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Abstract 

Carrier-assisted delivery is a key step for the successful targeted oral delivery of bioactive molecules in functional diets 
in livestock. The aim is to protect the biomolecule during gastric transit, and ensure its efficient release in the intestine. 
Biochar is the by-product of the thermochemical conversion of residual biomass in an oxygen-limited environment 
and has suitable physico-chemical and morphological properties to be a carrier. Two types of biochar were tested 
as carriers of egg white lysozyme (LY), selected as a representative of bioactive molecules both in terms of molecular 
size (MW 14.3 kDa) and antibacterial activity, for application in weaned pig feed. One biochar was derived from chest-
nut shells (CB) and the other from vine pruning (VB). An efficient and environmentally-friendly procedure for LY 
adsorption was developed, based on a solid/liquid process in mild conditions. The effects of the operating condi-
tions, such as initial LY content, reaction time, and pH were also studied. The optimal conditions were found to be 
a maximum LY loading of 21–23 mgLY gCarrier

−1. Both pristine and hybrid materials were extensively characterized 
by combining morphological and physico-chemical techniques to obtain information on LY allocation and interac-
tions with the carriers. Preliminary experiments on lysozyme release were performed at pH = 3 and pH = 7, simulat-
ing the pH conditions of the stomach and intestine of the weaned pigs, respectively. The results showed a higher 
releasing capacity when the pH was increased from 3 to 7. Specifically, the release showed a slight increase from 0.8% 
to 1.2% as the pH shifted from 3 to 7 for CB, and from 1.5% to 2.3% for VB. These results confirmed that biochar can 
protect LY from the low pH, during the gastric transit, and that LY could be released in the gut. These two benefits are 
likely related to the homogeneous distribution of LY molecules at the carrier surface, which is facilitated by the inter-
action of charges of opposite signs.

Highlights 

•	 A simple methodology to adsorb lysozyme on biochar for feed application is proposed.
•	 The interaction between lysozyme and biochar is detailed.
•	 Higher lysozyme release at pH = 7 with our biochar-based carrier is observed.
•	 Targeted delivery in the intestinal environment is promoted by lysozyme release at pH = 7.
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Graphical Abstract

1  Introduction
Antimicrobial resistance (AMR) is a natural biological 
process that allows certain micro-organisms to survive 
or grow in the presence of an antibacterial agent and can 
be accelerated by the misuse and overuse of antibiotics 
(Prestinaci et al. 2015; Albernaz-Gonçalves et al. 2022).

AMR is a key threat to the future development of 
global public health (according to the World Health 
Organization, Centers for Disease Control and the 
European Centre for Disease Prevention and Control 
2025). In addition to its significant impact on health-
care systems, and beyond its direct implications for 
animal, human and environmental health, (Castañeda-
Barba et  al. 2024) AMR poses a significant challenge 
to economic progress. Combatting AMR entails using 
antibiotics only if strictly necessary and replacing them 
where possible (World Health Organization 2019).

In this regard, nutrition plays a pivotal role in host 
health, directly impacting gut health, which is strongly 
interconnected with the immune system and pathol-
ogy development (Dell’Anno et  al. 2023). Functional 
nutritional strategies represent a new frontier in diet 
formulation, supplementing bioactive compounds from 
various sources that positively influence both local 
gut and systemic health through multiple effects, such 

as antimicrobial, antioxidant, and anti-inflammatory 
activities (Kasapidou et  al. 2015; Mahfuz et  al. 2021). 
In the livestock system, significant steps have been 
taken to reduce the need for antimicrobials in food-
producing animals, resulting in a substantial decrease 
in antibiotic use in Europe (Robinson et al. 2017; World 
Health Organization 2019) and around the world (Hu 
and Cowling 2020; Leistikow et  al. 2022). However, 
the sustainability of the livestock sector should still be 
addressed through a holistic approach, including pre-
cision nutrition to enhance animal health and welfare, 
thereby reducing the occurrence of pathologies (Ram-
irez et al. 2019).

The weaning period is a critical phase in swine farm-
ing, since animals are exposed to different stressors that 
increase the risk of developing multifactorial diseases 
(Rossi et  al. 2023). These conditions significantly impair 
piglets’ health, often leading veterinarians to resort to 
antibiotic treatments to mitigate their detrimental effects 
on young animals (Ortiz Sanjuán et al. 2024). In the field 
of alternatives to antibiotics, which includes various mol-
ecules or strategies that can reduce the use of antibiotics 
through different mechanisms, lysozyme (LY) emerges 
as a promising option. This is a glycosidase enzyme able 
to kill or stop Gram-positive bacteria growth, making it 
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an interesting feed additive alternative to antibiotics (Wu 
et al. 2019; Kummer et al. 2023).

In fact, LY cleaves the glycosidic bond between 
N-acetylmuramic acid and N- acetylglucosamine resi-
dues of peptidoglycan, and lyses the Gram-positive 
bacteria barrier, thus hampering infection (Masschalck 
et al. 2001; Cromwell 2002; Ibrahim et al. 2002; Wu et al. 
2019). LY is also known for its antiviral, antitumoral, and 
immune modulatory activities (Oliver and Wells 2015; 
Zou et  al. 2019). Due to the antimicrobial properties 
reported above, LY is used mainly in pharmaceutical and 
food production applications (Dragoni et al. 2011; Silvetti 
et  al. 2017). Recently, it has been studied as an additive 
for livestock feed as an alternative to the administration 
of antibiotics thanks to its antimicrobial properties (Oli-
ver and Wells 2015; Ferraboschi et al. 2021).

The advantages of using LY as a feed additive in swine 
farming have been reported by several studies where LY 
is added to the weaned pig’s diet in a concentration of 
100–120 mg/kg. (Oliver and Wells 2015; Zou et al. 2019; 
Ferraboschi et al. 2021). Using functional additives in pig 
nutrition could reduce the occurrence of pathologies, 
thereby decreasing the need for antibiotic treatments and 
contributing to animal health in line with One Health 
principles (Liu et al. 2018b; Dell’Anno et al. 2020). Given 
that pigs share characteristics with humans in terms of 
anatomy, physiology, intestine dimensions, and micro-
biota composition, the results of studies on pigs could be 
potentially translated to human medicine and nutrition 
(Lunney et al. 2021).

A key challenge when administering LY orally is to pre-
vent gastric degradation due to the combined actions of 
low stomach pH and the effect of hydrolases. Biochar is 
one of the possible innovative protective carriers, and it 
is the by-product of the thermochemical conversion of 
residual biomass in an oxygen-limited environment.

Biomass pyrolysis involves the thermal breakdown of 
the organic matrix of biomass in an oxygen-free envi-
ronment, producing non-condensable gases, bio-oil, and 
biochar. Slow pyrolysis, also known as carbonization, is 
used to produce biochar and requires long residence 
times (several hours) and temperatures ranging from 300 
to 700 °C (Kan et al. 2016).

The gasification process not only generates gas, but also 
produces tars (liquid) and biochar (solid) through the 
reaction of biomass with gasification agents such as air, 
steam, or oxygen, inside a gasifier at temperatures from 
500 to 1200 °C, as reported in the supplementary mate-
rial (Section S1).

Biochar is mainly made up of carbon, as well as hydro-
gen, oxygen, ash, and trace amounts of nitrogen. Depend-
ing on the process used, biochar can be characterized 
by a large surface area (SA), a porous structure, surface 

functional groups, and a high mineral content (Cha et al. 
2016; Kalus et  al. 2019; Yu et  al. 2022). Biochar can be 
applied in different fields (Sakhiya et  al. 2020), such as 
agriculture and the removal of pollutants (Jeffery et  al. 
2011; Jones et al. 2016; Li et al. 2019; Guo et al. 2020).

The benefits of using biochar to improve animal health 
have been known for several decades, however it has only 
recently been proposed as a feed ingredient for animal 
diets (Schmidt et  al. 2019). Biochar’s adsorption capa-
bility may be a natural way of preventing the harmful or 
fatal effects of orally ingested toxins, pesticides, and her-
bicides, such as glyphosate, or bacteriological pathogens 
(Gerlach 2014; Safaei Khorram et  al. 2016; Cederlund 
et al. 2017; Mandal et al. 2017; Schmidt et al. 2019).

Supplementing biochar in animal feed can increase 
feed intake and weight gain, thereby strengthening the 
immune system, improving meat quality, and reduc-
ing the veterinary costs (Chen et al. 2019; Schmidt et al. 
2019). The strong adsorption capacity of biochar can also 
reduce the environmentally harmful loss of ammonia 
through volatilization or leaching of nitrate, thus poten-
tially reducing greenhouse gas emissions, such as nitrous 
oxide and methane derived from animal dejection (Jef-
fery et al. 2011; Chu et al. 2013a, 2013b; Kammann et al. 
2017; Liu et  al. 2018a; Borchard et  al. 2019; Sha et  al. 
2019).

Unlike direct biomass firing, the co-production of 
energy and biochar in these processes also enables car-
bon sequestration (Brown 2021), as reported in the sup-
plementary material (Section S2).

Moreover, biomass gasification is potentially a greener 
alternative to conventional biomass disposal, thus result-
ing in significant environmental benefits. For example, 
in Italy, where our study was carried out, the residual 
biomass from peeling chestnuts produces about 5300 
tonnes of shells per year which are usually burned to be 
applied  as fuel in facilities (Squillaci et  al. 2018). Vine 
pruning produces a large amount of biomass residues, 
and in Italy more than 700,000 hectares are covered by 
vineyards (Picchi et al. 2013), with dry biomass produc-
tion ranging between 1.0 and 2.5 tons per hectare (Zam-
bon et al. 2018).

The use of such biomass for energy production via gasi-
fication, and reuse of the biochar produced, could play 
an important role in both the green transition and envi-
ronmental protection in accordance with Italian research 
programs (PNR) 2021-272 and Horizon Europe (www.​
mur.​gov.​it, www.​resea​rch-​and-​innov​ation.​ec.​europa.​
eu). In particular, chestnut shell biochar (CB), produced 
at Bio Energy Efficiency Laboratory, BEELab (Univer-
sità degli studi di Modena e Reggio Emilia, UNIMORE), 
has been demonstrated as a viable carrier for LY due 
to its antimicrobial and antioxidant properties in feed 

http://www.mur.gov.it
http://www.mur.gov.it
http://www.research-and-innovation.ec.europa.eu
http://www.research-and-innovation.ec.europa.eu
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application (Reggi et  al. 2025). Moreover, a comparison 
with a commercial vine pruning biochar (VB) (Romagna 
Carbone, Bagnacavallo, Italy), available in larger amount 
and considered as a benchmark, was also made.

The aim of this study was thus to assess the potential 
of using biochar, produced under controlled conditions, 
as a carrier for the protection and delivery of lysozyme 
under different pH conditions (pH = 3 and pH = 7), simu-
lating the pH conditions of the stomach and intestine of 
the weaned pigs, respectively. We developed a model to 
enable the progress of targeted delivery systems for bio-
active compounds, with a specific focus on implementing 
nutritional applications.

The novelty of this study lies in the use of biochar as a 
potential carrier of bioactive molecules, administered as 
a functional additive in animal feed, which is a relatively 
unexplored application for biochar. Indeed, although bio-
char has been reported as a feed additive, it has not been 
systematically studied as an oral carrier for protein-like 
bioactive molecules, such as LY.

2 � Experimental
2.1 � Materials
Lysozyme—99.9% pure powder of commercial 
chicken  egg-white lysozyme, (LY) (CAS RN 12650-
88-3, supplied by Sigma Aldrich, St. Louis, MO, USA) 
was used. LY is a compact complex ellipsoid-like mol-
ecule with dimensions of 4.5 × 3.0 × 3.0  nm (Cegiel-
ska-Radziejewska et  al. 2008) whose molecular weight 
(MW) is 14.4  kDa. Lysozyme has an isoelectric point 
(IP) of + 11.35, and it remains positively charged below 
the pKa, due to the presence of 17 positively charged (6 
lysines and 11 arginines) and nine negatively charged res-
idues (7 aspartates and 2 glutamates) (Cegielska-Radzie-
jewska et al. 2008; Wu et al. 2019).

For the carrier production, two types of biochar (B) 
were used:

–	 Commercial vine pruning biochar (VB) purchased 
from Romagna Carbone (Bagnacavallo, Italy). The 
VB carrier was produced by slow pyrolysis of the vine 
pruning waste in a temperature range from 450° to 
500 °C. The process applies a proprietary batch pyrol-
ysis procedure; therefore, no other details are avail-
able.

–	 Chestnut shell biochar (CB) was produced through 
gasification at temperatures of 600-800  °C. Chest-
nut shells, procured from Az. Agr. Agriappennino di 
Sepe Marco (Cecciola, Reggio Emilia, Italy), were pel-
letized (Fig. 1a,b) and used as fuel in the “Femto Gas-
ifier,” a laboratory-scale fixed-bed downdraft gasifier 
(schematic in Fig. 1c).

These two types of biochar (CB and VB) were tested as 
potential feed ingredients for weaned pigs (Reggi et  al. 
2024, 2025). Both biochars contain bioactive compounds 
with antioxidant and antimicrobial properties, which can 
inhibit the growth of pathogenic bacteria, such as E. coli 
(F4 + and F8 +), while promoting the growth of benefi-
cial probiotic strains, including Lactiplantibacillus plan-
tarum and Limosilactobacillus reuteri.

Pure HNO3, NaOH (both supplied by Aldrich, 98% 
pure), and demineralized water were also used.

2.2 � Methods
2.2.1 � Lysozyme‑biochar hybrid material preparation
Vine pruning and chestnut shell biochar-supported 
lysozyme samples, LY-VB and LY-CB respectively, were 
prepared by a solid/liquid adsorption procedure (Fig. 2). 
The effects of the operating parameters, such as LY con-
centration, pH and reaction time, as well as the biochar 

Fig. 1  a chestnuts shells, (b) pelletized chestnut shells, (c) schematic representation of the downdraft gasifier used for CB production
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characteristics (nature and morphology) were consid-
ered. In a typical experiment, fixed amounts of LY (in 
the range 0.25–1.5 mg mL−1) were dissolved in 50 mL of 
demineralized water, at room temperature (RT) under 
magnetic stirring (500  rpm); the dissolution took a few 
minutes. The initial constant solution pH in the range 
4.5–4.7 was measured for all the LY concentrations. Sub-
sequently, 2.0  g of bare biochar were added to the LY 
solution, and the obtained suspension was magnetically 
stirred at 500 rpm and RT for a fixed time (10–90 min). 
The pH of the suspension was monitored, but not cor-
rected, throughout the experiment (glass electrode and 
pH-meter, Mettler Toledo Italia). Subsequently, the sol-
ids were separated by filtration under vacuum, using 
Durapore® polyvinylidene fluoride (PVDF) filter disks 
with a thickness of 125  μm and pore size of 0.22  μm 
which were purchased from Merck Millipore (Burling-
ton, MA, USA).

No pH correction was performed during the contact-
ing experiments, during which both types of biochar 
stabilized at pH = 8.8–9. In these pH conditions, LY is 
always reported as being positively charged (Cegielska-
Radziejewska et al. 2008; Wu et al. 2019).

We also studied the mechanical mixture of biochar and 
LY, which was obtained by mixing pristine carriers and 
pristine LY as powder in a mortar, with 1  g of biochar 
mixed with 21  mg and 23  mg of LY. Thus, The LY-VB-
MM and LY-CB-MM samples were prepared via simple 
mechanical mixing of their constituent components.

2.2.2 � Liquid analysis
Chemical oxygen demand (COD) analysis was performed 
on the initial solutions and the liquids after uptake 
experiments. The measurement was conducted with a 
HANNA HI830 spectrophotometer in compliance with 

the EPA Method 410.4 (O’Dell 1996) and Standard Meth-
ods 5220 D.

The amount of captured LY was determined according 
to Eq. (1):

where: “LY capt” is the amount of captured LY, “LY ini” 
is the amount of LY in the initial solution, and “LY res” is 
the residual LY in solution after the uptake reaction.

To check that there was no interference due to resi-
dues of the thermochemical conversion, selected sam-
ples of VB—i.e. the biochar obtained with the pyrolysis 
procedure at a temperature of 450–500 °C—were washed 
with demineralized water (50 mL) for durations between 
10–300  min, at room temperature, while mixing at 
500  rpm. After the suspension had been separated, the 
liquid was investigated via a COD analysis.

Negligible amounts of organic matter ranging from 
0.02% to 0.05% (w/w) (Table  S1), were released by the 
biochar, even after washing for 300 min. Accordingly, the 
following LY adsorption was performed without washing 
the biochar.

2.2.3 � Characterization of solids
All the solids were analyzed by different physico-chemi-
cal analyses.

–	 Particle size was determined by Laser Granulometry 
(CILAS 1180) according to (Klank et al. 2009).

–	 Morphological analyses were performed by BET 
analysis (in N2 atmosphere and bath temperature of 
77.35 K), while the macroporosity was determined by 
Hg intrusion using an Autopore V9600 (Micromerit-

(1)
LYcapt

(

mgLY/gCarrier
)

= LYini
(

mgLY/gCarrier
)

−LYres
(

mgLY/gCarrier
)

Fig. 2  Biochar-supported lysozyme preparation procedure
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ics Instrument Corporation). The micropore volume 
and the external or non-microporous surface were 
analyzed by the t-method. Before the analysis, sam-
ples were degassed overnight at 120 °C, (heating rate 
from 25 °C to 60 °C, 1 °C min−1).

–	 Elemental analysis (EA) was performed with Costech 
ECS mod.4010 which detects carbon, nitrogen, 
hydrogen, and sulfur.

–	 Zero point charge (ZPC) was determined by a Zeta-
sizer Nano ZS (Malvern Instruments Limited, Mal-
vern, UK). Dynamic light scattering (DLS) at 90°, 
with a non-invasive backscatter (NIBS) optics, was 
used for the measurements.

–	 X-ray powder diffraction (XRPD) patterns were col-
lected by a BRUKER D8 diffractometer, using Cu-Kα 
radiation (λ = 1.5418  Å), filtered with a graphite 
monochromator. Patterns were collected in the 2θ 
range 2–40°, scan step 0.02°, with a counting time of 
6 s step−1.

–	 Thermogravimetric analyses (TG-DTG) were per-
formed by a Perkin Elmer Q600 DTA-TG, with a 
heating rate of 5  °C  min−1, in nitrogen atmosphere, 
from 30 °C to 800 °C.

–	 Fourier transform-infrared (FT-IR) spectra of pris-
tine and modified biochar were collected in the 
MID-IR region using a Thermonicolet Nexus FT IR 
equipped with an ATR accessory (diamond window). 
Analysis parameters: 100 scans, 4  cm−1 resolution, 
DTGS detector, background air.

–	 Raman spectra were acquired by a Jobin Yvon 
Labram HR800 Raman spectrometer (HORIBA Jobin 
Yvon, Kyoto, Japan) coupled with an Olympus BX41 
microscope (Olympus Italia, Segrate, Italy) equipped 
with a 50X lens. The excitation line at 632.8  nm of 
an HeNe laser was applied. Spectra were recorded in 
a micro-Raman setup, placing the samples directly 
under the microscope lens. The laser power was set 
at 500 μW. Spectra were recorded by averaging three 
acquisitions, of 30 s each one.

–	 Scanning electron microscopy and energy disper-
sion X-ray spectroscopy (SEM–EDX) analyses were 
performed with a Zeiss EVO 50 EP (Zeiss, Jena, Ger-
many) combined with an Oxford INCA energy 2000 
spectrometer (Oxford Instruments, Abingdon, UK). 
The SEM–EDX was operated at an electron high 
tension (EHT) voltage of 15 and 20 kV, a probe cur-
rent of 120 and 300 pA, and at high vacuum (about 
10–4 Pa) conditions.

–	 Transmission electron microscopy (TEM) was per-
formed using a JEOL JEM-2100Plus TEM operating 
with an acceleration voltage of 200 kV, equipped with 
an 8-megapixel Gatan Rio™ complementary metal–
oxide–semiconductor (CMOS) camera. The samples 

were deposited onto carbon coated Cu TEM mesh 
grids by drop-casting dilute powder dispersions in 
hexane.

2.2.4 � Preliminary lysozyme release tests
Preliminary LY release tests and statistical analyses were 
performed at pH = 3 and pH = 7 values, which simulate 
the stomach and gut environments, respectively. The 
lysozyme release was quantified by indirect competi-
tive enzyme-linked immunosorbent assay (IC-ELISA), 
according to previous studies (Guagliano et  al. 2023a, 
2023b).

The LY release data of the two biochar carriers were 
analyzed with GraphPad Prism v. 9.0.0. Percentages of 
release of LY-CB, LY-CB-MM, LY-VB and LY-VB-MM at 
pH = 3 and pH = 7 were assessed by ANOVA. Post-hoc 
comparisons were performed using the Šidák correction. 
The release data of the respective biochar-LY mixtures at 
pH = 3 and pH = 7 were compared using Student’s t-test 
for independent groups. The results were presented as 
means ± standard error. Means were considered statisti-
cally different for p ≤ 0.05.

3 � Results
3.1 � Lysozyme characterization
Lysozyme was fully characterized in a previous paper by 
our research group (Guagliano et  al. 2023b). It consists 
of a single polypeptide chain of 129 amino acids, with 
lysine at the N-end and leucine at the C-end amino acid, 
respectively. Lysozyme is characterized by the presence 
of peptide bonds between residues of amino acids, and 
the position of amides I, II and III are clear. In particular, 
Amide I is characterized by an IR band at 1665 cm−1, cor-
responding to C = O stretching vibration, while the band 
at 1535 cm−1 corresponds to the N–H bending vibration 
of amide II. Lastly, bands between 1320–1230  cm−1 are 
attributable to amide III.

In the spectral region 3000–2800  cm−1 CH vibra-
tion modes are detectable (Zhang et al. 2017; Guagliano 
et al. 2023b). Thermal decomposition in N2 (by TG-DTG 
analysis, Fig. S2) occurs in three main different tempera-
ture regions: (i) 23–100 °C attributed to the loss of phys-
isorbed water on lysozyme, according to the hygroscopic 
properties of lysozyme; (ii) 200–600  °C, which corre-
sponds to the larger weight loss, ascribed to the lysozyme 
decomposition; and (iii) 600–800 °C, due to the decom-
position of the remaining organic residues (Elkordy et al. 
2002).

SEM analysis highlighted smooth and spherical aggre-
gates of diameters in the range of 4–40 μm (De S. Medei-
ros et  al. 2014; Wu et  al. 2019), while the EDX analysis 
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evidenced the presence of C, N, O, S and Cl (Wu et  al. 
2019).

3.2 � Biochar (CB and VB) characterization
The elemental composition (C, N, H, S) of the bio-
char was determined by the EA. Results are reported in 
Table S2. VB and CB biochar showed a similar elemental 
composition, and no S was detected.

Table 1 summarizes the morphological characteristics, 
surface area (SA), pore volume (Vp), and pore dimension 
(Dp), and the granulometric analysis of the VB and CB 
carriers.

Both VB and CB powders have a similar trimodal dis-
tribution of the size of the particles (Table 1). Macropo-
rosity is predominant in VB (Table 1), resulting in a low 
surface area, 28  m2  g−1, totally attributable to the exter-
nal surface, and near to zero pore volume. On the other 
hand, the high surface area, 335  m2  g−1, and total pore 
volume 0.195 cm3 g−1 of CB are the result of the contri-
bution of micro-, and mesopore pores, with diameters in 
the range of 2–4 nm.

Biochar phase composition was assessed by XRPD. 
In the pattern of VB (Fig. 3), the reflection at 29.4 (2θ°) 
is strong and well-defined, and the reflections at 23, 
39, (2θ°), can be associated with CaCO3 calcite (JCPDS 
5-586) and dolomite CaMg(CO3)2, (JCPDS01-074-1226). 
The broad baseline at 20–30 2θ° suggests the presence of 
a stacking structure of aromatic layers as a graphite-like 
assembly (Liu et al. 2012). A similar composition can also 
be inferred for CB, although Ca-containing phases are 
less evident.

ATR-IR spectra of VB and CB are reported in Fig.  4. 
There are a few weak and broad bands in the 1600–
600  cm−1 region, namely in the range 1410–1390  cm−1, 
and 1205–900  cm−1 (boxed in the figure). The 1410–
1390 cm−1 band, which is stronger in the spectrum of VB 
material, is possibly due to the stretching of residual car-
boxylate groups and/or carbonate species. The presence 
of crystalline carbonate is highlighted by the two sharp 
bands at 870 and 710 cm−1 (see also the reference spec-
trum in Fig. 4) mainly in the VB spectrum. This is in line 
with the results of the XRPD.

Other broad bands in the VB spectrum around 1200 
and 1000 cm−1 and 850–750 cm−1 are likely due to CO/
CC stretching modes and are in line with the vibrational 

mode of cellulose residues and with the exposed func-
tional groups containing oxygen in the biochar structure 
(Caporale et al. 2014).

The biomass treatment at high temperatures has 
removed the main part of the functional groups usually 
found in the composition of a complex lignocellulosic 
biomass, such as carboxylic groups, ketones, aldehydes 
and alcohols. There are only a few signals, thus dem-
onstrating the efficiency of the pyrolysis (Brewer et  al. 
2014).

TG-DTG analyses of the VB and CB carriers are plot-
ted in Fig. 5 a,b. The TG curves (Fig. 5a) of both samples 
show an initial thermal phenomenon, at about 100–
150 °C, accounting for water evolution. This loss is more 
pronounced for CB than for VB, consistent with CB’s 
high porosity. A progressive and continuous weight loss 
up to about 550 °C follows, probably due to the superim-
position of 3.0% and 3.6% for CB and VB, respectively. 
Finally, a minor decomposition is faintly visible at about 
650 °C.

Given the complexity of the thermal phenomena, 
DTG curves were also analyzed (Fig.  5b). Two tem-
perature ranges (70–150  °C) were identified: (i) the T 
range = 70–150  °C, characterized by one maximum at 
about 72 °C; (ii) followed by a less intense range, at about 

Table 1  Morphological and granulometric analysis of chestnut shell biochar (CB) and vine pruning biochar (VB)

SA: surface area; Vp: pores volume; Dp: pores diameter; micro: micropores; meso: mesopores; exter: external; D10, D50, D90: particles dimension distribution

Carrier SA BET (m2 g−1) SA exter (m
2 

g−1)
SA micro (m2 
g−1)

Vp micro 
(cm3 g−1)

Vp meso 
(cm3 g−1)

Dp (nm) Vp Total (cm3 g−1) D10, D50, D90 [µm]

CB 335 51 284 0.125 0.07 2–4 0.195 2, 26, 75

VB 28 28 0.0 0.00 0.02 0 0.02 6, 31, 66

Fig. 3  X-ray diffraction patterns of VB (in black) and CB (in red), (▲: 
calcite and dolomite)
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137  °C, likely due to the evolution of physisorbed water 
(Yi et al. 2013). Both these phenomena are more clearly 
evident in the CB sample.

Lastly, the phenomenon centered at 650 °C, which is 
more pronounced in the VB sample, is consistent with 
carbonate decomposition (reported at 700–800  °C), 
probably due to the low content and/or the poor 

crystallinity of this phase (Waters et al. 2017; Leng et al. 
2021).

Carriers were also characterized by ZPC analysis. 
Negative ZPC values were found in both cases, namely, 
−39 mV for VB and −48 mV for CB at their pH in water 
(alkaline).

Fig. 4  ATR spectra of VB (in black) and CB (in red). Black star: carbonate species. Dashed line: reference calcium carbonate spectrum

Fig. 5  a Thermogravimetric (TG) and (b) differential thermogravimetric analysis (DTG) of VB (in black) and CB (in red)
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SEM analysis (Fig.  6a–f) revealed the high hetero-
geneity and morphological complexity of the pow-
ders. In both VB and CB, there is a complex network 
of macropores and channels (highlighted by the yellow 
arrows in Fig. 6b,e) (Dehkhoda et al. 2010). In line with 
the literature (Ma et al. 2016; Zhou et al. 2022), CB con-
sisted of aggregates with small pores (Fig. 6a,b). On the 
other hand, VB showed a tubular structure, i.e., exfoli-
ated channels, typical of lignocellulosic-based materials; 
sometimes characterized by cracks as shown in Fig. 6d,e 
(Leng et al. 2021).

EDX analysis revealed the atomic composition of the 
biochar. Both CB (Fig.  6c) and VB (Fig.  6f ) are charac-
terized by the presence of carbon (C) and oxygen (O), 
accompanied by inorganic ions which are the residue of 
minerals already present in the initial biomass (Ma et al. 
2016; Ruiz et al. 2017).

Potassium (K), magnesium (Mg), aluminum (Al), sili-
cium (Si), and titanium (Ti) were detected in both VB 

and CB. Iron (Fe) was only present in VB, while calcium 
(Ca), and phosphorous (P) were only detected in CB. On 
the basis of EDX analysis, Table 2 reports a semi-quanti-
tative evaluation of the ionic composition.

For CB, the O/C ratio was 0.17 and for VB, it was 0.8.

3.3 � The operating parameters for the hybrid 
biochar‑lysozyme materials synthesis: contact time, 
pH of the initial LY solution, and lysozyme initial 
concentration

The effect of the operating parameters was first investi-
gated for the VB sample, since it is a commercial prod-
uct and is available in larger amounts. VB was thus 
considered as the benchmark. We then investigated our 
homemade CB carrier. All the parameters, such as the 
LY initial concentration, the contact time, and initial pH, 
were studied in order to reach a final LY loading of 21–23 
mgLY  gCarrier

−1. This load is considered sufficient for a 
final application (Oliver et al. 2014), and corresponds to 

Fig. 6  SEM images of CB (a, b) and its EDX map (c); SEM images of VB (d, e) and its EDX map (f). SEM image magnification: 1000 X (a), and (d); 5000 
X (b) and (e). The complex network of macropores and channels are highlighted by the yellow arrows

Table 2  Semi-quantitative analysis (by EDX) of chestnut shell biochar (CB) and vine pruning biochar (VB)

[Data expressed in Atomic concentration (%)]

CARRIER C (%) O (%) O/C Mg (%) Al (%) Si (%) K (%) Ti (%) Fe (%) Ca (%) P (%)

CB 82 14 0.17 0.29 0.04 0.1 1.48 0 0 1 0.01

VB 40 34 0.85 3.21 6.54 7.09 1.09 0.11 7.89 0 0
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approximately 168–184 mg of lysozyme, in feed supple-
mented with 2% biochar—on the basis that a weaned pig-
let (28 days of age) consumes between an average of 400 g 
(until 28 days) and 900 g (near 42 days) of feed daily. Fig-
ure 7a–c reports the results in terms of captured LY.

The effect of the initial LY content was verified in the 
range 6.25–37.5  mgLY  gCarrier

−1 range (corresponding 
to 0.25–1.5  mg  mL−1) at the initial natural pH of the 
LY solution (4.5–4.7), and by fixing the contact time at 
90  min (Guagliano et  al. 2023a). Figure  7a highlights a 
linear dependence between the LY loading and the initial 
LY concentration. In these conditions, the target LY load-
ing of 21 mgLY gVB

−1 is reached for an initial LY concen-
tration of 37.5 mgLY  gVB

−1, corresponding to a reaction 
yield of 56%.

The effect of contact time was then analyzed in the 
range 10–90  min, and for two different LY initial con-
tents, high (37.5 mgLY  gVB

−1) and low (6.25 mgLY  gVB
−1); 

see Fig. 7b.
A negligible or no influence of the contact time was 

found. The total LY uptake was already reached in 
10  min, for 6.25 mgLY  gVB

−1, and only a slight uptake 
increase was observed for 37.5 mgLY gVB

−1. Therefore, to 
ensure the maximum LY loading, at any initial LY con-
centration, further experiments were performed by fix-
ing the contact time to  90  min. Selected experiments 
were performed twice and standard deviation of ± 1.5 
mgLY gVB

−1 was calculated.
Finally, the effect of the initial pH of the LY solu-

tion was checked by fixing the LY initial content at 37.5 
mgLY  gCarrier

−1  and reaction time at 90  min (Fig.  7c). 
pH variation was performed by the addition of sodium 
hydroxide (NaOH) and nitric acid (HNO3). Five pH val-
ues were tested, namely 2.0, 4.5–4.7, 7.1, 11.3 and 12.0. 
Among the selected pH values, 4.5–4.7 corresponds to 
the natural pH of the LY solution and 11.3 corresponds to 

the LY pKa. No or a negligible pH effect on LY final load-
ing was found in the pH range considered (Fig. 7c).

The following operating conditions were selected as 
optimal for the preparation of a biochar-based mate-
rial containing about 21–23  mg LY  gCarrier

−1: contact 
time of 90  min, RT, stirring at 500  rpm, initial content 
37.5 mgLY gCarrier

−1, and no pH correction.
The selected conditions were then validated using CB 

to evaluate the effect of the biochar material and to gen-
eralize the experimental approach.

The effect of the biochar was assessed by performing 
the adsorption reaction, and applying the same experi-
mental conditions that had been used for VB, and explor-
ing the same range of initial LY contents, i.e., 6.25–37.5 
mgLY  gCB

−1.  Figure  8 shows the results, where the VB 
curve is reported for comparison. CB also behaved lin-
early, suggesting that similar capture mechanisms are 

Fig. 7  Adsorbed LY on VB as a function of: (a) initial lysozyme content, (b) reaction time, and (c) pH of the initial lysozyme solution

Fig. 8  LY capture as a function of the initial LY contents for CB (red 
squares). VB for comparison (black squares)
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active for both carriers. Very close final LY loadings 
were obtained, 21 and 23 mgLY gCarrier

−1, for VB and CB, 
respectively.

In conclusion the experimental approach (solid/liquid 
reaction) and the experimental parameters (90  min of 
contact time, RT, stirring at 500 rpm, an initial LY con-
tent in solution of 37.5 mgLY gCB

−1, and no pH correction) 
would appear to be effective in reaching a LY loading tar-
get of 21–23 mgLY gCarrier

−1.

3.4 � The lysozyme‑carrier interaction
LY-VB with the LY loading of 21 mgLY  gVB

−1 and LY-CB 
with the LY loading of 23 mgLY gCB

−1, were fully charac-
terized. The XRPD patterns (Fig. S3) did not reveal any 
major differences between the pristine carrier and the 
hybrid materials. The phase composition and the phase 
crystallinity, already detected in VB and CB, were pre-
served in the corresponding functionalized materials. 
In the LY-VB sample, the reflections associated with 
CaCO3 calcite (JCPDS 5–586) and dolomite CaMg(CO 
3)2, (JCPDS01-074–1226) are still manifest, and they are 
still less evident in LY-CB. In the LY-VB sample there was 
again a broad modulation of the base line, at 20–30 2θ°, 
which was associated with the presence of a graphite-like 
structure (Liu et al. 2012).

The thermal analysis was also performed for the hybrid 
samples, (Fig. S4). As reported for the pristine carri-
ers, water evolution was first detected, followed by a 

progressive and continuous weight loss of up to about 
550  °C, and a further decomposition at about 650  °C. 
The weight loss between 250 and 550  °C accounted for 
approximately 4.5% for LY-VB and 3.0% for LY-CB, which 
was very close to those of the pristine carrier (3.6% for VB 
and 3% for CB). It is thus difficult to distinguish between 
the various decomposition phenomena in pristine and 
hybrids materials. In fact, not even the DTG analysis 
was able to provide more information on the presence or 
amount of LY in the samples (Fig. S3b). These inabilities 
could be due to the low LY content in the samples, and/
or with a high dispersion of the LY molecules, which may 
have interacted strongly with the carrier.

FTIR spectra of the biochar after LY adsorption showed 
very weak additional features due to the organic compo-
nent. Figure  9 therefore reports the subtraction spectra 
[composite]—[reference biochar] in order to enhance the 
intensities of the most significant features. In the LY-VB 
spectrum, lysozyme characteristic bands were clearly 
detectable at 1645 and 1550 cm−1. These correspond 
to amide I and amide II vibrational modes, which were 
only slightly shifted in comparison with the bands of the 
pure protein reported in the same Fig.  (1642 and 1520 
cm−1). This small shift may indicate H-bond interactions 
with the biochar surface. The negative band below 1400 
cm−1 suggests that some surface species, namely carbon-
ates, are replaced during LY adsorption. Lastly, the broad 

Fig. 9  FT-IR spectra of pristine LY (dotted line), subtraction spectrum [(LY-VB)-VB] (black), and [(LY-CB)-CB] (red)
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absorption at 1100 cm−1 could be due to some CO/CC 
stretching modes of the interacting protein (Barth 2007).

On the other hand, LY-CB spectra (Fig. 9) revealed the 
formation of new bands at 1485, 1415, 1025 (complex) 
and 872  cm−1. Some of these bands can be assigned to 
residual carbonate species (i.e. the band at 872  cm−1), 
while bands in the range 1500–1400  cm−1 could be 
related to exposed carboxylate groups and/or LY diag-
nostic bands that had been strongly affected by the 
interaction with biochar and had greatly shifted to lower 
frequencies. The disappearance of amide I and II bands 
following enzyme immobilization possibly confirms the 
binding between the protein and the biochar structure, 
which involves the interaction of amino-groups of the 
organic moiety (González et al. 2013).

Considering the impossibility to obtain definite and 
direct evidence of the LY allocation for both LY-VB and 
LY-CB, by FT-IR, a further characterization was per-
formed with Raman spectroscopy (Fig. S5 a,b).

Although Raman spectra are quite noisy, the par-
ticular characteristics of biochar are pinpointed by the 
two bands approximately at 1300  cm−1 (D band) and 
1600 cm−1 (G band) (Yan et al. 2021).

The D band is associated with disordered carbon 
structures, whilst the G band is related to the vibration 
of sp2-hybridized carbon atoms in graphitic carbon lay-
ers, which are present in biochar, as also confirmed by 
XRPD analysis. The distinct and sharp peaks also indicate 
a high degree of carbon ordering, in line with the pyroly-
sis temperature. However, no changes in the D and the 
G bands of the biochar were detected in the presence of 
LY molecules (Fig. S5a), and only very small differences 
were found when magnifying the 3500–2000 cm−1 zone, 
which are typical of C-H stretching (Fig. S5b). In LY-CB, 
there was a slight increase in the intensity of this broad 

and noisy band, which suggests that some adsorption of 
organic compounds has occurred, but without any direct 
confirmation of the presence of LY.

The presence of LY in LY-CB, which is the sample of 
most interest, was also verified by SEM–EDX analysis 
(Fig. 10a, b). In fact, in our previous work, the detection 
of sulfur (S) by EDX was found to be an efficient tech-
nique for LY detection, as it is present in the biomolecule 
(Guagliano et al. 2023a, 2023b).

In the complex morphology of LY-CB (Fig.  10a), it is 
difficult to discriminate between features of the carrier 
and those of lysozyme, as the typical LY spherical parti-
cles were no longer detected (Fig. S6). However, the EDX 
analysis showed a homogeneous and well-dispersed S 
distribution on the carrier’s particles (Fig.  10b). On the 
other hand, no or negligible S amounts were found in the 
EDX of the pristine CB carrier, thus confirming the pres-
ence of LY which seemed to be well dispersed on biochar.

To further explore the LY-carrier interactions, char-
acterization results regarding synthesized hybrid sam-
ples (LY-VB and LY-CB) were compared with those of a 
mechanical mixture of the components in the same LY/
biochar ratio of the hybrid samples. Two samples were 
prepared (LY-VB-MM and LY-CB-MM), which were 
fully characterized and compared with the corresponding 
LY-VB and LY-CB obtained via the solid/liquid reaction.

Despite the same LY loading of the hybrid materials, LY 
decomposition in the mechanical mixtures was more evi-
dent in the DTG analysis. In fact, the thermal phenom-
enon, with associated weight loss, which occurred in the 
T range 250–450 °C, and reached a maximum at 300 °C, 
corresponds to free LY decomposition (Fig. S7). The 
broadening and slight anticipation of the phenomenon, 
suggested the presence of less dispersed LY molecules, 

Fig. 10  SEM–EDX images of LY-CB particles: (a) SEM image and (b) sulfur distribution by EDX
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which however, were perhaps weakly interacting with the 
carriers.

Therefore, the absence of LY decomposition in the 
DTG of the hybrid materials, LY-CB and LY-VB (Fig. S4), 
could be further evidence that the LY is well dispersed in 
these samples.

The CB-based hybrid and mechanical mixture samples 
were further investigated by FTIR (Fig.  11) and SEM–
EDX analysis (Fig. 12).

FTIR spectrum of the mechanical mixtures (Fig.  11, 
sample LY-CB-MM) showed that the main bands 
were almost unchanged, due to pure LY at 1640 and 
1520 cm−1 (amide I and amide II bands, respectively). A 
broad absorption was also detected in the range 1250–
1000 cm−1, likely due to a mixture of CC and CO bonds 
of organic and carbonate species. Interestingly, this spec-
trum is different from that of the hybrid materials (LY-CB 
shown in Fig. 11 as a comparison to LY-CB-MM), where 
LY bands are significantly modified and shifted in posi-
tion. These findings are in agreement with the Raman 
analysis and microscopies results discussed below.

Raman spectroscopy (Fig. S8) also evidenced LY in 
the mechanical mixture, characterized by weak Raman 
shifts in the range 3000–2800  cm−1 corresponding to 
CH stretching modes (Chen et al. 2019). LY Raman sig-
nals were more easily distinguishable in LY-CB-MM 
than in the hybrid samples. Again, spectroscopic results 
suggested that LY was less dispersed (Kocherbitov et al. 

2013) in the mechanical mixture, which was better 
explored by SEM–EDX analysis (Fig. 12).

The absence of LY aggregates, as well as the presence 
of a homogeneous S distribution in the hybrid material 
(Fig. 12a) further suggest the occurrence of a potentially 
stronger LY-biochar interaction due to the adsorption 
method. In contrast, the typical LY spherical particles in 
the mechanical mixtures (about 10 µm, Fig. 12b) and the 
localized areas with a higher sulfur content, confirmed 
the hypothesis of poorly dispersed LY molecules in the 
chestnut biochar.

To gain a deeper insight into the distribution of the 
lysozyme on the carrier’s surface, TEM images were col-
lected on VB, LY-VB and LY-VB-MM (Fig. 13a–c), as well 
as on CB, LY-CB and LY-CB-MM (Fig. 13d–f).

TEM images of both bare biochar (Figs.  13a and d) 
show large sheet-like shape particles with an average size 
of between 2–5 μm. In both samples, fewer particles and 
smaller aggregates (< 200  nm) were detected, as well as 
rod-like structures, which suggest an intrinsic heteroge-
neity of the materials.

After the addition of LY through the mechanical mix-
ture method, new particle aggregates became evident 
(Fig. 13b and e) on the surface of the sheet-like particles 
of both VB and CB, with an average size of 200–300 nm. 
These were non-homogeneously distributed all over the 
sample and were likely due to LY aggregation phenomena 
on the biochar surface.

Fig. 11  Comparison of hybrid solid LY-CB and the corresponding mechanical mixture LY-CB-MM as representative sample using FTIR
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In contrast, when LY was added by the solid/liquid 
adsorption procedure, layers of organic material (~ 50 nm 
thickness, Fig. 13c and f ) appeared on the extended sur-
face areas of the biochar (> 1 μm). These can be ascribed 
to an improved LY dispersion on the biochar particles, 
although again the overall dispersion in the sample was 
not completely homogeneous as bare biochar particles 
were also detected.

In general, the morphology of the biochar was not 
modified either by the mechanical mixing or the solu-
tion mixing. The only exception was for CB-LY-MM, 
where additional structures of about 100  nm and with 
an intrinsic porosity were observed (Fig. 13e, highlighted 
by a yellow arrow). These structures are characterized by 
mesoporous channels with a diameter of a few nanom-
eters (average diameter 4 ± 1 nm) and may be generated 
by the disruption of CB aggregates in the bare sample.

3.5 � Preliminary lysozyme release assay of lysozyme
The adsorption and release processes of lysozyme are 
shown in Fig. 14. The percentages of released LY at pH = 3 
and pH = 7 are plotted in Fig. 15, where the behavior of 

the two synthesized LY-biochar samples is compared 
with the corresponding mechanical mixture.

At pH = 7 the released lysozyme corresponded to 
0.23  mgLY  g−1 for CB and 0.44  mgLY  g−1 for VB. LY-VB-
MM showed a significantly higher release of LY for 
both pH = 3 and pH = 7 compared to all the other treat-
ments (p < 0.001). LY-CB showed a lower release of LY 
at pH = 3 compared to LY-CB-MM and LY-VB (p < 0.01). 
LY-CB also exhibited a lower release compared to LY-VB 
(p < 0.001), but with a comparable percentage to LY-CB-
MM at pH = 7.

Considering each CB and VB mixture individually, the 
release of LY at pH = 7 was higher compared to pH = 3 
(p < 0.05), except for LY-CB-MM, which showed a signifi-
cantly lower release of LY at pH = 7 compared to pH = 3 
(p < 0.05).

4 � Discussion
4.1 � Physico‑chemical properties of carriers
The physico-chemical properties of biochar mainly derive 
from the combined effect of the composition of the bio-
mass feedstock and the pyrolysis temperature (Leng et al. 

Fig. 12  SEM–EDX analysis of LY-CB (a) reported for comparison, and LY-CB-MM (b). Orange circles and arrows: LY aggregates. In green the S 
distribution in the two samples (c, d), detected by EDX analysis
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Fig. 13  TEM images of (a) pristine VB, (b) LY-VB-MM, and (c) LY-VB, (d) pristine CB, (e) LY-CB-MM, and (f) LY-CB at three different magnifications. 
Orange arrows indicate LY in the mechanical mixture and in the hybrid material obtained through solid/liquid adsorption. The yellow arrow 
indicates the formation of an additional structure in LY-CB-MM

Fig. 14  Procedures of adsorption and release of lysozyme Created in BioRender. Guagliano, M. (2026). https://​BioRe​nder.​com/​rkz4y​gt

https://BioRender.com/rkz4ygt
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2021). Different feedstocks can contain several inorganic 
ions, such as alkali and alkali earth metals, which produce 
different contents of ash during the thermochemical pro-
cess. A high ash content, which leads to pore blockage, 
results in fewer micropores, hence a lower surface area. 
On the other hand organic molecules, which release high 
volatile matter, promote the formation of micropores and 
a higher surface area (Leng et al. 2021).

For lignocellulosic biomass (e.g. the VB and CB feed-
stocks) lignin, cellulose, and hemicellulose are the main 
components, and are characterized by different decom-
position temperatures (hemicellulose 220–315  °C, cel-
lulose 315–400  °C, and lignin 160–900  °C) (Yang et  al. 
2007). The thermochemical conditions are therefore the 
controlling decomposition parameters during the pro-
cess. The widely different morphological properties of 
VB, (28 m2 g−1) and CB, (335 m2 g−1), strongly depend on 
the process temperature, such as 600–800 °C for CB (Fig. 
S1) and 450–500 °C for VB.

However, it is important to point out that lower tem-
peratures do not lead to a complete volatilization of the 
constituents. As a result pore blockage can occur and/
or the formation of new pores may be hindered (Zhang 
et al. 2013; Pallarés et al. 2018) which in this case, led to a 
lower surface area of the VB biochar.

Moreover, considering that the gasification tempera-
ture of CB (600–800  °C) was higher than that of the 
pyrolysis of VB (450–500  °C), a lower surface area and 

larger pores would seem to be justified for VB (Leng 
et al. 2021). According to Ma et al. 2016; and Batista et al. 
2018, the O/C ratio, calculated by EDX, provides infor-
mation on the degree of carbonization. The greater car-
bonization of CB, O/C = 0.17, compared with O/C = 0.8 
of VB, together with higher ash content are consistent 
with the aforementioned pore clogging effect (Yuan et al. 
2011; Ruiz et al. 2017; Nunes et al. 2021). This determines 
the very low pore volume (0.02  cm3  g−1), as well as the 
low surface area (28 m2  g−1) of VB, which was account-
able only due to the external surface area.

The process temperature is also responsible for ZPC 
values of VB and CB (Yuan et  al. 2011; Batista et  al. 
2018; Hong et  al. 2019).  Nevertheless, biochar obtained 
at higher temperatures should show a less negative zeta 
potential, mainly due to the decomposition of most of the 
organic moieties, VB. However, which was obtained at a 
lower temperature than CB, showed a less negative ZPC 
(−39 mV) than CB (−48 mV).

4.2 � Effect of the synthesis parameters
The experimental conditions adopted, consisting of 
90  min of contact time, 37.5 mgLY  gbiochar

−1, and initial 
pH = 4.5–4.7, led to LY loadings of 21–23 mgLY gCarrier

−1, 
which is the LY value considered sufficient for the final 
application (Oliver et  al. 2014). The uptake reaction 
was quite fast at all of the initial LY concentrations, 
and the reaction was almost completed within the first 

Fig. 15  LY Release percentages (w/w) for LY-CB, LY-VB and the corresponding mechanical mixture (LY-CB-MM and LY-VB-MM) at pH = 3 and pH = 5. 
Data are presented as means ± standard error. *Asterisks indicate statistically significant differences among groups within the same pH conditions 
(**indicates p < 0.01; ***indicates p < 0.001). Statistical analysis was performed using ANOVA to compare each group mean. “p” indicates the p-value, 
also known as the “observed significance level” for the test hypothesis
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10–15 min. The initial LY content was the only parameter 
governing the capture reaction, in fact the LY adsorption 
reaction showed a linear trend with the concentration of 
LY in solution. Conversely, the pH of the initial LY solu-
tion did not affect the reaction performance, and a con-
stant LY loading was always obtained. However, a large 
initial pH range (2–12) was applied. This result can be 
traced back to the reported buffer capacity of the LY in 
water solution (Kim and Myerson 1994). LY appears to be 
always positively charged (Wu et al. 2019), both at a pH 
of 4.5–4.7, which is natural value, and at pH 8.8–9, the 
value of the final reaction. The capture mechanism and 
the adsorbate-carrier interaction can therefore occur via 
the same mechanism and to the same extent at any of the 
pH conditions applied here (Wu et al. 2019).

4.3 � Lysozyme‑carrier interaction
The mode and strength of the lysozyme-biochar interac-
tion, such as the protection and the modulated supply of 
the active biomolecule to the animal, are fundamental 
parameters for the final application.

This interaction depends on the nature of the carrier. 
There are various contributing factors such as the mor-
phology, surface functional groups, and/or surface charge 
(Pandey et  al. 2022; Guagliano et  al. 2023a), along with 
the LY molecular dimension charge, structural confor-
mation and steric hindrance (Noritomi 2019).

The characteristics of the carriers mainly derive from 
the primary feedstock and the pyrolysis temperature, 
while those of the LY depend primarily on the contacting 
reaction conditions.

It is clear that the morphology did not influence the 
LY capture behavior. Despite VB and CB showing very 
different morphologies (see Table  1), the same LY total 
loading, 21–23 mgLY  gCarrier

−1, was achieved upon the 
reaction, thus highlighting that there is no direct corre-
lation between the loading and the morphology of the 
carriers.

Similar results have been reported regarding many dif-
ferent carriers and biomolecules. For instance, González 
et al. 2013 found that biochar with SA of 0.1 m2 g−1 and a 
particle size of between 53 μm and 90 μm could immobi-
lize 99.4–100.4 μg g−1 of lipase. On the other hand, others 
have reported that the capture of polygalacturonate and 
cellulase on biochar is not dependent on the carrier sur-
face area or on any other morphological characteristics 
of biochar (Jaiswal et al. 2018). Lastly, the same behavior 
was found when LY was immobilized on inorganic car-
riers, such as mineral clays or zeolites (Guagliano et  al. 
2023b), when applying the same procedures and condi-
tions of this work.

The LY-carrier interaction did not seem to be influenced 
by pore filling. In fact, the CB porosity is predominantly 

the result of the micropores (Dp = 2–4 nm), which hinder 
the allocation of lysozyme (4.5 × 3.0 × 3.0 nm, Cegielska-
Radziejewska et al. 2008).

The absence of LY adsorption inside the pores is also 
supported by comparing the external surface areas of the 
carriers, i.e. 51 m2 g−1 for CB and 28 m2 g−1 for VB. The 
close similarity of these values could suggest a preferen-
tial LY-biochar interaction at the external surface area, 
thus explaining a comparable uptake behavior. Accord-
ingly, not all the measured BET surface area of CB (335 
m2 g−1) is available for the LY binding process.

In addition, as no structural or phase composition 
modifications were observed in the XRPD patterns of 
the pristine VB and CB upon LY adsorption, it can be 
hypothesized that LY molecules are located preferentially 
at the external surface of the biochar through electro-
static interactions, which is the most probable approach 
for the adsorption of organic molecules onto biochar 
(Alsawy et al. 2022). This hypothesis is supported by the 
negative ZPC values of the carriers (−48 mV for CB and 
−39 mV for VB) and the positive ZPC of LY under reac-
tion conditions (pH between 8.8–9) that highly favor 
charge interactions.

In fact, such interactions have already been reported 
and proved on samples of different compositions, but 
carried out via the synthetic approach reported here, i.e., 
solid/liquid adsorption (Cristiani et  al. 2021; Guagliano 
et al. 2023b).

Some indications regarding the nature of the LY inter-
action with the surface groups of the biochars were 
obtained by FTIR and Raman spectroscopies. In the 
FTIR spectrum of LY-VB hybrid material, peaks due to 
carbonates, oxygenate functional groups from, possibly, 
cellulose residues, were detected together with additional 
very weak IR bands due to LY (Fig. 11). The CB sample, 
on the other hand, showed almost no IR feature of func-
tional groups, and, in the spectrum of the correspond-
ing hybrid material, IR bands directly attributable to LY 
disappeared or changed in shape and position. This effect 
could be due to a strong interaction of the enzyme with 
the biochar structure. Raman spectroscopy of the LY-CB 
hybrid did not show changes in the D and the G bands 
of the biochar, i.e. 1300 and 1600  cm−1, which were still 
detectable in the presence of LY (Fig. 12). Only a very low 
increase in intensity of the broad and noisy band typical 
of the C–H stretching (3500–2000  cm−1) was detected, 
which could be associated with the enzyme structure. 
In comparison, IR and Raman spectra of the LY-CB 
mechanical mixture were well evidenced by the typical 
bands of LY, which, however, were not affected by immo-
bilization. A significant interaction between the enzyme 
and CB can thus be hypothesized, although it is difficult 
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to connect it to the nature of the sites involved in the 
interaction.

A surface lysozyme-carrier interaction in the synthe-
sized samples was confirmed by SEM–EDX analysis, in 
which there were no spherical aggregates—this is typical 
of free LY (Guagliano et  al. 2023a, 2023b). The homo-
geneous distribution of S atoms on the carrier particles 
(Fig. 15b) proved the homogeneous dispersion of the bio-
molecules on the carrier surface (Guagliano et al. 2023a, 
2023b).

Finally, TEM analysis, in line with both SEM–EDX and 
TG-DTG results, seems to confirm the LY interaction 
with the biochar surface. In the LY-VB and LY-CB sam-
ples, there was a clear homogeneous and continuous LY 
coverage of the biochar surface, due to a possible stronger 
interaction induced by the synthetic approach. In con-
trast, in LY-VB-MM and LY-CB-MM, LY seems to form 
aggregates that were observed at the edge of the material, 
which indicates a different and less efficient interaction 
with the surface, and thus possibly a weaker interaction.

4.4 � Controlled release of lysozyme
The gastrointestinal environment in swine species exhib-
its a wide range of pH levels. Following ingestion, the 
bolus undergoes an acidic environment characterized by 
a low pH (typically = 3) (Ange et al. 2000; Mößeler et al. 
2010). Subsequently, pH levels increase after passing 
through the pylorus into the gut, where pH values reach 
neutrality or slight alkalinity (7–8) (Henze et  al. 2021). 
Developing efficient carriers for targeted delivery should 
lead to an effective and precise release of molecules at the 
specific site where they are intended to exert their ben-
eficial or therapeutic effects (Pawar et  al. 2014). In our 
study, we developed a biochar-based carrier for bioactive 
molecules for functional nutrition using lysozyme as a 
protein model due to its important antimicrobial activity 
and molecular weight.

Lysozyme release showed a pH-dependent behavior. In 
hybrid samples higher release percentages were achieved 
at pH = 7. This suggests that the carrier facilitates the 
release of lysozyme in the simulated gut environment. 
Although the overall release rates were modest (< 10%), 
the improved performance at pH = 7 highlights the 
potential for targeted supplementation with small quanti-
ties of bioactive molecules. In the mechanical mixture, a 
higher release was observed for both pH = 3 and pH = 7 
compared to the solid/liquid adsorption, thus indicating 
that in the mechanical mixture the process is not con-
trolled. The solid/liquid adsorption therefore appears 
more suitable for functionalizing biochar with bioactive 
molecules such as LY.

5 � Conclusions
Our experimental approach enabled us to find the opti-
mal conditions for the effective capture and immobi-
lization of lysozyme by biochar obtained from different 
residual sources (vine pruning, VB, and chestnut shells, 
CB).

The solid/liquid reaction between lysozyme and bio-
char was quite fast and the maximum loading of 21–23 
mgLY  gCarrier

−1 was reached within 90  min of stirring 
1.5 mg  mL−1 of initial lysozyme at a pH 8.8–9, at room 
temperature with a reaction yield of 50–60%.

Lysozyme total loading was not affected by the biochar 
morphology, since carriers characterized by different sur-
face areas in terms of one order of magnitude were able 
to load the same amount of lysozyme. In addition, the 
zero-point charge of the carriers influences the adsorp-
tion process, more than surface area, since the LY–car-
rier interactions are essentially due to charges of opposite 
signs.

The synthetic route proposed facilitates both biomol-
ecule protection and potential controlled release in the 
different tracts of the intestinal environment. In fact, in 
the hybrid materials, thanks to the synthetic approach, 
the LY molecules seem to be more strongly bonded to 
the biochar surface. It is also possible they are interacting 
with surface residual functional groups, and therefore, 
the homogeneously dispersed LY results in the pH-
dependent release observed. This behavior only partially 
occurs in the mechanical mixture, where the interactions 
are weaker.

Our results suggest that biochar has an interesting 
potential as a carrier for the release and delivery of bio-
active molecules in conditions that simulate the intesti-
nal environment and thus, can facilitate the design of 
functional diets for animal nutrition with a translational 
potential for the production of nutraceuticals.

6 � Final considerations
The supplementation of biochar-protected LY is prom-
ising, and could increase the opportunities for targeted 
delivery and release of various bioactive molecules into 
the gastrointestinal tracts in the formulation of func-
tional diets. Our study thus represents a step forward in 
precision livestock farming aimed at supporting the sus-
tainable growth of the farming sector in accordance with 
One Health principles.

However, several aspects still need clarification, for 
instance, whether the enzyme retains its activity across 
different pH levels, and whether enzymatic hydrolysis by 
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endogenous gastric enzymes could influence or modulate 
its activity.

Further studies are needed to evaluate the stability of 
the enzyme after adsorption and following release under 
varying pH conditions, using techniques such as circular 
dichroism (CD) and fluorescence spectroscopy.

The nature of the interaction between the enzyme and 
the biochar is also still not fully understood, and targeted 
studies are needed. Finally, dedicated in  vivo studies 
should be conducted to evaluate the long-term safety of 
the biochar use.

However, the use of biochar as a carrier can be con-
sidered a step forward in a competitive bioeconomy for 
a sustainable future. The revaluation of biochar, i.e. the 
“waste” of a near-zero-emission energy production, by 
its transformation into a bio-based advanced material, 
fosters the principles of circularity and environmental 
sustainability, including climate neutrality and zero pol-
lution objectives, in the context of the European Green 
Deal.
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