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Simple Summary

Coccidiosis is a common parasitic disease in poultry that damages the intestinal tract and
causes substantial economic losses worldwide. Although anticoccidial drugs are widely
used for disease control, concerns regarding drug resistance and chemical residues have
increased interest in complementary control strategies. This study evaluated phytogenic
formulations containing turmeric (Curcuma longa) and long pepper (Piper longum) extracts
prepared using a solid-dispersion technique designed to improve the dissolution of bioac-
tive compounds. The formulations caused structural damage to Eimeria oocysts, reduced
intestinal lesion scores, and decreased oocyst shedding in broiler chickens experimentally
infected with Eimeria tenella compared with the infected control group. Among the tested
formulations, the combination containing 6 g/kg P. longum (T3) showed the most favorable
numerical anticoccidial response. Although some treatments also exhibited numerically
favorable growth performance under challenge conditions, these observations should be
interpreted cautiously because this study was designed as a preliminary efficacy evaluation.
Overall, the findings support further investigation of solid-dispersion phytogenic formula-
tions as potential complementary approaches for coccidiosis control in broiler chickens.

Abstract

Coccidiosis is one of the most economically important parasitic diseases in poultry, causing
intestinal damage, impaired nutrient utilization, and substantial production losses. The
extensive use of anticoccidial drugs has raised concerns regarding drug resistance, chemical
residues in poultry products, and the environmental burden associated with veterinary
drug use, highlighting the need for complementary control strategies. This study evalu-
ated the anticoccidial efficacy of phytogenic formulations containing Curcuma longa and
Piper longum extracts prepared using a solid-dispersion technique designed to enhance the
dissolution characteristics of poorly water-soluble phytogenic compounds. The in vitro
activity of the formulations was evaluated against mixed Eimeria spp. field-isolated oocysts
using scanning electron microscopy (SEM) to examine ultrastructural alterations, whereas
in vivo efficacy was investigated in broiler chickens experimentally challenged with Eimeria
tenella. Cecal lesion scores, oocyst shedding, and growth performance were evaluated as
indicators of infection severity and treatment response. SEM observations revealed marked
structural damage to mixed Eimeria spp. oocysts following exposure to the phytogenic
formulations. In the animal trial, all phytogenic treatment groups exhibited lower cecal
lesion scores and reduced oocyst shedding than the infected control group. Among the
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phytogenic formulations evaluated, the combination containing 6 g/kg P. longum (T3)
tended to produce the lowest numerical lesion score and oocyst shedding, although differ-
ences among phytogenic treatments were limited. Although some treatment groups also
exhibited numerically favorable growth performance under challenge conditions, these
observations should be interpreted cautiously because the study was designed primarily
as a preliminary evaluation of anticoccidial efficacy, and feed intake and feed conversion
ratio were assessed without independent pen-level replication. The observed biological
responses may be associated, in part, with the improved dissolution characteristics afforded
by the solid-dispersion formulation; however, this proposed mechanism was not directly
investigated in the present study. In conclusion, solid-dispersion formulations containing
C. longa and P. longum extracts demonstrated promising anticoccidial activity against ex-
perimental E. tenella infection and support further investigation as promising phytogenic
candidates for complementary coccidiosis control strategies in broiler chickens.

Keywords: coccidiosis; Eimeria tenella; phytogenic extracts; solid dispersion; Curcuma longa;
Piper longum; broiler chickens; anticoccidial efficacy

1. Introduction
Coccidiosis is one of the most economically important parasitic diseases affecting the

poultry industry worldwide, particularly in intensive broiler production systems. The
disease is caused by protozoan parasites of the genus Eimeria, comprising at least nine
species capable of infecting chickens. Among these, Eimeria acervulina, E. brunetti, E. maxima,
E. necatrix, and E. tenella are considered the most pathogenic, causing diarrhea, dehydration,
impaired growth, poor feed efficiency, and increased mortality [1–4]. Infection occurs
following ingestion of sporulated oocysts, after which the parasites undergo intracellu-
lar development within intestinal epithelial cells, leading to extensive mucosal damage,
impaired nutrient absorption, and reduced productive performance [5,6].

Coccidiosis continues to impose substantial economic losses on the poultry industry
through decreased growth performance, increased feed conversion ratio, mortality, and
treatment costs, with global losses estimated to exceed USD 2–3 billion annually [1,7].
Current control strategies rely primarily on anticoccidial drugs and vaccination [8–10];
however, the extensive use of chemotherapeutic agents has contributed to the emergence
of drug-resistant Eimeria strains and increasing concerns regarding drug residues and
food safety [11,12]. In addition, increasingly stringent regulations governing antimicrobial
and anticoccidial drug use, together with growing consumer demand for residue-free
poultry products, have intensified the search for sustainable complementary approaches to
coccidiosis control [13,14].

Phytogenic feed additives have attracted increasing attention as potential alternatives
or complementary approaches because many plant-derived compounds possess antimicro-
bial, antioxidant, anti-inflammatory, and immunomodulatory properties that may support
intestinal health during enteric infections [15,16]. Among these, Curcuma longa and Piper
longum are rich sources of curcuminoids and piperine, respectively, which have been widely
investigated for their diverse biological activities. Previous studies have demonstrated
beneficial effects of these plant extracts on gut health, intestinal microbiota, and productive
performance in poultry [15,17,18]. However, evidence supporting their efficacy against
protozoan infections, particularly avian coccidiosis, remains limited.

The principal bioactive compounds of C. longa and P. longum possess complementary
biological properties that may be relevant to the pathogenesis of coccidiosis. Curcuminoids
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have been reported to exhibit antioxidant and anti-inflammatory activities that may con-
tribute to maintaining intestinal epithelial integrity, whereas piperine has been reported to
enhance the intestinal absorption of certain poorly water-soluble compounds [1,17]. These
complementary characteristics provide a rationale for evaluating combined formulations of
the two extracts; however, whether such combinations improve anticoccidial efficacy under
experimental Eimeria infection has not been clearly established. The anticoccidial activity
of phytogenic compounds has also been proposed to involve both direct and indirect
mechanisms, including disruption of parasite development, modulation of inflammatory
responses, reduction in oxidative stress, and preservation of intestinal function [19]. Never-
theless, many of these mechanisms remain hypothetical because they have not been directly
demonstrated in vivo.

Despite their promising biological activities, practical application of many phytogenic
compounds is limited by poor aqueous solubility and unfavorable dissolution characteris-
tics, particularly for curcuminoids. Solid-dispersion technology has been widely employed
to improve the dissolution behavior of poorly water-soluble compounds, including cur-
cumin and other phytogenic substances [20,21]. In this approach, active compounds
are molecularly dispersed within a hydrophilic carrier matrix, thereby improving their
physicochemical characteristics. Among the available manufacturing techniques, hot-melt
processing provides a simple solvent-free approach suitable for developing feed addi-
tive formulations.

Although numerous studies have investigated the antimicrobial, antioxidant, and
growth-promoting properties of C. longa and P. longum, most have evaluated conven-
tional herbal extracts without considering formulation strategies that may improve their
physicochemical properties. Consequently, limited information is available regarding the
application of solid-dispersion technology to enhance the anticoccidial efficacy of these
phytogenic compounds in broiler chickens. Therefore, the novelty of the present study lies
not only in evaluating the biological activity of C. longa and P. longum extracts but also in
investigating whether formulation as a solid-dispersion system can enhance their biological
performance during experimental coccidial infection.

Based on these considerations, we hypothesized that incorporating C. longa and
P. longum extracts into a solid-dispersion formulation would improve the dissolution char-
acteristics of the phytogenic compounds and thereby enhance their anticoccidial activity
under experimental Eimeria infection. Therefore, the present study aimed to evaluate the
anticoccidial efficacy of solid-dispersion formulations containing C. longa and P. longum
extracts in broiler chickens experimentally challenged with Eimeria tenella. The study
combined an in vitro evaluation using scanning electron microscopy to examine ultrastruc-
tural alterations in mixed Eimeria spp. field-isolated oocysts with an in vivo challenge
model using E. tenella. Cecal lesion scores, oocyst shedding, histopathological changes, and
growth performance were subsequently evaluated to determine the preliminary efficacy
of these formulations as phytogenic candidates for complementary coccidiosis control in
broiler chickens.

2. Materials and Methods
2.1. Preparation and Characterization of Herbal Extracts and Solid-Dispersion Formulations

The major bioactive compounds in the herbal extracts were quantified by high-
performance liquid chromatography (HPLC) prior to formulation to ensure batch con-
sistency and extract standardization. HPLC analysis was performed using an in-house
analytical method developed from the analytical procedures described in the United States
Pharmacopeia (USP) monographs for turmeric and piperine, with minor modifications
to accommodate the available laboratory instrumentation. Separation was achieved on a

https://doi.org/10.3390/vetsci13070675

https://doi.org/10.3390/vetsci13070675


Vet. Sci. 2026, 13, 675 4 of 20

reversed-phase C18 column. Curcuminoids were analyzed using an acetonitrile–aqueous
acetic acid mobile phase with UV detection at 425 nm, whereas piperine was analyzed
using a methanol-water mobile phase with UV detection at 340 nm. Curcumin, demethoxy-
curcumin, bis-demethoxycurcumin, and piperine were identified and quantified using
authenticated reference standards. Calibration curves were prepared from serial standard
solutions before sample analysis, and the concentrations of the major phytochemicals were
expressed as percentage (w/w) of the crude extracts.

Phytochemical characterization confirmed curcumin as the principal constituent of
Curcuma longa extract and piperine as the predominant alkaloid in Piper longum extract,
consistent with previous reports [22–24].

Solid-dispersion formulations were prepared using the hot-melt method according
to a previously established formulation protocol that had been optimized through prelim-
inary formulation-development studies. Briefly, crude herbal extracts were mixed with
polyvinylpyrrolidone K30 (PVP K30) at an extract-to-carrier ratio of 1:3 (w/w), which was
selected based on preliminary evaluations of formulation stability, powder characteristics,
and aqueous dispersibility [25,26]. The mixture was heated at 80 ◦C for approximately
15 min under continuous mixing until a homogeneous molten mass was obtained. These
processing conditions are consistent with previously reported methods for preparing
curcumin-based solid dispersions without significant thermal degradation [20,27]. The
molten mass was allowed to cool to room temperature before being pulverized and sieved
to obtain a homogeneous solid-dispersion powder.

The resulting powder was subsequently converted into feed-grade granules using
a wet granulation process to improve flowability, handling characteristics, and uniform
distribution in the experimental diets. Microcrystalline cellulose (Avicel PH101) and corn
starch were used as excipients, whereas ethanol served only as a temporary granulating
solvent. Following granulation, the products were dried under controlled conditions
until a constant weight was achieved to facilitate complete evaporation of ethanol before
biological evaluation. A schematic overview of the formulation procedure and dietary
inclusion strategy is presented in Figure 1.

 
Figure 1. A schematic figure illustrating the preparation of the solid-dispersion granules and the
relationship between the formulation components and the dietary inclusion levels has been added to
improve the reproducibility and clarity of the experimental procedures.

Unless otherwise specified, all formulation levels reported in this study (g/kg feed)
refer to the final solid-dispersion granules incorporated into the experimental diets rather
than crude herbal extracts or purified bioactive compounds. The final granules consisted of
crude herbal extract, PVP K30, and sodium lauryl sulfate (SLS) at a ratio of 1:3:1 (w/w/w).
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This formulation was selected from a previously completed formulation-development
study in which dissolution characteristics, physicochemical properties, chemical stability,
and preliminary biological activity had been systematically evaluated before application in
the present in vivo study.

2.2. In Vitro Anticoccidial Activity by Scanning Electron Microscopy (SEM)

For the in vitro assay, the solid-dispersion formulation consisting of crude herbal
extract, polyvinylpyrrolidone K30 (PVP K30), and sodium lauryl sulfate (SLS) at a ratio of
1:3:1 (w/w/w) was suspended at a final concentration of 15 mg/mL. This concentration
was selected based on our previous formulation-development study, in which it provided
satisfactory dispersion characteristics and consistent visualization of oocyst ultrastructural
alterations by scanning electron microscopy (SEM).

Oocysts used for SEM were collected from naturally infected chickens and therefore
consisted of mixed Eimeria spp. field isolates. Consequently, the SEM assay was designed
to qualitatively evaluate structural alterations of the oocyst wall following exposure to the
phytogenic formulations rather than to determine species-specific susceptibility.

Fresh fecal samples containing unsporulated oocysts were collected and purified using
standard procedures. The oocysts were sporulated in 2.5% (w/v) potassium dichromate
(K2Cr2O7) under aerated conditions at room temperature for 48–72 h to obtain infective
(sporulated) oocysts [21,28]. Before use, sporulated oocysts were washed repeatedly with
sterile phosphate-buffered saline (PBS) to remove residual potassium dichromate.

Sporulated oocysts were incubated with the solid-dispersion formulations at 37 ◦C for
1 h, whereas oocysts incubated with sterile 0.9% normal saline solution (NSS) served as the
negative control. Each treatment was prepared independently in triplicate.

Following incubation, samples were centrifuged at 1500 rpm for 5 min, washed with
sterile PBS, and fixed in 2.5% (v/v) glutaraldehyde at 37 ◦C for 2 h. The fixed oocysts were
subsequently dehydrated, dried using a critical-point dryer, sputter-coated with gold, and
prepared for SEM examination according to a previously described protocol with slight
modifications [29]. Samples were examined using a scanning electron microscope operated
at an accelerating voltage of 15 kV with magnifications ranging from 2000× to 10,000×.

Morphological alterations were evaluated qualitatively based on changes in oocyst sur-
face integrity, wall structure, deformation, and evidence of structural disruption, following
previously published criteria for assessing antiparasitic activity [30,31]. These qualitative
SEM observations were used solely to provide visual evidence supporting oocyst structural
damage following treatment and were not subjected to inferential statistical analysis. To fa-
cilitate a standardized comparison of morphological damage among treatments, a separate
semi-quantitative ordinal scoring system was additionally applied. A semi-quantitative
scoring system was used to classify the degree of morphological damage as follows:

0 = normal morphology with intact wall;
1 = mild surface irregularities;
2 = moderate deformation or partial wall damage;
3 = severe structural disruption or rupture.
This scoring system was adapted from previously reported methods for evaluating

ultrastructural damage in protozoan parasites and coccidian species using electron mi-
croscopy [30,32,33]. The resulting scores represent ordinal data describing the severity of
morphological damage rather than direct quantitative measurements of parasite viability
or anticoccidial efficacy. Accordingly, these ordinal scores were analyzed using appropriate
non-parametric statistical methods as described in Section 2.9, whereas the accompanying
SEM images were interpreted qualitatively as supportive morphological evidence only.
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2.3. In Vivo Experimental Design

The in vivo experiment was conducted using a completely randomized design (CRD).
A total of 74 one-day-old Cobb 500 broiler chicks of mixed sex were obtained from a
commercial hatchery in Northern Thailand. Sample size was estimated using G*Power
software (version 3.1.9.7) for one-way ANOVA with seven experimental groups. Based
on a significance level (α) of 0.05 and statistical power of 0.80, approximately 10–11 birds
per treatment were required. Accordingly, eleven birds were allocated to each phytogenic
treatment group, whereas ten birds were assigned to each control group. Individual birds
were considered the experimental units for body weight, lesion score, and oocyst shedding
measurements. All experimental procedures were approved by the Ethics Committee
of the Faculty of Veterinary Medicine, Chiang Mai University (Approval No. S01/2562;
20 February 2019).

This study was designed as a preliminary proof-of-concept evaluation of phytogenic
anticoccidial formulations. Accordingly, treatment groups receiving Curcuma longa extract
alone were not included. The phytogenic formulations and dietary inclusion levels were
selected based on a previously completed formulation-development study [34], in which
solid-dispersion formulations of Curcuma longa and Piper longum extracts were optimized
with respect to physicochemical characteristics, handling properties, and preliminary
biological performance. The selected inclusion levels also considered previous feeding
observations and practical feed palatability.

Birds were randomly assigned to seven experimental groups:
NC (negative control): Uninfected and untreated (n = 10);
PC (positive control): Infected and treated with amprolium hydrochloride (n = 10);
IC (infected control): Infected and untreated (n = 10);
T1: Infected + combined formulation containing 8 g/kg Piper longum and 8 g/kg

Curcuma longa (i = 11);
T2: Infected + combined formulation containing 8 g/kg Piper longum and 16 g/kg

Curcuma longa (n = 11);
T3: Infected + Piper longum formulation at 6 g/kg (n = 11);
T4: Infected + Piper longum formulation at 8 g/kg (n = 11).
Unless otherwise specified, all dietary inclusion levels refer to the final solid-dispersion

granules incorporated into the experimental diets rather than crude herbal extracts or
purified active compounds.

Birds received a nutritionally balanced basal starter diet formulated to meet the
nutrient requirements of broiler chickens from 0 to 21 days of age, and the ingredient
composition and calculated nutrient contents are presented in Table 1. Nutrient composition
was formulated to meet or exceed the recommendations of the National Research Council
(NRC, 1994) [35]. The vitamin–mineral premix supplied per kilogram of diet is described
in Table 1.

Table 1. Ingredient composition and calculated nutrient content of the basal diet used during the
starter period (0–21 days) (air-dried basis).

Ingredients Inclusion Level (%)

Ground corn 55.00
Soybean meal (44% CP) 32.00
Fish meal 8.00
Vegetable oil/animal fat 3.00
Limestone, salt, vitamin–mineral premix 2.00
Total 100.00
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Table 1. Cont.

Nutrient Composition Nutrient Composition

Metabolizable energy (ME, kcal/kg) 3000
Crude protein (%) 22.00
Crude fat (%) 5.00
Crude fiber (%) 2.50
Calcium (%) 1.00
Available phosphorus (%) 0.42
Sodium (%) 0.16
Lysine (%) 1.20

Values are expressed on an as-fed basis. The basal diet was formulated specifically for this experiment to meet
or exceed the nutrient requirements of broiler chickens recommended by the National Research Council (NRC,
1994) [35]. The same basal diet was provided to all experimental groups throughout the study, with phytogenic
formulations incorporated into the diets according to the assigned treatments. Dietary inclusion levels refer to the
final solid-dispersion granules rather than crude herbal extracts or purified bioactive compounds. Abbreviations:
CP, crude protein; ME, metabolizable energy. Vitamin–mineral premix supplied per kilogram of diet: vitamin A,
12,000 IU; vitamin D3, 2500 IU; vitamin E, 30 IU; vitamin K3, 3 mg; vitamin B1, 2 mg; vitamin B2, 6 mg; vitamin
B6, 4 mg; vitamin B12, 0.02 mg; niacin, 40 mg; pantothenic acid, 10 mg; folic acid, 1 mg; biotin, 0.15 mg; choline
chloride, 500 mg; Fe, 80 mg; Cu, 8 mg; Mn, 80 mg; Zn, 60 mg; I, 0.35 mg; Se, 0.15 mg.

All birds were individually identified using wing tags throughout the experimental
period. Individual body weight was recorded at the beginning and end of the experiment.
Feed intake was measured daily on a pen basis by recording feed offered and feed remaining
for each treatment group, after which average feed intake per bird was calculated. Mortality
was monitored and recorded daily throughout the study.

2.4. Housing and Management

All birds were raised in an open-sided experimental poultry house at the experimen-
tal animal facility, Faculty of Veterinary Medicine, Chiang Mai University. Birds were
housed in raised-floor cages (1.0 × 1.3 m), with stocking density maintained according
to Thai agricultural standards (≤20 kg live weight/m2; each cage contained 10–11 birds).
Environmental conditions were managed to approximate conventional broiler production,
with an ambient temperature of 28 ± 2 ◦C, relative humidity of approximately 60 ± 5%,
adequate natural ventilation, and a lighting program of 18 h light/day at an intensity of
approximately 20 lux. Although the environmental conditions were standardized, the
experiment was conducted in an experimental animal facility rather than under commercial
farm conditions.

All birds received the experimentally formulated basal diet described in Table 1
throughout the study. Phytogenic formulations were incorporated directly into the feed,
whereas the positive control group received amprolium hydrochloride via drinking water
according to the manufacturer’s recommended dosage beginning at 5 days of age. This
administration route reflects the practical use of amprolium under field conditions and
differs from that of the phytogenic formulations, which were supplied continuously through
the diet.

Standard biosecurity measures were implemented throughout the experiment, includ-
ing restricted access, disinfectant footbaths, and routine sanitation procedures. Newcastle
disease vaccination was administered by eye drop on days 7 and 17. The experimental
period lasted 31 days. Individual body weight was recorded at day 0 and day 31, and body
weight gain was calculated as the difference between initial and final body weights.

2.5. Eimeria Challenge

Sporulated oocysts of Eimeria tenella were obtained from the Faculty of Veterinary
Medicine, Chulalongkorn University. Oocysts were maintained in 2% potassium dichro-
mate solution prior to use. At 25 days of age, birds in all infected groups were orally
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challenged with 1 × 106 sporulated oocysts per bird, a dose sufficient to induce clinical
coccidiosis under experimental conditions [33,34].

2.6. Sample Collection and Oocyst Enumeration

At 6 days post-infection (31 days of age), birds were humanely euthanized by cer-
vical dislocation. Cecal contents were collected and suspended in 2% (w/v) potassium
dichromate solution for oocyst counting. Oocyst shedding was quantified using standard
counting techniques and expressed as oocysts per gram (OPG) of feces.

2.7. Gross Lesion Scoring

Gross lesion scoring of the cecum was performed in all birds at 6 days post-infection
to evaluate the severity of coccidial infection caused by Eimeria tenella. The scoring system
was based on the standard method described by Johnson and Reid [36] and further detailed
by Conway and McKenzie [37], with slight modifications.

Lesions were scored on a scale from 0 to 4 according to the severity of pathological
changes observed in the cecum, as follows:

Score 0: No visible lesions; normal thin cecal wall with distinct longitudinal grooves
and mucosal folds; homogeneous creamy content with no blood or solid debris.

Score 1: Mild petechial hemorrhages scattered on the cecal wall; normal cecal contents.
Score 2: Moderate hemorrhages with slight thickening of the cecal wall; presence of

blood in the contents, with some normal content remaining.
Score 3: Severe hemorrhages with markedly thickened cecal wall; cecal contents

appear as clotted masses mixed with blood.
Score 4: Severe distension of the cecum with caseous or blood-filled cores; absence of

normal fecal material.
Lesion scoring was performed independently by two trained evaluators under blinded

conditions to minimize observational bias. In cases of discrepancy, the average score was
used for analysis. Lesion scores were expressed as mean values for each experimental group.
Although lesion scoring represents ordinal data, mean values are commonly reported
in poultry coccidiosis studies to facilitate comparison among treatments, and statistical
analysis was performed using appropriate non-parametric methods.

2.8. Oocyst Enumeration

The number of Eimeria spp. oocysts in cecal contents was determined using the Mc-
Master counting technique according to the procedures described in Poultry Coccidiosis:
Diagnostic and Testing Procedures. Briefly, approximately 1 g of cecal content was accu-
rately weighed and homogenized with saturated sodium chloride solution at a ratio of 1:15
(w/v) using a mechanical mixer to ensure uniform distribution of oocysts. The suspension
was thoroughly mixed immediately before counting. Oocyst counts were expressed as the
number of oocysts per gram (OPG) of fresh excreta.

An aliquot of the homogenized suspension was loaded into both chambers of a
McMaster counting slide, and oocysts were counted under a light microscope at 100×
magnification. Counts from the two chambers were averaged before calculation. The OPG
value was calculated by multiplying the mean chamber count by a factor of 40, based on the
dilution factor and chamber volume. The detection limit of the method was approximately
50 OPG.

2.9. Statistical Analysis

All statistical analyses were performed using R software (version 4.4.1). Continuous
variables were initially assessed for normality and homogeneity of variance before statis-
tical analysis. Variables satisfying the assumptions of parametric analysis were analyzed
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using one-way analysis of variance (ANOVA), followed by Tukey’s honestly significant
difference (HSD) test for multiple comparisons when appropriate. Results are presented
as mean ± standard error of the mean (SEM), and statistical significance was declared at
p < 0.05.

Cecal lesion scores, which represent ordinal data, were analyzed using the non-
parametric Kruskal–Wallis test followed by Dunn’s multiple comparison test with Holm
adjustment for pairwise comparisons.

Growth performance variables measured at the individual bird level (body weight
and body weight gain) were subjected to inferential statistical analysis. In contrast, feed
intake and feed conversion ratio were determined at the pen level, with one pen assigned
to each treatment. Because independent pen-level replication was not available, these
variables are presented descriptively and were not subjected to inferential statistical analysis.
Consequently, numerical differences in feed intake and feed conversion ratio should be
regarded as descriptive observations and interpreted cautiously.

The SEM evaluation was designed as a qualitative morphological assessment. In-
dividual oocysts and microscopic fields were considered observational units rather than
independent biological replicates; therefore, SEM observations were used to provide sup-
portive morphological evidence and were not subjected to inferential statistical analysis.

3. Results
3.1. Preparation and Characterization of Herbal Extracts

The phytochemical composition of the crude herbal extracts was determined by high-
performance liquid chromatography (HPLC) prior to preparation of the solid-dispersion
formulations to ensure batch consistency and extract standardization. Piperine was con-
firmed as the principal bioactive constituent of Piper longum extract, whereas curcumin,
demethoxycurcumin, and bis-demethoxycurcumin were identified as the major curcum-
inoids present in Curcuma longa extract. The quantitative composition of these bioactive
compounds is summarized in Table 2.

Table 2. Chemical characterization of the herbal extracts used in this study.

Herbal Extract Major Active Compound Content (% w/w of
Crude Extract) Analytical Method

Piper longum Piperine 18.06 ± 0.40

HPLC
Curcuma longa Curcumin 10.48 ± 0.55

Demethoxycurcumin 4.35 ± 0.20
Bis-demethoxycurcumin 4.50 ± 0.18

Values are presented as mean ± SD (n = 3). The concentrations of the major bioactive compounds were determined
by high-performance liquid chromatography (HPLC) prior to formulation and are expressed as percentage (w/w)
of the crude extracts.

3.2. In Vitro Anticoccidial Activity (SEM)

The morphological changes in Eimeria spp. oocysts after exposure to herbal extracts
were examined using scanning electron microscopy (SEM), as shown in Figure 2.

The oocysts in the control group (Figure 2A) exhibited a smooth and intact outer
surface with a well-defined spherical structure. In contrast, oocysts treated with both Piper
longum and Curcuma longa extracts (Figure 2B,C) showed notable structural alterations.
The outer surface of the oocysts appeared roughened, irregular, and distorted, suggesting
disruption of the oocyst wall integrity. Moreover, oocysts exposed to Piper longum extract
(Figure 2B) demonstrated more severe surface damage compared to those treated with Cur-
cuma longa extract (Figure 2C), as evidenced by increased surface collapse and irregularity.
These observations indicate that the herbal extracts may exert direct anticoccidial effects by
compromising the structural integrity of the oocyst wall.
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Figure 2. Scanning electron micrographs of Eimeria spp. oocysts: (A) control (untreated); (B) treated
with Piper longum extract; (C) treated with Curcuma longa extract. Treated oocysts exhibited surface
roughness, deformation, and structural damage compared to the smooth and intact surface observed
in the control group.

A semi-quantitative scoring system was used to further evaluate the degree of morpho-
logical damage observed in oocysts (Table 2). Oocysts in the control group exhibited mini-
mal structural alterations, with scores ranging between 0 and 1 (mean score = 0.32 ± 0.09).
In contrast, oocysts treated with Piper longum and Curcuma longa extracts showed signif-
icantly higher damage scores, ranging from 2 to 3, with mean values of 2.56 ± 0.21 and
2.47 ± 0.18, respectively (p < 0.05). These results are consistent with the SEM observa-
tions, confirming that both herbal extracts induced substantial structural disruption of the
oocyst wall.

3.3. In Vivo Effects of Treatments on Growth Performance in Broiler Chickens

Growth performance results are presented in Table 3. No significant differences in
initial body weight were observed among groups (p > 0.05), indicating uniformity at the
start of the experiment. At the end of the trial, significant differences were observed in final
body weight, body weight gain, and average daily gain (ADG) (p < 0.05). The negative
control (NC) group exhibited the highest growth performance overall, whereas the infected
control (IC) group tended to show lower growth performance values than the NC group.
Among the treatment groups, T3 demonstrated growth performance comparable to the
positive control (PC), while T4 exhibited relatively lower performance among the treated
groups (Table 4).

Table 3. Semi-quantitative scoring of morphological damage in Eimeria spp.

Treatment Group Damage Score (Mean ± SD)

Control 0.32 ± 0.09 a

Piper longum extract 2.56 ± 0.21 b

Curcuma longa extract 2.47 ± 0.18 b

Values are expressed as mean ± SD (n = 3) based on triplicate analytical determinations. Different superscript
letters (a, b) within the same row indicate significant differences (p < 0.05). Note: Values represent mean ± SD
from three independent fields, with 20 oocysts evaluated per field. SEM micrographs are presented as qualitative
supportive evidence only. Statistical analysis was performed only for the semi-quantitative morphological
damage scores.

Feed intake and feed conversion ratio (FCR) are summarized in Table 5. Because feed
intake was measured at the pen level with one pen assigned to each treatment, independent
pen-level replication was not available. Consequently, feed intake and FCR are presented
descriptively only, and no inferential statistical analysis was performed. The numerical
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values are provided to describe the observed responses under the experimental conditions
and should not be interpreted as evidence of treatment effects.

Table 4. Effects of different treatments on growth performance parameters of broiler chickens
experimentally challenged with Eimeria tenella.

Parameter NC IC PC T1 T2 T3 T4 p-Value

Initial weight (g) 42.00 ± 1.32 41.33 ± 1.85 43.40 ± 1.05 43.72 ± 0.55 43.81 ± 0.73 42.27 ± 0.72 42.72 ± 1.16 0.648

Final weight (g) 1093.57 ± 106.99
a

897.33 ± 22.25
bc

992.55 ± 55.82
ab

903.63 ± 27.71
bc

889.54 ± 62.90
bc

1008.55 ± 41.05
ab

836.81 ± 41.97
c 0.048

Body weight gain (g) 1054.57 ± 107.45
a

856.00 ± 23.81
bc

949.10 ± 55.94
ab

859.91 ± 27.65
bc

845.72 ± 62.75
bc

966.11 ± 40.67
ab

794.09 ± 41.43
c 0.046

ADG (g/day) 33.92 ± 3.46 a 27.61 ± 0.76 bc 30.61 ± 1.80 ab 27.73 ± 0.89 bc 27.28 ± 2.02 bc 31.16 ± 1.31 ab 25.61 ± 1.22 c 0.046

Values are presented as mean ± SEM. Means within the same row with different superscript letters (a–c) differ
significantly (p < 0.05). Growth performance was evaluated during the 10-day period following experimental
Eimeria tenella challenge (days 21–31). Individual birds were considered the experimental units for body weight,
body weight gain, and average daily gain (ADG). NC = non-infected, non-treated control; IC = infected, untreated
control; PC = infected and treated with amprolium hydrochloride; T1 = solid-dispersion formulation containing
8 g/kg Piper longum and 8 g/kg Curcuma longa; T2 = solid-dispersion formulation containing 8 g/kg Piper
longum and 16 g/kg Curcuma longa; T3 = solid-dispersion formulation containing 6 g/kg Piper longum; T4 = solid-
dispersion formulation containing 8 g/kg Piper longum. Unless otherwise specified, dietary inclusion levels refer
to the final solid-dispersion granules incorporated into the experimental diets.

Table 5. Feed intake and feed conversion ratio (FCR) of broiler chickens under different treatments.
Values are presented descriptively because feed intake was measured at the pen level with one pen
per treatment; therefore, no inferential statistical analysis was performed.

Parameter NC IC PC T1 T2 T3 T4

Total FI (g) 1924.11 2196.75 2337.78 2305.55 2317.90 2339.88 2304.82
ADFI (g/day) 62.07 70.86 75.41 74.37 74.77 75.48 74.35
FCR 1.83 2.57 2.46 2.68 2.74 2.42 2.90

NC = non-infected, non-treated control; IC = infected, untreated control; PC = infected and treated with amprolium
hydrochloride; T1 = solid-dispersion formulation containing 8 g/kg Piper longum and 8 g/kg Curcuma longa;
T2 = solid-dispersion formulation containing 8 g/kg Piper longum and 16 g/kg Curcuma longa; T3 = solid-dispersion
formulation containing 6 g/kg Piper longum; T4 = solid-dispersion formulation containing 8 g/kg Piper longum.
Unless otherwise specified, dietary inclusion levels refer to the final solid-dispersion granules incorporated into
the experimental diets. Values represent single pen observations for each treatment; therefore, measures of
variation (SEM) and inferential statistical analyses were not applicable.

3.4. Gross Lesion and Cecal Lesion Scores

Representative gross lesions of the cecum are shown in Figure 3. Birds in the infected
control (IC) group exhibited severe pathological changes, including hemorrhage, thickening
of the cecal wall, and accumulation of blood-tinged contents. In contrast, the negative
control (NC) group showed no visible lesions.

The effects of treatments on lesion severity are summarized in Table 6 and Figure 4.
Significant differences in lesion scores were observed among groups (p < 0.05). The IC group
showed the highest lesion score (2.45 ± 0.53), indicating severe infection. Treatment groups
exhibited reduced lesion severity compared to the IC group. Notably, the positive control
(PC) and T3 groups showed significantly lower lesion scores (0.73 ± 0.11 and 0.68 ± 0.42,
respectively), suggesting effective mitigation of intestinal damage. In contrast, T1 and T4
showed relatively higher lesion scores, indicating less pronounced protective effects.

Table 6. Effects of dietary treatments on cecal lesion scores in broiler chickens experimentally infected
with Eimeria tenella at 6 days post-infection.

Parameter NC IC PC T1 T2 T3 T4 p-Value

cecal lesion scores 0.0 ± 0.0 2.45 ± 0.53 a 0.73 ± 0.11 b 1.52 ± 0.57 a 1.38 ± 0.83 ab 0.68 ± 0.42 b 1.97 ± 0.98 a 0.013

Values are presented as mean ± SEM. Means within the same row with different superscript letters (a, b) differ
significantly (p < 0.05).
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Figure 3. Representative gross lesion scoring of the cecum in broiler chickens infected with Eimeria
tenella. Lesions were classified according to a modified scoring system based on Johnson and Reid [36]
and Conway and McKenzie [37]: (A) score 0, normal cecum with no visible lesions; (B) score 1, mild
petechial hemorrhages; (C) score 2, moderate hemorrhage and slight wall thickening; (D) score 3,
severe hemorrhage with marked thickening and blood clots; (E) score 4, severe distension with
caseous or blood-filled cores and absence of normal fecal content.

Figure 4. Representative gross morphology of the cecum in broiler chickens from different exper-
imental groups at 6 days post-infection with Eimeria tenella. (A) Negative control (NC), showing
normal cecal structure with no visible lesions; (B) Infected control (IC), exhibiting severe hemorrhage,
thickening of the cecal wall, and abnormal contents; (C) Positive control (PC), showing mild lesions
with partial recovery; (D–G) Treatment groups (T1–T4), demonstrating varying degrees of lesion
severity, with T3 showing relatively mild pathological changes compared to other treatment groups.
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3.5. Oocyst Shedding (Oocysts per Gram; OPG)

The effects of dietary treatments on oocyst shedding are presented in Table 7. No
oocysts were detected in the negative control (NC) group throughout the experimental
period. In contrast, the infected control (IC) group exhibited the highest oocyst shedding
(5.74 × 106 OPG), which was significantly greater than that of all treated groups (p < 0.05).

Table 7. Effects of dietary treatments on oocyst shedding (oocysts per gram; OPG) in broiler chickens
experimentally infected with Eimeria tenella.

Treatment Group OPG (×106 Oocysts/g, Mean ± SEM)

NC 0.00 ± 0.00 a

IC 5.74 ± 2.22 b

PC 1.01 ± 0.69 c

T1 3.21 ± 0.06 d

T2 2.36 ± 0.49 cd

T3 1.39 ± 0.16 d

T4 2.90 ± 0.48 cd

p-value <0.001
Values are presented as mean ± SEM. Means with different superscript letters (a–d) within the same column differ
significantly (p < 0.05).

Administration of amprolium (PC) markedly reduced oocyst shedding compared with
the infected control, confirming the effectiveness of the reference anticoccidial treatment.
All phytogenic treatment groups also exhibited lower oocyst counts than the infected
control. Among the phytogenic formulations, T3 (6 g/kg Piper longum) showed the lowest
numerical oocyst shedding (1.39 × 106 OPG), followed by T2 and T4, although differences
among the phytogenic treatment groups were not statistically significant (p > 0.05). T1
showed a numerically higher oocyst count than the other phytogenic treatments.

Overall, all phytogenic formulations significantly reduced oocyst shedding compared
with the infected control (p < 0.05), demonstrating measurable anticoccidial activity under
the experimental conditions.

4. Discussion
Coccidiosis remains one of the most economically important parasitic diseases affect-

ing the poultry industry because of its detrimental effects on intestinal integrity, nutrient
utilization, growth performance, and the increasing concerns associated with anticoccidial
drug resistance and chemical residues in poultry products [2,7,11,14]. Consequently, consid-
erable attention has been directed toward phytogenic compounds as potential complemen-
tary approaches for coccidiosis control because of their reported antimicrobial, antioxidant,
and anti-inflammatory properties [1,12,19]. In the present study, the formulated phytogenic
preparations exhibited biological activity in both the in vitro and in vivo experiments. Ex-
posure of mixed Eimeria spp. field-isolated oocysts to the phytogenic formulations resulted
in marked ultrastructural alterations of the oocyst surface as observed by scanning electron
microscopy (SEM), whereas broiler chickens experimentally challenged with Eimeria tenella
exhibited lower cecal lesion scores and reduced oocyst shedding following phytogenic
supplementation compared with the infected untreated control. Collectively, these findings
provide complementary evidence supporting the anticoccidial potential of the formulated
herbal extracts under the experimental conditions of the present study.

The present work differs from most previous studies in that the herbal extracts were
incorporated into a solid-dispersion delivery system before biological evaluation. Poor
aqueous solubility is one of the principal factors limiting the biological application of
many phytogenic compounds, particularly curcuminoids, whose low dissolution rate
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and rapid metabolism substantially restrict oral availability [22–24]. Although piperine
has frequently been used as a bio-enhancer, its own physicochemical characteristics may
also limit dispersion in aqueous environments. These limitations have encouraged the
development of formulation strategies designed to improve the dissolution behavior of
poorly water-soluble phytogenic compounds.

Among the available formulation approaches, solid-dispersion technology has been
widely recognized as an effective strategy for improving the dissolution characteristics
of hydrophobic compounds by dispersing the active ingredients within a hydrophilic
carrier matrix [26,27]. This process generally increases wettability, reduces crystallinity, and
enhances the apparent surface area available for dissolution, thereby facilitating release
of the active compounds in the gastrointestinal tract [26,27]. Previous pharmaceutical
studies have demonstrated that solid-dispersion formulations can substantially improve
the dissolution behavior and oral performance of curcumin compared with conventional
preparations [27,29]. In addition, piperine has been reported to enhance intestinal absorp-
tion through modulation of membrane permeability and inhibition of drug-metabolizing
enzymes, potentially increasing the biological availability of co-administered compounds
such as curcumin [38,39].

Although dissolution behavior, physicochemical characteristics, and formulation
stability had been optimized during our previous formulation-development study before
conducting the present biological experiment, these parameters were not directly evaluated
in the current investigation. Therefore, the improved biological responses observed in
the treated groups may be associated, at least in part, with the enhanced dissolution
characteristics provided by the solid-dispersion formulation; however, improvements in
intestinal absorption, pharmacokinetics, or bioavailability were not directly measured in
this study and should therefore be regarded as plausible rather than confirmed mechanisms.

The observed reductions in cecal lesion scores and oocyst shedding are consistent with
previous reports describing the anticoccidial potential of phytogenic compounds [1,12,30].
Oocyst shedding represents one of the most informative indicators of parasite replication
and environmental contamination, whereas lesion scores reflect the severity of intestinal
damage induced during the parasite life cycle. In the present study, all phytogenic treat-
ments reduced oocyst output relative to the infected control group, while lesion severity
was also alleviated. Among the evaluated formulations, the treatment containing 6 g/kg
P. longum (T3) produced the lowest numerical lesion score and oocyst shedding, although
differences among the phytogenic formulations were generally limited. These findings
suggest that the evaluated formulations were capable of suppressing parasite-associated
intestinal pathology under the experimental challenge conditions.

The SEM observations provide supportive qualitative evidence for these in vivo find-
ings. Structural alterations including deformation, surface disruption, and loss of normal
oocyst wall integrity were consistently observed following exposure of mixed Eimeria
spp. field-isolated oocysts to the phytogenic formulations. Similar ultrastructural dam-
age has previously been associated with impaired sporulation, reduced infectivity, and
decreased parasite viability in coccidian parasites [30,32,33]. Nevertheless, the SEM anal-
ysis performed in the present study was designed to provide qualitative morphological
evidence rather than quantitative measurements of anticoccidial efficacy. Furthermore,
because mixed field isolates of Eimeria spp. were used in the in vitro assay, species-specific
susceptibility could not be determined. Consequently, conclusions regarding efficacy
against E. tenella are based primarily on the results obtained from the controlled in vivo
challenge experiment.

Although improvements in growth performance have frequently been reported fol-
lowing dietary supplementation with phytogenic feed additives, interpretation of growth
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responses in the present study should be undertaken with caution. Individual body weight
measurements demonstrated that several treated groups maintained growth comparable
to or numerically greater than that of the infected control group. However, feed intake
and feed conversion ratio were measured at the pen level, with only one pen assigned to
each treatment, precluding valid inferential statistical comparisons for these parameters.
Consequently, the numerical differences observed in feed intake and feed conversion ratio
should be regarded as exploratory observations rather than definitive evidence of treatment
efficacy. This conservative interpretation is consistent with the preliminary design of the
present study and avoids overinterpretation of production responses beyond the statistical
strength of the experimental design.

The relatively low final body weights observed across all experimental groups also
warrant consideration when interpreting the biological responses. Compared with com-
mercial production standards for Cobb 500 broilers, birds in the present study exhibited
lower growth performance at 31 days of age. Several factors likely contributed to this
outcome, including the controlled experimental housing conditions, the deliberate E. tenella
challenge, and the use of an experimental diet formulated specifically for research purposes
rather than a commercial high-performance broiler diet. Collectively, these conditions
were intended to establish a reproducible disease model rather than maximize productive
performance. Therefore, the growth data should primarily be interpreted within the context
of experimental infection rather than commercial production efficiency.

An interesting observation in the present study was that the combined phytogenic
formulations did not consistently outperform the Piper longum-only treatments across all
evaluated outcomes. Although the rationale for combining Curcuma longa and Piper longum
was based on the complementary biological activities of curcuminoids and piperine together
with the reported bio-enhancing effect of piperine [15,17,38], the treatment containing
6 g/kg P. longum (T3) produced the lowest numerical lesion scores and oocyst shedding.
These findings suggest that increasing the proportion of Curcuma longa within the evaluated
formulations did not necessarily result in proportionally greater biological responses under
the present experimental conditions.

Several explanations may account for this observation. First, the biological activity of
phytogenic compounds is not always dose-dependent, particularly when multiple bioac-
tive constituents are combined. Interactions among phytochemicals may influence their
physicochemical behavior, intestinal release characteristics, or local biological activity, re-
sulting in responses that differ from those predicted based solely on individual components.
Second, although piperine has been widely reported to enhance intestinal absorption of cur-
cuminoids [38], the optimal ratio between curcumin and piperine within solid-dispersion
formulations remains uncertain. Finally, the present study was not designed as a factorial
experiment capable of independently evaluating the individual and interactive effects of
the two herbal extracts. Therefore, the current data do not permit conclusions regarding ad-
ditive or synergistic interactions between curcuminoids and piperine. Clarification of these
relationships will require future studies incorporating individual Curcuma longa treatment
groups together with appropriately replicated factorial experimental designs.

Previous investigations evaluating dietary supplementation with turmeric or long
pepper have reported improvements in intestinal health, antioxidant capacity, immune
responses, and productive performance in poultry [12,15,17]. Likewise, several studies have
demonstrated reductions in lesion severity and oocyst shedding following administration
of phytogenic compounds to Eimeria-infected chickens [1,12]. Nevertheless, most previous
studies have evaluated conventional herbal powders or crude extracts without addressing
the limitations associated with poor aqueous solubility of many phytogenic constituents.
The present study extends this body of knowledge by evaluating standardized phytogenic
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extracts incorporated into a solid-dispersion delivery system before in vivo application.
Consequently, the novelty of this work resides not only in demonstrating the biological
activity of Curcuma longa and Piper longum extracts but also in exploring formulation
technology as an approach for improving the practical application of phytogenic feed
additives in poultry.

Despite these encouraging findings, the precise mechanisms responsible for the ob-
served anticoccidial responses remain incompletely understood. Previous studies have
suggested that curcuminoids may alleviate oxidative stress, modulate inflammatory re-
sponses, preserve epithelial integrity, and support intestinal health during coccidial in-
fection, whereas piperine has been associated with improved intestinal absorption and
enhanced biological availability of co-administered compounds [15,17,30]. However, the
present study did not directly evaluate oxidative stress markers, inflammatory mediators,
immune responses, intestinal morphology, or pharmacokinetic parameters. Consequently,
these mechanisms should be considered biologically plausible explanations supported by
previous literature rather than experimentally confirmed pathways in the present inves-
tigation. Future studies incorporating quantitative image analysis, including cecal wall
morphometry and digital lesion assessment, would provide additional objective evidence
supporting the gross pathological findings [40,41].

The findings of the present study should be interpreted in light of several limitations.
First, this investigation was designed as a preliminary proof-of-concept study with a rela-
tively small number of birds, and the experimental design did not include independent
pen-level replication. Consequently, although individual bird measurements such as body
weight, lesion scores, and oocyst shedding could be analyzed statistically, feed intake and
feed conversion ratio were necessarily presented descriptively because these variables
were measured at the pen level. Second, the experimental treatments did not include a
Curcuma longa-only group. Consequently, although the combined formulations and Piper
longum-based treatments demonstrated measurable biological activity, the independent
contribution of curcuminoids could not be determined, nor could additive or synergistic
interactions between the two herbal extracts be rigorously evaluated. Third, the present
study primarily focused on biological efficacy and did not include direct measurements
of dissolution behavior, intestinal absorption, pharmacokinetics, oxidative stress, inflam-
matory responses, immune modulation, or intestinal morphology. Therefore, mechanistic
interpretations regarding the observed anticoccidial responses remain speculative and
should be considered within the context of previous literature rather than direct experimen-
tal evidence.

An additional consideration is that the in vitro and in vivo experiments addressed
different aspects of the biological response. The SEM assay employed mixed field isolates of
Eimeria spp. to examine qualitative ultrastructural alterations of oocysts following exposure
to the phytogenic formulations, whereas the animal experiment utilized a controlled
Eimeria tenella challenge to evaluate anticoccidial efficacy under standardized conditions.
Accordingly, the SEM observations should be regarded as supportive qualitative evidence
demonstrating direct structural damage to Eimeria oocysts rather than species-specific
confirmation of activity against E. tenella. The principal evidence supporting efficacy
against E. tenella is derived from the reductions in lesion scores and oocyst shedding
observed in the experimentally challenged broiler chickens [42,43].

Despite these limitations, the study possesses several important strengths. The phy-
togenic extracts were chemically standardized prior to formulation, thereby improving
batch consistency throughout the biological experiments. Furthermore, the incorporation of
formulation technology into the evaluation of phytogenic feed additives represents an im-
portant advancement beyond conventional studies employing crude herbal extracts alone.
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By combining phytochemical standardization, solid-dispersion formulation, qualitative
ultrastructural evaluation, and controlled in vivo challenge, the present study provides an
integrated assessment of the anticoccidial potential of Curcuma longa and Piper longum for-
mulations. Although additional work is required to establish the underlying mechanisms
and optimize formulation characteristics, the current findings provide an experimental
foundation for subsequent translational studies.

Future investigations should therefore focus on validating these observations using
larger, appropriately replicated experiments conducted under commercial production con-
ditions. Inclusion of independent Curcuma longa treatment groups together with factorial
experimental designs would enable rigorous evaluation of the individual contributions
of curcuminoids and piperine as well as potential interactions between these phytogenic
compounds. In addition, direct characterization of dissolution behavior, pharmacokinetic
profiles, intestinal bioavailability, oxidative stress biomarkers, inflammatory mediators,
immune responses, and intestinal histomorphology would substantially improve under-
standing of the mechanisms responsible for the observed biological effects. Such studies
will be essential for determining whether solid-dispersion phytogenic formulations can
be translated into practical feed additive strategies for sustainable coccidiosis control in
commercial poultry production.

Collectively, the present findings provide a foundation for further investigation of
formulation-based phytogenic strategies for coccidiosis control. Future studies should focus
on validating these observations under commercial production conditions using adequately
replicated experimental designs while incorporating mechanistic evaluations, pharmacoki-
netic characterization, and dose optimization studies. Such investigations will be essential
for determining whether solid-dispersion phytogenic formulations can be translated into
practical feed additives for sustainable coccidiosis management in poultry production.

5. Conclusions
This study demonstrated that solid-dispersion formulations containing Curcuma longa

and Piper longum extracts exhibited measurable anticoccidial activity against experimental
Eimeria tenella infection in broiler chickens. Compared with the infected untreated control,
phytogenic supplementation reduced cecal lesion severity and oocyst shedding, while scan-
ning electron microscopy provided supportive qualitative evidence of structural damage
in mixed Eimeria spp. oocysts following exposure to the formulations. Together, these
findings indicate that formulation of phytogenic extracts using a solid-dispersion approach
represents a feasible strategy for enhancing their evaluation as anticoccidial feed additives.

The present study was designed as a preliminary proof-of-concept investigation; there-
fore, the findings should be interpreted within the context of its experimental design.
Although some treatment groups exhibited numerically favorable growth performance
under challenge conditions, these observations remain exploratory because feed intake and
feed conversion ratio were determined without independent pen-level replication. Like-
wise, the biological mechanisms underlying the observed anticoccidial responses were not
directly investigated, and the contribution of improved dissolution characteristics provided
by the solid-dispersion formulation remains a plausible, but unconfirmed, explanation.

Overall, the present findings support further investigation of solid-dispersion phyto-
genic formulations as potential complementary approaches for coccidiosis control rather
than validated alternatives to conventional anticoccidial drugs. Future studies should
incorporate larger populations, appropriately replicated pen-level experimental designs,
optimized dosage regimens, commercial production conditions, and mechanistic evalu-
ations. In addition, inclusion of individual Curcuma longa and Piper longum treatment
groups together with factorial experimental designs will be important for clarifying the
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independent contributions of each extract and determining whether additive or synergistic
interactions contribute to the observed anticoccidial activity.

Author Contributions: Writing—original draft, Conceptualization, Data curation, Formal analysis,
Methodology, Writing—review and editing, P.Y.; Sample collection, Investigation, Data curation,
W.C., T.Y. and S.C.; Methodology, Laboratory, S.T., N.A. and T.E.-a. All authors have read and agreed
to the published version of the manuscript.

Funding: This research project was supported by the Fundamental Fund 2026 (214482), Chiang Mai
University and also by Thailand Science Research and Innovation (TSRI) (FRB690042/0162).

Institutional Review Board Statement: The study was conducted in accordance with the Ethics
Committee of the Faculty of Veterinary Medicine, Chiang Mai University (Approval No. S01/2562;
20 February 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors also thank the faculty of veterinary medicine for supporting the
animal area.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Muthamilselvan, T.; Kuo, T.-F.; Wu, Y.-C.; Yang, W.-C. Herbal remedies for coccidiosis control: A review of plants, compounds,

and anticoccidial actions. Evid.-Based Complement. Altern. Med. 2016, 2016, 2657981. [CrossRef]
2. Chapman, H.D. Milestones in avian coccidiosis research: A review. Poult. Sci. 2014, 93, 501–511. [CrossRef] [PubMed]
3. Shivaramaiah, C.; Barta, J.; Hernandez-Velasco, X.; Téllez, G.; Hargis, B. Coccidiosis: Recent advancements in the immunobiology

of Eimeria species, preventive measures, and the importance of vaccination as a control tool against these Apicomplexan parasites.
Vet. Med. Res. Rep. 2014, 5, 23–34. [CrossRef] [PubMed]

4. Nematollahi, A.; Moghaddam, G.; Pourabad, R.F. Prevalence of Eimeria species among broiler chicks in Tabriz (northwest of Iran).
Mun. Ent. Zool. 2009, 4, 53–58.

5. Allen, P.C.; Fetterer, R.H. Recent advances in biology and immunobiology of Eimeria species and diagnosis and control of infection
with these coccidian parasites of poultry. Clin. Microbiol. Rev. 2002, 15, 58–65. [CrossRef] [PubMed]

6. Alfatly, H.H.; Jarad, N.I. Harnessing Bioinformatics and Recombinant Technology to Combat Avian Coccidiosis: A 19-kDa
Sporozoite Protein-Based Vaccine. Open Vet. J. 2025, 15, 3598–3607. [CrossRef] [PubMed]

7. Blake, D.P.; Knox, J.; Dehaeck, B.; Huntington, B.; Rathinam, T.; Ravipati, V.; Ayoade, S.; Gilbert, W.; Adebambo, A.O.; Jatau, I.D.;
et al. Re-calculating the cost of coccidiosis in chickens. Vet. Res. 2020, 51, 115. [CrossRef] [PubMed]

8. Peek, H.W.; Landman, W.J.M. Coccidiosis in poultry: Anticoccidial products, vaccines and other prevention strategies. Vet. Q.
2011, 31, 143–161. [CrossRef] [PubMed]

9. Chapman, H.D.; Jeffers, T.K.; Williams, R.B. Forty years of monensin for the control of coccidiosis in poultry. Poult. Sci. 2010, 89,
1788–1801. [CrossRef] [PubMed]

10. Khater, H.F.; Ziam, H.; Abbas, A.; Abbas, R.Z. Avian coccidiosis: Recent advances in alternative control strategies and vaccine
development. Agrobiol. Rec. 2020, 1, 11–25. [CrossRef] [PubMed]

11. Chapman, H.D. Biochemical, genetic and applied aspects of drug resistance in Eimeria parasites of the fowl. Avian Pathol. 1997, 26,
221–244. [CrossRef] [PubMed]

12. Abbas, R.Z.; Colwell, D.D.; Gilleard, J. Botanicals: An alternative approach for the control of avian coccidiosis. Worlds Poult. Sci. J.
2012, 68, 203–215. [CrossRef]

13. European Commission. Commission Regulation (EU). No 37/2010 on pharmacologically active substances and their classification
regarding maximum residue limits in foodstuffs of animal origin. Off. J. Eur. Union 2010, 50, 1–72.

14. Blake, D.P.; Tomley, F.M. Securing poultry production from the ever-present Eimeria challenge. Trends Parasitol. 2014, 30, 12–19.
[CrossRef] [PubMed]

15. Lee, Y.; Lu, M.; Lillehoj, H.S. Coccidiosis: Recent progress in host immunity and alternatives to antibiotic strategies. Vaccines 2022,
10, 215. [CrossRef] [PubMed]

https://doi.org/10.3390/vetsci13070675

https://doi.org/10.1155/2016/2657981
https://doi.org/10.3382/ps.2013-03634
https://www.ncbi.nlm.nih.gov/pubmed/24604841
https://doi.org/10.2147/VMRR.S57839
https://www.ncbi.nlm.nih.gov/pubmed/32670843
https://doi.org/10.1128/CMR.15.1.58-65.2002
https://www.ncbi.nlm.nih.gov/pubmed/11781266
https://doi.org/10.5455/OVJ.2025.v15.i8.22
https://www.ncbi.nlm.nih.gov/pubmed/41036009
https://doi.org/10.1186/s13567-020-00837-2
https://www.ncbi.nlm.nih.gov/pubmed/32928271
https://doi.org/10.1080/01652176.2011.605247
https://www.ncbi.nlm.nih.gov/pubmed/22029884
https://doi.org/10.3382/ps.2010-00931
https://www.ncbi.nlm.nih.gov/pubmed/20709963
https://doi.org/10.47278/journal.abr/2020.003
https://www.ncbi.nlm.nih.gov/pubmed/33520570
https://doi.org/10.1080/03079459708419208
https://www.ncbi.nlm.nih.gov/pubmed/18483904
https://doi.org/10.1017/S0043933912000268
https://doi.org/10.1016/j.pt.2013.10.003
https://www.ncbi.nlm.nih.gov/pubmed/24238797
https://doi.org/10.3390/vaccines10020215
https://www.ncbi.nlm.nih.gov/pubmed/35214673
https://doi.org/10.3390/vetsci13070675


Vet. Sci. 2026, 13, 675 19 of 20

16. Ritzi, M.M.; Abdelrahman, W.; van-Heerden, K.; Mohnl, M.; Barrett, N.W.; Dalloul, R.A. Combination of probiotics and coccidiosis
vaccine enhances protection against an Eimeria challenge. Vet. Res. 2016, 47, 111. [CrossRef] [PubMed]

17. Curry, S.; Lumpkins, B.; Tacconi, A.; Teichmann, K.; Murugesan, R. A novel phytogenic feed additive can support coccidiosis
management programs in broilers—Data from two studies. J. Appl. Poult. Res. 2026, 35, 100728. [CrossRef]

18. Chhetri, S.; Singh, D.K.; Tiwari, B.B.; Neupane, S.; Shah, B.R.; Subedi, D. Effect of Probiotic and Synbiotic Supplementation on
Growth Performance, Serum Parameters and Gut Histomorphometry in Broiler Chickens Challenged with Eimeria. Vet. Med. Sci.
2026, 12, e70842. [CrossRef] [PubMed]

19. Blue, C.E.C.; White, M.B.; Dalloul, R.A. Assessing the effects of phytogenic feed additives on broilers during a necrotic enteritis
challenge. Poultry 2024, 3, 346–353. [CrossRef]

20. Yu, J.Y.; Kim, J.A.; Joung, H.J.; Ko, J.A.; Park, H.J. Preparation and Characterization of Curcumin Solid Dispersion Using HPMC. J.
Food Sci. 2020, 85, 3866–3873. [CrossRef] [PubMed]

21. Mai, N.N.S.; Otsuka, Y.; Kawano, Y.; Hanawa, T. Preparation and Characterization of Solid Dispersions Composed of Curcumin,
Hydroxypropyl Cellulose and/or Sodium Dodecyl Sulfate by Grinding with Vibrational Ball Milling. Pharmaceuticals 2020,
13, 383. [CrossRef] [PubMed]

22. Jayaprakasha, G.K.; Rao, L.J.M.; Sakariah, K.K. Chemistry and biological activities of C. longa. Trends Food Sci. Technol. 2005, 16,
533–548. [CrossRef]

23. Prasad, S.; Tyagi, A.K.; Aggarwal, B.B. Recent developments in delivery of curcumin: The golden pigment from golden spice.
Cancer Res. Treat. Off. J. Korean Cancer Assoc. 2014, 46, 2–18. [CrossRef] [PubMed]

24. Srinivasan, K. Black pepper and its bioactive compound piperine: A review of diverse physiological effects. Crit. Rev. Food Sci.
Nutr. 2007, 47, 735–748. [CrossRef] [PubMed]

25. Vasconcelos, T.; Sarmento, B.; Costa, P. Solid dispersions as strategy to improve oral bioavailability of poor water soluble drugs.
Drug Discov. Today 2007, 12, 1068–1075. [CrossRef] [PubMed]

26. Leuner, C.; Dressman, J. Improving drug solubility for oral delivery using solid dispersions. Eur. J. Pharm. Biopharm. 2000, 50,
47–60. [CrossRef] [PubMed]

27. Das, S.; Mandal, P. Design, formulation, and evaluation of solid dispersion tablets of poorly water-soluble antidiabetic drug using
natural polymer. Asian J. Pharm. Clin. Res. 2019, 12, 195–207. [CrossRef]

28. Wiedmer, S.; Stange, J.; Kurth, T.; Bleiss, W.; Entzeroth, R.; Kurth, M. New insights into the excystation process and oocyst
morphology of rodent Eimeria species. Protist 2011, 162, 668–678. [CrossRef] [PubMed]

29. Hisada, A.; Matsumoto, E.; Hirano, R.; Konomi, M.; Yaacoub Bou Khalil, J.; Raoult, D.; Ominami, Y. Detection of antimicrobial
impact on gram-negative bacterial cell envelope based on single-cell imaging by scanning electron microscopy. Sci. Rep. 2023, 13,
11258. [CrossRef] [PubMed]

30. Khalafalla, R.E.; Müller, U.; Shahiduzzaman, M.; Dyachenko, V.; Desouky, A.Y.; Alber, G.; Daugschies, A. Effects of curcumin on
Eimeria tenella sporozoites in vitro. Parasitol. Res. 2011, 108, 879–886. [CrossRef] [PubMed]

31. Williams, R.B. Intercurrent coccidiosis and nec rotic enteritis of chickens: Rational, integrated disease management by maintenance
of gut integrity. Avian Pathol. 2005, 34, 159–180. [CrossRef] [PubMed]

32. Gadallah, A.O.; Kaya, D.; Gürler, A.; Genc, E. Effective herbal therapeutics against the protozoan parasites in aquaculture. Ege J.
Fish. Aquat. Sci. 2024, 41, 158–165. [CrossRef]

33. Tchodo, F.G.; Dakpogan, H.B.; Sanvee, S.; Adjei-Mensah, B.; Kpomasse, C.C.; Karou, S.; Pitala, W.; Tona, K.; Bakoma, B. The
anticoccidial in vitro effects and antioxidant properties of several plants traditionally used for coccidiosis in Togo. Vet. Sci. 2024,
11, 345. [CrossRef] [PubMed]

34. Yamsakul, P.; Chotinan, S.; Sathitmethee, N.; Tiyaboonchai, W.; Un-aroon, A. Development of Turmeric Extract and Long Pepper
Extract Using Solid Dispersion Technique for Feed Additive in Poultry for Growth Promotion and Prevention of Salmonella enteritidis
Infection in Broiler; Final Research Report; Faculty of Veterinary Medicine, Chiang Mai University: Chiang Mai, Thailand, 2017.

35. National Research Council (NRC). Nutrient Requirements of Poultry, 9th ed.; National Academy Press: Washington, DC, USA, 1994.
36. Johnson, J.; Reid, W.M. Anticoccidial drugs: Lesion scoring techniques in battery and floor-pen experiments with chickens. Exp.

Parasitol. 1970, 28, 30–36. [CrossRef] [PubMed]
37. Conway, D.P.; McKenzie, M.E. Poultry Coccidiosis: Diagnostic and Testing Procedures, 3rd ed.; Blackwell Publishing: Ames, IA, USA,

2007.
38. Shoba, G.; Joy, D.; Joseph, T.; Majeed, M.; Rajendran, R.; Srinivas, P.S.R. Influence of piperine on the pharmacokinetics of curcumin

in animals and human volunteers. Planta Med. 1998, 64, 353–356. [CrossRef] [PubMed]
39. Viveros, A.; Chamorro, S.; Pizarro, M.; Arija, I.; Centeno, C.; Brenes, A. Effects of dietary polyphenol-rich grape products on

intestinal microflora and gut morphology in broiler chicks. Poult. Sci. 2011, 90, 566–578. [CrossRef] [PubMed]
40. Windisch, W.; Schedle, K.; Plitzner, C.; Kroismayr, A. Use of phytogenic products as feed additives for swine and poultry. J. Anim.

Sci. 2008, 86, E140–E148. [CrossRef] [PubMed]

https://doi.org/10.3390/vetsci13070675

https://doi.org/10.1186/s13567-016-0397-y
https://www.ncbi.nlm.nih.gov/pubmed/27825377
https://doi.org/10.1016/j.japr.2026.100728
https://doi.org/10.1002/vms3.70842
https://www.ncbi.nlm.nih.gov/pubmed/41653099
https://doi.org/10.3390/poultry3040026
https://doi.org/10.1111/1750-3841.15489
https://www.ncbi.nlm.nih.gov/pubmed/33067846
https://doi.org/10.3390/ph13110383
https://www.ncbi.nlm.nih.gov/pubmed/33198284
https://doi.org/10.1016/j.tifs.2005.08.006
https://doi.org/10.4143/crt.2014.46.1.2
https://www.ncbi.nlm.nih.gov/pubmed/24520218
https://doi.org/10.1080/10408390601062054
https://www.ncbi.nlm.nih.gov/pubmed/17987447
https://doi.org/10.1016/j.drudis.2007.09.005
https://www.ncbi.nlm.nih.gov/pubmed/18061887
https://doi.org/10.1016/S0939-6411(00)00076-X
https://www.ncbi.nlm.nih.gov/pubmed/10840192
https://doi.org/10.5958/0974-360x.2019.00645.0
https://doi.org/10.1016/j.protis.2011.03.001
https://www.ncbi.nlm.nih.gov/pubmed/21498113
https://doi.org/10.1038/s41598-023-38198-3
https://www.ncbi.nlm.nih.gov/pubmed/37438469
https://doi.org/10.1007/s00436-010-2129-y
https://www.ncbi.nlm.nih.gov/pubmed/21057813
https://doi.org/10.1080/03079450500112195
https://www.ncbi.nlm.nih.gov/pubmed/16191699
https://doi.org/10.12714/egejfas.41.2.10
https://doi.org/10.3390/vetsci11080345
https://www.ncbi.nlm.nih.gov/pubmed/39195799
https://doi.org/10.1016/0014-4894(70)90063-9
https://www.ncbi.nlm.nih.gov/pubmed/5459870
https://doi.org/10.1055/s-2006-957450
https://www.ncbi.nlm.nih.gov/pubmed/9619120
https://doi.org/10.3382/ps.2010-00889
https://www.ncbi.nlm.nih.gov/pubmed/21325227
https://doi.org/10.2527/jas.2007-0459
https://www.ncbi.nlm.nih.gov/pubmed/18073277
https://doi.org/10.3390/vetsci13070675


Vet. Sci. 2026, 13, 675 20 of 20

41. Zhang, K.Y.; Yan, F.; Keen, C.A.; Waldroup, P.W. Evaluation of microencapsulated essential oils and organic acids in diets for
broiler chickens. Int. J. Poult. Sci. 2005, 4, 612–619. [CrossRef]

42. Yadav, S.; Jha, R. Strategies to modulate the intestinal microbiota and their effects on nutrient utilization, performance, and health
of poultry. J. Anim. Sci. Biotechnol. 2019, 10, 2. [CrossRef] [PubMed]

43. Abbas, R.Z.; Iqbal, Z.; Blake, D.; Khan, M.N.; Saleemi, M.K. Anticoccidial drug resistance in fowl coccidia: The state of play
revisited. Worlds Poult. Sci. J. 2011, 67, 337–350. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/vetsci13070675

https://doi.org/10.3923/ijps.2005.612.619
https://doi.org/10.1186/s40104-018-0310-9
https://www.ncbi.nlm.nih.gov/pubmed/30651986
https://doi.org/10.1017/S004393391100033X
https://doi.org/10.3390/vetsci13070675

	Introduction 
	Materials and Methods 
	Preparation and Characterization of Herbal Extracts and Solid-Dispersion Formulations 
	In Vitro Anticoccidial Activity by Scanning Electron Microscopy (SEM) 
	In Vivo Experimental Design 
	Housing and Management 
	Eimeria Challenge 
	Sample Collection and Oocyst Enumeration 
	Gross Lesion Scoring 
	Oocyst Enumeration 
	Statistical Analysis 

	Results 
	Preparation and Characterization of Herbal Extracts 
	In Vitro Anticoccidial Activity (SEM) 
	In Vivo Effects of Treatments on Growth Performance in Broiler Chickens 
	Gross Lesion and Cecal Lesion Scores 
	Oocyst Shedding (Oocysts per Gram; OPG) 

	Discussion 
	Conclusions 
	References

