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Abstract: The controlled supply of bioactive molecules is a subject of debate in animal nutrition. The
release of bioactive molecules in the target organ, in this case the intestine, results in improved feed,
as well as having a lower environmental impact. However, the degradation of bioactive molecules’ in
transit in the gastrointestinal passage is still an unresolved issue. This paper discusses the feasibility of
a simple and cost-effective procedure to bypass the degradation problem. A solid /liquid adsorption
procedure was applied, and the operating parameters (pH, reaction time, and LY initial concentration)
were studied. Lysozyme is used in this work as a representative bioactive molecule, while Adsorbo®,
a commercial mixture of clay minerals and zeolites which meets current feed regulations, is used
as the carrier. A maximum LY loading of 32 mgry/gap (LY(32)-AD) was obtained, with fixing
pH in the range 7.5-8, initial LY content at 37.5 mgyy/gap, and reaction time at 30 min. A full
characterisation of the hybrid organoclay highlighted that LY molecules were homogeneously spread
on the carrier’s surface, where the LY—carrier interaction was mainly due to charge interaction.
Preliminary release tests performed on the LY(32)-AD synthesised sample showed a higher releasing
capacity, raising the pH from 3 to 7. In addition, a preliminary Trolox equivalent antioxidant capacity
(TEAC) assay showed an antioxidant capacity for the LY of 1.47 &+ 0.18 pmol TroloxEq/g with an
inhibition percentage of 33.20 £ 3.94%.

Keywords: clay-based materials; lysozyme—carrier interactions mechanism; target release; feed
application; FT-IR spectroscopy; target delivery; precision nutrition

1. Introduction

Nutrition has become increasingly important, and four out of the seventeen sustain-
ability goals (SDG 2 Zero Hunger, SDG 3 Good Health and Well-being, SDG6 Clean Water
and Sanitation, SDG12 Responsible Consumption and Production, and SDG13 Climate
Action) are targeted at the production of healthy food. In livestock, the increasing problem
of antimicrobial resistance has prompted the European Union to introduce new limitations
regarding the judicious use of antimicrobial molecules [1,2].

The indiscriminate use of not only antibiotics but also bioactive molecules in feed
applications has a strong impact on the environment. Unmetabolized molecules, or parts
of them when in excess, are released in both aquatic and atmospheric environments,
generating issues of high levels of pollution [3]. Regarding antimicrobial activities, the
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use of functional feed additives [4-7] reduces the incidence of pathologies, and thus the
amount of antibiotics needed [8-12]. Among other molecules [13], lysozyme (LY), a lytic
enzyme [14] that exhibits antibacterial activity, could thus offer a possible alternative to
antibiotics [15-28].

The antioxidant and antimicrobial ability of LY is structure-dependent, as it is pro-
vided in a free form via dietary supplementation. Therefore, avoiding LY degradation
and maintaining structural stability during the gastrointestinal passage is key. Various
approaches have been proposed to bypass degradation problems [29].

Among others, the binding of the bioactive molecule to a suitable carrier via an
adsorption process has been proposed and would seem to be a viable, simple, and cost-
effective solution [30-32].

Porous materials are some of the possible carriers that have been widely studied,
because they can be customised to the specific application [33,34]. Clay minerals and
zeolites are part of this materials group, and are already used in feed additives for other
purposes [35,36].

When a clay mineral is used as a carrier, the intercalation process is of primary
importance in modulating and controlling the availability of the organic molecule [37-40].
Among the different clays available in nature [39,40], montmorillonites have been reported
as the most fit for purpose [32,35,36,41-43].

Although adsorption is a simple process, the interaction of a bioactive molecule with
the porous matrix is complex. In fact, the molecular mobility in porous media is strongly
dependent on the nature of the carrier, namely its porosity, and on the nature of the medium
where the biomolecule is spread [44—48]. In fact, many molecule—carrier interactions are
possible, such as size-dependent steric interactions, Van der Waals interactions, electrostatic
interactions, and/or interactions mediated by solvents when present [33].

The adsorption process as well as the final properties of the synthesised materi-
als are thus strongly influenced by the reaction conditions, such as concentrations, pH,
ionic strength, temperature, reaction environment, and time. Accordingly, many efforts
have been made to understand and model the interactions between porous materials and
biomolecules, e.g., large proteins such as LY [49-52].

Although of high quality, studies in the literature are generally performed either on a
model, or on simplified systems where the adsorption reaction is performed on simplified
carriers [52]. However, we believe that more studies on commercial feed components that
are already available on the market and permitted by regulations are required if the aim is
to promote a greener and more sustainable feed on the market.

In fact, introducing new components for feed improvement requires a lot of effort and
time, as approval has to be gained for selling and marketing the new feed, which needs to
comply with regulations [53]. The present paper thus aims to demonstrate the feasibility
of a simple, environmentally friendly, and cost-effective synthesis of organoclays, where
the carrier is a complex commercial clay- and zeolite-based mixture, i.e., Adsorbo®, and
lysozyme is the bioactive molecule.

In our previous work [32], the LY adsorption via a solid/liquid process in an aqueous
environment was assessed on bentonite, sepiolite, and Phil75® zeolite. It was demonstrated
that the pore dimensions, but above all the zero-point charge (ZPC) were the parameters
controlling the LY—carrier interaction. Depending on the carrier nature and the operating
conditions, one of the above two parameters prevailed over the other. The final LY-
carrier interaction was the result of the preparation procedure, enabling the LY to be
homogeneously spread onto the carrier surface [32].

A pH-dependent LY release was also found, and the observed higher LY release at
pH 7 indicated the possibility of overcoming the gastric barrier to reach the intestinal
environment [32]. The total LY release (0.3-0.5% w/w) observed in bentonite- and zeolite-
based systems, combined with their response to pH, made these materials more appropriate
for LY supply and modulation [32].
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Adsorbo®, the carrier studied here, is a mixture of the above clays and zeolite, with 15%
w/w bentonite, 15% w/w sepiolite, and 70% w/w of Phil 75® zeolites. It has already been
approved as a feed additive, and is commonly used in zootechnical practices, mainly for
mycotoxin adsorption [54]. However, there is no way of establishing in advance whether
the properties of the mixture, i.e., Adsorbo®, are the mere sum of the components or
whether there is some synergic or adverse effect, when they are co-present.

This paper assessed the Lysozyme-Adsorbo® organoclay synthesis. The solid /liquid
route, which we previously developed for single components [31,32] was applied, and
the effects of the operating conditions for an effective lysozyme loading onto the carriers
were studied. Synthesised materials were fully characterised to obtain information on the
LY—carrier interaction mechanism and their effect on the final organoclay properties.

The novelty of this paper lies in the use of the very simple, cost-effective and envi-
ronmentally friendly solid /liquid adsorption approach, natural components, and aqueous
environment, as well as the use of a commercial carrier, already applied in the practice,
thus closer to the infield application.

2. Materials and Methods
2.1. Materials

An application of 99.9% pure powder of commercial hen egg white Lysozyme, (LY)
(CAS RN 12650-88-3, supplied by Sigma Aldrich, St. Louis, MO, USA) was used. This
is characterised by a molecular weight (MW) of 14.4 kDa, and an isoelectric point (IP) of
+11.35, and it remains positively charged below the pKa [55].

Adsorbo® (AD) was selected as the carrier (supplied by Biomicron s.r.] Reggio Emilia,
RE, Italy), and is a commercial mixture of clays (15% w/w bentonite, 15% w/w sepiolite,
70% w/w zeolite Phil75®), which is commonly used in zootechnical applications.

Other chemicals, such as pure HNO3s, NaOH (all supplied by Sigma Aldrich, St. Louis,
MO, USA, 98% pure), and distilled water were also applied.

2.2. Absorption Procedure

The final organoclays (LY-AD) were prepared according to the solid-liquid adsorption
procedure (Figure 1), developed elsewhere for similar compositions [31,32,56].

STEP 1: Lysozyme dissolution

[LY] = 0.25 -3 mg/mL
Room temperature
Stirring: 500 rpm

STEP 2: Solid/Liquid adsorption

Reaction time: 30 min
pH=75-8
Room temperature

Stirring: 500 rpm

{

STEP 3: Solid/Liquid separation

Centrifugation 2451RCF
30 min

Liquid Solid

AR

COD analysis  XRD, TG-DTG,
FTIR, SEM-EDX

|:> LY CONTROLLED RELEASE

Figure 1. Lysozyme-Adsorbo® adsorption process.
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Briefly, fixed amounts of LY were dissolved in 50 mL of demineralised water (pH = 3.84.3)
and stirred at a rate of 500 rpm at room temperature until dissolution. Subsequently, 2 g of
AD were added to the LY solution, and the suspensions were stirred at 500 rpm at room
temperature for a fixed time. During the experiments, the pH was monitored (Mettler
Toledo FE20/EL20 digital pH-meter; Mettler Toledo, Milan, MI, Italy), but not modified,
because it naturally evolved and remained almost constant in the range 7.5-8. The effect of
LY initial concentration was tested in the range 0.25-3 mgyy/mL, (i.e., 6.25-75 mgry/gaD),
while that of the reaction time was tested in the range 10-90 min.

Solid/liquid separation was then performed by centrifugation at 3000 rpm, (2451
relative centrifugal force, RCF) for 30 min (32 RotoFix centrifuge; Hettich Italia, Milano MI,
Italy), and the solids and liquids were characterised.

All the synthesis was performed in mild conditions, i.e., an aqueous environment, and
room temperature.

A mechanical mixture (LY-AD-MM) was also prepared by mixing, in an agate mortar,
2 g of the carrier with 75 mg of lysozyme, corresponding to a concentration solution of
1.5 mg/mL.

2.3. Characterisation
2.3.1. Liquid Analysis

Before and after the solid/liquid adsorption experiments, solutions were analysed
by chemical oxygen demand (COD) to determine the lysozyme content. Analyses were
performed by HI80 Spectrophotometer (Hanna Instrument, Villafranca Padovana (PD),
Italy), according to [57,58]. COD analyses were performed in triplicate, and the analytical
error was +2 mgyy /gAp.

Captured LY was determined according to Equation (1):

LY capt (mgry/gap) = [LY i (mgry/gap) — LYres (mgry/gap)] 1)

where LY 4t is the amount of captured lysozyme, LY;,; is the amount of lysozyme in the
initial solution, and LY/ the residual lysozyme in the solution after the reaction.

2.3.2. Solids Characterisation

The morphology of the AD carrier material was assessed in terms of both the particle
dimensions and porosity. Particle dimensions were determined by laser granulometry
(CILAS 1180 granulometer; Orléans, France), according to [59,60]; meanwhile, the surface
area (SA), pore volume (PV,) and pore dimensions (PD), were analysed with nitrogen ad-
sorption at 77 K (Micromeritics Tristar 3000 Instrument; Micromeritics, Norcross, GA, USA)
and Hg intrusion (Autopore V9600 Equipment, Micromeritics Instrument Corporation,
Norcross, GA, USA). Before the analysis, the samples were degassed overnight at 60 °C
(heating rate from 25 °C to 60 °C, 1 °C/min).

Phase composition of all the samples was determined by X-ray Powder Diffraction
(XRPD), using a Panalytical Empyrean X-ray diffractometer, Bragg-Brentano geometry
(Malvern Panalytical Ltd., Malvern, UK) operating at 40 kV /40 mA, and a large Nickel-beta
filter, CuK« radiation, and a PIXcel3D detector. Patterns were collected in the 26 range
2-70°, step size 0.0263° and counting time 356 s/step. Phase identification was performed
using PANalytical B.V. software HIGHScore Plus v. 4.6a based on the ICSD database (FIZ
Karlsruhe, Eggenstein-Leopoldshafen, Germany, ICSD web v. 2.1.0).

Thermal decomposition behaviour and LY—carrier interaction were analysed by ther-
mogravimetric and differential thermogravimetric analyses (TG-DTG). Analysis was carried
out in air by a DTA-TG SEIKO 6300 thermal analyser (Seiko Instruments Inc., Chiba, Japan)
under the following experimental conditions: heating rate of 5 °C/min, T range = 25-800 °C.

Functional groups present in all the samples were assessed via skeletal spectra by the
Fourier transform-infrared (FT-IR) spectroscopy on KBr—pellets (about 1% wt of sample
powder) using a Thermonicolet Nexus (Thermo Fisher, Waltham, MA, USA) in the range
4000-400 cm ™! with 100 scans per analysis and 4 cm ™! resolution. The OMINC software
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(v. 7.2) for spectra analysis was also used. Surface functional groups were also determined
by spectra in attenuated total reflectance (ATR) mode recorded with the same instrument
equipped with an ATR accessory (diamond window).

Surface charge of the carrier was determined by zero point charge (ZPC) by means of a
Zetasizer Nano ZS (Malvern Instruments Limited, Malvern, UK). Dynamic light scattering
(DLS) at 90°, with a non-invasive backscatter (NIBS), was used for the measurements.

Sample morphology and elemental composition, as well as lysozyme dispersion in
the organoclays, were analysed by scanning electron microscopy and energy dispersion
X-ray spectroscopy (SEM-EDX) analyses by means of a Zeiss EVO 50 EP (Zeiss, Jena,
Germany) combined with an Oxford INCA energy 2000 spectrometer (Oxford Instruments,
Abingdon, UK). The SEM-EDX equipment was operated at an electron high tension (EHT)
voltage of 15 and 20 kV, a probe current of 120 and 300 pA, and at high vacuum (about
10~ Pa) conditions.

2.3.3. Preliminary LY Release Tests on the LY-AD Samples

To verify whether the synthesised organoclays (LY-AD) were able to release lysozyme
in different environments, preliminary tests of lysozyme release were performed at different
pH values, simulating stomach and gut environments, using the procedure shown in
Figure 2.

LYSOZYME RELEASE

environment

Simulation of stomach and gut :
Indirect competitive enzyme-linked

LY-AD (200 mg) in 400 uL (TRIS-HCL)
at pH 3, 5and 7 (2 hours, 37°C)

LYSOZYME RELEASE EVALUATION

immunosorbent assay (IC-ELISA)

o @ @
LY-AD ) )
v v
pH3 pH5

—

Supernatant

Centrifugation

=\
P —_—] 3. Addition of anti-mouse immunoglobulin G horseradish
f | —

. 1. Egg hen lysozyme coating (350 pug/mL 4°C overnight)
Y
pH 7 2. Addition of mouse polyclonal anti-lysozyme antibody (PALA)
paLA T, /‘
{@% £~

v p—
Sample Standard  e—-

vy

peroxidase-conjugated (IgG-HRP) antibody and TMB to
activate the reaction (37°C for 1 h and 15 min respectively)

0D 450 nm

collection [ JOXOY JeoI |
(A D

O
JOL
@

O (
<

01 +
) Y ( ) ( ) 001 01 1
DA AV AL Human Lysozyme (ug/mL)

10

Absorbances were measured at 450 nm
Figure 2. Methodology workflow for the preliminary lysozyme release assay.

Briefly, 200 mg of each LY-carrier powder was added to 400 puL of 10 mM
tris(hydroxymethyl)aminomethane hydrochloric acid (TRIS-HCI; supplied by 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. The supernatant was
then separated by centrifugation at 12,000 rpm (16,128 relative centrifugal force, RCF) for
10 min. The liquid extracts were stored at —20 °C until the next assay. The lysozyme release
was quantified by indirect competitive enzyme-linked immunosorbent assay (IC-ELISA).
Hen egg-white lysozyme (supplied by Sigma Aldrich, St. Louis, MO, USA) was coated
(350 pg/mL in a solution of CaCO3 50 mM) onto a 96 micro-well plate overnight at 4 °C,
after which the plate was washed three times with 0.01 M phosphate-buffered saline at pH
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7 (PBS; Sigma Aldrich, St. Louis, MO, USA), and then blocked with 200 uL of 1% (w/v)
bovine serum albumin (BSA; supplied by Sigma Aldrich, St. Louis, MO, USA) for 2 h at
37°C.

The plate was then washed with 0.01 M PBS containing 0.05% (v/v) Tween 20® (PBS-T;
supplied by Sigma Aldrich, St. Louis, MO, USA). A total of 100 puL of mouse polyclonal anti-
lysozyme antibody (supplied by Santa Cruz Biotechnology, San Juan, CA, USA) diluted
1:3000 was mixed with 100 pL of each sample. A total of 100 puL solution from each
mixture was added to each coated well, and the plate was incubated at 37 °C for 1 h. The
plate was washed with PBS-T and then a 1:10,000 diluted solution (100 pL) of anti-mouse
immunoglobulin G horseradish peroxidase-conjugated (IgG-HRP) antibody (supplied by
Sigma Aldrich, St. Louis, MO, USA) was added to each well and incubated at 37 °C for
1 h. The plate was then rewashed with PBS-T, and 50 pL of 3/,5,5-tetramethylbenzidine
(TMB; supplied by Sigma Aldrich, St. Louis, MO, USA) was added to each well followed by
incubation at 37 °C for 15 min. To stop the reaction, 150 pL of 0.4 N hydrochloric acid was
added to each well, and then the absorbance was measured at 450 nm using a microplate
reader (model 680; Bio-Rad, Hercules, CA, USA). Each sample was tested in triplicate. To
obtain the standard curve, a recombinant egg lysozyme (supplied by Sigma Aldrich, St.
Louis, MO, USA) was used. Six different concentrations ranging from 0 to 20 mg/mL in
TRIS 10 mM were measured. The lysozyme release was expressed as a percentage of the
total content considering 100% release as the maximum quantity of lysozyme present in
the analysed organoclay.

2.3.4. Preliminary Antioxidant Capacity Determination

A Trolox equivalent antioxidant capacity (TEAC) assay was adopted to evaluate the
antioxidant effect of hydrolysed lysozyme, and tested as follows.

Firstly, lysozyme was hydrolysed by a pepsin digestion according to Memarpoor-Yazdi et al.,
(2012) [15], with slight modifications (Figure 3). Briefly, 0.5 mg of pepsin (P7000, >250 units/mg
solid; supplied by Sigma-Aldrich, St. Louis, MO, USA) in Tris(hydroxymethyl)aminomethane
buffer (50 mM, pH 2.0) (supplied by Sigma-Aldrich, St. Louis, MO, USA) were added to
10 mg of lysozyme (using an enzyme—substrate ratio of 1:20 w/w) and incubated at 37 °C
for 2 h. The hydrolysed lysozyme was further centrifuged at 7000 x g for 10 min, and the
supernatant was filtered through a 20 um syringe filter for further evaluation.

Step 1 Step 2
P . Antioxidant activity assay of LY peptides
Lysozyme hydrolysis R . )
Pepsin digestion (pH= 2, 2 hours, 37°C) Trolox Equivalent Antioxidant Capacity
psin dlg PR= 4 ' using ABTS

s 7 Lysozyme
i

j?‘i:.
o
o

“NH O3S S, SN SONH,
Cpra eI

s . “ . CaHy

Pepsin Bioactive s O’SCE:.*"’“:‘z@mW; ABTS
hydrolysis peptides CH Gy

LW

Trolox calibration curve ¥ =0.0003x+0.0058

500 1000 1500 2000 2500
Trolox (M)

Figure 3. Steps in the preliminary antioxidant activity assay of lysozyme.
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For the TEAC analysis, a 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS;
supplied by Sigma-Aldrich, St. Louis, MO, USA) radical cation decolourisation test was
performed as described by You et al. (2010) [61]. ABTS*" was generated by diluting
potassium persulfate in ABTS (7 mM) to obtain a final concentration of 2.45 mM. The
reaction was left to stand in the dark for 16 h at room temperature. ABTS** was diluted in
MilliQ water to obtain the working solution with an optical density (OD) of 0.70 & 0.02 at
734 nm at room temperature. A concentration series (from 30 to 2 uM) of Trolox (6-hydroxy-
2,5,7,8-tetramethychroman-2-carboxylic acid; supplied by Sigma-Aldrich, St. Louis, MO,
USA) was used to build the calibration curve. Samples and standards were tested by mixing
100 pL with 100 pL of diluted ABTS®** working solution in a 96-microwell plate. ODs were
recorded using a microplate spectrometer at 734 nm after 8 min of reaction (BioTek Epoch
Microplate Spectrophotometer; Agilent Technologies, Santa Clara, CA, USA). Percentage
inhibition (PI) was calculated according to Equation (2):

PI = [(AbsABTS®* — Abs sample)/ AbsABTS®**] x 100 (2)

where AbsABTS** is the initial OD of diluted ABTS®** and Abs indicates the final absorbance
after 8 min of reaction. The Trolox calibration curve was used to express data as pmol of
Trolox equivalents on a gram of hydrolysed enzyme (umol TroloxEq/g).

Hereafter, abbreviations are used to identify both the organoclays and pristine materi-
als. All the organoclays are identified by a label containing the actual LY loading per gram
of carrier; for example, LY(32)-AD corresponds to the organoclay loaded with 32 mg of LY
per gram of AD.

For the sake of clarity, abbreviations are spelled out in their full form in Table S1. The
same table also shows a list of the characterisation techniques and their abbreviations, as
well as those of the most complex reactants.

In addition, according to [62], “s” stands for “second”, “min” stands for “minute”,
and “h” stands for “hour”.

3. Results
3.1. Operating Parameters of the Organoclay Synthesis: Reaction Time, Initial Lysozyme (LY)
Concentrations, and pH

The effects of the operating parameters on the LY-AD organoclay synthesis were fully
explored in order to optimise the solid/liquid adsorption procedure, and to obtain a final LY
loading of 37.5 mgry/gap on the AD carrier, reported in the literature as being appropriate
for nutritional zootechnical applications (target of supply 100 mg of LY per kg of diet) [63].

The influence of the reaction time, was studied in the range 10-90 min, fixing the LY
initial concentration at 1.5 mg/mL (i.e., 37.5 mgry/gap), pH 7.5-8; and room temperature
(Figure 4a) [32].

LY capture is time-dependent; a progressive increase in the uptake was observed up to
30 min of reaction time, after which a plateau was reached, and a maximum and constant
LY loading of 32 mgry/gap, accounting for 85% reaction yield, was achieved. Thus, the
experiments were subsequently performed with 30 min as the reaction time.

The dependence on the initial LY concentration was investigated, in the range 0.25-3.0 mg/mL
(corresponding to 6.25-75 mgry/gap) (Figure 4b). Again, a plateau trend was observed for
the initial LY concentrations, and a maximum LY loading of 32 mg;y/gap, was achieved
for an initial LY content of 37.5 mgry/gap, and no loading increase was obtained, also
doubling the initial LY content; an initial LY content of 37.5 mgry/gap was thus used.
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Captured LY (Mg, y/gap)

40 . 40
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(a) (b)

Figure 4. LY capture: (a) as a function of reaction time, and (b) as a function of the initial LY content.

The pH effect [32,64,65] was studied in the range 2-11.3, (LY initial content 37.5 mgyy/gap
and 30 min of reaction time), also considering pH = 4.3, i.e., no correction of the pH of
the LY solutions [32]. Constant LY loading, in the range 31-32 mgry/gap, was obtained
throughout the experimental pH range (Figure S1 in Supplementary Materials). All the
experiments were thus performed at a pH in the range 7.5-8 only by monitoring and not
correcting the pH.

In summary, the correct operating conditions to obtain the maximum LY loading
(32 mgyy/gap), which is very close to the target (37.5 mgry/gap), are:

- Initial LY content = 37.5 mgry/gap.
- pH=7.5-8 (no pH correction).

- Reaction time = 30 min.

- Room temperature.

- Aqueous environment.

3.2. Characterisation of Pristine Lysozyme (LY) and Adsorbo® (AD) Carrier
3.2.1. Lysozyme (LY) Characterisation

LY is an amorphous powder. Its molecule is characterised by amide bonds whose
principal IR bands (not reported) fall at 1655 cm™!, 1548 cm~! and around 1300 cm~!
mainly attributed to the vibrational mode C=0 stretching vibration (Amide I), the com-
bination of N-H in plane-bending vibration and CN stretching mode (Amide II) and the
combination of NH bending and CN stretching vibration (Amide III), respectively [32].
Thermal decomposition in air (by TG-DTG analysis, not reported) occurs in three different
temperature regions, specifically 23-100 °C, corresponding to the physiosorbed water loss;
200-600 °C, with a maximum at 300 °C, where the lysozyme decomposition occurs; and
600-800 °C, due to the decomposition of the last organic residues [32].

3.2.2. Adsorbo® (AD) Characterisation

The commercial mineral mixture used as a carrier is a yellowish powder, characterised
by particles with approximate dimensions of 2, 10, and 50 pm. By N, adsorption, a surface
area of 78 m? /g, a pore volume of 0.05 cm?/g, and mean pore diameters of 3 nm were
determined. Adsorbo® is characterised by a very negatively charged surface, with its ZPC
equal to —141 (mV).
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The carrier XRPD analysis (Figure S2 in Supplementary Materials) clearly identified
peaks of phillipsite [ICSD 98-005-1639], chabazite [ICSD 98-015-6247], and zeolite [ICSD
98-028-1755]. The wide band in the 4-8° 20 range, indicative of poor crystallinity, meant
that the contribution of different clay minerals, such as montmorillonite, sepiolite, chlorite,
and vermiculite could not be identified. Feldspar and dolomite were also present.

The very complex FT-IR spectrum of AD (Figure S3 in Supplementary Materials) is a
result of the superimposition of bands due to the different mineral phases detected by the
XRPD analysis. The strong band centred at 1030 cm ! is characteristic of all silicate-based
materials and is assigned to Si-O-5i vibrational modes, together with the broad shoulder
at about 450 cm ! [66]; weaker and broad bands in the range of 570-635 cm~ ! and at about
510 cm ! are consistent with the presence of zeolite [67]. The absorption near 500 cm 1 and
the shoulder at 915 cm ™! are indicative of the vibrational modes of montmorillonite [68].
The bands at 1453, 884, and 730 cm~! are coherent with the presence of dolomite in the
sample as also provided by the XRPD analysis [69].

In the high frequency spectral region, the two weak bands at 3695 and 3620 cm ™! are
due to stretching modes of structural OH groups, as also confirmed by the spectrum in ATR
mode recorded to minimise the broad band due to water adsorbed on KBr matrix (Figure S3,
inset). Adsorbed water, as well as the interlayer water of clay minerals, gives rise to the
broad absorption centred at 3350 cm~! and tailing to lower frequencies, corresponding to
the deformation mode centred at 1645 cm™!.

TG and DTG analyses in the range 25-900 °C (Figures S4 and S5 in Supplementary Materials)
highlighted three main decomposition temperature phenomena accounting for a total
weight loss of 15% (w/w):

(I)  Decomposition in the T range 25-100 °C, 4% weight loss, related to the water adsorbed
on the surface of the clay minerals [70];

(I) Decomposition in the T range 100-200 °C, two complex and overlapped phenomena,
6% total weight loss, which is due to the zeolitic and crystalline water release in zeolite,
as well as the interlayer water release in expandable clay minerals [70];

(IIT) Decomposition in the T range 400-700 °C, two steps, at above 450 °C and 650 °C, 5%
total weight loss, accounting for sepiolite dehydration [70].

3.3. Characterisation of the Synthesised Organoclays at Increasing Lysozyme Loadings

Samples are identified by an acronym (listed in Table S1 in Supplementary Materials),
where the composition is summarised; for example, LY(6)-AD, corresponds to the organ-
oclay with 6 mg of lysozyme (LY) loading per gram of Adsorbo® (AD).

3.3.1. Study of Organoclay Phase Composition

The XRPD patterns (Figure S6 in Supplementary Materials) show a correlation between
the lysozyme content and the intensity of the Bragg peaks of the zeolite at 20 26.5-28.5°.
The intensity change is not accompanied by a variation in the unit cell edges, since the peak
shift is negligible.

FTIR skeletal spectra of LY-AD organoclays at different LY loadings, upon subtraction
of pristine AD spectrum, are shown in Figure 5, in comparison with the spectrum of pure LY.
Due to the very weak signals of the organic moiety in the spectrum of the hybrid materials,
the pure AD spectrum was subtracted from the spectra of the hybrid materials to enhance
the bands characterising the LY structure.
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Figure 5. FT-IR skeletal spectra of (a) LY(6)-AD; (b) LY(22)-AD; (c) LY(32)-AD, upon subtraction of
spectrum of pristine AD. Dashed line: FT IR skeletal spectrum of pure LY in KBr.

The main bands are those previously assigned to Amide I and Amide II modes of the
protein [71], slightly shifted to higher frequencies due to the interaction with the AD carrier.

Amide I and II bands are barely detectable in the samples at the lower LY content
(Figure 5 spectra a, b), while their intensity increases with increasing LY loading (Figure 5
spectrum c). The band around 1455 cm ™!, assigned to carbonate species, is reduced in the
spectrum of LY(32)-AD (Figure 5 spectrum c), with respect to the samples with lower LY
loadings (Figure 5). The carbonate bands are associated with the presence of dolomite,
always detected by XRPD, and/or related to adsorbed carbonates due to the surface basicity
of the clay.

At the high frequency region (Figure S7 in Supplementary Materials), two weak
bands at 3620 cm~! and 3695 cm ™!, typical of OH groups in the AD structure, are still
evident. However, they are superimposed on the broad band of adsorbed and interlayer
water in clay minerals, and the bands of the NH groups of the protein, probably involved
in H-bonds.

In the TG curve (Figure 6a), the typical modulations of LY decomposition were barely
distinguishable from those of the carrier. The weight loss of each decomposition step was
calculated (Table S2 in Supplementary Materials). However, due to the superimposition of
the different phenomena occurring in the pristine carriers, it was not possible to definitely
attribute the total weight loss of approximately 7% (T range = 200645 °C) to either LY or
AD decomposition.

In the DTG analysis (Figure 6b) of LY-AD samples, the typical strong decomposition
of pure lysozyme, maxima at 300 and 550 °C, was only barely evident. The broadening
and the apparent shift of the maxima towards higher temperatures suggest an LY-AD
interaction. In addition, in line with FTIR results, no physiosorbed water or coordinated
water release in zeolites were clearly shown at 100-200 °C.
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Figure 6. TGA (a) and DTG (b) curves of LY-AD samples at increasing LY loading (pristine AD and
LY are reported for comparison, dashed lines: LY decomposition maxima). Curves were intentionally
shifted to highlight differences; plotting in the original version in Figure S8 (Colours in (a) as in (b)).

In summary, considering LY loading and phase composition, LY(32)-AD is the most
interesting organoclay for the final application. It was therefore further characterised to
obtain information on LY allocation, dispersion homogeneity, the nature and strength of
the LY—carrier interaction, as these parameters seem to be fundamental in biomolecule
protection and release. A comparison with a mechanical mixture, LY-AD-MM (Table S1
in Supplementary Materials) of the same composition as the organoclay was therefore
carried out. In fact, LY-AD-MM was prepared by grinding the components in a mortar. The
components, mixed simply in their pristine form, were thus expected to be characterised
by no bonds other than weak interactions [32]. The results are reported below.

3.3.2. Study of Lysozyme—Carrier Interaction and Lysozyme Allocation in LY(32)-AD

Lysozyme-Adsorbo® interactions were studied by XRPD, FT-IR and DTG.

XRPD patterns of AD, LY(32)-AD, and LY-AD-MM samples (Figure 7a,b) were quite
similar. No shift in the reflection position was observed with respect to pristine AD, and
only changes in the reflection intensities or broadening were detected. The variation in
intensity in the zeolite pattern, (26.5-28.5° 20), seems to correlate with the presence of
lysozyme, but without changes in the unit cell edges. In addition, the difference between
the mixed samples and pristine AD could also be explained by the carrier inhomogeneity.

The FI-IR spectrum (Figure 8a) of the mechanical mixture (blue line) highlighted
the presence of the main amide bands, which overlapped significantly and were slightly
broader than the spectrum of the corresponding LY(32)-AD organoclay.

This effect could indicate the presence of LY fractions that interact differently with the
matrix, or also “free” LY. Residual carbonate species (band at 1450 cm ! tailing to lower
frequencies) were also still detected in the synthesised organoclay.



Nanomaterials 2023, 13, 2965

12 of 24

Chab
Z.
Phil i
5 S
© I
Z| AP = Feld
g 3 X
o @ \
£ T A \
- \
k Lkl LY-AD-MM
LY(32)-AD D
A PN l A I I} l l
LY-AD-MM ULWI P VR | -
1‘0 2‘0 3‘0 4‘0 5‘0 6I 0 70 1 IO 2‘0 3‘0 4‘0 5‘0 6‘0 70
260 200%
(a) (b)
Figure 7. Comparison of XRPD patterns of (a) LY(32)-AD and LY-AD-MM, AD reported for compari-
son, and (b) enlarged pattern of LY-AD-MM. The position of the most intense (I1og) reflections of the
single phases is reported (Z: zeolite; Chab: chabazite; Phil: phillipsite; Feld: feldspar; D: dolomite).
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Figure 8. Comparison of the synthetised LY(32)-AD organoclay and the mechanical mixture LY-
AD-MM: (a) FT-IR spectra upon AD subtraction, and (b) DTG. In both plots: LY-AD-MM in blue,
LY(32)-AD in red. Dashed line in plot (a) pure LY spectrum.

LY thermal decomposition (Figure 8b) in LY(32)-AD and LY-AD-MM occurred with
similar trends, but at different temperatures than free LY. At the higher temperatures,
the LY decomposition was detected at about 540 °C for both samples. The anticipated
decomposition temperature, with respect to free LY (600-800 °C), suggests also a possible
weak LY—carrier interaction for the mechanical mixture.

Lysozyme allocation and spreading on the carrier surface were analysed by comparing
SEM analyses of the pristine AD, free LY (Figure 9a,b), LY(32)-AD organoclay (Figure 9c),
and the mechanical mixture LY-AD-MM (Figure 9d).
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Figure 9. SEM images (magnification = 2 um) of (a) pristine AD, (b) pristine LY, (c) LY(32)-AD the
synthesised organoclay, and (d) LY-AD-MM the mechanical mixture. Yellow circles: LY aggregates.

Pristine AD (Figure 9a), showed a complex morphology, highlighting the large and
small aggregates, already detected by laser granulometry (2, 10, 50 um). In contrast, free
LY consisted of almost large or very large spherical aggregates, of different dimensions
(Figure 9b).

In the SEM picture of the synthesised organoclay LY(32)-AD (Figure 9c), the character-
istic features of the pristine carrier are predominant, only very small spherical LY aggregates
(approximatively less than 2 um) are barely identifiable (yellow circle in Figure 9c), thus
suggesting a high LY dispersion.

The SEM picture of LY-AD-MM (Figure 9d) is very different, where the AD features
and large spherical LY particles are clearly observable. LY aggregates, larger than 2 pm, are
very similar to those of free LY (yellow circle in Figure 9d). However, in some portions of
LY-AD-MM, smaller spherical LY aggregates can be observed, suggesting a very limited, but
possible, LY dispersion. In line with FT-IR indications, different LY aggregate dimensions
are consistent with different degrees of LY dispersion in the samples.

To confirm this picture, EXD analyses were also performed. The results of LY(32)-AD
are reported in Figure 10a—f, where the main carrier elements, Si, Mg, Al, were considered
representative of the clay atomic components, as well as sulphur atoms as the LY tracer.
Sulphur atoms were, in fact, present in the aminoacidic residues of the protein chain. The
presence of Si, Al, and Mg (Figure 10c—e) was consistent with the carrier composition,
while the presence of sulphur atoms, homogeneously dispersed in (Figure 10f), was a clear
indication of the spread of LY molecules, thus interacting with AD, in line with both DTG
and SEM analyses.
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Figure 10. SEM-EDX analysis of LY (32)-AD organoclay (a) SEM of the analysed portion, (b) EXD of
the analysed portion, (c) EXD of Si, (d) EDX of Al, (e) EDX of Mg, and (f) EDX of S.

The higher LY dispersion in the synthetised sample was further confirmed by compar-
ing the EDX of sulphur in LY(32)-AD organoclay and the EDX of sulphur in the mechanical
mixture LY-AD-MM (Figure 11a—d).
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Figure 11. (a) SEM analysis of the synthesised organoclay, LY(32)-AD, (b) EDX analysis of the
synthesised organoclay, LY(32)-AD, (c) SEM analysis of the mechanical mixture, LY-AD-MM, (d) EDX
analysis of the mechanical mixture, LY-AD-MM. Yellow circles: lysozyme aggregates.
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In fact, in LY-AD-MM (Figure 11d) LY is only partially dispersed on the carrier surface,
since it is mainly confined to the typical large spherical aggregates. Such large aggregates
are no longer observable in LY(32)-AD organoclay (Figure 11b), where only dispersed LY
molecules are present.

3.4. Preliminary Lysozyme Release Assay and Antioxidant Activity of the Hydrolysed Lysozyme

Releases at different pHs are summarised in Table 1, where the behaviour of the
synthesised organoclay LY(32)-AD, and the corresponding mechanical mixture, LY-AD-
MM, are compared.

Table 1. Release percentages (w/w) and absolute values, Trolox equivalent antioxidant capacity (TAC)
and percentage inhibition (IP), for the synthesised organoclay LY(32)-AD and the mechanical mixture
LY-AD-MM.

LY Release at Different pH

H 3.57 H5 H7 TEAC P
Sample Pz > P P
TroloxEq/
(%) mgry/gap (%) mgry/gap (%) mgry/gap (umolc)l § (%)
LY (32)-AD 0.2 0.064 0.3 0.096 0.5 0.16 147 +£0.18 33.20 = 3.94
LY-AD-MM 3.2 1.16 2.5 0.9 25 0.9 - -

In both samples, the release is pH-dependent. In the case of the synthesised organ-
oclay, LY(32)-AD, the LY release progressively increases with increasing pH from 3 to 7.
Conversely, in the mechanical mixture, LY-AD-MM, the highest release is observed at pH 3
while constant values are measured at pH 5 and 7.

LY(32)-AD was also tested for the antioxidant capacity TEAC (Trolox equivalent
antioxidant capacity) assay, and was also used to evaluate the antioxidant capacity of
lysozyme after hydrolysis. Pepsin-digested polypeptides showed an antioxidant capacity
of 1.47 & 0.18 umol TroloxEq/g with a percentage inhibition (PI) of 33.20 = 3.94%.

4. Discussion

Our study of the operating parameters and our synthetic approach focused on LY
binding to the AD carrier in order to optimise it for zootechnic applications. The aim was
to protect biomolecules during the gastric passage, while ensuring the release of lysozyme
into the intestinal tract.

Our synthetic approach—solid/liquid adsorption—is known to be effective in prepar-
ing organoclays [31,32,56], with the right features as those required for animal nutrition,
such as well-dispersed LY loadings and reversible interactions with the carrier. The final
result depends on the synthesis parameters [30-32]; i.e., the biomolecule concentration,
pH, and reaction time, as well as the carrier characteristics, morphology, and the zero
point charge.

Given the synthesis parameters discussed here, the maximum LY loading of 32 mgry/gap,
is very close to the required target of 37.5 mgyy/gap, and is reached by reacting the carrier
with an aqueous solution containing 37.5 mgyy/gap at pH in range 7.5-8 for 30 minutes at
room temperature.

Threshold loading is highlighted by the plateau behaviour (see Figure 4b), and likely
indicates a site saturation mechanism as confirmed by the literature, where a site saturation
was reported for all the AD components [32].

One of the determining factors for the applicability of these organoclays is the relative
protein—surface orientation, because the wrong confinement and interaction negatively
impact on the protein structure, and the related biological functions. The size and geometry
of the hosting cavity and/or the nature of the binding surface [28,34,72] strongly influence
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the bioactivity of the adsorbate; therefore, knowledge of the nature and strength of the
biomolecule—carrier interaction is of paramount importance.

Three key factors can explain the LY(32)-AD interaction mechanisms, based on the
AD phase composition:

(1) LY physisorption in the pores of both zeolites and clay minerals [39,73];

(2) LY allocation in the interlayer of the expandable component (bentonite in this case),
via an exchange reaction [31,74];

(3) LY interaction with the carrier surface, via charge interaction, related to ZPC of both
LY and AD, and involving surface functional groups, such as hydroxyls [32,75].

These three mechanisms may act separately, jointly, or even in competition.
Hypothesis 1. Lysozyme adsorption due to morphology.

The surface area and in particular the size of the pores of the sorbent control this
process. The interactions of proteins, including LY, with cylindrical pores have been
investigated by Sang and Coppens [76], considering mesoporous silica as a support, a
SBA-15-based material, characterised by an average pore dimension of 6 nm. Cylindrical
pores seemed to have a stabilising and protecting effect on the proteins. In Sang and
Coppens, LY adsorption and activity were related to the surface curvature and the surface
chemistry of the carrier. A similar behaviour was found by Kun-Che Kao et al. [72], for LY
adsorption on silica at different levels of mesoporosity (average pore dimensions in the
range 2.5-5.6 nm). Kun-Che Kao directly related the LY adsorption to pore dimension: the
larger the pores, the larger the LY loading of the sample.

Hence, considering that the average pore diameter of Adsorbo® is 3 nm, and the
average volume of the typical LY ellipsoidal shape is 169 nm? (calculated, considering the
ellipsoid dimensions of 4.5 x 3.0 x 3.0 nm [77]), a large LY molecule cannot be accommo-
dated inside small AD pores.

Although the adsorption inside the pores is less probable, it cannot be totally discarded.
Indeed, the change in intensity of the zeolite Bragg peaks at 26 26.5-28.5°, reported for
XRPD of the LY(32)-AD organoclay, may be associated with a slight variation in the local
site chemistry, i.e., a change in the population of the cages of the phillipsitic (zeolitic)
component of AD.

The adsorption process of LY on the sorbent could also lead to a partial denaturation
of the globular protein [78], which can then partially occupy the cages of the crystalline
structure of phillipsite. However, considering that no lysozyme degradation and/or
hydrolyzation residues were clearly detected by FTI-IR and are not expected considering
the mild reaction conditions applied here, it is possible that only a LY—zeolite adsorption
interaction took place.

Hypothesis 2. Lysozyme adsorption via ion exchange.

To evaluate this hypothesis, recall that AD is a mixture of a zeolite (PH, Phil75®),
bentonite (BN), and sepiolite (SP), where the zeolite is the main component (70% w/w).

In the case of exchangeable clay minerals, the interlayer cations, Na, Ca, or K [79],
are prone to an exchange mechanism that is dependent on the replacing molecule and
the operating conditions [64,80]. Thus, bentonite, the exchangeable clay AD component,
should be able to intercalate LY in the interlayer via an exchange mechanism, which implies
the release of Ca ions, and the XRD dy reflection shift.

In our organoclay samples, no clear shift in the diagnostic dpg; was observed, as
expected in cases of intercalation. However, the presence of an exchanging mechanism,
although very limited, is suggested by the dgg; broadening detected in the XRPD patterns
of the organoclays at increasing LY content. The attempt to quantify exchanged Ca?*
ions during the adsorption reaction was prevented by the limited amount of bentonite
(15% w/w) in the AD mixture [80]. Similar results were found when LY interactions with the
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individual components of the AD mixture were studied [32]. This evidence was explained
with a very limited intercalation; at most, 0.576 mg of LY was exchanged per gram of
bentonite, as calculated on the basis of the Ca?* ions released during the process [32].

The negligible displacement of the interlayer water in DTG analyses of LY-AD samples,
unexpected in cases of intercalation [64,80], would seem to indicate a very limited, if any,
LY intercalation in the synthesised organoclay.

However, Amity Andersen et al. [47] reported how LY was captured through only
a very limited intercalation, due to the interaction of the LY ammonium groups with the
hydrated interlayer cations. Based on a dynamic modelling simulation of bentonite—an
exchangeable clay mineral—Amity Andersen reported that the (010) edge surface was more
chemically reactive than the basal (001) plane. A similar explanation could account for
our evidence; thus, possible, although very limited, intercalation processes via interlayer
cation exchange cannot be fully discarded for the LY(32)-AD organoclay. Furthermore, the
presence of Ca?* in solution, as a result of a limited intercalation process, is suggested by the
different zeolite cage occupation, discussed above. Such changes could be a consequence
of the uptake of a small amount of Ca?* ions released by the bentonite component present
in the Adsorbo® mixture, which results in the intensity changes of the XRPD in the zeolite.

Hypothesis 3. adsorption via LY-surface site interaction.

Lewis and Bronsted acid sites, present at the surface of clay minerals, can serve as
binding centres for the lysozyme NH, groups [65]. LY surface adsorption may also be
affected by protein charge, size, stability, and aminoacidic composition. For hard proteins,
such as LY, adsorption appears to be also favoured by hydrophobic surfaces, such as those
of clay [48]. Finally, surface adsorption can be also driven by surface charge (i.e., ZPC) of
the sorbent and of the adsorbate.

Adsorption via surface charge interaction could be very favoured if not even predom-
inant, even in the presence of large external surface areas; at low temperatures (25 °C),
LY cannot penetrate nanochannels, but it can be grafted onto the external surfaces [72].
Furthermore, positively charged lysozyme molecules are easily adsorbed on the negatively
charged surface of silica-based sorbents in the pH range of 4.0—10.0 [72].

Our system appears to behave similarly. Our experimental conditions—pH 7.5-8 and
room temperature—are typical in order to maintain LY positively charged [81]. When the
positively charged LY molecules are put in contact with the strongly negative surface of
Adsorbo® (ZPC = —141 mV), the LY adsorption via the interaction of charges of opposite
signs is promoted. This effect was already observed in previous work where the LY
adsorption was performed on each individual component of AD [32], and confirmed by
simulation results in the literature that show that electrostatic forces are mainly responsible
for the LY—carrier binding process [45,46].

Our surface charge interactions are in line with the FT-IR results on LY(32)-AD, where
a red shift in the protein bands was found. According to Balme et al. [82], such a shift is
consistent with the interaction of lysozyme with the external surface of montmorillonite,
and it was explained by a conformational change mainly due to dehydration [82].

In our organoclays, the lysozyme interaction with the clay surface is supported by
much experimental evidence:

(@) ahomogeneous distribution of sulphur atoms found by means of EDX analysis;

(b) the formation of H-bonds between the LY molecule and the inorganic matrix, not
necessarily implying changes in conformation, as suggested by FI-IR analysis;

(c) the presence of carbonate species detected by XRPD and FI-IR analyses. Indeed, the
presence of weaker carbonate bands in the FT-IR spectrum of LY(32)-AD, i.e., the
sample with the maximum LY loading, seems to indicate a site saturation condition,
as already highlighted by the plateau reached on increasing the concentration of LY
during synthesis. The high LY dispersion, together with the LY steric hindrance, leads



Nanomaterials 2023, 13, 2965

18 of 24

to a “crowded” surface of the carrier, which hampers CO; adsorption, thus carbonate
formation, and further LY loading;

(d) the broadening of the DTG modulation together with a lowering of the LY decom-
position temperature, as supported by DTG analysis. This behaviour explains the
decomposition of a large number of small LY aggregates.

Accordingly, the presence of such well-dispersed LY molecules highlights the strong
interaction between AD and LY that derives from the interaction of charges of opposite
signs, which is exploited via our preparation procedure.

Despite the very different LY dispersion, observed in SEM-EDX analysis, a very close
decomposition temperature was found for LY(32)-AD and LY-AD-MM. However, the large
and the broad decomposition at about 450-600 °C, observed in the DTG curve of LY-AD-
MM, but not in LY(32)-AD, is consistent with the presence of “free” LY in the mechanical
mixture. This finding is in line with our FI-IR spectra of the mechanical mixture, where LY
molecules were found differently bonded.

The decomposition behaviour of the LY-AD-MM thus appears to be different from both
a mere mechanical mixture of the components and the synthesised organoclay, suggesting
the presence of an intermediate surface situation. Also, the interaction of charges of opposite
signs and a strong affinity between LY and AD support this perspective.

Considering the three hypotheses discussed above, in all the synthesised organoclays,
LY adsorption occurs mainly via the interaction of opposite charges, possibly involving the
surface hydroxyls of the clay minerals and H of the lysozyme. Possibly, the surface adsorp-
tion is accompanied by a limited intercalation in bentonite or accommodation in zeolite
cages. However, these phenomena may involve hydrolysed LY residues, aminoamides or
small polypeptides, which are all smaller than the LY protein chain.

The charge interactions discussed here allow for a high LY dispersion, but are also
probably responsible for site saturation.

The charge interaction mechanism may justify the considerable LY loading in LY(32)-
AD organoclay. In fact, LY is captured in a zone “free” of restriction, unlike what would
happen inside the pores. This capture mechanism may also account for the plateau trend in
the adsorption, easily explained by a site saturation process due to a progressive neutralisa-
tion of charges. To explain site saturation, a possible steric hindrance among neighbouring
molecules could also be considered.

As is clear from the FI-IR analysis of the organoclay, and according to the liter-
ature [46-48], LY is a “hard” protein, where no structural modification occurs during
interactions with the sorbent. Therefore, each adsorbed LY molecule, due to its dimension,
could occupy large surface portions, thus partially masking surface charge although not
necessarily interacting with each other.

However, to better depict the surface situation, an in-depth surface characterisation is
needed through dedicated characterisation techniques.

Preliminary Release Tests and Antioxidant Capacity of the Hydrolysed Lysozyme

The presence of LY molecules allocated in different sites, bonded to different surface
groups, intercalated or trapped inside the zeolite cages, could result in LY molecules
that react differently to pH [83]. Accordingly, LY release and antioxidant capacity were
preliminarily tested. These tests were performed solely to demonstrate that these materials
could theoretically be used. This means that to be exhaustive, the tests would require
further in-depth work which goes beyond the scope of this work.

A comparison of the release behaviour of the LY(32)-AD organoclay with that of the
mechanical mixture, LY-AD-MM, revealed different trends in LY release, yet there was a
common pH-dependence. In the LY(32)-AD organoclay, the lower the pH, the lower the LY
release, with a maximum release value of 0.5% (w/w) at pH 7; at this pH, an absolute value
of 0.16 mgry/gap is released in 1 h.
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Conversely, the mechanical mixture led to a greater LY release of 1.16 mgry/gap at
pHb5.

In conclusion, binding the LY to the carrier via our proposed synthetic approach could
promote both LY protection and release during the gastrointestinal transit. LY release at a
different pH in LY(32)-AD suggests the possibility of a controlled release in the different
gastrointestinal tracts of the animal.

Although the antimicrobial activity of lysozyme has been known for decades, the
antioxidant activity exerted by lysozyme in the host and its derived peptides has only been
investigated recently and there is not much evidence of this effect. We thus only carried
out preliminary and not exhaustive, release and antioxidant property tests. Our aim was to
demonstrate the feasibility of applying these materials and so we focused on developing a
new target delivery strategy for bioactive compounds, using lysozyme as a protein model.

The ABTS assay revealed that LY hydrolysates possess a radical quenching ability. The
values of TEAC that we found are in line with those of Memarpoor-Yazdi et al. [15], who
identified the F2 peptide (NTDGSTDYGILQINSR) of hydrolysed egg-white lysozyme with
antioxidant and antimicrobial potential. They showed that water soluble peptides with low
molecular weight can react by scavenging the water soluble radical of ABTS, thus revealing
higher activities compared with the lipid soluble systems used for antioxidant testing such
as 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [61].

In our study, apart from the antioxidant activity, peptides released during the digestion
significantly decreased the levels of oxidative markers (malondialdehyde) and increased
the antioxidant enzymatic levels of superoxide dismutase, glutathione peroxidase, and
total antioxidant capacity in weaned piglets’ serum [84]. Our results are thus in line with
those encouraging the targeted delivery of bioactive compounds for disease prevention
and enhancing the health status of animals.

Our findings indicate that clay-based materials could be used to release and supply
bioactive molecules in the animal intestinal environment in order to develop functional
diets for animal nutrition.

The supplementation of protected LY is thus promising. In addition, this supplementa-
tion extends the possibility for targeted delivery and release into the gastrointestinal tracts
of other bioactive molecules in order to design functional diets. Our study thus encourages
the development of precision nutritional technologies for the sustainable development of
the livestock sector in line with all international policies.

Finally, these clay-based feed additives provide new opportunities for the controlled
release and protection of bioactive molecules, given that they have a positive impact on
both food safety and environmental protection in compliance with SDG2, SDG3, SDG6,
SDGI12, and SDG13.

5. Conclusions

In this paper, we have demonstrated that Adsorbo® is a simple, cost effective, and
environmental synthetic approach for binding bioactive molecules, lysozyme, to natural
carriers, and that it synthesizes hybrid materials characterised by peculiar properties.

Our synthetic route enables LY—carrier interactions, which result in LY molecules
anchored to the carrier surface. This means that the carrier can exert both LY protection,
and controlled LY release during application.

LY initial concentration and pH are the main parameters governing the synthetic
process, together with the physico—chemical properties of the carriers and the bioactive
molecules (e.g., morphology and surface nature).

The carriers’ zero point charge and morphology influence the adsorption process, more
than phase composition, since the LY—carrier interactions are essentially due to charges of
opposite signs.



Nanomaterials 2023, 13, 2965

20 of 24

References

Maximum LY loading of 32 mgry/gap (corresponding to a yield of 85%) is obtained
with a pH in the range 7.5-8, an initial LY content of 37.5 mgyy/gap, and a 30-minute reac-
tion time. At the end of the process, the LY molecules are spread relatively homogeneously
over the carrier’s surface, where the LY-AD are different from those where the components
are mixed.

Finally, in the hybrid material, the LY molecules are anchored to the carrier surface
or edges. Consequently, both biomolecule protection and LY controlled release are active
in different tracts of the intestinal environment. Accordingly, the in vitro approach here
applied suggests our new targeted delivery strategy is feasible for bioactive compounds.

However, the applicability of the proposed technology, as well as the antioxidant and
antibacterial effects, require further studies with a larger number of experiments and release
kinetics. We believe that our simple and affordable synthetic approach could stimulate
the development of improved functional feed formulations for sustainable applications in
precision livestock farming.
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