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ABSTRACT: This study evaluated whether supplementing drinking water with a nanoemulsion of chive (Allium I RX
schoenoprasum L.) essential oil could improve growth performance and intestinal health of broiler chickens ,§ 2 § % (r;',
reared under cold and humid stress conditions. One hundred and eighty one-day-old colored Rilai male broiler r;{ 22N m
chicks were brooded for four weeks and then allocated to five treatments (four replicates, nine = =z * %
birds/replicate) for an eight-week trial: an unsupplemented negative control, a positive control receiving 2 T_\ % S o
tetracycline (50 ppm), and three nanoemulsion doses (25, 50, and 100 pL/L). Chicks were housed on wet b2 g ==
litter during a cold-humid period (approximately 12-15°C; 68-75% relative humidity). Compared with the oSO 3
negative control, supplementation at 50 pL/L improved final body weight and weight gain and reduced feed S5 N § 3
conversion ratio (P < 0.05), while feed intake, water consumption, and mortality were unchanged (P > 0.05). @ 5 S )
Nanoemulsion supplementation increased lactic acid bacteria counts in ileocecal digesta and reduced () E

Salmonella spp., with no detectable colonies in supplemented groups. Jejunum histomorphology results
showed greater villus height and villus width and deeper crypts in the 50 pL/L group (P < 0.01). These
findings indicate that nanoemulsified chive essential oil supplied via drinking water, particularly at 50 pL/L,
can support performance and intestinal health in broilers under cold-humid stress and may help reduce
reliance on antibiotic growth promoters. Further studies are required to evaluate safety, dose tolerance, and
possible adverse effects before broad field application.

Keywords: Allium schoenoprasum; Broiler chickens; Cold stress; Essential oil; Gut morphology; Intestinal

microbiota.

INTRODUCTION

In intensive broiler production, housing microclimate fluctuations represent key stress factors that directly impact
productivity, health, and animal welfare. In addition to heat stress, cold stress (environmental temperatures below the
thermoneutral zone) causes substantial losses through elevated thermogenesis, metabolic alterations, and immune
suppression (Akinyemi and Adewole, 2021). Notably, cold stress can impair gut structure, compromise epithelial barrier
integrity, and suppress antioxidant and inflammatory responses, thereby facilitating intestinal pathogen proliferation;
these effects have been documented in recent broiler studies (Gao et al., 2025).

Meanwhile, high relative humidity exacerbates litter moisture and air contamination (e.g., NH;), adversely affecting
growth and feed utilization efficiency (Weaver and Meijerhof, 1991). Physiologically, high humidity at constant
temperature can reduce growth of the chicks and modify mitochondrial glucose/ATP consumption in broilers (Zhou et al.,
2019). The combination of low temperature and high humidity (cold-humid) serves as a realistic stress model, commonly
encountered by producers during cold seasons in subtropical tropical regions, where ventilation is restricted to conserve
heat, leading to moisture and gas buildup.

Amid efforts to reduce the use of growth-promoting antibiotics, phytogenic additives and essential oils are gaining
attention as natural solutions to enhance digestion, immunity, and pathogen control. Chive (Allium schoenoprasum L.) is a
spice herb from the Allium genus, rich in sulfur-containing compounds (sulfides, thiosulfinates), flavonoids, and
antioxidants (Hai et al., 2025), with reported antibacterial and antioxidant properties (Dai et al., 2024; Hai and Khuong,
2025). Essential oils from the Alliaceae family generally (including chive) demonstrate antibacterial activity by interacting
with bacterial cell membranes and increasing permeability; studies on local chive varieties also describe sulfide-rich
essential oil compositions with antimicrobial effects (Hai et al.,, 2020). Broader Allium literature indicates that
organosulfur compounds can interfere with microbial membranes and metabolism while also modulating host redox and
inflammatory pathways (Putnik et al., 2019; Singh et al., 2025). This is particularly relevant under cold-humid stress
because the proposed stress cascade involves two main processes: (i) oxidative damage and activation of inflammatory
signaling in the intestinal epithelium, and (ii) disruption of the gut microbial balance (dysbiosis) that favors the expansion
of opportunistic pathogens. In principle, chive essential oil could help attenuate cold-humid stress through convergent
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mechanisms: (i) exerting direct antimicrobial activity against enteric pathogens, thereby reducing pathogen-driven
inflammation; (ii) supporting a more favorable gut microbiota, which indirectly strengthens colonization resistance; and
(iii) modulating redox status and inflammatory responses, potentially preserving intestinal barrier integrity and improving
nutrient absorption during stress exposure (Putnik et al., 2019). However, despite promising bioactivity, essential oils face
practical constraints in poultry production due to volatility, poor water solubility, and instability during storage and mixing.

To address these delivery limitations, nanoemulsion technology has emerged as an enabling platform for lipophilic
phytochemicals. Nanoemulsions can enhance dispersion and apparent solubility, protect actives from degradation, and
improve contact with biological membranes, thereby increasing functional efficacy following oral administration (Buya et
al., 2020). Reviews of nanoemulsions further highlight that nanometric droplet size increases surface area and can
improve stability and bioavailability, helping to overcome the intrinsic limitations of essential oils (Barradas et al., 2021;
Omidian et al.,, 2025). From an application standpoint, delivering phytogenic compounds through drinking water is
attractive because it enables easy oral administration and may also help reduce microbial contamination in the water
system, thereby complementing their gut-directed effects.

Accordingly, this study aimed to (i) characterize chive essential oil nanoemulsion (NC) and (ii) assess the effects of its
supplementation in daily drinking water on growth performance, ileocecal microbiota, and intestinal morphology in
broilers under cold-humid stress. It was hypothesized that NC, owing to its antibacterial and antioxidant activities, could
alleviate the negative effects of cold-humid stress, enhancing feed efficiency and gut health parameters.

MATERIALS AND METHODS

Animals, diet, and experimental design

A total of 180 one-day-old male colored Rilai broilers were used. The chicks were brooded for 4 weeks, then randomly
divided into five treatments to ensure uniformity in age, male-female ratio, initial body weight, care and feeding regime,
and disease prevention. The coops were made of wire mesh (1 m x 1 m x 1 m), with a floor made of rice husk microbial
bedding. The chicks were provided with sufficient feed and water throughout the experiment (3 months). The basic diet
was managed in the form of a homemade mixed feed for chickens meeting the feed standards for broiler chickens of the
Vietham Ministry of Agriculture and Rural Development (10 TCN 661-2005). The feed composition included main
ingredients such as corn, rice bran, anchovy meal, soybean meal 48%, oyster meal, vitamin premix, mineral premix,
CaCO03 powder, L-lysine, and DL-methionine. The experiment commenced at 1 month of age and continued until the end
of 12 weeks of age. Birds were randomly assigned to 5 treatments with 4 replicates (9 birds/replicate):

CON: negative control (unsupplemented drinking water); AB: positive control (drinking water supplemented with 50
ppm tetracycline); 25NC: drinking water supplemented with NC at 25 uL/L; 50NC: drinking water supplemented with NC
at 50 uL/L; 100NC: drinking water supplemented with NC at 100 pL/L

Temperature (°C) and humidity (%) in the coop were recorded daily using a Testo thermometer/humidity meter
(Model 608-H1), suspended at a height of 0.3m in each coop. This data was automatically recorded every 5 minutes
throughout the experiment using a HOBO data logger (Onset Computer Corporation, Pocasset, MA, USA) (Figure 1).
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Figure 1 - Temperature and humidity throughout the experiment
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Preparation of chive essential oil nanoemulsion

Chive (Allium schoenoprasum; GenBank ID: NC_057575.1), aged ~4.5 months and cultivated under VietGAP
standards (TCVN 11892-1:2017), was used as a raw material. Essential oil was extracted from the bulbs following Hai et
al. (2020) with minor modifications. Briefly, 200 g of fresh bulbs were macerated in Meizan Gold vegetable oil at a 1:5
(w/v) ratio and incubated at 60 °C with shaking (120 rpm) for 48 h. After filtration, the essential oil was separated using
ethanol and recovered by vacuum evaporation under reduced pressure. The oil was dried over anhydrous Na,S0O, to obtain
purified chive essential oil, yielding 2.04% (w/w). The nanoemulsion was prepared via magnetic stirring with an optimized
ratio of 16.90% pure chive essential oil, 68.81% Tween 80, and 14.29% polyethylene glycol 400; the mixture was stirred
at 300 rpm for 15 min and stabilized in a 45°C water bath for 15 min (Yani et al., 2020). Stability tests (heating-cooling
cycles, freeze-thaw cycles, centrifugation), transmittance (650 nm), self-emulsification time in artificial gastric fluid,
particle size/PDIl/zeta potential (DLS), and morphology (TEM) followed standard nanoemulsion protocols (Vladisavljevi¢
2019; Zhao et al., 2023).

Performance parameters
Feed and water intake were recorded daily per replicate; body weight was measured weekly. Weight gain, feed
conversion ratio (FCR), and mortality rate were calculated for the experimental period (Quintana-Ospina et al., 2023).

lleocecal microbiota

At experiment end, ileocecal digesta from representative birds per replicate were sampled to quantify LAB on MRS
agar and Salmonella spp. on SSA agar, incubated at 37°C for 24 h, and expressed as log CFU/g, following ISO standards
(ISO compilation, 2019).

Intestinal histology

Approximately 2 cm of the middle jejunum was excised, flushed with saline, fixed in 20% neutral buffered formalin,
embedded in paraffin, sectioned (5 um), and stained with hematoxylin and eosin (H&E). Villus height (VH) and crypt depth
(CD) were measured using an optical microscope with image analysis software (Phan et al., 2025a).

Statistical analysis

Data were analyzed by one-way Analysis of Variance (ANOVA) using SPSS software (Version 22.0). Differences among
treatment means were separated using Tukey’s Honestly Significant Difference (HSD) test, with statistical significance
declared at P < 0.05.

RESULTS AND DISCUSSION

Characteristics of chive essential oil nanoemulsion

The nanoemulsion (NC) showed high clarity (99.90 + 0.05% transmittance) and rapid self-emulsification (48.08 +
0.57 s), with a mean droplet size of 13.05 + 0.07 nm (PDI = 0.257 *+ 0.05) and zeta potential of —5.65 + 0.07 mV. TEM
images indicated near-spherical droplets without visible aggregation. These properties confirm a well-dispersed nanoscale
system, which is expected to improve dispersion of hydrophobic essential-oil constituents in drinking water and promote
intestinal exposure. This interpretation is consistent with reports that nanoemulsion/self-emulsifying systems can
enhance dispersion and oral delivery of lipophilic bioactive (Buya et al., 2020).

Growth performance

Cold-humid stress reduced growth performance in the negative control (CON), reflected by the lowest ADG and poorer
feed efficiency, which agrees with stress-driven shifts in nutrient partitioning from growth to maintenance and impaired
gut function (Akinyemi and Adewole, 2021; Gao et al., 2025). Supplementing NC via drinking water improved
performance in a dose-responsive manner. Compared with CON, ADG increased by 12.5% and 14.2% in 50NC and 100NC,
respectively (P < 0.05), and the 100NC response was comparable to the antibiotic group (AB; 50 ppm tetracycline). Feed
efficiency improved accordingly, with significantly lower FCR in 50NC and 100NC (P < 0.05) (Figure 2). The improvement
under cold-humid challenge likely reflects gut-mediated effects, supported by microbiological and histological outcomes
below.

lleocecal microbiota

NC supplementation increased beneficial LAB populations, with 50NC and 100NC showing significantly higher LAB
counts than CON and 25NC (P < 0.05). In parallel, Salmonella spp. counts were highest in CON and declined dose-
dependently with NC (Figure 3). Such shifts are biologically relevant under cold-humid stress, where immune competence
and gut barrier function may be compromised, increasing susceptibility to enteric pathogens (Akinyemi and Adewole,
2021; Gao et al., 2025). The antibacterial activity of Allium essential oils has been linked to sulfur-containing compounds
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that disrupt bacterial membranes and key metabolic pathways (Phan et al., 2025b), and nano-dispersion may strengthen
these effects by increasing contact between actives and bacterial cells. The LAB increase may also contribute to
colonization resistance through competitive exclusion and local acidification, thereby limiting Salmonella spp.
proliferation.
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Figure 2 - Performance of broiler chickens supplemented with NC in drinking water. Note: CON = negative control; AB = 50
ppm tetracycline; 25NC = 25 pL/L NC; 50NC = 50 pL/L NC; 100NC = 100 pL/L NC. Values in the bars with different

superscripts differ significantly (P < 0.05).
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Figure 3 - lleocecal microbiota of broiler chickens supplemented with NC in drinking water. Note: Treatment designations

as in Figure 2; values in the bars with different superscripts differ significantly (P < 0.05).
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Figure 4 - lleum histology parameters of broiler chickens supplemented with NC in drinking water. Note: Treatment

designations as in Figure 2; values in the bars with different superscripts differ significantly (P < 0.05).

Intestinal morphology

Stress-associated villus atrophy was observed in CON, whereas NC improved intestinal architecture. The 200NC group
showed the greatest villus height (approximately 18% higher than CON; P < 0.05), and the VH:CD ratio was significantly
higher in NC-supplemented groups (Figure 4). Villus development generally indicates an improve in the absorptive surface
area and more efficient nutrient uptake (El Sabry et al., 2013), providing a plausible mechanism for the improved FCR
and ADG observed in 50-100NC. Overall, the findings support the view that phytogenic additives can help maintain gut
structure under stress by reducing enteric pathogen burden and stabilizing epithelial turnover and function.
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Limitations and future directions

This study relied on culture-based bacterial enumeration and morphometric endpoints; therefore, mechanistic
interpretation would be strengthened by integrating microbiome profiling (e.g., 16S rRNA sequencing) and intestinal
inflammatory/oxidative stress biomarkers. Because the zeta potential was relatively low, future work should quantify
physical stability of NC under commercial waterline conditions (time, temperature, minerals, and disinfectants) and verify
active-compound retention. Dose optimization should also be evaluated across genotypes and production systems,
together with a cost-benefit assessment to support practical adoption as an antibiotic alternative under cold-humid
stress.

CONCLUSION

Daily supplementation of NC in drinking water, particularly at 50 yL/L, enhanced final body weight, weight gain, and FCR
in broilers under cold-humid stress, while boosting LAB, eliminating Salmonella spp., and improving ileum morphology.
The findings propose NC as a promising phytogenic additive for antibiotic reduction strategies and gut health
enhancement in challenging microclimatic conditions.
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