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Abstract: Background: Achieving sustainable development in accordance with Agenda
2030 (Sustainable Development Goals 12, 13, and 17) has challenged the livestock sector
and especially swine farming. Strategies focused on reducing the environmental impact
and improving feed efficiency have therefore been explored. Due to its beneficial properties,
the application of biochar represents an interesting solution. This study therefore evaluates
the effects of biochar supplementation on growth performance and health parameters
in weaned piglets. Methods: A total of 223 piglets were divided into two experimental
groups: the control (CTRL) group and the treatment (TRT group). The experiment involved
two dietary treatments: the CTRL group was fed a standard diet, while the TRT group
was fed the same diet supplemented with 1% chestnut biochar. Weekly measurements
included body weight, feed intake, and fecal scores. Fecal samples were collected for
microbiological analysis and evaluation of digestibility. Results: No significant differences
were observed between the groups in terms of the principal zootechnical parameters. The
TRT group showed lower E. coli counts in feces at 14 days and a significant decrease in
diarrhea frequency at 28 days (32.14% CTRL vs. 3.23% TRT; p = 0.009). Protein digestibility
was higher in the TRT group (79.5 £ 1.74%) compared to the CTRL group (75.0 & 2.05%;
p = 0.004). Additionally, the TRT group had significantly lower levels of derivates of reactive
oxygen metabolites than the CTRL group (293.44 & 59.28 vs. 553.98 & 61.59 Carratelli units
p < 0.001). Conclusions: The inclusion of 1% biochar in the diets of post-weaning piglets
can improve the health status of the animals. Biochar could thus be used as a valuable
functional ingredient within an innovative nutritional strategy aimed at the management
of gastrointestinal problems during the weaning period.

Keywords: biochar; swine; alternative to antimicrobials; gut health; protein digestibility;
post-weaning diarrhea

1. Introduction

The livestock sector is essential for global food security and livelihood support. The
focus has recently shifted from fostering sustainable production per se to increasing the
contribution of the zootechnical sector in order to achieve the Sustainable Development
Goals (SDGs) of the UN 2030 Agenda for Sustainable Development [1,2]. Within this frame-
work, the swine industry is faced with critical challenges, including reducing antibiotic
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use, improving animal welfare, and adopting environmentally friendly practices, which
align with the broader goal of minimizing environmental impacts and optimizing resource
efficiency in agricultural systems [3-5]. In this context, biochar, a vegetable charcoal, has
gained increasing interest. It is a carbon-rich material, produced via biomass pyrolysis
at temperatures between 360 °C and 1000 °C at low oxygen levels. Biochar has unique
characteristics that make it an interesting candidate for integration within sustainable
agro-zootechnical practices [6].

Biochar is known for its high porosity, which depends on the feedstock used and
the conditions of the pyrolysis process, thus providing high adsorptive capacities and
making it an effective material for various applications [7]. In the environmental sector,
biochar improves soil fertility and biodiversity and increases the number of beneficial
microbial communities [8]. Other effects, such as carbon sequestration, improved resource
efficiency, and its connection to renewable energy, including soil remediation, make biochar
an emerging agricultural product [9,10].

Biochar also has the potential for incorporation within livestock feeding systems, thus
promoting animal health and improving nutrient use [11]. The mechanisms underlying
these benefits are linked to the material’s adsorption properties, which help detoxify
mycotoxins in feed, regulate plant-produced toxins, bind pollutants, and increase beneficial
microbial populations in the animals’ gastrointestinal tract [12,13].

However, the current literature indicates that more research is needed to assess the
effectiveness of biochar in animal production, as existing studies are limited or show
conflicting results. While oral charcoal has been recognized for centuries as a potent
adsorbent for treating acute poisoning and enteric disorders in both humans and animals,
its use as a functional dietary ingredient—administered daily at lower doses compared
to therapeutic treatments—remains largely unexplored [14]. Although biochar has been
included in the European Catalogue of Feed Materials since 2011, and it is recognized as a
permissible feed ingredient under the category of “vegetal carbon” [15], its full effects on
animal health have still not been explored. The main aim of this study was thus to evaluate
the effects of the inclusion of chestnut biochar, following its chemical and morphological
characterization, in weaned piglet diets. The weaning phase is a critical period marked by
increased antibiotic use and challenges to gut health and performance.

Biochar thus provides a key opportunity to explore alternative solutions that promote
health, improve diet efficiency, and improve sustainability in livestock production [16].
After characterizing its chemical and morphological properties, the aim was to assess the
impact of chestnut biochar included in the diets of weaned piglets on growth performance,
intestinal health, and diet digestibility. The results could thus have potential implications
for reducing the reliance on antibiotics and improving the environmental sustainability of
production systems.

2. Materials and Methods
2.1. Chemical and Electron Microscopy Characterization of Chestnut Biochar

Chestnut biochar samples (NeraBiochar, Torino, Italy) were analyzed by standard
procedures following the “Official Methods of Analysis” of AOAC International [17].
Specifically, dry matter (DM) was determined by drying samples in a forced-air oven
at 65 °C for twenty-four hours (AOAC method 930.15). Ash content was measured by
incinerating the samples in a muffle furnace at 550 °C for three hours (method 942.05).
Crude fiber (CF) was analyzed using the filter bag method (AOCS method Ba 6a-05). Crude
protein (CP) content was determined by the Kjeldahl method (AOAC method 2001.11), and
ether extract (EE) was quantified using ether extraction with a Soxhlet apparatus (AOAC
method 2003.05). All analyses were conducted in triplicate.
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The mineral content was measured by ICP-MS analysis (BRUKER Aurora-M90 ICP-
MS; Bruker, Billerica, MA, USA) [18]. Briefly, the mineral composition of the samples was
calculated using calibration curves for the following elements: Na, Mg, Al, K, Ca, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Pb, and P. To check the nebulization performance, an
aliquot of 2 mg/L of a standard solution (72Ge, 89Y, 159Tb) was added to the samples up
to a final concentration of 20 pg/L. To reduce polyatomic interferences, a collision-reaction
interface was used with a Hj flow rate of 80 mL/min through the skimmer cone.

Morphological analysis was performed using a field emission scanning electron mi-
croscope (FE-SEM Sigma Zeiss, Zeiss, Oberkochen, Germany). Biochar samples were
directly placed on the stub, sputtered with carbon, and observed at 8 kV and a 5 mm
working distance.

The pH was determined with a pH meter (Thermo Fisher Scientific, Waltham, MA,
USA) in a biochar:water solution ratio of 1:10.

2.2. Animal Housing and Experimental Design

The experimental design was given ethical approval by the Animal Welfare Organiza-
tion of the University of Milan (OPBA authorization no. 5_2024) in accordance with Italian
regulations (D.lgs 26/2014) and European regulations (Dir. EU 63/2010). In this study, a
total of 223 weaned piglets (Italian Landrace x Italian Large White, age 28 & 2 days) were
identified individually by ear tags and housed in the same environmental conditions in
a 15-pen room (temperature 26-28 °C, 55-60% relative humidity) on a commercial farm
(Brescia, Italy) for 28 days of the trial after a 7-day adaptation period, during which the
piglets were fed with basal diet used for the trial. The animals (average body weight:
9.42 £ 1.29 kg) were divided into two experimental groups using stratified randomization
(balanced per weight and sex between groups and pens): the control group (CTRL; n = 107,
7 pens, 13-15 pigs/pen) was fed a completely balanced diet, and the treatment group (TRT;
n =116, 8 pens, 13-15 pigs/pen) was fed the same diet as the CTRL group supplemented
with 1% biochar. Both diets (Table 1) were formulated using Brill® Formulation Software
v.1.36.17 to meet the nutritional requirements of piglets according to NRC (2012) guidelines
for all nutrients, except for crude protein, which was intentionally reduced in line with
current nutritional strategies aimed at improving gut health and reducing environmental
nitrogen emission [19]. The diets were produced and provided by Famavit S.p.A. (Brescia,
Italy) in pellet form. The experimental diets were isonitrogenous and nutritionally equiva-
lent in energy content. The experimental diets had a balanced composition, and biochar
supplementation did not affect the nutrient content of the feed. Chemical analysis of the
diets confirmed that their composition met the calculated values for protein and energy
content. No differences were observed in any of the parameters evaluated of the CTRL and
TRT diets (Table 1).

Table 1. Composition of the experimental diets of the control (CTRL) and treatment (TRT) groups.

Ingredients, % as Fed Basis CTRL TRT
Barley 21.525 21.525
Soft wheat 17.100 17.100
Soybean meal (47% CP) 9.300 9.300
Maize 8.000 8.000

Biscuit meal 8.000 8.000

Flaked maize 7.500 7.500

Maize feed 5.000 5.000

Wheat bran 5.000 4.000
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Table 1. Cont.
Ingredients, % as Fed Basis CTRL TRT
Soybean concentrate 4.000 4.000
Beet pulp 2.500 2.500
Breakfast products 2.000 2.000
Soybean oil 1.800 1.800
Whey powder 1.500 1.500
Fishmeal (72% CP) 1.500 1.500
Biochar - 1.000
L-lysine sulfate 0.790 0.790
Organic acid mix ! 0.750 0.750
Calcium formate 0.650 0.650
Monocalcium phosphate 0.600 0.600
Salt 0.500 0.500
Vitamin mineral premix 2 0.400 0.400
Medium chain fatty acid 3 0.350 0.350
Sucrose 0.300 0.300
L-threonine 0.220 0.220
Natural extract 4 0.200 0.200
DL-methionine 0.170 0.170
L-valine 0.130 0.130
Pellet binder ° 0.100 0.100
L-tryptophan 0.060 0.060
Flavors 0.045 0.045
L-isoleucine 0.010 0.010
Chemical Composition (% as Fed Basis)
Dry matter 6 91.6 £0.70 91.4 +0.93
Crude protein ° 15.5 4 0.23 15.4 4 0.09
Ether extract ® 444018 4.3 +£0.28
Crude fiber ° 3.4£0.07 3.6 +0.14
Ash® 5.4 40.08 514019
Calcium (Ca) 7 0.599 0.599
Phosphorus (P) 7 0.622 0.622
Tleal digestible lysine (SID) 7 1.05 1.05
Metabolizable energy (ME) 7 13.475 M] / kg 13.475 M] / kg

Additives per Kg: 1 Benzoic acid 1250.00 mg, Formic acid 830.00 mg, Fumaric acid 500.00 mg, Lactic acid 920.00 mg,
Citric acid 50.00 mg, calcium formate 6000.00; 2 Vitamins, provitamins and substances with similar effect: Vitamin
A (Retinyl acetate) 15,000.00 U, Vitamin D3 (cholecalciferol) 1800.00 Ul, Betaine hydrochloride 180.00 mg, Biotin
0.15 mg, Choline chloride 94.50 mg, Folic acid 0.99 mg, Niacin 72.00 mg, Calcium D-pantothenate 13.33 mg,
Vitamin B1 (Thiamine mononitrate) 5.10 mg, Vitamin B12 (Cyanocobalamin) 0.06 mg, Vitamin B2 (Riboflavin)
9.90 mg, Vitamin B6 (pyridoxine hydrochloride) 6.00 mg, 3a700 Vitamin E (all-rac-alpha-tocopheryl acetate)
102.00 mg, Vitamin K3 (menadione nicotinamide bisulfite) 2.49 mg, Copper (Copper sulfate-II pentahydrate)
99.60 mg, Iodine (Anhydrous calcium iodate in coated granules) 1.50 mg, Iron (Iron-II sulfate monohydrate)
120.00 mg, Manganese (Manganese oxide-II) 75.00 mg, Selenium (Sodium selenite in coated granules) 0.30 mg, Zinc
(Zinc oxide) 99.60 mg; 5 Caprylic acid (C8), Lauric acid (C12), Capric acid (C10) 4 Flavoring Veo Premium (Phodé,
Terssac, France), Appetizing Luctarom® (Lucta S.A., Barcelona, Spain); ° 5 Denubond cs pellet (Albitalia Srl, Milan,
Italy); ¢ The analysis was performed according the “Official Methods of Analysis” of AOAC International and
values are presented as fed basis; 7 The calculation was performed with Brill® Formulation Software v.1.36.17 and
values are presented as fed basis.

2.3. Sample Collection

Individual fecal samples (four samples per pen) were collected from the rectal am-
pulla on days 0 (d0), 14 (d14), and 28 (d28) for microbiological analysis and for nutrient
digestibility on d0 and d28. Fecal samples were maintained at 4 °C from the moment of
collection until their arrival at the laboratory, where they were then frozen at —20 °C until
further processing.
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At time points d0 and d28, blood samples were collected from the jugular vein of
four randomly selected piglets per pen, using vacuum tubes without anticoagulants. The
samples were stored at 4 °C from the time of collection until arrival at the laboratory, where
they were centrifuged at 3000 x g for fifteen minutes, and the serum was collected and
frozen at —80 °C until the immunoenzymatic assays were carried out. The feed and the
fecal samples were subjected to analysis for the principal nutritional content, namely dry
matter (DM), crude protein (CP), crude fiber (CF), ether extract (EE), and ash, as previously
described. The organic matter (OM) was calculated as the 100-ash content.

2.4. Zootechnical Performance and Diarrhea Frequency

The body weight of each animal was measured weekly (days 0, 7, 14, 21, and 28). Feed
consumption was monitored weekly for each pen (experimental unit for feed intake) by
measuring the residual feed in each tray. The average daily gain (ADG), average daily
feed intake (ADFI), and feed conversion ratio (FCR) were then calculated, maintaining the
pen as the experimental unit. Regarding the collection of fecal samples for microbiological
analysis, sampling was performed on 4 animals per pen, for a total of 28 animals for the
CTRL group and 32 animals for the TRT group. The fecal consistency was evaluated
individually by fecal scoring using a four-level scale (score 0-3) according to Rossi et al.
(2014) [20]. The scoring system for the feces was as follows: 0 = firm and well-formed;
1 = soft and formed; 2 = mild diarrhea with fluid; 3 = severe diarrhea with watery and
projectile feces. A fecal score of 0 or 1 was considered physiological, while a score of 2 or
3 was classified as pathological and indicated the presence of diarrhea. The frequency of
diarrhea was calculated as the percentage of animals with signs of diarrhea divided by the
total number of observations during the considered period (diarrhea frequency = No of
feces with scores 2 and 3/total number of observations; moderate diarrhea frequency = No
of feces with score 2/total number of observations; severe diarrhea frequency = No of feces
with score 3/total number of observations).

2.5. Microbiological Analysis of Fecal Samples and pH Determination

One gram of each fecal sample was homogenized with 9 mL of sterile physiological
solution and centrifuged (1500 x g for 5 min at room temperature) to collect the supernatant.
Samples were progressively diluted to 10710 and then plated in three replicates in Petri
dishes on selective media to detect total, lactic acid, and coliform bacteria. Plate count
agar (PCA, Liofilchem, Teramo, Italy) was used for the enumeration of total bacteria,
with an incubation time of 72 h at 30 °C. De Man, Rogosa, and Sharpe agar (MRSA,
Liofilchem, Teramo, Italy) was used as the selective medium for the enumeration of lactic
acid bacteria with an incubation time of 72 h at 30 °C under microaerophilic conditions.
Violet red bile lactose agar (VRBLA, Liofilchem, Teramo, Italy) was used as the selective
medium for the enumeration of coliform bacteria for 24 h at 35 °C. The pH was determined
by a pH meter (Thermo Fisher Scientific, Waltham, MA, USA) at a dilution of 1:1 in a
physiological solution.

2.6. Apparent Total Tract Digestibility of Principal Nutrients

Apparent total tract digestibility (ATTD) was calculated using acid-insoluble ash (AIA)
methods [21]. Briefly, acid-insoluble ash contents in diets and feces were determined
gravimetrically after drying, ashing, boiling the ashes in hydrochloric acid (HCI, 3N for
15 min), filtering (Whatman 41, Cytiva, Pall Corporation, New York, NY, USA) and washing
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the hot hydrolysate, and re-ashing. The apparent total digestibilities of the protein, fiber,
and fat were calculated according to the following equation:

(AIAdiet X Nutrientfeces) 100
X

ATTD of nutrients (%) = 100 —
(AIA feces X Nutrientsdiets>

2.7. Mineral Content of Feces

The macro- and micromineral content of feces was measured by ICP-MS analysis
(BRUKER Aurora-M90 ICP-MS, Bruker, Billerica, MA, USA), as previously described in
Section 2.1.

2.8. Evaluation of Antioxidant Barrier in Serum Samples

Serum samples from days 0 and 28 were analyzed by derivatives of reactive oxygen
metabolites (d-ROMs) tests (Diacron Srl, Grosseto, Italy), as a marker of oxidative stress in
the animal, according to the manufacturer’s guidelines. The absorbance was measured at
546 nm (V630, UV-Vis, Jasco GmbH, Pfungstadt, Germany), and results were calculated
using a standard curve and expressed in Carratelli units (UCARR), where one UCARR
corresponds to 0.8 mg/L of hydrogen peroxide. To assess the balance between oxidative
damage and the blood antioxidant barrier, the serum samples were also analyzed by the
OXY-adsorbent test (Diacron Srl, Grosseto, Italy) following the manufacturer’s guidelines.
The absorbance was measured at 546 nm (V630, UV-Vis, Jasco GmBH, Pfungstadt, Ger-
many). The OXY-adsorbent test indicates the ability of serum to neutralize free radicals, and
the results were calculated as pmol HCIO/mL which represents the equivalent capacity to
neutralize a specific oxidant (hypochlorous acid) using a standard curve.

2.9. Statistical Analysis

The statistical analysis was performed using GraphPad (Version 9.0). An individual
pig was used as the experimental unit for the evaluation of body weight and ADG and
serum and microbiological parameters, while pen was considered as the experimental
unit for ADFI and FCR. Data were preliminarily tested for normal distribution using the
Shapiro-Wilk test. A mixed model including the effect of time (considered as fixed factor),
treatment, and their interaction (treatment x time) was used to analyze the results. Post hoc
comparisons were then performed using Tukey’s test. To evaluate the incidence of diarrhea,
data were transformed into a dichotomous variable for each category (presence/absence of
diarrhea; presence/absence of moderate diarrhea; presence/absence of severe diarrhea)
and therefore the chi-squared test was used to consider the effect of the diet. The covariate
matrix of the fecal mineral content and of the data related to serum oxidative status
and antioxidant barrier was used for the MIXED procedure of SAS software (Version
29.01.0) to correct for the initial variability. The treatment effect was also evaluated to
highlight differences between groups at day 28. Differences between means or medians
were considered statistically different when p < 0.05.

3. Results
3.1. Characterization of Chestnut Biochar Using Chemical and Electron Microscopy

Analysis of the biochar showed a DM content of 59.83 £ 0.94% (Table 2). The ash
content was evaluated using ICP-MS. The results highlighted a variety of profiles of
both macro- and microminerals, including important nutrients (such as Mg, K, and Ca)
as well as traces of contaminants such as heavy metals. The biochar pH was alkaline
(pH = 8.25 £ 0.32).
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Table 2. Nutrient and mineral content of biochar. The results are expressed as mean =+ standard
deviation (n = 3).

Nutrient Composition (as Fed Basis)

Analyte Content (%)
Dry Matter 59.8 £ 0.94
Ash 45+ 0.02
Crude Fiber 49.1 +0.53
Crude Protein 1.0 £ 0.21
Ether Extract ND
Mineral Composition (as Fed Basis)
Content Content . Content
Mineral _ Mineral _ Mineral _
(gkg™h) (mg kg™") (mg kg ™)
Na 0.1 +0.01 Cr 2.2 +0.53 7n ND
Mg 1.7+ 0.16 Mn 257.3 £+ 26.77 As 0.9+ 0.13
Al 0.4 £+ 0.08 Fe 14 4+0.24 Se 0.02 £ 0.01
P 0.5+ 0.11 Co 0.6 +£0.12 Mo ND
K 3.6 +£0.24 Ni 74+ 048 Cd 0.1 +0.02
Ca 2.0+ 0.25 Cu 11.6 £+ 3.59 Pb 2.7 +£0.38

ND = not detectable.

Scanning electron microscopy (SEM) is commonly used to assess the physical mor-
phology of solid substances. SEM micrographs revealed that this biochar showed porosity
due to the original tubular structures in the plant cell materials (Figure 1). The biochar
samples presented only large fragments of plant material, not less than 100 um for their
minor axis, which were mainly formed of wood samples (Figure 1A). High magnification
showed xylem vessels and fibers and large surfaces as the samples were large in dimension
and essentially formed by empty tubes (Figure 1C arrows). Vessels showed larger pits at the
ray/vessel junction or smaller pits along the vessel longitudinal wall (Figure 1B arrow and
arrowhead, respectively). Radial parenchyma appeared to be formed by well-preserved
cells (Figure 1, asterisk). The cytological characters were consistent with those of Castanea
sativa wood, in particular the presence and distribution of pits and simple perforation in
the tracheids (Figure 1A,B). Fragments of different wood types were very occasionally ob-
served, which belonged to gymnosperm plants. In fact, fiber tracheids with a homogeneous
diameter (Figure SIC-F) and areolate pits in longitudinal cell walls were observed (Figure
S1D,F arrows). Vessels presented different pits in the ray—vessel intersections: pits were
taxodioid as in Picea (Figure S1F; arrowhead) or large cupressoids (Figure S1D; arrowhead).
In the vessels with cupressoid pits, spiral thickening of the cell walls was also observed,
which suggested that the fragment belonged to the genus Taxus (Figure S1C,D).

3.2. Growth Performance

The feed intake in the pens and individual body weight showed a consistent increase
throughout the trial in both groups. Both groups exhibited similar BWs at different sam-
pling time points and comparable ADG throughout the entire trial period. Additionally, no
statistically significant differences were observed for ADFI or FCR during the 28 days of
the trial (Table 3).

3.3. Diarrhea Frequency and Fecal Consistency

The treatment group showed a significantly lower frequency of diarrhea on day 28
(p = 0.009) despite no differences being observed at the previous time points (Figure 2a).
However, the fecal dry matter content in the treatment group was significantly higher than
in the control group on day 28 (p = 0.0114) (Figure 2b).
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Figure 1. Morphological analysis of the biochar used in this experiment. (A) Low magnification
(Magnification bar 200 um); (B) High magnification showing exhibit larger pits at the ray-vessel
junctions (arrow) and smaller pits along the longitudinal vessel walls (arrowhead) (Magnification bar
20 um); (C) High magnification showing the empty tubular structure of xylem vessels (arrow) and
radial parenchyma cells (asterisk) (Magnification bar 10 um).
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Table 3. Growth performance of weaned pigs in control group (CTRL) and treatment group (TRT)
during the 28 days of the trial. The results are expressed as mean =+ standard deviation.

Period Group p-Values
CTRL TRT Time Treatment Lreatment
X Time
<0.001 0.837 0.967

B do 94 +1.24 95+ 131
< d7 1154+161  11.6+1.84
§ d14 1424221  141+256

d21 1814290 181+ 3.54

d2s 20+38 2214459
= <0.001 0.732 0.4192
(o]
B d0-d7  292.9 4 24.88 304.8 + 35.68
20 d7-d14 3839 44373 354.6 + 32.29
2 d14-d21 5642 43240 575.3 + 54.46
= d21-d28 5534 + 63.73 575.7 4 55.42
= <0.001 0.435 0.652
1;0 do-d7 4404 4+ 1586 416.8 & 38.05
= d7-d14  558.9 4+ 39.88 527.3 + 70.93
2 d14-d21  655.7 +27.73 656.2 & 40.36
< d21-d28  881.1 4+ 48.06 893.7 & 92.20

<0.001 0.522 0.217

d0-d7 1.5 £0.10 1.4 +£0.13
d7-d14 1.5+ 0.13 1.5+£0.24
d14-d21 1.2+ 0.11 1.1£0.10
d21-d28 1.6 £0.21 1.6 £0.15

BW: body weight; ADG: average daily gain; ADFI: average daily feed intake; FCR: feed conversion.

FCR
g feed/g gain

a b

Gl E B CTRL
8 50_' 30 - B TRT
= ] e
= %k
8 40 —_—
-~ : . 20
S8 a0 g
5 20 2
qg)_ 1 10
i 10-_

0- 0=, T

0 14 28 0 28
Day Day

Figure 2. Frequency of diarrhea between the control group (CTRL) and treatment group (TRT) on
days 0, 14, and 28 (a). DM (%) between the CTRL and TRT groups on days 0 and 28 (b). The data of
% DM are shown as the mean and standard deviation. Asterisks with different superscripts indicate
significantly different means; ** p < 0.015.

3.4. Microbiological Analysis of Fecal Samples

The total bacterial count did not significantly differ from the total bacterial count
throughout the study. On day 14 (d14), although the interaction effect showed only a
tendency toward significance (p = 0.079), the number of coliforms in the TRT group was
significantly lower than in the CTRL group after the post hoc comparisons (p = 0.030). The
number of LAB was significantly higher than in the CTRL group at day 14 (p = 0.0366)
(Table 4). The increased number of LAB on day 14 and the decrease in coliform bacteria
were reflected in the LAB/ Enterobacteriaceae ratio which was higher than 2.
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Table 4. Fecal bacterial count of total, lactic acid, and coliform bacteria on days 0, 14, and 28 of the
trial periods in control group (CTRL) and treatment group (TRT). Data are expressed as log CFU/g
feces + standard deviation; > Different lowercase letters indicate statistically significant differences
between groups (p < 0.05).

Period Group p-Value
CTRL TRT Time Treatment . L€ X
Treatment

_ 0.132 0.779 0.449
E 5 d0  55+087 57+0.85
= _§ d14 55+068 534081
d28 59+038 574033

T <0.0001  0.206 0.019
§ 5 do 62+061 594073
S dl4 5440812 6.0+047b
3~ d28 504051 454048

£ 0.003 0.055 0.079
ke 5 do 26+138 344141
G _§ d14 40+0722 3.04+080P
© d28 454070 40+074

s e 0.0003 0.068 0.035
SEEE do 1954059 1894064
2 § S dl4 1404033 2274123

—l

3.5. Nutrient Digestibility and Fecal Mineral Content

The digestibility of organic matter (OM) demonstrated an overall increase at day 28 in
both experimental groups (Table 5, p = 0.03). It is worth noting that there was an increase in
CP digestibility during the trial in the TRT group compared to the CTRL group (p = 0.005).
In addition, the mineral content in feces at day 28 (d28) was evaluated, which showed that
the mineral excretion did not change significantly between the two experimental groups,
following supplementation with biochar (Table 6).

Table 5. Digestibility parameters of the diet during the trial. The data are expressed as mean +
standard deviation; P Different lowercase letters indicate statistically significant differences among
control group (CTRL) and treatment group (TRT) (p < 0.05).

Period Diet (%) p-Value
CTRL TRT Time Treatment Lcatment
X Time

=) 0.03 0.88 0.90
=
g a do 664+ 036 665+ 037

8 d28 726 +9.65 734+ 312

S <0.001 0.004 0.005
5 @ do 7254067  72.54 0.58

8 d28 75042052 7954+ 1.74P

=) 0.02 0.94 0.15
o @ do 718 +0.85 704+ 227

8 d28 7274177 740+ 2.44

DM: dry matter; OM: organic matter; CP: crude protein; EE: ether extract.
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Table 6. Mineral content, in dry matter, in feces on d28 between control group (CTRL) and treatment
group (TRT). The data are covariate for day 0 and expressed as mean =+ standard deviation.

Mineral Content

(in Dry Matter) CTRL TRT p-Value
Na (gkg™!) 1.3 4091 22+0.73 0.546
Mg (g kg™ 8.2 +0.99 8.9 +0.34 0.407
Al (gkg™) 0.9 & 0.04 1.0 £0.06 0.442

P(gkg™) 10.1 £0.79 10.2 £ 0.81 0.909

K (gkg™) 8.2 +0.99 8.9 +0.34 0.407

Ca(gkg™) 1.94+0.22 1.6 +0.19 0.219
Cr (mg kg™ 12.5 + 0.92 15.2 + 0.701 0.187
Mn (mg kg~!) 566.0 + 59.08 664.8 +29.23 0.304
Fe (mg kg™ ') 1.9 +0.25 24 +0.27 0.098
Co (mgkg™) 0.9 +0.27 1.4 4048 0.543
Ni (mg kg™!) 6.6 & 0.96 724071 0.444
Cu (mgkg™1) 637.7 & 62.07 640.1 + 44.67 0.982
Zn (mg kg~1) 833.9 +20.48 770.1 + 22.02 0.362
As (mg kg™ 0.7 £0.14 0.4 +0.08 0.122
Se (mg kg1 0.7 £ 0.06 1.3 +0.06 0.236
Mo (mg kg~1) 49 +0.76 6.0 &+ 0.35 0.054
Cd (mgkg™1) 0.3 +0.14 0.4 +0.08 0.242
Pb (mg kg™!) 1.6 +0.39 1.0 +0.82 0.334

3.6. Serum Oxidative Status and Antioxidant Barrier

The treated group presented a significantly lower level of d-ROMs in serum at the
end of the trial (d28) compared with the CTRL group (293.44 £ 59.28 and 553.98 + 61.59
UCARR, respectively) (Figure 3a). In contrast, the OXY-adsorbent test showed no sta-
tistically significant differences between the groups at day 28 (d28) (346.91 + 18.14 and
336.98 £ 15.74 umol HCIO/mL for the CTRL and TRT groups, respectively) (Figure 3b).

2 ik b == CTRL
600- _— 400- B TRT
T 3004
. 400 §
% — g 200
) <)
200+ £
= 100
0- 0-

Figure 3. Comparison of the serum oxidative status (a) and antioxidant barrier (b) on day 28 (d28)
between the control group (CTRL) and treatment group (TRT). The data are shown as the mean
and standard deviation. Asterisks with different superscripts indicate significantly different means;
***p <0.001.

4. Discussion

Biochar has been used in a variety of applications and has gained attention as an
innovative and versatile material [22]. This growing interest can be attributed to its align-
ment with key global priorities, such as the promotion of renewable energy, sustainable
agricultural practices, and the circular economy [23,24]. Biochar is a byproduct of pyroly-
sis, which not only produces biochar but also generates renewable energy in the form of
bio-oil and syngas. By exploiting agricultural and forestry residues, biochar contributes to
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waste reduction and resource efficiency, making it an ideal candidate for integration within
sustainable production systems [25].

In animal nutrition, biochar has been included in the register of EU feed materials since
2024, and its potential remains largely underexplored, particularly in terms of its functional
properties. This gap in research provides a significant opportunity to better understand
and leverage its benefits in improving animal performance and health. In the present
study, the potential of chestnut-derived biochar as a feed ingredient for weaned piglets
was assessed. The evaluation focused on the weaning phase, which is recognized as the
most critical period in swine production when piglets are exposed to numerous stressors,
including dietary changes, separation from the sow, and environmental challenges. These
factors often increase susceptibility to enteric disorders, which has been well-documented
during this phase [26]. Additionally, the weaning period is characterized by a very high
use of antibiotics, which are used to mitigate these health challenges. By investigating the
application of chestnut biochar during this vulnerable period, the aim was to evaluate its
potential to support piglet health and performance.

Given the recognized heterogeneity of commercially available biochars due to the
variations in feedstock types, pyrolysis conditions, and processing methods [13], a detailed
chemical and morphological characterization was initially carried out, which focused on its
use in the diet of weaned piglets.

The composition of principal nutrients, determined according to official methods, re-
vealed a moisture content of approximately 41%. This characteristic, which is related to the
high hygroscopicity of the biochar, reduces the risk of heating and spontaneous combustion
during storage, transport, and the mixing processes involved in feed production [27]. The
high crude fiber value (49.09 & 0.53% as fed) indicates that a substantial portion of the
chestnut wood composition of biochar is derived from lignocellulosic material. This is
unsurprising since biochar is typically made from plant materials that are rich in cellu-
lose, hemicellulose, and lignin. This high fiber content may contribute to the biochar’s
porous structure and surface area, which are characteristic features. In addition, given
its lignocellulosic origin, the chestnut wood biochar may retain its adsorptive potential
even in vivo, which makes it a promising functional ingredient for animal feed. This high
fiber content also supports the presence of a significant amount of recalcitrant carbon,
which has been estimated to be between 19.64% and 24.54%, thus reinforcing the biochar’s
potential for long-term carbon sequestration [28]. The low content of proteins and ether
extracts (not detectable) in biochar can be explained by the carbonization process. During
pyrolysis (carbonization), the high temperatures to which the material is subjected lead
to the decomposition of volatile organic compounds such as proteins and lipids. These
compounds are converted into gases and other stable substances, while carbon remains in
the final product and thus contributes to the adsorptive properties of the biochar [29]. At
the same time the biochar showed a relatively low ash content of 4.55 &+ 0.02% on an as fed
basis, which is consistent with biochar produced from plant-based biomass. This suggests
that the biochar has a relatively high carbon content, with a small proportion of mineral
residues, such as trace elements or inorganic compounds.

Among the various nutritional components, the ash content is an important factor
to consider when formulating animal feed. Although the ash content represents a small
percentage of the total biochar (4.55 £ 0.02% as fed), it represents the mineral composition,
which is crucial for understanding its potential use in animal nutrition. Biochar is allowed as
an ingredient in animal feed without specific limitations [15]. However, some minerals need
to be carefully considered in the feed formulation, as certain elements may be contaminants
if their levels exceed the established limits [30].
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The biochar used in this study was characterized by a relatively high content of
potassium (K), calcium (Ca), and magnesium (Mg), which helps to supplement the animal
diet and meet nutritional requirements. The mineral composition of biochar is closely
linked to the nature of the original organic material (biomass), as minerals from the soil
accumulate in plant tissues and become concentrated during pyrolysis. In fact, chestnut
wood, which was used in this study, is rich in potassium, calcium, magnesium, and traces
of elements such as iron and manganese [31].

Although biochar can retain useful nutrients, there is also a risk that it may bind to
other essential nutrients, thus reducing their absorption by the animal. This phenomenon
is particularly important for minerals and vitamins, which could be adsorbed by biochar
and thus be made less available for assimilation. It is therefore critical to balance its
supplementation to prevent adverse effects on nutrient bioavailability.

While essential minerals can be beneficial, heavy metals such as arsenic, lead, and
cadmium may also be present in trace amounts [32]. However, the biochar used in this study
was in line with the relevant safety regulations, with heavy metal levels remaining below
the threshold limits established for feed ingredients [30]. This ensures that biochar not only
meets nutritional needs but also minimizes the risk of contamination. The biochar used in
this study was thus shown to have the appropriate qualitative and safety characteristics for
animal consumption, as it is authorized for use in animal feed. SEM analysis confirmed
the morphological characteristics of the biochar, providing evidence of the degradation
of organic material during pyrolysis. The presence of large fragments of plant material,
predominantly Castanea sativa wood, highlighted the biomass origin. Detailed observations
revealed well-preserved xylem vessels and fibers, along with radial parenchyma cells,
which are consistent with the structural features typical of chestnut wood. The vessels
and fibers improve the porosity (i.e., the lumen of wood elements) by providing greater
adsorption surface. The observation of traces of gymnosperm wood fragments is consistent
with the harvesting of chestnut material in the forest and suggests that SEM analyses of
biochar could be a useful method for better characterizing the commercial product.

Chestnut biomass is particularly interesting for biochar production not only because
its high lignocellulosic content ensures excellent pyrolytic efficiency but also because it
results in a highly porous residual product [33]. This porosity is closely linked to its
adsorptive potential, which could be a significant advantage in addressing the adsorption
of gastrointestinal toxins in animal feed as reported by Osman et al. [34]. Additionally,
the use of chestnut wood aligns perfectly with global sustainability requirements. In fact,
the production of biochar from chestnut wood not only mitigates the risk of uncontrolled
combustion, which would otherwise release CO; into the atmosphere, but also promotes
sustainable forest management, thereby preserving the landscape, maintaining biodiversity,
and counteracting the effects of neglect [35]. Finally, the use of chestnut wood as a biomass
for biochar production provides clear safety benefits for its application in animal feed.
These include a reduced risk of high levels of anthropogenic contaminants and agricultural
treatments for pathogen control, such as copper sulfate, which is also permitted in organic
farming [36]. It also ensures a steady supply of raw material with consistent characteristics,
thus meeting the stringent requirements of the feed industry.

In livestock the weaning phase is a crucial but challenging period, when the immune
system develops and there may be gastrointestinal disturbances. This thus makes it
an ideal context for testing the impact of biochar, as including it in the diet has been
hypothesized to improve gut health, support immune function, and potentially reduce
the need for antibiotics through its adsorptive properties [37-39]. Since the inclusion
level of supplements in animal feed can significantly influence various aspects of animal
performance, health, and product quality, the formulation of the diet needs critical attention
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as all the requirements for the physiological status of the animal need to be covered [40].
Based on previous studies where the inclusion range was from 0.5 to 2%, an inclusion
rate of 1% was therefore selected for the present study [41,42]. This is because, although
there are no legislative limits, we assumed that a larger volume takes up gastric volume
space by subtracting nutrients, which for a growing piglet is critical. However, the analysis
results of the chemical composition of the experimental diets confirmed that the inclusion
of biochar did not affect the composition, thus meeting the nutritional requirements for
weaned piglets (National Research Council, 2012), which guarantees that diet formulas
are complete and balanced [19]. Our study revealed that the addition of 1% biochar to
the diet did not affect animal growth or feed intake and thus that this dose did not affect
the palatability of the diet, with both the control and treatment groups showing similar
growth performance throughout the 28-day trial period. To better understand the effect
on growth performance, a further long-term study is needed [43]. Our results are also in
line with those of Schubert et al., who also found no effects on growth performance when
biochar was included in the diet of growing pigs. Schubert et al. investigated two different
biochars at a 2% inclusion level in compound feed and observed no significant effects
on feed intake, weight gain, or feed conversion ratio [42]. In contrast, Chu et al. found
that supplementation with 0.3% and 0.6% bamboo charcoal for 42 days led to significant
improvements in average daily gain (ADG) and feed efficiency [41].

The data showed that, over time (dO vs. d28) there was a general increase in the
digestibility of the diet and its components, which is consistent with the progressive
maturation of the digestive system in piglets [44,45]. However, at 28 days, the protein
digestibility in the treated group was significantly higher than the control group. This is
particularly interesting since proteins are a key nutritional factor in the formulation of the
diet for weaned piglets, and in fact the protein content can influence their growth and
health status. Our finding that chestnut-derived biochar improves protein digestibility
also needs highlighting because, in recent years, there has been a growing trend in the
swine industry to reduce dietary protein levels, driven by the need for more sustainable
feeding strategies [46]. These results therefore align with the industry’s efforts to optimize
protein use while potentially minimizing the environmental impact and reducing the risk
of gut disorders associated with high-protein diets. In terms of the environmental impact
of animal production, our study showed that the introduction of biochar into the diet does
not lead to significant alterations in excreted mineral levels in feces. This highlights how
the supplementation of 1% biochar in the feed did not influence the overall composition of
minerals in the diet. In fact, while reducing mineral supplementation can decrease fecal
excretion, it is crucial to balance this with the nutritional needs of pigs in order to ensure
optimal growth and health [47]. The choice of mineral form, and consequently effective
dietary strategies, is crucial to optimize mineral absorption and reduce the unnecessary
excretion of minerals such as copper, zing, iron, and manganese which are a significant
concern in terms of the environmental impact, particularly when pig manure is used as a
fertilizer [48,49]. However, the best protein digestibility was not directly associated with
the weight gain. In fact, weight gain is a cumulative process that may take time to show
changes in digestibility. The study was conducted over a short period (28 days) and may
not capture the long-term benefits of improved nitrogen use.

In the treatment group, a statistically significant reduction in the frequency of diarrhea
and a better fecal consistency (TRT showed +11.7% of fecal dry matter) were observed on
day 28. This aspect is crucial, as diarrhea is a primary concern in swine farming and the
leading cause of both morbidity and antibiotic use in piglets [50]. Reducing antibiotic use
in livestock is crucial not only to minimize costs but also to tackle the issue of antibiotic
resistance [51,52]. These findings may be linked to the adsorptive capacity of biochar,
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which can bind to harmful substances and toxins, thus improving gut health. Although
studies on the supplementation of biochar in animal feed aimed at reducing diarrhea in
swine are very limited, the findings obtained are consistent with those of Schubert et al.
These authors observed increases in fecal dry matter of 9.31% and 13.1%, respectively, in
groups with 2% inclusion of two different biochars in the diet, compared to the control
group [42]. The results obtained show that biochar can be considered as an interesting
alternative to antibiotics, and therefore its use in animal husbandry could be of great
interest in the fight against antibiotic resistance. From an economic point of view, which is
crucial for its practical applicability, the cost of feed grade raw material included in the 1%
formulation, ranging from 600 to 900 €/ton, does not significantly affect the formula cost of
the finished feed.

The ability of biochar to modulate the gut microbial population is also supported
by the microbiological analysis of feces. Specifically, a tendency towards reduction in
coliform counts was observed on day 14, alongside a notable increase in lactic acid bacteria
(LAB) counts, which resulted in a LAB/coliform ratio exceeding 1.5. Although microbiota
analysis could provide a more comprehensive understanding, the LAB/coliform ratio
is a practical parameter that reflects the balance between classical bacterial categories
which are commonly recognized as beneficial microorganisms and a group that can harbor
potentially harmful bacteria. A ratio higher than 1.5 suggests a predominance of LAB,
which are known to contribute to gut health by enhancing nutrient absorption, boosting the
immune response, and inhibiting the growth of pathogenic microorganisms [53,54]. The
reduction in coliforms may also include pathogenic Escherichia coli strains, which are the
primary etiological agents of post-weaning diarrhea in piglets, against which biochar has
demonstrated a selective immobilization ability [55,56]. In our study, the ratios of beneficial
microorganisms (LAB) to potentially pathogenic microorganisms (coliforms) showed a
higher presence of LAB in the treated group, thus suggesting a significant impact on the
microbial ecosystem.

The improvement in the serum oxidative status correlated to the significant reduction
in free radical levels in the treated group was one of the positive effects found in this
study of the inclusion of biochar within the feed. This aspect is crucial in animal welfare
and health. In fact, the presence of free radicals, besides being an indication of oxidative
stress, could be considered as an early marker of inflammation since their level increases
before those of the C-reactive protein [57-59]. The level of free radicals is strictly related to
animal species and age [60]. In finished pigs the physiological value of ROMs is around
500 UCARR. However, during the post-weaning period, this value is lower and comparable
to those reported for humans where values lower than 300 UCARR are correlated to a
healthy condition, values between 300-320 are indicative of oxidative stress, and levels
higher than 320 are indicative of slight oxidative stress [61].

In terms of the post-weaning phase, our study revealed a physiological level of free
radicals for the treated group, while the control group showed values slightly suggestive of
oxidative stress. It is therefore possible to conclude that the inclusion of the biochar could
significantly limit the effects of free radicals, probably due to the scavenging activity. These
results have also been confirmed in several in vitro studies which highlight the antioxidant
activity of biochar [62,63].

It is also conceivable that biochar reduces ROS levels by modulating the gut micro-
biome, absorbing toxins/heavy metals, or through anti-inflammatory activity. In terms
of the anti-inflammatory pathways, it is known that the interaction between microbiota
and oxidative pathways is very complex [64]. Enterobacteriaceae are often associated with
dysbiosis, inflammation, and increased oxidative stress [65]. Pathogenic bacteria such as Es-
cherichia coli and Helicobacter pylori can produce ROS and exacerbate oxidative stress [66,67].
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On the other hand, a healthy gut microbiota plays a pivotal role in defense against oxidative
stress [68].

5. Conclusions

This study evaluated the inclusion of chestnut-derived biochar, which was shown to be
an excellent biomass for biochar production for animal feed, due to its safety characteristics
and reliable supply. In weaned piglets, a significant improvement was shown in protein
digestibility, together with a reduction in the frequency of diarrhea, and a modulation of the
gut bacteria, characterized by a registered decrease in coliform counts and an increase in
lactic acid bacteria. Additionally, the treatment was associated with a reduction in d-ROMs,
which suggests a positive impact on oxidative stress. These findings indicate that chestnut
biochar could be considered as a valuable cost-effective dietary ingredient for improving
gut health and for reducing the occurrence of diarrhea. This could thus also contribute
to reducing the need for antibiotics in weaned piglets, with potential environmental and
sustainability benefits.
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