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Abstract: A synthetic approach to bond lysozyme (LY) to commercial natural carriers, namely clay
minerals (bentonite, BN; and sepiolite, SP) and commercial zeolite (Phil 759, PH), already in use in
feed formulation, is proposed. The synthetic route, which implies solid-liquid adsorption, is a simple
and effective way for preparing hybrid materials characterized by LY loadings up to 37 mgry /gcarrier-
By operating at pH 4.3, initial LY content of 37.5 mgry /gcarrier, and reaction time of 90 min, hybrid
materials with LY loadings of 37, 35, and 12 mgyy / gcarrier for LY-SP, LY-BN, and LY-PH, respectively
were obtained. The LY initial concentration and pH, as well as the physico-chemical properties of
the carries were found to be the parameters that govern the synthesis of the materials. The driving
force for an effective LY adsorption and interaction is the combined Zero Point Charge (ZPC) of
the carriers, always negative (in the range between —4 and —170 mV) and the positive ZPC of LY,
as well as the carrier morphology, characterized by mesoporosity (pore dimensions in the range of
5-12 nm). However, it is the interaction of charges of opposite sign that mainly affects LY loadings
and bond strength. Based on SEM-EDX analysis, LY molecules are quite homogeneously spread
onto the carriers” surface. TG-DTG analyses showed that the LY—carrier interaction in the hybrid
materials is stronger than that in a simple mechanical mixture of the components. Specifically, in
the hybrid materials, the phenomenon at 300 °C, associated to LY decomposition, is broadened and
slightly shifted towards higher temperatures (320-350 °C), whereas in a mechanical mixture of the
same composition, it occurs at temperatures closer to those of free LY, as if there were no or very
weak interactions. At pH 3, a very little LY release, 0.03 and 0.01 mgyy /gcarrier, Was found for LY-BN
and LY-PH, respectively. The latter became larger at pH 7, 0.06 mgry /gcarrier for both BN and PH
carriers, suggesting that BN and PH are better modulators of LY release. The paper provides insights
for the study and the development of new optimized feed formulations for the targeted delivery of
natural compounds with antimicrobial activity, alternatives to antibiotics, and vaccinal antigens.

Keywords: lysozyme controlled release; clay minerals and zeolite; solid-liquid adsorption; feed
application; material characterization

1. Introduction

Proteins absorbed on solid surfaces have potentially wide fields of applications in biol-
ogy, medicine, biotechnology, and food processing. A specific protein adsorbed onto proper
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materials surface is considered strategical for surface engineering, when antibacterial, or
edible coatings is the target [1].

Feed additives fall in these fields of application, consisting of several products, such
as bioactive molecules, microorganisms, and inorganic substances. Their use is aimed to
improve animals” health and growth, because they promote ingestion, adsorption, and
assimilation of the nutrients [2]. In accordance with article 6 of the EC No. 1831/2003
regulation, they can be classified in five main categories: technological, organoleptic,
nutritional, zootechnics, coccidiostats, and histomonostats [3]. Among them, technological
additives, such as minerals, are gaining a lot of attention, because they can improve
handling or hygiene characteristics of the feed [4].

In this respect, one of the main challenges in the oral delivery of biomolecules is
the gastric passage [5], and additive protection has been proposed as a viable solution to
bypass the problem. Different protection approaches have been proposed [6], and among
others, natural carriers, such as natural clays or zeolite, have been reported as a viable
route [7]. Clay minerals and zeolite are already exploited in feed technology because of
their high adsorption capacity, swelling capacity, safety for animal health, and low cost [4].
Bentonite (E558), sepiolite (E562), and zeolites such as Phil 75® (E566) are commonly
added to animal feed to reduce mycotoxin contamination, thus preventing their adsorption
in the gastrointestinal tract [3]. Accordingly, their morphological and physico-chemical
characteristics make them potentially suitable as solid sorbents and carriers for bioactive
molecules in zootechnical applications.

Interactions between bioactive molecules, such as lysozymes, and clay minerals are an
important topic, and many reports on type and strength of bonds, proteins conformation,
and allocation can be found in the open literature [1,8-11]. For instance, using atomistic
molecular dynamics simulations, Kubiak-Ossowska et al. [8] assessed the adsorption of
hen egg white lysozyme at a model charged surface, while the lysozyme—smectite systems
in water solutions were studied by atomic force microscopy [1]. Similarly, via a molecular
dynamic simulation approach, the protein-binding mechanism on montmorillonite and
kaolinite was studied [9]. Furthermore, based on Langmuir model isotherms, the influence
of the interlayer cation on the maximum protein adsorption has been reported [10]. How-
ever, a large part of the studies has been performed either on clay model systems, or on the
theoretical calculation and modelling of the protein—carrier interaction. Therefore, despite
substantial good work on this subject, to the authors” knowledge, little has been carried
out on commercial systems or on materials which are closer to the in-field application.
The study of commercially applied carriers, generally complex mixtures characterized
by very low purity, is of fundamental importance to find a close connection between the
feed additive composition and their effectiveness when applied to a real case, for instance
weaned pigs farming.

Nowadays, nutrition sciences target enhanced animal health using feed additives with
extra-nutritional value as alternatives to antimicrobials to cope with the increasing problem
of antimicrobial resistance [12]. The target delivery of antimicrobial compound or vaccine
antigens should be considered for the future sustainable development of precision livestock
farming. The demand for new and more effective treatments is increasing since several
drugs have become ineffective against specific viruses or bacteria due to the development
of resistance mechanisms [13]. Oral administration of vaccines and natural compound
alternatives to antibiotics have the potential to greatly cut the cost of farming and promote
the environmental sustainability of livestock [14-17].

Lysozyme is well known for its antimicrobial activity mainly against Gram-positive
bacteria, thus hampering the bacterial growth [18-20]. Previous studies showed that the
dietary supplementation of lysozyme could enhance gastrointestinal health, metabolic
profile, and modulate gastrointestinal bacteria ecology of swine [21].

For these reasons, in this work, commercial clay minerals such as Ca-bentonite and
sepiolite, as well as Phil 75®, have been studied as examples of carriers already applied in
the market, while lysozyme has been chosen as model of bioactive molecule. The final goal



Minerals 2023, 13, 660

30f21

is the evaluation of clays and zeolite as possible carriers for functional feed additives, and
alternatives to antimicrobial substances or vaccines.

Accordingly, hybrid materials, consisting of the lysozyme bonded to the inorganic
carriers, have been prepared via a solid /liquid adsorption reaction in aqueous environment.
This process has already been reported to be easy, environmentally friendly, and cost
effective [7,22].

The experimental approach, and the operating conditions for an effective lysozyme
loading onto the carriers have been assessed; in particular, reaction time, lysozyme concen-
tration, and pH were the parameters of interest. An attempt to evaluate the protein—carrier
interactions has also been made. The obtained hybrid materials have been characterized
with the combination of XRPD, FI-IR, TG-DTG, and SEM-EDX, with the final goal of
obtaining information on the nature and the strength of lysozyme—carrier interactions.

In addition, to simulate the gastrointestinal tract transit in weaned pigs, release tests
at different pHs were also performed to quantify and analyze the hybrid materials’ release
capability and behavior.

It is the authors’ opinion that the novelty of this work stands in the study of compounds
prepared with commercial carriers, already used in the feed industry as additives, thus,
making these materials closer to those commonly present in the market.

Finally, this work proposes a simple preparation route and an equally simple key to
understand the interaction phenomena between the bioactive molecule and the carrier.
This approach could facilitate the choice of the most appropriate carrier, based on objective
data, such as the carrier morphology or the carrier Zero Point Charge. Therefore, this study
can constitute a step forward in the development of new optimized feed formulations for
the targeted delivery of natural compound alternatives to antibiotics and vaccinal antigens.

2. Materials and Methods
2.1. LY=Carrier Synthesis Procedure

Chicken egg white lysozyme (LY) (E.C.3.2.17, N-acetyl-muramic-hydrolase, supplied
by Sigma Aldrich, in powder form, 99.9% pure), was used. It consists of a single polypeptide
chain of molecular weight of approximately 14.4 kDa, and is characterized by an isoelectric
point (IP) of 11.35.

Bentonite (BN), sepiolite (SP) and Phil 75° (PH) (supplied by Biomicron s.r.l. Reggio
Emilia, RE, Italy) were selected as LY carriers.

Pure HNOj3, NaOH (both by Sigma Aldrich, St. Louis, MO, USA, 98% pure), and
distilled water were used.

The adsorption of LY was carried out following a previously developed solid-liquid
procedure [7], sketched in Figure 1, and summarized as follows:

(@) LY (in the range of 0.25-1.5 mg/mL) was dissolved in 50 mL of demineralized water,
at room temperature under magnetic stirring (500 rpm). During the experiments, the
pH solution was monitored by a Mettler Toledo FE20/EL20 digital pH-meter (Mettler
Toledo, Milano, M1, Italy), and pH values in the range of 3.8-4.5 were measured for
all the LY concentrations.

(b) A total of 2 g of pristine carriers were added to the LY solution, and the obtained
suspensions were magnetically stirred at 500 rpm and room temperature for the
fixed time.

(¢) The pH of the suspension was monitored, but not corrected, during the entire time of
the experiments. After that, the solids and the liquids were separated by centrifugation
at 2451 relative centrifugal force (RCF) for 30 min (32A RotoFix centrifuge, Hettich
Italia, Milano, M1, Italy), and supernatants were stored at 4 °C for further analysis.

The effect of initial LY concentration, in the range of 0.25-1.5 mg/mL (i.e.,
6.25-37.5 mgry/gap) was assessed. The concentration range was selected to reach a
final LY loading of about 37-38 mgy.y / gcarrier, Which is reported in the literature to properly
supply 100 mgyy /kg in the feed [21].
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In addition, both reaction time, in the range of 10-90 min, and solution pH in the range
of 2-11.3, i.e., at values far, intermediate, and near to the LY IP, were studied.

Mechanical mixtures (MM) were also prepared by contacting, in a mortar, 2 g of carrier
(BN, SP, and PH) and an LY solution (1.5 mg/mL), to reach MM of LY loading equal to
those of the hybrid materials.

STEP 2
Solid/Liquid Adsorption
STEP 1 Carrier: 2g
Lysozyme Dissolution [Lysozyme]: 0.25-1.5 mg/mL STEP 3 STEP 4
Concentration : 0.25-1.5 mg/mL Volume: 50 mL Solid/Liquid Separation Solid and Liquid Analysis
Room Temperature, pH 4.3 Room Temperature, pH 4.3 Centrifugation: 2451 RCF :> Liquid: COD
Stirring: 500 rpm Stirring time: 10-90 min Time: 30 min Solid: XRPD, TG-DTG, FT-IR, SEM-EDX

K

Figure 1. Steps in the solid-liquid adsorption process, (COD: Chemical Oxygen Demand, XRPD:
X-ray powder diffraction, TG-DTG: thermogravimetry—derivative thermogravimetry, FI-IR: Fourier-
transform infrared, SEM-EDX: scanning electron microscopy and energy dispersive X-ray).

2.2. Characterization

Adsorbed LY was determined by Chemical Oxygen Demand (COD) analysis of the
solutions before and after the uptake experiments (HI80 Spectrophotometer, Hanna Instru-
ments, Woonsocket, RI, USA) according to the literature [23,24]. Before the analysis, the
liquid samples were digested at 150 °C in a thermoreactor (HI 839,800 Cod Reactor) for 2 h,
while the analysis was performed at room temperature.

A calibration curve was used to determine LY values, while the adsorbed LY was cal-
culated by the difference between initial and final LY in solutions according to Equation (1):

Adsorbed LY (mgLY/gCarrier) = [Ini LY (mgLY/gCarrier) — Res LY (mgLY/gCarrier)] D)

where “Adsorbed LY” is the amount of captured lysozyme, and “Ini LY” and “Res LY” are
the amount of lysozyme in solution before and after the uptake reaction, respectively.

Pristine carriers and hybrid materials were analyzed by several physico-chemical
techniques.

Particle dimensions were determined by laser granulometry (CILAS 1180 granulome-
ter, Orléans, France), according to the literature [25,26].

For the morphological analysis, nitrogen adsorption (bath temperature 77.35 K, by
a Micromeritics Tristar 3000 instrument, Micromeritics, Norcross, GA, USA), and Hg
intrusion (by Autopore V9600 equipment, Micromeritics Instrument Corporation, Norcross,
GA, USA) were used; an overnight degassing at 60 °C (heating rate from 25 °C to 60 °C,
1 °C/min) was applied before the analysis.

Solid phase characterization was accomplished by X-ray powder diffraction (XRPD).
A Panalytical Empyrean X-ray diffractometer with Bragg—Brentano geometry (Malvern
Panalytical Ltd., Malvern, UK) was employed. The instrument, operating at 40 kV /40 mA,
is equipped with a large Nickel-beta filter, CuK« radiation, and a PIXcel3D detector. The
powder patterns were collected in the 26 range of 2-70° with step size 0.0263° and counting
time 356 s/step. The PANalytical B.V. software HIGHScore Plus version 4.6a based on the
ICSD database (FIZ Karlsruhe, ICSD web v.2.1.0) was used for the phase identification.

Thermal decomposition was analyzed by thermogravimetric and differential thermo-
gravimetric Analysis (TG-DTG) with a DTA-TG SEIKO 6300 instrument (Seiko Instruments
Inc., Chiba, Japan), from room temperature up to 800 °C, in air under heating rate of
5 °C/min.

Fourier-transform Infrared (FTIR) spectra were collected in the range of 4000-500 cm ™
by a Thermonicolet Nexus (Thermofisher, Waltham, MA, USA), equipped with an Atten-

1
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uated Total Reflection (ATR) accessory (diamond window), 100 scans for each analysis,
4 cm~! resolution, and OMINC software for spectra analysis.

Zero Point Charge (ZPC) was determined by a Zetasizer Nano ZS (Malvern Instru-
ments Limited, Malvern, Worcestershire, UK). The measurement was performed via Dy-
namic Light Scattering (DLS) at 90°, with a Non-Invasive Backscatter (NIBS) optics.

Scanning electron microscopy and energy dispersion X-ray spectroscopy (SEM-EDX)
analysis was performed by a Zeiss EVO 50 EP (Zeiss, Jena, Germany) combined with a
spectrometer Oxford INCA energy 2000 (Oxford Instruments, Abingdon, UK).

The SEM-EDX equipment was operated at an electron high tension (EHT) voltage of 15
and 20 kV, a current probe of 120 and 300 pA, and at high vacuum (about 10.4 Pa) to acquire
images from both secondary and backscattered electrons as well as for chemical mapping.

Lysozyme Release Assay

Lysozyme release of both the hybrid samples and the mechanical mixture was quanti-
fied by indirect competitive enzyme-linked immunosorbent assay (IC-ELISA, plate reader
BIORAD, Hercules, CA, USA), which implies the contemporary reading of the samples and
proper standards in 96-microwell plates. The process implies a number of steps, sketched
in Figure 2, and summarized as follows:

Step 1—Lysozyme Release.

A simulation of lysozyme release was performed at different pHs, simulating gastric
and intestinal environments. Briefly, 200 mg of each LY—carrier sample, both hybrid samples
and mechanical mixtures, were added to 400 uL of a solution of 10 mM hydroxymethyl-
aminomethane hydrochloric acid (TRIS®, Sigma Aldrich, St. Louis, MO, USA) at pH 3, pH 5,
and pH 7. The mixture was then shaken in a rotatory shaker at 180 revolutions per minute
(rpm) for 2 h at 37 °C. Subsequently, the supernatant was separated by centrifugation at
16,128 relative centrifugal force (RCF) for 10 min. The liquid extracts were stored at —20 °C
until the next assay.

Step 2—ELISA Preparation: Lysozyme standards preparation and microwell plate coating.

Egg hen white lysozyme (Sigma Aldrich, St. Louis, MO, USA) was coated (350 pg/mL
in a solution of CaCO3; 50 mM) onto a 96-microwell plate, incubating the plate at 4 °C
overnight. Then the plate was washed three times with 0.01 M of Phosphate Buffered
Saline (PBS; Sigma Aldrich, St. Louis, MO, USA) at pH 7, then coated with 200 pL of 1%
(w/v) Bovine Serum Albumin (BSA, Sigma Aldrich, St. Louis, MO, USA) and incubated
for 2 h at 37 °C. The plate was then washed with a solution (PBS-T, in the following)
containing 0.01 M PBS and 0.05% (v/v) TWEEN 20® (Sigma-Aldrich, CAS No. 9005-64-5),
as described below. The standard curve was obtained using recombinant egg hen white
lysozyme (Sigma Aldrich, St. Louis, MO, USA). Six standards were created with different
LY concentrations in the range of 0-20 mg/mL, by resuspending the protein in 10 mM TRIS
at pH 7 and treating them with the same sample procedure.

Step 3—LY Release Evaluation.

A total of 100 puL of mouse polyclonal anti-lysozyme antibody (Santa Cruz Biotech-
nology, San Juan, CA, USA), diluted 1:3000, was mixed with 100 uL of the centrifugated
liquid from samples and standards (testing each sample in triplicate). Then, 100 puL of
all the solutions obtained as previously described, were added to the well-coated plates,
then the plates were incubated at 37 °C for 1 h. After incubation, plates were washed
with the PBS-T solution first, and then added with 100 uL of a solution 1:10,000 of anti-
mouse Immunoglobulin G Horseradish Peroxidase-conjugated (IgG-HRP) antibody (Sigma
Aldrich, St. Louis, MO, USA), followed by incubation at 37 °C for 1 h. After, the plates were
washed again with the PBS-T solution, and with 50 pL of 3,3’ ,5,5-tetramethylbenzidine
(TMB Sigma Aldrich, St. Louis, MO, USA) and incubated again at 37 °C for 15 min. To stop
the peroxidase reaction, 150 uL of a solution 0.4 M in HCI were added to each well. Finally,
LY determination in the supernatant was performed by evaluating the absorbances of both
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standards and samples at 450 nm using a microplate reader (BIORAD model 680, Hercules,

Step 1
Lysozyme release
Simulation of gastric and intestinal
environments
pH 3, 5and 7 (2 hours, 37°C)

Step 2
ELISA preparation
Plate coating with LY and preparation
of standard curve with recombinant LY

Step 3
Release evaluation
IC-ELISA for the quantification

CA, USA).

of LY in the supernatant

Sam;iw Standard
=2\
3

Absorbances were measured at 450 nm

W

pH3 pHS pH7
) - Egg hen lysozyme coating (350 pg/mL 4°C overnight)
d==m 2 ,
N W "

o g Y
y ——— V
Six different concentrations of recombinant lysozyme

Supernatant
(0-20 mg/mL)

N Centrifugation
collection

Figure 2. Steps in the procedure for the lysozyme release assay.

3. Results
3.1. Lysozyme and Carriers” Characterization
3.1.1. Lysozyme Characterization

A sample of pristine lysozyme (LY) was characterized with the combination of X-ray
powder diffraction (XRPD), Fourier-transform infrared spectroscopy in attenuated total
reflection mode (FT-IR-ATR mode), and thermogravimetric analysis (TGA). The results are
plotted in Figure 3a—d.

Amide |

Intensity (a.u.)
Adsorbance (a.u.)

Amide Il

200°

Wavenumbers (cm™")

(a) (b)

80
g =
o 601 S
2 &
e}
= o
5 5
2 40
=

20

0 T T T T T T T 1 T T T 1
100 200 300 400 500 600 700 800 200 400 600 800

Temperature (°C)

(c)

Temperature (°C)

(d)

Figure 3. Pristine LY characterization (a) XRPD, (b) FI-IR-ATR, (c) TG, and (d) DTG analysis.
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The XRPD pattern (Figure 3a) shows that LY is amorphous and, except for the two
broad reflections at about 9 and 21 26°, no other reflections are detectable [11].

In Figure 3b, the FTIR-ATR spectrum of the protein is shown in the wavenumber
region corresponding to the peptide linkage bands. The three main bands at 1643, 1523,
and around 1300 cm~! were assigned, respectively, to vibrational mode Amide I (mainly
C=0 stretching vibration), Amide II (mainly a combination of N-H in plane bending
vibration and CN stretching mode), and Amide III (a combination of NH bending and CN
stretching vibration) [11,27]. The analysis of the interaction between the protein and the
inorganic matrix discussed next will focus on changes in the intensity and position of these
diagnostic bands.

A total weight loss was found in the 30-700 °C temperature range (Figure 3c).

The DTG curves (Figure 3d) showed three regions of weight loss. The first thermal
phenomenon (23-100 °C) is attributed to physiosorbed water loss, according to LY hygro-
scopic properties. The second larger weight loss, in the temperature range of 200-600 °C
with a maximum at 300 °C, can be ascribed to the lysozyme decomposition. Finally, the
last phenomenon at 600-800 °C is probably due to the decomposition of the last organic
residues [28].

3.1.2. Carrier Characterizations

As potential LY carriers, two clay minerals and a zeolite-based material were tested.
Morphological analysis was performed to evaluate pore dimensions, while determination
of Zero Point Charge was carried out to better understand the surface properties and
adsorptive capability of the selected carriers [29].

The results of the morphological analyses and Zero Point Charge values (ZPC) of
pristine bentonite (BN), sepiolite (SP), and Phil 75® (PH) are summarized in Table 1.

All the materials are characterized by a trimodal distribution of the particle’s dimen-
sions and negatively charged surfaces. Depending on the carrier, pore dimensions in the
range of 4-110 nm were measured.

Table 1. Morphology (SA: surface area, VP: pore volume, DP: pore diameter) and Zero Point Charge
(ZPC) of the carriers. (BN: bentonite, SP: sepiolite, PH: Phil 75®.).

Carrier SA (m?/g) VP (cm3/g) DP (nm) Particle Dimension (um) ZPC (mV)
BN 28 0.07 12 2,10, 35 —4.73
SP 78 0.14 5,110 0.2,2,10 —122
PH 131 0.03 4 2,20, 85 —169

The XRPD patterns of the pristine materials are reported in Figure 4. Bentonite (BN)
mainly consists of montmorillonite [ICSD 98-016-1171], illite [ICSD 98-016-6962], chlorite
[ICSD 98-006-8942], and albite [ICSD 98-007-7422], while sepiolite (SP) contains sepiolite
[ICSD 98-018-2394] and dolomite [ICSD 98-017-1513]. Phil 75 (PH) consists of a mixture of
zeolites, namely phillipsite [ICSD 98-005-1639], chabazite [ICSD 98-016-9579], and zeolite
[ICSD 98-028-1762]; the additional reflections at about 28° 26 are characteristic of feldspar
[ICSD 98-008-6339]; a minor quartz component [ICSD 98-000-0174] is also present.

In Figure 5, the ATR-FT-IR spectra of the three studied samples are reported. In detail,
the high-frequency region (Figure 5a) shows a broad absorption band extending from
3800 to 3000 cm !, affected by remarkable band overlapping. The latter is particularly
severe in the PH and SP samples, thus preventing band assignment. In the case of BN, a
well-defined and sharp band at 3620 cm 1, with a shoulder at 3695 cm ™1, is ascribed to the
stretching vibrations of structural OH groups, whereas bands at a lower wavenumber are
due to the interlayer and adsorbed HyO stretching vibrations, such as in montmorillonite
spectrum [30-32]. In the range of 950-800 cm !, weak bands are due to AIAIOH and
AIMgOH bending vibrational modes, while the main maximum is centered at 985 cm~!
and attributed to Si-O vibrational modes. Other absorption bands below 550 cm~! belong
to Si-O-Al and 5i-O-Si deformation modes.
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Figure 4. X-ray diffraction patterns of the carriers: bentonite (BN), sepiolite (SP), and Phil 75® (PH).
The position of the most intense (I;g9) peak of the single phases is reported. (Mt: montmorillonite,
II: illite, Chl: chlorite, Alb: albite, Sep: sepiolite, Chab: chabazite, Phil: phillipsite, Z: zeolite, Feld:
feldspar, Qtz: quartz, D: dolomite).

In SP, in addition to the complex band centered at 995 cm~1 and due to Si-O vibrational
modes, few minor components below 600 cm ™~ are related to Si-O-Si deformations and
OH deformation modes. Similarly, for Phil 75®, bands in the range of 1200-700 cm ™! (Si-O,
Al-O, Si-O-Al vibrations) and below 650 cm ! (Si-O-Al deformation modes) occur. A very
weak absorption extending from 3700 to 3200 cm ™! is due to the stretching modes of OH
groups, such as Si-OH, interacting through H-bonds. It is worth noticing that this material
shows the weakest and ill-defined bands in this region of the spectrum [33,34]. Finally,
a large band cantered at 1433 cm~! and two sharper bands at 880 and 730 cm™! in the
spectrum SP, and assigned to carbonate species, are related to dolomite also detected by
XRPD analysis.

m 1430
880
SP /\

Absorbance
(h\
0
i
w
o

3695
514

BN
BN N

4000 3800 3600 3400 3200 2000 1800 1600 1400 1200 1000 800 600
Wavenumbers (cm-1)

(a) (b)

Figure 5. ATR FT-IR spectra of pristine materials: (a) enlargement of the high-frequency region, and

(b) low-frequency region.

Pristine carriers were also characterized by TG (Figure S1); the experiments were
conducted in air in the 25-800 °C temperature range. A total weight loss of about 13% for
BN, 40% for SP, and 15% for PH was measured in these conditions.

By DTG analysis, it is possible to analyze the thermal phenomena associated with the
observed weight losses; the DTG curves are plotted in Figure 6.
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Figure 6. DTG curves of pristine carriers: bentonite (BN), sepiolite (SP), and Phil 75® (PH).

In the DTG curves of all the carriers (Figure 6), a thermal phenomenon, occurring
between 25 and 100 °C, is manifested and consistent with the release of physiosorbed
water molecules. Weight losses of about 4%-5% were detected for SP e PH, and of about
7% for BN. The slightly higher weight loss of the BN sample can be due to a possible
hygroscopicity of this material.

On increasing the temperature, the BN sample shows a thermal phenomenon at
about 130 °C (weight loss 1.4%), which can be due to the interlayer water release, while
the further thermal effects in the range of 400-700 °C, barely manifested, account for
dehydroxylation [35]. In the SP sample, the phenomenon at about 500 and 650 °C is related
to dehydration, while that at about 750 °C is associated with the loss of OH groups [35].

Finally, in the case of the PH sample, the two phenomena at about 130 and 180 °C, for
a total weight loss of about 10%, can be related to zeolitic and crystalline water release [35].

3.2. Study of the Adsorption Operating Parameters

The operating conditions to anchor the lysozyme to the carriers, via the solid /liquid
adsorption procedure proposed here were studied in terms of reaction time, pH, and LY
concentration in the initial solutions.

3.2.1. Effect of Reaction Time

The reaction time was evaluated by fixing the initial LY content at 37.5 mgry / gcarrier [21],
and performing the experiments at pH 4.3, i.e., without any pH correction. The solid-liquid
reaction was performed by contacting the different carriers at different times, namely in the
range of 10-90 min. Each carrier was contacted with the solution, and stirred for the fixed
time, then the reaction was stopped, solid and liquids were separated, and the liquid was
analyzed by COD.

For all the carriers, and for all the explored pH range, a constant LY capture was found,
which corresponded to 37 mg/g in the case of SP, 33 mg/g in the case of BN, and 12 mg/g
in the case of PH (Figure 52). Considering that stirring time does not influence the reaction
yield, the reaction time was fixed at 30 min, for all the further experiments.

3.2.2. Effect of pH

In addition, the effect of pH was studied, in the range of 2-11.3, by fixing LY initial
content at 37 mgry / gearrier, and the reaction time at 30 min. It has been reported that the
LY isoelectric point (IP) is influenced by pH and ionic strength [36,37], as well as clay and
zeolite capture capability [38]. Therefore, the experiments were performed at pH = 2 and
pH =113, i.e, far below and near the IP [36]; moreover, a pH = 4.3 was also considered,
being the natural pH of the initial LY solutions (Figure S3). For BN and PH, a slightly lower
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LY capture occurs at pH = 2, which readily increases to reach a plateau value of 37 for BN
and 12 mgry / gcarrier for PH, at a pH = 4.3. On the contrary, no pH effect was observed on
the SP carrier, where a constant LY loading of 37 mg;y/gsp was measured in the entire
experimental range.

No significative effect of pH on LY adsorption onto a model clay surface was already
reported for atomic force spectroscopy (AFM) investigation. In the investigated pH range
(pH = 4-9), LY always showed a net positive charge, which made the protein strongly
adsorbed at the negatively charged surface [1].

Accordingly, the pH of the further experiments was set at 4.3, without any modification
of the natural pH of the LY initial solution.

3.2.3. Effect of Lysozyme Concentration

The dependence of the LY loading as a function of the initial LY concentration in solution
was investigated in the range of 0.25-3.0 mgyy /mL (corresponding to 6.25-75 mgyy / gcarrier);
30 min of reaction time and pH = 4.3 were applied.

The results are plotted in Figure 7.
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Figure 7. LY uptake as a function of initial LY content in contacting solutions.

A different behavior for the carriers was manifested; indeed, while for PH a plateau
was already reached at 20 mgyy /gcarrier Of LY initial content, for both BN and SP, a linear and
overlapped capture behavior was observed up to an LY initial content of 37.5 mgry / 8carrier-
Such a linear dependence was maintained in the SP carrier across the explored range; on
the contrary, in BN a tendency to a plateau was manifested. Therefore, when the initial LY
content was fixed to 37.5 mgyy / carrier, @ reaction yield of 100% could be obtained for BN
and SP, while this was only 32% in the case of PH.

3.3. LY=Carrier Hybrid Materials Characterization

LY—carrier materials were fully characterized by means of different techniques; the
final purpose was to understand LY allocation on the carrier, the nature, and the strength
of the LY-carrier interactions. Indeed, these parameters can influence the release behavior
of the materials under in vitro and in vivo conditions.

Moreover, a better knowledge of the system is helpful in the optimization of both the
synthesis process and materials. The XRPD patterns of the studied hybrid materials do not
show evidence of significant changes in comparison with the pristine carriers (Figure S4).
It is known that the capacity of proteins to be adsorbed on clay minerals depends on
several parameters such as pH of the solution, temperature, crystal chemical properties
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of the mineral (cation exchange capacity, surface area, nature of the cation saturating the
clay, etc.), isoelectric point, and size of the proteins [10,39]. More specifically, interlayer
cations of montmorillonite affect its capability to interact with small polar molecules and
stabilize proteins. For instance, homoionic Na*-montmorillonite has a higher affinity in the
adsorption of proteins with respect to its Ca?*-counterpart [10]. The authors found that
before the protein adsorption, the (001) diffraction peak in the X-ray diffraction pattern
of homoionic Na*- and Ca?*-Mt is located at 20~9° and 7°, respectively, corresponding
to an interlayer spacing (dgo1) of 12 and 13.6 A, respectively. After the protein adsorption,
the interlayer spacing is ~54 A for lysozyme/Na*-Mt and up to 49 A for lysozyme/Ca2*-
Mt. Similar results were found by Balme et al. [11]. A A dgyp; of ~10 A was reported for
other Na*-Mt and explained invoking the intercalation of unfolded lysozyme [40]. The
adsorption of lysozyme on other clay minerals (saponite) results in interlayer expansion to
doop of 44 A 38 [39].

In our case, the (001) diffraction peak was observed at 26 = 5.83° and 7.41° correspond-
ing to 15.14 and 11.9 A dyo spacing in BN and SP samples, respectively (Figure S4). These
peaks do not display shifts toward lower 26 angles after the interaction with the lysozyme
(BN-LY and SP-LY patterns in Figure 54).

The ATR FI-IR subtraction spectra of hybrid materials are shown in Figure 8a,b,
together with the spectrum of pure LY for comparison.
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Figure 8. ATR FT-IR subtraction spectra of hybrid materials: (a) high-frequency region, (b) low-
frequency region. Spectrum of pristine clay has been subtracted. Dashed line: pure LY spectrum.

In the high-frequency spectral region, the weak absorptions between 3400-3200 cm !
correspond to N-H stretching vibrations, which is still detectable after adsorption [41]. The
detection of negative bands centered around 3620 cm~! confirms the involvement of the
surface OH groups of clays with the organic moiety, and this effect is more evident in the
BN sample spectrum.

Focusing on the main IR features in the low-frequency spectral region, in all the spectra
of the hybrid materials Amide I and Amide II bands (located at 1643 and 1523 cm ™! in
the spectrum of pure LY) appear broader and slightly shifted towards higher frequen-
cies, i.e., 1658-54 and 1546-32 cm ™1, respectively, after immobilization in the solid matrix
(Figure 8b). The analysis of the IR spectra of the mechanical mixture (Figure S5) showed
evidence that in this case, the amide bands are detected at wavenumbers closer to those of
the pure LY bands. This effect can be explained considering that in the hybrid materials,
the spreading of the LY molecules on the clay surface will lead to the formation of H-bonds
between the LY and clay surface sites and, on the other side, will break the intermolecular
H-bonds among molecules in the pristine protein. Apparently, the integrity of the amide
bond is not affected by the interaction and an increased loading of the protein, for instance,
the BN-based sample corresponds to an increased intensity of these bands, in agreement
with TG results discussed below. Moreover, in the spectrum of the sepiolite-based com-
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posite, a significant negative band is detected near 1400 cm !, suggesting that carbonate
species are perturbed during the synthesis procedure.

TG (figure not reported) was also performed, to find confirmation on LY loading on
the solid.

To evaluate the LY loading in the hybrid materials, the weight losses in the range of LY
decomposition (200-645 °C) were evaluated by subtracting the weight loss of the pristine
carrier in the same range (Equation (2)).

LY loading = [(LY-carrier weight loss) — (Pristine Carrier weight loss)] 2)

The results of the calculation were then compared to COD results. For all the sam-
ples, a good correspondence was found between the LY content determined by the two
independent techniques. Indeed, LY contents by TGA were 33 mgry / gcarrier in the case of
BN, 30 mgry / gcarrier in the case of SP, and 11 mg/g in the case of PH; to be compared with
those found by COD of 35.5 mg/g in case the of BN, 37 mg/g in the case of SP, and finally
12 mg/g in the case of PH.

To allow for a better evaluation of the samples” decomposition behavior, and to better
understand the LY—carrier interactions” mechanism and strength, DTG analyses were also
performed (Figure 9c¢).
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Figure 9. Comparison of DTG curves of hybrid materials and mechanical mixtures. (a) Temperature
range 25-800 °C, (b) temperature range 200-650 °C, and (c) DTG of pristine LY reported for sake
of comparison.

The barely evident phenomenon observed in all the hybrid materials (Figure 9a,b) can
be the result of LY decomposition, which is reported in pristine LY at the same temperature
range, with a maxima at 300 and 550 °C (Figure 9c); the other observed phenomena are
due to clay and zeolite decomposition. The presence of LY decomposition residues which
re-adsorb and thus decompose at higher temperatures cannot be discarded.

Although difficult to be detected, there appears to be a broadening of the phenomenon
centered at 300 °C, accompanied by a slight shift of the maximum towards higher temper-
atures, more appreciable in the BN sample when the DTG scale is expanded (Figure 9b).
Unfortunately, the marked decomposition at about 550 °C in pristine LY can hardly be seen
in the hybrid samples, being overlapped to the carrier thermal phenomena or spread all
over the temperature range. However, considering both the broadening and shift of the
first decomposition, a somewhat LY—carrier interaction can be assumed.

To further investigate this point, three mechanical mixtures containing 37.5 mgyry / gcarrier
(MM, in the following) were prepared, by grinding in a mortar of 0.075 g of LY and 2 g of
each carrier. These samples were then subjected to TG and DTG analysis and the results
were compared with the hybrid materials. In the mechanical mixtures, the LY decomposi-
tion is more evident (Figure 9a,b dashed lines) and it occurs at temperatures closer to those
of free LY (Figure 9¢), as if there were no interactions or very weak interactions.
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To investigate LY location onto the carrier, SEM analyses were performed on both the
hybrid materials and the mechanical mixtures. SEM images, taken at the same magnifica-
tion of 2 um, are reported in Figure 10 (pristine materials reported for sake of comparison).

Lv-sp-mm  f
¥
o et

Figure 10. SEM images of (a) pristine carriers, (b) hybrid materials, and (c) mechanical mixtures
(circles: LY particles) (magnification: 2 pum).

The pristine materials exhibit a complex morphology (Figure 10a), characterized by
both large and small aggregates, which are still predominant in the LY-carrier hybrid
samples (Figure 10b), suggesting a high LY dispersion in the sample. LY dispersion in
hybrid materials was also confirmed by EDX analysis (Figure 11), where sulphur (S) atoms
were used as tracers. Indeed, in the hybrid samples, a homogeneous distribution of S atoms
on the whole sample is evident.

Largely different is the situation of the mechanical mixtures, where spherical particles
and carrier features are co-present and clearly distinguishable (Figure 10c). In this case,
S atoms are mainly confined in the spherical particles (Figure 11b,d); hence, it can be
concluded that spherical aggregates consist of the undispersed LY weakly interacting
or not interacting with the carrier at all. It must be underlined that no aggregates were
distinguishable in the hybrid samples (Figures 10b and 11a,c).

This picture is also consistent with the DTG reports, where a stronger LY-carrier
interaction was found in the hybrid samples, but not in the mechanical mixtures. The
presence of stronger or weaker interactions would influence both protection capability of
the three carriers towards the LY molecules, as well as the LY release during application.
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Figure 11. Comparison of SEM-EDX of (a,b) LY-BN, LY-BN-MM, and (c,d) LY-PH, LY-PH-MM. (SEM
of the analyzed portions reported for sake of clarity, S = sulphur.).

3.4. Lysozyme Release Assay

Release tests were performed on the hybrid materials, LY-SP, LY-BN, and LY-PH and
on the respective mechanical mixtures, under experimental conditions to simulate the pH
conditions of stomach and intestine weaning pigs; the results are reported in Table 2.

For BN-LY and PH-LY, the lowest release was detected at pH 3, while the LY-SP sample
showed an almost constant but larger release throughout the explored pH range. At pH 7,
an LY release of 0.06-0.07 mgry / gcarrier Was measured for all the hybrid materials (Table 2).
Compared to the hybrid materials, similar or slightly higher LY releases were found for
LY-BN-MM and LY-SP-MM, while a much larger release was measured for LY-PH-MM.
The calculated total percentage of released LY was about 0.3%—-0.5% for BN- and SP-based
samples, both hybrid samples and mechanical mixtures, while it was 1 and 4% for LY-PH
and LY-PH-MM, respectively.

Table 2. LY release of hybrid materials and mechanical mixtures at different pHs. (LY: lysozyme, BN:
bentonite, SP: sepiolite, PH: Phil75%, MM: mechanical mixture).

LY Release Release Release Total Total

Sample Loading (mgLy/gcarrier) (mgry/gcarrier) (mgry/gcarrier) Release Release

(mg/gcarrier) @ PH 3 @ PH 5 @ pH 7 (mgLY/gcarrier) (%)
LY-BN 35 0.03 0.02 0.06 0.1 0.3
LY-BN-MM 37 0.02 0.02 0.07 0.11 0.3
LY-SP 37 0.06 0.06 0.07 0.19 0.5
LY-SP-MM 37 0.04 0.05 0.05 0.14 0.4
LY-PH 12 0.01 0.05 0.06 0.12 1
LY-PH-MM 37 0.1 0.7 0.64 1.44 4

4. Discussion
4.1. Materials Synthesis and LY Capture Mechanism

The synthetic approach reported here, i.e., solid-liquid adsorption, is simple, environ-
mentally friendly, and effective for preparing hybrid materials characterized by consider-
able LY loadings. The result is dependent on the synthesis parameters, mainly the LY initial
concentration and pH, but also, on the carrier nature.
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Carrier characteristics, such as morphology and Zero Point Charge (ZPC), appear to
be the driving force for an effective LY adsorption; as a matter of fact, both pore dimensions
and ZPC can markedly affect the adsorption process.

Considering our samples, the effect of the ZPC is clear, the maximum LY capture
already occurred after 10 min of reaction, and adsorptions lower than the maximum were
only detected at pH = 2. All these data point to a very fast adsorption reaction, where the
driving force is the surface charge. Indeed, the negatively charged surfaces of the carriers
(ZPC of =169 mV for PH, —122 (mV) for SP, and —4.73 (mV) for BN) are highly prone
to interact with the LY molecules, positively charged in this condition [36,39]. The lower
adsorption observed at pH = 2, for BN and PH, can be due to a competition between protons,
smaller and thus quicker, and the larger LY molecules (average volume of 169 nm? [42]).
Therefore, considering this picture, the effect of the carrier ZPC appears predominant.

However, ZPC and charge interactions are not enough to explain the different ad-
sorption extents observed for the carriers; that means 32% for PH and almost 100% for
BN and SP. The PH surface, indeed, is the most negative one; therefore, the interaction of
charges of opposite signs is expected to be highly favored, thus resulting in a larger LY
capture. Accordingly, additional effects, such as surface morphology and pore dimensions,
or the presence of surface groups of a different nature, or steric hindrance of LY molecules,
must be considered, too. In this respect, this picture is in line with simulation results
on lysozyme adsorption onto a charged solid surface, reported in the literature by other
authors [1,8]. Indeed, it has been reported that, despite the electrostatic forces being found
to play a key role in the LY-carrier binding process, such forces are unable to provide a full
understanding of the interaction mechanism.

Coming to morphology, in PH zeolite, pores with a size of 4 nm are present, to be
compared with the ellipsoidal LY dimensions of 4.5 x 3.0 x 3.0 nm, corresponding to a
volume of 169 nm? [42]. It is evident that pores with a diameter of 4 nm are hardly able to
host the large LY molecules. Different is the case of SP, the sample showing the maximum
LY loading, where a bimodal distribution of the pores” diameter (5 nm and 110 nm) is
present. The smaller pores can hardly be occupied by the LY molecules, while on the
contrary, the larger pores could host the LY ellipsoidal molecules. Additionally, in the case
of BN, pore diameters of 12 nm are consistent with the presence of LY molecules allocated
in the pores. By considering the LY capture of the three carriers, 37 mgry /gcarrier for LY-SP,
35 mgry / gcarrier for LY-BN, and 12 mgry / gcarrier for LY-PH, the combination of ZPC and
morphology could explain carrier capture capability. Indeed, considering PH morphology,
DP =4 nm and ZPC (—169 mV), charge interaction appears to be the only possible binding
mechanism; no LY can be hosted in the pores, due to their small dimensions. Hence, all
the LY molecules are adsorbed at the surface, thus prone to steric hindrance and charge
repulsion, resulting in the lowest LY capture. In the case of BN, the effect of the low ZPC
could be compensated for by the large pore dimensions able to allocate LY molecules.
Moreover, in the case of BN, an expandable clay, an exchanging mechanism implying
interlayer cations, could also be possible, in principle.

The presence of an exchanging mechanism can be verified by following the Ca®* ion
release upon contact with the LY solution; indeed, if an exchanging mechanism is present,
Ca?* ions should be involved in the process [43,44], thus Ca?* becoming the tracer of
the exchange reaction. Accordingly, BN was treated with distilled water at pH = 4, and
the released Ca®* was compared with that measured in the presence of LY at the same
pH. Released Ca®* ions equal to 0.12 mg/gap were found in the experiment with pure
water, while those equal to 0.28 mg/gpn were measured for the LY-containing solution
(35 mg/gpN)- Therefore, the hypothetical LY involved in the exchange reaction should
correspond to the difference between released Ca®* ions (0.003 mmolc, / gpN) in water and
released Ca®* ion during the reaction (0.007 mmolc, /gap). Hence, by hypothesizing a 1:1
exchange and multiplying the Ca?* mmoles (0.004 moles/gpN) released during the reaction
for the LY MW (14.4 kDa), an intercalated LY content of 0.576 mgyy /gpn should be present.
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However, LY intercalation in the BN-based sample seems to not be supported by the
XRPD analysis [11], since no significant shift in the position of the basal reflection (dgg1)
has been detected in the LY-BN XRPD pattern. Although limited, LY intercalation should
be manifested due to the large LY dimensions, as it should result in the interlayer enlarge-
ment. On the other hand, dynamic modelling simulation studies on expandable clays,
such as montmorillonite, revealed that the (010) edge surface is more chemically reactive
than the basal one, being characterized by more hydroxyl groups, that can participate in
acid/base chemistry during LY adsorption [9], and this explanation could be applied to
our samples, too. In our experimental conditions, this hypothesis is also supported by IR
results [30-34,41] showing that exposed OH groups are involved in the interaction between
clay and the protein, particularly in the case of the BN matrix. However, surface adsorption
is predominant on the other LY capture mechanisms.

Finally, in the case of SP, the highest LY capture is justified by a synergic combination
of surface charge and pore dimensions. As a matter of fact, the IR spectrum of this sample
shows very weak bands in the OH stretching region, suggesting a limited amount of “free”
hydroxy groups available for adsorption processes. This behavior could be related to the
presence of carbonate species, detected by FT-IR, which could modify the nature of the
surface, and consequently the adsorption mechanism.

4.2. LY=Carrier Interaction Strength

The LY~carrier interaction is fundamental for the final application; LY distribution on
the carrier and LY-carrier bond strength are of paramount importance to control the LY
release during the gastric passage.

The synthetic approach applied here allowed for bonding the LY molecules to the
carrier in a stronger way than in a simple mixture. This statement is supported by DTG
analysis of the hybrid materials, where LY decomposition occurs at temperatures slightly
higher than free LY, a clear indication of a LY—carrier interaction. These findings are also
supported by DTG analysis of the mechanical mixtures, where, in turn, LY decomposition
is detected at temperatures closer to those of free LY, thus suggesting no interactions or
very weak interactions present in these samples [28].

This picture is also confirmed by SEM-EDX analysis of the hybrid materials, where LY
molecules were found to be quite homogeneously spread onto the carriers” surface, being
such a dispersion favored by the applied solid-liquid adsorption reaction. This was not the
case with the mechanical mixtures, in which the mixed components (LY and carrier) were
still clearly distinguishable in the SEM-EDX images. However, also for the MM samples,
weak interactions due to surface charge can be inferred.

In the case of the proposed final application, i.e., feed optimization and bioactive
molecule protection, the possibility to supply the bioactive molecules in a more controlled
way is of paramount importance. However, the bioactive molecule, in this case LY, must
preserve its properties in terms of structure and bioactivity.

When an immobilization process is applied, such as the solid-liquid adsorption
proposed here, the occurrence of possible modifications in the protein structure upon
binding must be evaluated. In large proteins, such as LY, it is the whole structure, indeed,
that defines the active site configuration, in terms of exposed amino acid residues, thus
the bioactivity.

Unfortunately, regarding structural changes in the LY upon adsorption, nothing can be
said based on our results. In the hybrid samples, IR bands diagnostic of the peptide linkage
are very weak and broad, and no other components can be detected. However, something
can be hypothesized on the basis of the literature results on similar systems [1,8-10]. It has
been reported, for Ca®* montmorillonites [10], that the rigid hen egg white lysozyme is
stabilized during adsorption, and no denaturation occurs. Furthermore, the electrostatic
interactions, which guide the LY adsorption, are reported to steer the interaction of LY
with the carrier surface via the N,C-terminal residues (for example, Arginine 128) of the
protein chain.
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This favorable binding orientation results in LY molecules being able to retain their
secondary and tertiary structure, so that LY active site is not modified [8], and the bioactivity
is preserved. Therefore, considering the close similarity between our systems and those
reported in the literature, it can be hypothesized that a similar binding mechanism can
occur in our samples, too. It can be assumed that, also with our carriers, LY is absorbed
without denaturation, and thus able to retain its structure and function.

4.3. LY Release at Different pHs

Hybrid samples revealed a complex situation, in which some LY molecules were
bonded in a weaker way with some others bonded in a stronger way. Accordingly, the
release behavior could be markedly affected by the observed inhomogeneity.

On the other hand, differently bonded LY molecules could be prone differently to the pH
effect, thus assuring their controlled released under the different gastrointestinal conditions.

Both hybrid samples and mechanical mixtures showed similar trends in LY release.
All tested samples displayed a progressive higher LY release after increasing the pH level
from 3 to 7 suggesting their use as possible carriers for the controlled release of LY in the
gut. However, the different behavior of the carriers must be considered to select the most
proper carrier for the application.

Regarding the carrier nature, BN-LY and PH-LY were more subjected to pH variations
than SP. In view of their very little release at pH 3, but larger at pH 7, they appear to
be better modulators for LY delivery in the application proposed here. Moreover, when
BN- and SP-based materials are considered, their total release percentage 0.3-0.5% (w/w),
makes these carriers probably adequate for a sufficient LY supply. Considering the observed
release, an enhanced availability of the bounded lysozyme could be expected during the
intestinal digestion due to the catabolic activity of pancreatic enzymes, bile salts, and the
microbial population [45,46]. A slow and controlled release could guarantee the spreading
of bioactive compounds carried by natural clays during the whole intestinal transit and
modulating the microbiota population along the gut tract.

Interestingly, total LY release of 1 and 4% was found for LY-PH and LY-PH-MM,
respectively. Furthermore, if the absolute value of the released LY is considered, i.e., 0.12
and 1.44 mgry/gpy for LY-PH and LY-PH-MM, respectively, it appears that the mechanical
mixture, LY-PH-MM, containing 37.5 mgry/gpy, is the most promising sample to be used
in the application.

As already remarked, lysozyme supplementation could be beneficial for the feed
characteristics: it satisfies nutritional requirements, and, for its functional role, it pro-
tects animals and the resulting meat and dairy products from pathogenic bacteria (e.g.,
Clostridium tyrobutyricum) [47]. In addition, LY has been shown to increase zootechnical
performance, animal welfare, and health, mainly influencing intestinal flora and nutrient
digestibility [47-50]. Considering the obtained findings, even if the release rate was limited,
the antimicrobial activity of LY could be targeted in the intestinal environment, to reduce
pathogenic bacteria abundance, thus favoring the gut eubiosis and animal health.

5. Conclusions

The simple and environmentally friendly solid-liquid adsorption approach proposed
here has been demonstrated to be effective for preparing hybrid materials for zootechni-
cal applications.

LY initial concentration, pH, and carrier nature are the parameters of choice to manage
LY loadings and interaction with different carriers. When the initial LY content is fixed to
37.5 mgry / gearrier, With a reaction time of 30 min and pH at 4.3 (i.e., without pH correction),
a 100% reaction yield can be obtained for BN and SP, while this is only 32% in the case
of PH.

LY adsorption mainly depends on a combination of pore dimensions and Zero Point
Charge. The absence of larger pores, able to allocate large LY molecules, is compensated
for by the strong interaction between charges of opposite sign (i.e., positive LY-negative
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carriers’ surface). Depending on the carrier, the adsorbate, and the operating conditions,
one of the two phenomena can prevail over the other. Surface hydroxy groups could also
be involved in the interaction, in particular for the BN-based samples.

The interaction mechanism is the result of the preparation procedure: following the
synthetic route, LY is homogeneously spread onto the carrier surface, and no separated LY
aggregation is present in the material. On the contrary, LY aggregates are always present
in the mechanical mixtures, although the interaction between charges of opposite signs is
partially active, and also in the simple mixing of the component.

By comparing the results from our samples with the literature, it can be concluded
that the electrostatic interaction mechanism results in a favorable binding orientation of the
LY molecules, where the active sites are not modified, and the bioactivity is preserved.

The total release (0.3%—-0.5% w/w) of BN-LY and PH-LY, combined with their response
to the pH effect, make these carriers probably adequate for LY supply and modulation.
Moreover, LY-PH and LY-PH-MM, due to their total LY release (1 and 4% w/w, respectively)
are also interesting systems.

For all the samples, the observed higher release at pH 7 indicates their possible use
as carriers for bioactive compounds to the intestinal environment possibly overtaking the
gastric barrier.

The simple preparation route and an equally simple key to understand the interaction
phenomena between the bioactive molecule and the carrier proposed here could facilitate
the choice of the most appropriate carrier, being based on objective data, such as the carrier
morphology or the carrier Zero Point Charge. Moreover, it should be noted that the study
carried out in this work concerns samples prepared using commercial carriers, already
applied in the feed industry as additives, and thus, it brings these materials closer to
the market.

In fact, these clay-based systems for lysozyme delivery could provide a low-cost
technology, in compliance with requests made by feed manufacturers, for market and
livestock systems in the development of a targeted delivery of low concentrations of
several bioactive compounds for the modulation of gut microbiota, intestinal health, and
immune response.

Therefore, this study can constitute a step forward in the development of new op-
timized feed formulations for the targeted delivery of natural compound alternatives to
antibiotics and vaccinal antigens.
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Figure S5: ATR IR spectra of mechanical mixtures. Dashed line: pure LY.
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