirilebilirligi ve Metan Uretimi Uzerindeki Etkileri

Oz

Amag: Bu ¢alisma, biyolojik olarak sentezlenmis demir oksit (FesOs) nanopartikillerinin stt sigiri konsantre yeminin besin bilesimi, in vitro organik madde
sindirilebilirligi, metabolize olabilir enerji ve metan (CHa) Gretimi Gzerindeki etkilerini degerlendirmeyi amaglamistir.

Materyal ve Yontem: Prunus serrulata yaprak ekstrakti kullanilarak sentezlenen FesO4 nanopartikulleri, ticari bir sit sigiri konsantre yemine kuru madde (KM)
bazinda 0, 10, 20 ve 30 mg/kg dlzeylerinde ilave edilmistir. Yem érneklerinde kuru madde, ham protein, ham kiil, ham yag, notral deterjan lif, asit deterjan lif,
hemiseliiloz ve toplam karbonhidrat analizleri yapiimistir. Organik madde sindirilebilirligi, metabolize olabilir enerji ve CHa tretimi ise rumen sivisi kullanilarak
uygulanan in vitro gaz uretim teknigi ile tahmin edilmistir.

Bulgular: Nanopartikl ilavesi kuru madde, ham yag, asit deterjan lif, hemiseliiloz, organik madde sindirilebilirligi ve metabolize olabilir enerji lizerinde etkili
olmamistir (P 2 0.05). Ham kil ve ham protein dlzeyleri FesO04 NP ilavesi ile artarken (P < 0.001), notral deterjan lif ve toplam karbonhidrat degerleri azalmistir
(P < 0.05). CHa Uretimi, 20 ve 30 mg/kg KM uygulama diizeylerinde kontrol grubuna kiyasla yaklasik %9 oraninda anlaml sekilde azalmistir (P < 0.05).

Sonug: Biyolojik olarak sentezlenen Fe304 nanopartikiilleri sindirilebilirlik ve enerji degerini olumsuz etkilemeden CH4 Uretimini azaltmistir. Bu bulgular, Fe;04
nanopartikillerinin stt sigir beslemesinde CHa azaltimina yonelik yem katki maddesi olarak potansiyel tasidigini géstermektedir.

Anahtar Kelime: Demir oksit nanopartikilleri; rumen fermantasyonu; CHa Uretimi; iz element biyoyararlanimi; in vitro gaz Gretim teknigi
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INTRODUCTION

Trace mineral nanoparticles, particularly iron-based nanomaterials, are increasingly investigated as feed
additives because of their potential to enhance nutrient bioavailability and influence feed functionality. Recent
studies have reported increasing interest in green-synthesized metallic nanoparticles as sustainable feed
additives in animal nutrition systems (Kaya 2025). Manipulation of materials at the nanoscale offers
opportunities to modify the physicochemical and biological behavior of feed nutrients, thereby improving
nutrient utilization and reducing the environmental footprint of livestock production (Dumlu, 2024). Due to their
high surface area and reactivity, FesO, nanoparticles may interact with biological matrices and influence
microbial processes within the rumen (Kaya, 2025). Unlike conventional mineral supplements, these
nanoparticles can participate in surface-mediated reactions that influence microbial metabolism and substrate
utilization in anaerobic fermentation systems. In the present study, Prunus serrulata leaf extract was used for
green synthesis of Fes04 nanoparticles due to its rich phenolic and flavonoid content, which can function as
natural reducing and stabilizing agents during nanoparticle formation (Singh and Onuegbu, 2020; Bhagat and
Singh, 2022).

Iron-based nanoparticles have received considerable attention due to their strong redox activity and
ability to interact with proteins, carbohydrates, and lipids through surface-driven adsorption and complexation
processes (Schwaminger et al., 2019). In non-ruminant animal models, nano-iron supplementation has been
shown to improve growth performance and feed efficiency, demonstrating that iron nanoparticles can function
as highly bioavailable mineral sources (Basharat et al., 2023; Almeldin et al., 2024). However, in ruminant
systems, the primary site of interaction between dietary additives and microorganisms is the rumen, where
microbial fermentation regulates nutrient degradation, hydrogen metabolism, and gaseous end-product
formation, including CH4. Therefore, understanding how Fe3;04 nanoparticles influence rumen fermentation is
essential for evaluating their potential role in CH4 mitigation strategies.

CH4 production in the rumen represents a major energetic loss for the host animal and a significant source
of greenhouse gas emissions. Methanogenesis is driven by hydrogen (H2) generated during microbial
fermentation, and effective mitigation strategies may involve redirection of reducing equivalents away from
methanogenic archaea toward alternative electron sinks. Iron oxides, particularly Fe3O4, possess electron-
accepting and surface-reactive properties that enable them to participate in anaerobic redox reactions and
influence microbial electron flow. In other anaerobic biological systems, FesO4 nanoparticles have been reported
to influence fermentation characteristics and gas production by altering hydrogen availability and microbial
activity (EI-Nemr et al., 2021; Alkhrissat et al., 2023). These properties suggest that Fes04 nanoparticles may
influence rumen fermentation and CH, formation; however, previous studies have reported variable responses
depending on nanoparticle characteristics, dose, and experimental conditions.

Despite increasing interest in FesO4 nanoparticles, most existing studies have focused on intestinal
absorption, systemic bioavailability, or non-ruminant species (Tolkien et al., 2015; Alphandéry, 2019; Garcia-
Fernandez et al., 2020), while their potential role in rumen fermentation and enteric CH4 production remains
insufficiently characterized. In particular, the effects of biologically synthesized Fes0, nanoparticles on nutrient
composition and fermentation gas output in ruminant feeds have not been adequately characterized under in
vitro conditions.

For the development of sustainable animal feeding strategies, it is important that novel feed additives
such as nanoparticles do not adversely affect feed quality, nutrient composition, or digestibility; therefore,
evaluating their effects on feed characteristics is of critical importance (Dogan and Kirkpinar 2025). To the best
of our knowledge, limited studies have evaluated biologically synthesized Fe3O4 nanoparticles for influencing
rumen fermentation characteristics and CH4 production. Therefore, the objective of this study was to evaluate
the effects of biologically synthesized Fe;04 nanoparticles added to a dairy concentrate feed on nutrient
composition, in vitro organic matter digestibility, and CH, production. Specifically, this study aimed to determine
whether increasing inclusion levels of Fes04 nanoparticles may influence rumen fermentation characteristics and
CHa output in an in vitro system.
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MATERIAL AND METHODS
Bio-synthesis and characterization of Fe304 NPs

Fes0, NPs were synthesized using Prunus Serrulata (Japanese cherry blossom) leaf extract. The leaves
were collected from Bogazigi University North Campus. The synthesis was conducted in the Chemistry
Department Laboratories following the green synthesis protocol described by Sengoniil and Demircan (2023).
The leaf extract was added to the FeCl3 solution under magnetic stirring, and the pH of the reaction mixture was
adjusted using 0.25 M NaOH. The mixture was stirred for 2 h to ensure completion of the reaction. A black
precipitate formed immediately after the addition of Prunus serrulata leaf extract, indicating the formation of
Fe304 nanoparticles. The resulting Fe304 nanoparticles were centrifuged at 6000 rpm for 10 min, washed twice
with distilled water and once with ethanol, and dried at 80 °C overnight.

The morphology and elemental composition of the synthesized nanoparticles were characterized using
SEM, STEM, and EDX analyses (Thermo Scientific Quattro S). UV-Vis spectroscopy (Varian Cary-100), FT-IR
analysis with ATR attachment (Thermo Scientific Nicolet 380), LC-MS analysis (Shimadzu LC20AD), and 1H NMR
analysis (Varian Mercury-VX 400 MHz) were performed as described by Sengéniil and Demircan (2023).

Feed material and in vitro gas production technique

A commercially purchased dairy cattle concentrate feed was used in the study, consisting of 20.17% corn
grain, 16.63% soybean meal, 12.00% wheat, 7.30% wheat bran, 12.00% barley, 5.50% sunflower seed meal,
15.80% distiller’s dried grains with solubles, 5.00% molasses, 5.00% limestone, and 20 mg/kg Fe. Total Fe in the
concentrate feed was determined by inductively coupled plasma mass spectrometry (ICP-MS, Thermo-X Series
2) using the method reported by Nuttall et al. (1995). In the study, FesO4 NPs inclusion levels were selected with
reference to the dietary iron requirements reported by NRC (2021).

The experimental treatment consisted of supplementation of the concentrate feed with Fes04
nanoparticles at 0, 10, 20, and 30 mg/kg DM. The selected supplementation levels were determined based on
previously reported nano-mineral and rumen fermentation studies, taking into consideration biologically
relevant concentrations and the need to avoid excessive mineral inclusion that could adversely affect microbial
activity under in vitro conditions. Proximate nutrient analyses (DM, crude protein (CP), crude ash (CA), and ether
extract (EE)) analyses of the feeds were performed according to AOAC (2005) standard procedure and acid
detergent fiber (ADF) and neutral detergent fiber (NDF) analyses were performed according to Van Soest (1991)
using ANKOM 220 Fiber Analyzer device. Total carbohydrate (TC) (%) = 100 — (CP + CA + EE) and hemicellulose
(HCL, %) = NDF (%) — ADF (%) values were calculated by using the formulations reported by Filik (2020).

Fresh rumen fluid collected from a local slaughterhouse was used as the inoculum source for the gas
production technique applied to estimate organic matter digestibility (OMD) and metabolizable energy (ME).
Each treatment was conducted with three replicates, and the experiment was performed in two separate runs.
Fresh rumen fluid was obtained from clinically healthy cattle and pooled prior to incubation to minimize
individual variation. The rumen fluid was immediately transferred into pre-warmed, CO2-flushed thermos
containers and transported to the laboratory within 1 h. Throughout preparation, continuous CO2 flushing was
applied to maintain anaerobic conditions. The gas production procedure and estimation of OMD and ME values
from 24 h total gas production were performed according to the method and regression equations described by
Menke and Steingass (1988). CH, production values were estimated from total gas production measurements
using the calculation approach integrated into the in vitro gas production technique and were not directly
measured using gas chromatography or CH4 sensors.

In the application of the materials, prepared with pure water; macromineral solution (containing 5.7 g
Na2HPO4, 6.2 g KH2P0O4, 0.6 g MgS04 (7H20)), micromineral solution (containing 13.2 g CaCl2 (2H20), 10 g
MnCI2 (4H20), 1.0 g CoCI2 (6H20), 8.0 g FeCl3 (6 H20)) , buffer solution (containing 39 g NaHCO3, 4 g
(NH4)HCO3) , 100 mg resazurin, reduction solution (containing 2 ml 1 N NaOH and 285 mg Na2S (7H20)) were
used. 500 ml of filtered rumen fluid was added to the mixture formed by these solutions taken into the Woulf
bottle. While CO2 gas was continuously introduced into this mixture through a thin hose, the color change was
checked (about 15 minutes). All procedures up to this stage were performed at 392C. Previously, 200-220 mg of
the feed samples were placed in glass syringes (Model Fortuna, Haberle Labortechnik, Lonsee-Ettlenschiel,
Germany) and kept in the incubator at 392C. After 30 ml of rumen fluid buffer solution mixture was poured into
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the glass syringes with the help of a dispenser, the air bubbles were removed and the clamp at the tip was
squeezed. Initial syringe volume was recorded prior to incubation. After gas production was recorded, the results
obtained were used to calculate the in vitro OMD and ME content of the feed using the following equations.

OMD (%) = 14.88 + 0.889 x GP + 0.45 x CP + 0.0651 x CA
ME (MJ/kg DM) = 1.06 + 0.157 x GP + 0.084 x CP + 0.22 x EE - 0.081 x CA

Where:

GP = 24 h net total gas production (mL/200 mg DM)
CP = crude protein (% DM)

EE = ether extract (% DM)

CA = crude ash (% DM)

Statistical analysis

The experiment was conducted as a completely randomized design with four dietary treatments. All
statistical analyses were performed using SPSS software (version 20.0; IBM Corp., Armonk, NY, USA). Data were
analyzed by one-way analysis of variance (ANOVA) to test the effect of treatment. When a significant treatment
effect was detected, differences among means were evaluated using Duncan’s multiple range test. Statistical
significance was declared at P < 0.05.

The statistical model used was:
Yij=u+Ti+eij

where Yij is the observed value of the dependent variable, u is the overall mean, Ti is the fixed effect of
the ith treatment, and eij is the random error term.

RESULTS

The effects of Fe304 NPs supplementation on the nutrient composition of the concentrate feed are shown
in Table 1. According to the results, Fes04 NP supplementation did not significantly affect DM, EE, ADF, or HCL
contents of the concentrate feed (P > 0.05). In contrast, CA and CP values increased significantly with increasing
Fe304 NP supplementation levels (P < 0.001), whereas NDF and TC decreased compared with the control group
(P <0.05).

Tablo 1. Fe304 NP ilavesinin siit sigiri konsantre yeminin besin madde bilesimi izerindeki etkileri

Table 1. Effects of Fe304 NP supplementation on nutrient composition of dairy concentrate feed

Fes0, NP levels (mg/kg DM) SEM* P Value
Nutrient
composition (%) 0 10 20 30
DM 90.412 90.405 90.334 90.211 0.105 0.925
CA 8.525¢ 9.369b 10.538a 11.145a 0.321 <0.001
EE 4.586 4.526 4.334 4.323 0.091 0.722
cpP 16.995c¢ 17.586b 17.849b 18.461a 0.170 0.001
NDF 23.993a 23.199b 22.934b 22.613b 0.180 0.011
ADF 11.558 11.446 11.233 11.229 0.101 0.651
TC 69.894a 68.519b 67.279c¢ 66.071d 0.438 <0.001
HCL 12.435 11.753 11.701 11.384 0.190 0.273

SEM: Standard error of the mean.

n = 6 observations per treatment.

DM: Dry matter; CA: Crude ash; EE: Ether extract; CP: Crude protein; NDF: Neutral detergent fiber; ADF: Acid detergent fiber; TC: Total
carbohydrate; HCL: Hemicellulose.

Different lowercase letters within the same row indicate significant differences (P < 0.05).
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The effects of Fes04 NPs supplementation on in vitro OMD, CH,4 production, and ME values are presented
in Table 2. OMD and ME values were not significantly affected by FesO4 NP supplementation (P = 0.05). CH,4
production was significantly reduced in the groups supplemented with 20 and 30 mg/kg DM Fe304 NPs compared
with the control group (P < 0.05), corresponding to reductions of 9.2% and 8.9%, respectively. No significant
difference was observed between the 10 mg/kg DM treatment and the control group.

Tablo 2. Fes04 NP ilavesinin OMD, CH, liretimi ve ME degerleri izerindeki etkileri
Table 2. Effects of Fe3sO4 NP supplementation on OMD, CH,4 production, and ME values

Parameters Fes04 NP levels (mg/kg DM) SEM* P Value
0 10 20 30

OMD, % 52.080 53.153 53.143 53.697 0.397 0.600

ME, MJ/kg DM 7.873 7.921 8.049 8.103 0.046 0.272

CH4 production, % 13.637a 12.839ab 12.384b 12.426b 0.193 0.044

SEM: Standard error of the mean.

n = 6 observations per treatment.

OMD: Estimated organic matter digestibility; ME: Estimated metabolizable energy; CHa: Methane production.
Different lowercase letters within the same row indicate significant differences (P < 0.05).

DISCUSSION and CONCLUSION

In the present study, the absence of significant differences among treatments in DM, EE, ADF, and HCL
following Fes04 NPs supplementation at 0-30 mg/kg DM indicates that this additive did not measurably alter the
major compositional characteristics of the concentrate feed. Considering that FesOs NPs were included at
milligram-per-kilogram levels and do not provide organic matter, lipids, or structural carbohydrates, the lack of
changes in DM, EE, ADF, and HCL may be interpreted as being consistent with basic feed composition principles.

The high surface area and surface reactivity of Fes04 NPs are important physicochemical features that
generally determine their capacity to interact with feed components and rumen microbial populations. These
surface characteristics may influence nutrient adsorption, bioavailability, and interactions with the rumen
microbial populations; however, there is currently no direct evidence in the literature that trace-level (mg/kg)
mineral supplementation can directly modify the structural dry matter or fiber fractions of feeds. Therefore, the
absence of changes in DM, EE, ADF, and HCL observed in the present study suggests that the nanoparticles did
not induce measurable alterations in the chemical composition of these feed components.

The significant increase in CA content with increasing Fes04 NPs supplementation directly reflects the
inorganic nature of the nanomineral additive. Because Fe3;0, is an inorganic mineral compound, its inclusion in
the feed inevitably increases the ash fraction measured after combustion. Accordingly, the higher CA values
observed at 20 and 30 mg/kg DM are consistent with the greater amount of mineral material added to the
concentrate, rather than with changes in the organic composition of the feed.

In addition, the reduction in NDF and TC, together with unchanged ADF, suggests that the observed
differences were more evident in the relatively labile and analytically extractable carbohydrate-associated
fractions rather than the recalcitrant cellulose-lignin complex. Fe3O4 NPs are known to interact strongly with
organic macromolecules, including proteins and polysaccharides, through surface-driven mechanisms such as
adsorption, ion exchange, and chemical complexation (Xu et al., 2014).

The concurrent increase in CP and decrease in NDF and TC should be interpreted cautiously. Although
Fes0, nanoparticles may interact with organic molecules and influence analytical fractionation processes, the
present study did not directly evaluate these mechanisms. Therefore, the observed differences cannot be
conclusively attributed to nanoparticle-induced changes in nutrient distribution or analytical fractionation. Fe304
NPs are widely reported to bind and interact with biomolecules in complex biological and organic matrices, which
can influence how these compounds are recovered and quantified during chemical analysis (Abarca-Cabrera et
al., 2021). Recent studies further suggest that nanoparticles can act not only as antimicrobials but also as factors
influencing rumen fermentation characteristics and microbial community structure, with implications for
nutrient utilization and gas production (Kholif et al., 2025).
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Surface-dependent interactions of Fe304 nanoparticles have also been reported in anaerobic
fermentation systems, where surface-modified Fe304 NPs influenced substrate degradation and biogas
production depending on their physicochemical properties (EI-Nemr et al., 2021). In the present study, these
observations may help explain some of the analytical differences observed among CP, NDF, and TC fractions
without changes in ADF; however, the underlying mechanisms were not directly evaluated.

Evaluation of nutrient composition was included in the present study to provide complementary
information for interpreting potential interactions between Fe3;O0, nanoparticles and the concentrate feed
components under in vitro conditions. Since nutrient fractions are commonly used in the interpretation of
ruminal fermentation characteristics, assessment of proximate composition was considered relevant for
supporting the evaluation of OMD and CH,4 responses. Differences observed among treatment groups in certain
nutrient fractions should be interpreted within the methodological context of proximate feed analysis. Since
FesO, nanoparticles were incorporated at relatively low inclusion levels and do not represent conventional
organic nutrient components, part of the variation may be related to analytical distribution and calculated
nutrient fractions rather than direct modification of the intrinsic nutritive structure of the concentrate feed.

In this study, as shown in Table 2, Fes04 NPs supplementation did not significantly affect OMD or ME
across treatments, indicating that the overall capacity of rumen microbial populations to degrade organic matter
and generate utilizable energy was maintained under the batch fermentation conditions applied. This outcome
is consistent with the known properties of in vitro batch systems, which are sensitive to treatment effects on gas
end products but may be less sensitive to subtle changes in degradability because of end-product accumulation
and the absence of passage and absorption processes that occur in vivo (Vinyard and Faciola, 2022).

Recent reviews highlight that CH4 reduction remains a priority for reducing ruminant greenhouse gas
emissions, with a range of nutritional and additive strategies under investigation (Roques, 2024). In contrast, CH,
production was significantly reduced at 20 and 30 mg/kg DM FesO4; NPs, while OMD and ME remained
unchanged. This response pattern is consistent with the general objective of methane-mitigation strategies in
ruminant nutrition: decreasing CH, formation without impairing digestion or energy yield. In the rumen, CH, is
produced primarily by methanogenic archaea using hydrogen (H2) and CO2 (or formate) generated during
microbial fermentation, and effective mitigation strategies generally aim to redirect reducing equivalents away
from methanogenesis rather than to suppress overall fermentation (Beauchemin et al., 2020; Palangi et al.,
2022). The maintenance of OMD and ME alongside reduced CH4 may suggest a possible shift in fermentation gas
partitioning rather than a general inhibition of substrate degradation. However, because volatile fatty acid
profiles, hydrogen balance, microbial populations, and detailed total gas production kinetics were not evaluated,
this interpretation remains hypothetical and should be considered cautiously. Accordingly, enteric CH, mitigation
strategies encompass a range of dietary and additive interventions, including approaches aimed at influencing
fermentation characteristics and the use of specific inhibitors, which have been reviewed extensively in recent
studies (Tseten et al., 2022; Hristov et al., 2022; Palangi et al., 2022). A comprehensive review of dietary reduction
of enteric CH4 underscores the diverse effects of additives and highlights the need for further mechanistic and
practical validation (Lileikis et al., 2023). Similar effects on gas and CH, production by Fe;04 nanoparticles have
also been reported in other biological fermentation systems, where FesO4 supplementation influenced gas yields
and biodegradation during anaerobic co-digestion (Alkhrissat et al., 2023).

Although direct rumen-specific evidence for Fes0, NPs as a methane-mitigating feed additive remains
limited, mineral-based and nano-structured materials have been shown in rumen inoculum systems to reduce
CH,4 without necessarily decreasing digestibility. For example, iron-rich kaolin minerals reduced enteric CH,
generation in vitro while maintaining fermentation performance (Islam et al., 2025). Similarly, modified nano-
clays have been reported to decrease CH, production in vitro with no consistent negative effects on total gas
production or degradability, illustrating that surface-active mineral materials can influence rumen gas outcomes
without broadly suppressing microbial activity (Abo-Sherif et al., 2025). These observations are consistent with
broader in vitro meta-analyses showing that multiple additive classes can reduce CH4 while leaving digestibility
largely unchanged, depending on dose and experimental context (Martins et al., 2024).

The absence of a statistically significant CH,; reduction at the lowest Fes04 NPs level (10 mg/kg DM)
suggests that, under the present in vitro conditions, higher inclusion rates were required for the CH4 response to
become detectable. However, because batch systems differ from the in vivo rumen in buffering capacity, end-
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product accumulation, and microbial dynamics, this pattern should be interpreted conservatively and verified
with additional endpoints (e.g., VFA profiles, dissolved H2, archaeal abundance) and in vivo validation (Vinyard
and Faciola, 2022).

Overall, Table 2 indicates that FesO; NPs supplementation at 20—-30 mg/kg DM was associated with a
modest reduction in CH4 production in vitro while maintaining OMD and ME. However, in the absence of detailed
gas kinetics and additional fermentation parameters, the underlying mechanisms and practical biological
relevance of this response require further investigation. Confirmation of this effect in vivo and in continuous-
culture systems will be necessary to establish its practical relevance for dairy cattle production.

The present study was conducted using an in vitro batch fermentation system, which provides a controlled
and repeatable environment for screening dietary treatments but does not fully replicate the dynamic conditions
of the rumen in vivo. In particular, processes such as feed intake regulation, digesta passage, absorption of
fermentation end-products, and host—microbe interactions are not captured in batch systems. Consequently,
although Fe304 NPs supplementation reduced CH4 production without impairing organic matter digestibility in
vitro, the magnitude and persistence of this effect must be confirmed under in vivo conditions.

In addition, the present study did not include measurements of volatile fatty acid profiles, hydrogen
balance, microbial community composition, total gas production kinetics, or derived nutritional parameters such
as total digestible nutrients (TDN), net energy for lactation (NEL), relative feed value (RFV), and short-chain fatty
acids (SCFA), which are important for comprehensive interpretation of rumen fermentation characteristics and
CH4 production responses. Future studies incorporating these endpoints would allow a more comprehensive
evaluation of how FesO4 NPs influence rumen fermentation pathways, nutrient utilization, and CH, mitigation
under both in vitro and in vivo conditions.

Because nanoparticle behavior in biological systems depends on physicochemical properties such as
particle size, surface chemistry, and aggregation state, further research should also evaluate how these
characteristics affect rumen fermentation and CH4 outcomes. Such work would help identify formulations that
maximize CH4 reduction while maintaining digestive efficiency.

Overall, the present findings indicate that FesO4 NPs have potential as feed additives for reducing CH,4
production in vitro, but comprehensive in vivo validation and safety assessments are required before practical
application in dairy production systems.

The present findings indicate that FesO4 NPs can be added to dairy concentrate feeds at low levels (up to
30 mg/kg DM) without impairing feed composition, organic matter digestibility, or metabolizable energy.
Importantly, Fes04 NPs supplementation at 2030 mg/kg DM significantly reduced CH4 production, whereas 10
mg/kg DM had no measurable effect, indicating a dose-related response.

The maintenance of digestibility and energy supply alongside reduced CH; may indicate differences in
fermentation gas outcomes rather than suppression of overall microbial activity. Together with the observed
changes in analytical nutrient fractions, these results suggest that FesO, NPs may interact with the feed
components and rumen environment.

Based on these findings, Fes04 NPs may have potential as feed additives for reducing CH, production in
dairy cattle; however, further in vivo validation is required before practical application can be considered. Future
in vivo studies are now required to confirm their efficacy, safety, and optimal inclusion level under practical
feeding conditions.
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