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Background: Selenium (Se) is a vital micronutrient for maintaining homeostasis in the human body. Selenium nanoparticles (SeNPs)
have demonstrated improved bioavailability compared to both inorganic and organic forms of Se. Therefore, supplementing with
elemental Se in its nano-form is highly promising for biomedical applications related to Se deficiency.

Purpose: The primary objective of this study was to evaluate the impact of the main gastrointestinal proteins on the physicochemical
properties and stability of polymer-coated SeNPs.

Methods: SeNPs functionalized with thiolated chitosan or hyaluronic acid were characterized based on their composition, morphol-
ogy, size, and zeta potential. The stability of these particles was evaluated in simulated gastric and intestinal fluids. Additionally, the
interaction propensity between major gastric proteins, such as pepsin and pancreatin, and functionalized SeNPs was investigated with
FTIR, fluorescence quenching titrations, and in situ adsorption measurements.

Results: The composition of the media, including pH and ionic strength, the chemistry of polymers, and the presence of the proteins,
influence the size and zeta potential of the SeNPs. The increase in NP size due to the formation of large agglomerates, along with the
decrease in zeta potential magnitude, confirmed the formation of a protein corona. Both pepsin and pancreatin showed a strong affinity
to the particle surface. Based on the values of the apparent equilibrium dissociation constant this affinity was more pronounced for
positively charged thiolated chitosan coated SeNPs compared to those coated with negatively charged hyaluronic acid. The polymer
coated SeNPs displayed antioxidative potential, which could be very beneficial for health conditions associated with Se-deficiency.
Conclusion: This study highlights the importance of exploring the characteristics of polymer-functionalized SeNPs under gastro-
intestinal conditions. Such investigations are important for developing nutritional supplements that can gradually release Se from
SeNPs, thereby improving selenium absorption, bioavailability, and safety.
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Introduction

Selenium (Se) is an essential trace element incorporated into selenoproteins, which regulate physiological processes such
as the modulation of inflammatory responses, cell signaling, and various metabolic processes in the human body.'
Adequate Se intake in the everyday diet is crucial for maintaining body homeostasis and preventing health problems
associated with poor Se intake or low Se absorption.” Plants are the primary source of Se, which then enters the food
chain, however, the distribution of Se in soil is not globally uniform. Due to this uneven distribution of Se, the daily
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uptake of Se may be compromised and might need to be enriched by nutritional supplementation.® Currently, Se
supplementation primarily relies on inorganic and organic Se compounds, which have a narrow therapeutic window
between toxic and beneficial effects. As an alternative to classical Se compounds, Se in its nano-form synthesized as Se
nanoparticles (SeNPs) has attracted interest due to its lower toxicity, biodegradability as well as anti-oxidative, anti-
microbial, anti-inflammatory, and anti-tumor properties.* Accordingly, SeNPs with varying compositions, crystallinity,
size, morphology, and surface charge that are critical quality attributes, have been synthesized and optimized to improve
the bio-efficacy and pharmacokinetic profile of Se.” '°

Oral drug administration is one of the most exploited and preferred administration routes to improve patient
compliance. However, drugs have to pass the harsh conditions in the gastrointestinal (GI) microenvironment. In the GI-
tract (GIT), drug degradation and inactivation may lead to insufficient bioavailability of the drug, frequently hindering its
effectiveness as a therapeutic agent.'' Recent studies have shown that SeNPs exhibit minimal side effects and toxicity
under Gl-conditions. This is attributed to the limited release of Se ions, regardless of the varying pH values in the
GIT.'>!*> However, the size and stability of SeNPs may undergo alterations upon entering the GIT due to different
enzymatic and pH conditions. It is well known that NPs have the propensity to adsorb a layer of proteins, polysacchar-
ides, lipids, and nucleic acids forming the so-called “protein corona” (PC) at a bio-nano interface.'* More specifically,
a bio-nano interface can be formed between the surface of NPs and biological molecules via electrostatic, van der Waals,
covalent, steric, or hydrophobic interactions.'>'® This means that the PC formation could interfere with NP’s stability,
cell internalization, biodistribution, and immune response. To date, most published research is oriented on PC formation
in the blood'”?" although some recent studies specifically focus on PC formation in simulated gastric (SGF) or intestine
fluids (SIF).??2® In general, NPs intended for oral application must be optimized not only to prevent degradation but also
to enhance biodistribution and penetration through Gl-barriers. Specifically, the binding of enzymatic proteins to the
surface of NPs increases their size and modifies their surface properties. This, in turn, affects their interaction with and
infiltration through the mucus layer, impacting the uptake mechanism and cellular entry.>” Therefore, understanding the
fate of the NPs upon encountering GIT is important.

To improve the stability and biological behavior of NPs, they are frequently coated and functionalized by polymers
that show excellent biocompatibility, low toxicity, in vivo biodegradability, and the ability to bind to the mucus layer or
to pass across mucosal barriers.”® When NPs are coated with polysaccharides such as chitosan (Cs) or hyaluronic acid
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(HA), they can also exhibit immunomodulatory effects by decreasing the production of inflammatory cytokines and
regulation of CD44 and TLR4 receptor expression.”’~° HA, which is found in the extracellular matrix of the gastro-
intestinal mucosa serves as a barrier to protect the epithelium. Moreover, HA plays an essential role in healthy intestinal
tissue homeostasis, and high molecular weight HA was shown to exhibit significant anti-inflammatory effects.*' Based on
such beneficial properties, Cs and HA were recognized as polymers with enormous potential in the biopharmaceutical
and biomedical fields. As functional pH-responsive polymers Cs and HA have a protective role in the GIT enabling
a controlled release of NPs. For example, in the work of Gue et al, the fate of CsNPs was evaluated in a 3-phase GIT
simulator.®? It was shown that CsNPs do not dissolve in the gastric fluid, while a small aggregation of NPs was detected
in the intestinal fluid. However, the polymers are susceptible to the intrinsic features of GIT (pH, salts, enzymes) that
could alter their integrity in terms of surface charge and structure, thus leading to limited stability and an impaired release
profile of NPs, potentially reducing their therapeutic effectiveness.™

Accordingly, derivatization of polymers might be a promising strategy to improve their physicochemical properties,
release profiles, adhesion to biological barriers, and internalization within cells.***> One such example is thiolated
polymers, designated thiomers.>® Thiomers commonly consist of free thiol group-bearing agents immobilized to
a polymeric backbone. The immobilized thiomers (free SH-groups) interact with the cysteine-rich subdomains on the
protein surface in the mucus layer of GIT, thus forming disulfide bonds.'**” To take advantage of this feature, thiolated
Cs (Cs-NAC) was used in this study instead of plain Cs, in similar way as published previously.'**® Regarding
nutritional supplements, a synergism between the beneficial properties of functional polymers and SeNP is expected to
improve the bio-efficacy of SeNPs as well as their anti-oxidative potential, which is an essential characteristic of the
potential nutritive supplement.

In this study, we aimed to investigate the behavior of Cs-NAC and HA-functionalized SeNPs under GI conditions
and to address the interaction with major GI proteins, particularly pepsin and pancreatin. We intended to examine the
affinity of these proteins for SeNPs in dependence on the type of the coating agent, pH, and ionic strength of the
media (simulated gastric fluids). For this purpose, polymer-coated SeNPs were fabricated by a facile chemical
reduction synthesis, followed by the determination of their physicochemical characteristics (composition, morphol-
ogy, size distribution, and surface charge). The interactions between polymer-coated SeNPs and proteins were probed
by Fourier transform infrared (FTIR), quartz crystal microbalance with dissipation monitoring (QCM-D), and
fluorescence titration spectroscopy. We found that gastric proteins bind to the particle surface leading to PC
formation. The binding affinity strongly depended on the type of polymer coating used. The data obtained could
aid in building up a design platform for SeNPs as a nutritional supplement, which opens up new prospects for an
efficient and gradual release of Se after ingestion, particularly in the mitigation of health conditions associated with
Se deficiency.

Materials and Methods

Materials

Sodium selenite (Na,SeO3) was purchased from Thermo Fisher GmbH (Kandel, Germany), and L(+)-ascorbic acid and
hydrochloric acid (HCl, w = 36%) were purchased from Carl Roth GmbH & Co (Karlsruhe, Germany). Chitosan-
N-acetyl-cysteine (Cs-NAC, M,, = 150 kDa) was synthesized and supplied by Thiomatrix® (Innsbruck, Austria).*®
Hyaluronic acid sodium salt (HA) from Streptococcus equi (M, = 1500 —1800 kDa), pepsin from porcine gastric
mucosa, pancreatin (mixture of the trypsin, amylase, lipase, ribonuclease, and protease) from porcine pancreas,
mannitol, sodium bicarbonate (NaHCOj3), 2-mercaptoethanol, sodium dodecyl sulphate (SDS) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) were purchased from Sigma® Aldrich (Vienna, Austria). Ellman’s reagent (5,5- dithiobis-
2-nitrobenzoic acid, DTNB) was purchased from Thermo Fischer (Vienna, Austria). A phosphate buffer (PBS, pH =
7.4) was prepared by mixing sodium dihydrogen phosphate monohydrate and disodium hydrogen phosphate dihydrate,
which were also provided by Carl Roth (Karlsruhe, Germany). All solutions were prepared with ultra-pure water,
Milli-Q water (MQ-water, resistivity of 18.2 MQ cm !, Academic water purification system, Millipore GmbH, Vienna,
Austria).
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Methods

Preparation of Selenium Nanoparticles (SeNPs)

SeNPs were synthesized as described previously with slight modifications.'? Briefly, 4 mL of aqueous solution of 0.1
M Na,SeO; was mixed with 1 mL of 10 mg/mL of Cs-NAC (Figure 1a) or 1 mL of 1 mg/mL of HA (Figure 1b) under
magnetic stirring for 10 min. Next, 10 mL of a 0.1 M aqueous solution of ascorbic acid was added. The reaction was
stirred for 10 min at room temperature. The change in the color of the solution from colorless to orange or red was an
indicator of the chemical reduction of selenium and the formation of SeNPs-Cs-NAC/-HA, respectively. After the
synthesis, the samples were dialyzed in a dialysis membrane (Carl Roth GmbH & Co, Karlsruhe, Germany) with a 14
kDa cut-off in MQ-water for 24 h. During the dialysis, the media was changed three times. The purified SeNP
suspensions were freeze-dried with VirTis BenchTop Freeze Dryer 3L (company, Country) using mannitol as
a cryoprotectant for 48 h. Briefly, 8 mL of SeNP suspension was mixed with 0.08 g of mannitol to obtain SeNP
suspensions with 1% w/v mannitol in vials for lyophilization.>* The vials were sealed with parafilm and put in the freezer
at —80 °C overnight, followed by lyophilization. The lyophilized samples were stored in a climate chamber (ICH110,
Memmert GmbH + Co. KG, Schwabach, Germany) at 25 °C for 12 months. During that period the samples preserved
their integrity as confirmed by visual inspection. Before use, the samples were reconstituted by suspending them in 8 mL
of MQ-water. The lyophilized and rehydrated SeNPs-Cs-NAC/-HA were used for further experiments.

Quantification of Free Thiol Groups Using Ellman’s Assay

The amount of free thiol groups of Cs-NAC was determined with the Ellman’s assay. Briefly, Ellman’s reagent, DTNB was
dissolved in MQ-water at the final concentration of 7.5 mm. An aqueous solution of 1 M NaHCOj3 was slowly added until pH
= 8 was reached that enabled the complete dissolution of DTNB. 2-mercaptoethanol in a concentration range from 25 pM to
5 mm was used as the standard reagent. The Ellman’s assay was performed on a 96-well-plate (Cellstar™, Greiner Bio-One,
Kremsmiinster, Austria). 10 pL of Cs-NAC and standard solutions were mixed with 150 pL of PBS buffer, followed by the
addition of an aqueous solution of 40 uL of DTNB. The samples were incubated for 30 min in the dark and the absorbance was
recorded at 412 nm with a Clariostar® plate reader (BMG LABTECH GmbH, Ortenberg, Germany).

Preparation of Simulated Gastric Fluid (SGF) and Simulated Intestinal Fluid (SIF)

SGF (without enzyme), SGF (with pepsin), SIF, (without enzyme), and SIF (with pancreatin) were prepared according
to the US Pharmacopeia (26™ Edition, 2003). Briefly, SGF was prepared by mixing 2 g of sodium chloride, 3.2 g of
pepsin, and 7 mL of hydrochloric acid per L (w = 36%); pH 1.2. SIF was prepared by mixing 6.8 g of potassium
phosphate, 10 g pancreatin, and 77 mL of 0.2 M sodium hydroxide per L; pH 6.8. SGF, and SIF, were prepared in the

same manner without adding enzymes.

OH
OH OH
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Figure | Schematic diagram of the substructure of (a) chitosan-N-acetyl cysteine (Cs-NAC) and (b) hyaluronic acid (HA).
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Physicochemical Characterization of SeNPs

Composition and Crystallinity of SeNPs

The composition and crystallinity of coated SeNPs were determined with powder X-ray diffraction (PXRD measure-
ments). PXRD patterns were recorded by an Aeris Benchtop X-Ray diffractometer (Malvern Panalytical Ltd., Malvern,
United Kingdom) with Ni-filtered copper radiation in Bragg-Brentano geometry. The samples were deposited on silicon
zero-background holders, and patterns were recorded in the range 26 = 5-70 ° with a step size of 0.005 ° and 10s per
step. The PANalytical High Score Plus 4.5 software suite (Malvern Panalytical Ltd., Malvern, United Kingdom) was
used for data evaluation.

Morphology of SeNPs

The morphology of the lyophilized SeNPs-Cs-NAC/-HA samples was investigated by scanning electron microscopy
(SEM) using a Tescan Vega3 LMU (Brno, Czech Republic) with tungsten filament at 6- and 12-mm working distance,
5-30 kV acceleration voltage. Small amounts of SeNPs, either coated with Cs-NAC or HA were placed on a sample
holder with carbon tape. The excess powder was removed by nitrogen gas flow. The morphology of the SeNPs-Cs-NAC/-
HA after rehydration was examined by transmission electron microscopy (TEM). TEM imaging was performed with
a Fei Tecnai G* 20 transmission electron microscope (Eindhoven, The Netherlands) operating at 120 kV acceleration
voltage. Digital images were recorded using a Gatan US1000 CCD camera at 2K x 2K resolution and the Digital
Micrograph software (Version 1.93.1362, Gatan Inc., Pleasanton, USA). The lyophilized SeNPs-Cs-NAC/-HA were
dispersed in MQ-water, and 10 puL of the sample was placed on a carbon-coated copper grid, left for 1 minute, and
blotted away with filter paper. Negative staining was done with 1% (w/w) uranyl acetate solution twice for 1 minute each.
Finally, the samples were allowed to air dry for TEM visualization. Sizes of SeNPs from SEM and TEM images were
obtained by using ImagelJ software (Version 1.53p) and analysis of 50 particles from SEM and 30 particles from TEM
images.

Size and Zeta Potential of SeNPs

Mean particle diameters of SeNPs-Cs-NAC/-HA after dialysis, lyophilization, and rehydration were determined by
dynamic light scattering (DLS) using the Litesizer 500 (Anton Paar, Graz, Austria). The device was equipped with
a semiconductor laser diode (40 mW) operating at 658 nm. The measurements were performed at an angle of 90 ° (side
scattering). 100 puL of 100 mg/L of SeNPs was mixed with 900 pL of MQ-water. Measurements were conducted at 25
°C. The data were evaluated with Kalliope Version 1.2.0 software (Anton Paar, Graz, Austria). The particle size
distribution and zeta potential of SeNPs-Cs-NAC/-HA after lyophilization, rehydration, and incubation with SGF,
/SGF and SIFy/SIF were determined with the Zetasizer Nano ZS (Malvern Panalytical, Worcestershire, UK). For the
DLS and electrophoretic light scattering (ELS) measurements, a He/Ne red-light-emitting laser (4 = 633 nm) was used.
The particle size was determined at an angle of 173 © (backscatter mode). 250 pL of 2 mg/mL of SeNPs-Cs-NAC/-HA
was mixed with 750 pL MQ-water and vortexed before the measurements, which were conducted at 25 °C. The data
were processed with Zetasizer software 6.32 (Malvern Panalytical, Worcestershire, UK). The zeta potential of the SeNPs
was calculated from the measured electrophoretic mobility by applying the Henry equation using the Smoluchowski
approximation (f(ka) = 1.5).

Protein Corona Formation

Protein corona formation was studied as described by Wang et al, with slight modifications.?* Briefly, 0.5 mL of 1 g/L
SeNPs-Cs-NAC and SeNPs-HA were mixed with 1.5 mL of SGFy/SGF or SIF,/SIF. Samples were incubated in SGF,
/SGF for 30 min and in SIFy/SIF for 2 h at 37 °C in a thermo shaker (Thermomixer comfort, Eppendorf Austria GmbH,
Vienna, Austria), shaken at 100 rpm, followed by centrifugation (Centrifuge 5804 R, Eppendorf Austria GmbH, Vienna,
Austria) at 20817 g for 20 min. The precipitate was washed 3 times with MQ-water to remove unbound proteins,
followed by dispersing in MQ-water and subjected to size and zeta potential measurements as described in the previous
section. As a control, the zeta potential of pepsin and pancreatin in SGF and SIF was measured, respectively. For the
Fourier transform infrared spectroscopy (FTIR) measurements, the SeNPs-Cs-NAC/-HA were incubated with gastric
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fluids as described above, followed by a washing step with MQ-water, centrifugation (at 20817 g for 20 min), and
lyophilization (described in the section Preparation of selenium nanoparticles (SeNPs) before measurements. The FTIR
spectra were recorded with a PerkinElmer FTIR C89391 device (Perkin Elmer, Waltham, USA) at room temperature, in

the spectral range of 4000 to 400 cm ™', with a resolution of 2 cm ™.

Determination of the Binding Affinity of Gastric Proteins for SeNPs

In-Situ Adsorption

For the in-situ monitoring of the interactions of pepsin or pancreatin with SeNPs-Cs-NAC/-HA quartz crystal micro-
balance with dissipation monitoring (QCM-D) was employed utilizing a Q-Sense E1l instrument (Biolin Scientific AB,
Gothenburg, Sweden) and as sensors the gold-coated AT-cut quartz crystal (QSX-301, Biolin Scientific AB, Gothenburg,
Sweden) with a fundamental frequency of 4.96 MHz. Parameters of resonant frequency, Af and AD dissipation were
recorded for several odd overtones, however, for the analysis the 3rd harmonic parameters’ values were used. The Au
sensor was cleaned every time before the measurement, following the manufacturer’s recommendations: immersion into
2% SDS for 30 min followed by thorough rinsing with ultrapure water and drying with nitrogen gas. Dried sensors were
treated with O, plasma for 10 minutes in Diener Zepto plasma oven (Ebhausen, Germany). The adsorption procedure was
as follows. MQ-water was introduced in the flow cell until a stable baseline of the frequency (Af) and dissipation energy
(AD) was detected, and then SGF or SIF was injected and the adsorption of gastric enzymes on the Au surface was
followed. Loosely bound gastric proteins were washed away with enzyme-free SGF, or SIF,. SeNPs-Cs-NAC/-HA
(250 mg/L) were suspended in enzyme-free SGF, or SIF, and injected into the flow cell, followed by a washing step to
remove the unbound SeNPs. All experiments were performed at 37 °C with a flow rate of 100 puL/min.

Fluorescence Quenching Titration Experiments

To quantify the binding affinity of SeNPs-Cs-NAC and SeNPs-HA to pepsin or pancreatin, fluorescence quenching
titrations were performed, taking advantage of the intrinsic tryptophan fluorescence of these proteins. Measurements
were done using a Jasco FP-6500 spectrofluorometer (Jasco, Tokyo, Japan) at 25 'C. Emission spectra were recorded
between 300 and 400 nm upon excitation at 295 nm. Fluorescence signal variations of a 20 uM pepsin solution,
corresponding to a physiological concentration of 0.8 mg/mL, were recorded upon the stepwise addition of SeNPs-Cs-
NAC/-HA. In the case of pancreatin, a 0.2 mg/mL pancreatin solution was applied.

To derive the dissociation constants (Kp) for the binding of pepsin/pancreatin to SeNPs-Cs-NAC/-HA, the normalized
fluorescence intensity changes —AF/F|, resulting from three independent background-corrected experiments were plotted
as a function of increasing SeNPs-Cs-NAC/-HA concentration. The curves were fitted by non-linear regression according
to equation 1:

Kp + [protein] + [NPs] — \/ (Kp + [protein] + |:NPS]2> — 4[protein]|[NPs]
F=Fy+ Fuu

2[protein] M
where F is the observed fluorescence signal change —AF/F, Fy is the initial fluorescence intensity (set to zero for
normalized curves); Fin.x is the maximal fluorescence intensity at binding saturation; Kp is the dissociation constant;
[protein] is the concentration of pepsin; [NPs] is the concentration of SeNPs-Cs-NAC/-HA.*’ Due to the heterogeneous
composition of pancreatin, a quantitative derivation of the Kp values was precluded. To obtain apparent Kp values for
relative comparison, a deliberate concentration of 10 pM pancreatin was assumed for fitting to equation 1.

DPPH Assay

To test the radical scavenging potential of the SeNPs-Cs-NAC/-HA, a DPPH assay was performed using the stable free
radical DPPH.'? Briefly, 100 uL of SeNPs-Cs-NAC/-HA in PBS buffer (pH = 7.4) were mixed with 100 pL of 0.4 mm
ethanolic DPPH solution. The final concentrations of the SeNPs-Cs-NAC/-HA were 10, 25, 50, 75, and 100 mg/L.
Samples were incubated for 30 min in the dark at room temperature. As the blank probe, DPPH mixed with ethanol was
used, while as the positive control, 1 and 10 mm ascorbic acid in PBS buffer were used. The absorbance was measured at
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517 nm using the Clariostar™ plate reader (BMG LABTECH GmbH, Ortenberg, Germany). The free radical scavenging
potential (FRS / %) was calculated from equation 2:

Ay — A A
FRS/ 0 — ( 0 sanj(l)e + blank> 100 (2)

where A4 is the absorbance value of the free radical DPPH without NPs, Agumpie is the absorbance of the DPPH radical
after incubation with NPs, and Ay, is the absorbance value of NPs at 517 nm.

Statistical Analysis

The measured values are expressed as means + standard deviation (SD). The number of repetitions performed for each
experiment is indicated. The differences between groups were analyzed by an unpaired Student’s #-test using the program
GraphPad Prism 8 (La Jolla, CA, USA). Statistical significance was assigned as * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 where a p-value <0.05 was considered statistically significant.

Results

Quantification of Free Thiol Groups Using Ellman’s Assay

The amounts of free thiol groups in Cs-NAC after coupling with Cs was determined by the Ellman’s assay revealing
268 pmol per g of polymer. Based on this, it can be calculated that 4.3% of all amino-groups in Cs are thiolated via NAC.
Consequently, the estimated ratio of the primary amines to thiols is 95.7: 4.3.

Synthesis and Characterization of SeNPs

This study employed a facile and highly efficient chemical reduction synthesis to obtain SeNPs coated with Cs-NAC or
HA. More precisely, SeNPs were fabricated by mixing Na,SeO; with Cs-NAC or HA. After a short time of incubation,
ascorbic acid was added to result in SeNP formation, confirmed by the change in color of the reaction mixture from
transparent to orange (SeNPs-Cs-NAC) or red (SeNPs-HA). The chemical reaction that resulted in SeNPs-Cs-NAC/-HA
formation is presented by equation 3:

S€O327 + 2CcHgOg + 2HY — Se + 2CsHsOg + 3H,0 3)

The presence of Cs-NAC and HA facilitates the stabilization of SeNPs during their formation, while bare SeNPs are
highly unstable with a strong tendency to aggregate and precipitate in aqueous solution.*' Importantly, the synthesis
procedure for SeNPs is fast and straightforward and the use of biocompatible and biodegradable water-soluble polymers
yields functionalized SeNPs within a few minutes. After synthesis and dialysis in MQ-water, the samples were
lyophilized to provide long-term stability of SeNPs-Cs-NAC/-HA to be applied as a possible nutritional supplement.
Mannitol was added in a small amount to protect the SeNPs during the lyophilization process and to facilitate their
reconstitution after the lyophilization process.*’

The composition and crystalline/amorphous structure of SeNPs-Cs-NAC/-HA were determined by PXRD (Figure 2a).
SeNPs-Cs-NAC exhibited a broad diffraction pattern at 26 / °= 25.3 corresponding to the (100) plane, while for SeNPs-
HA, two broad reflections were observed at 26 / °= 28.1 and 40.9, corresponding to the (101) and (110) planes,
respectively. The broad reflections observed in the PXRD diffractogram indicated the amorphous structure of the
SeNPs. This is in line with our earlier study, where the SeNPs were encapsulated in Cs-NAC coated liposomes.'?
Interestingly, in the work published by Bai et al, the SeNPs were prepared by the addition of unmodified Cs, and the
authors visualized broad reflections, as well as sharp peaks in the diffractogram.** This finding is characteristic of the
variability of SeNPs to adopt both amorphous and crystalline structures depending on the polymer and the manufacturing
conditions. Along this line, the effect of the different coating agents on the structure of SeNPs was observed in a study by
Selmani et al, where surface agents such as the polymers polyvinylpyrrolidone, poly-L-lysine, polyacrylic acid resulted
in amorphous SeNPs.*> Conversely, when the surfactant sodium bis(2-ethylhexyl) sulfosuccinate was used as a coating
agent, the SeNPs exhibited a crystalline structure that corresponded to trigonal Se. Surfactants are often used as
morphology-directing agents,** while polymers are often used to inhibit crystallization from supersaturated solutions
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Figure 2 Characterization of SeNPs coated with Cs-NAC and HA. (a) PXRD diffraction patterns of SeNPs-Cs-NAC and SeNPs-HA. SEM images of (b) SeNPs-Cs-NAC and
(c) SeNPs-HA; the scale bar represents 2 pm. TEM images of negatively stained and air-dried (d) SeNPs-Cs-NAC and (e) SeNPs-HA,; the scale bar represents 200 nm.

to enhance the bioavailability of poorly water-soluble drugs, leading to amorphous solid dispersions.*> Moreover,
amorphous NPs have currently attracted significant interest in the pharmaceutical field due to their ability to enhance
dissolution rates and increase supersaturation levels.*® Based on these findings, the administration of amorphous SeNPs,
as fabricated in this study, could be more beneficial for the absorption in GIT compared to crystalline forms.

SEM was employed to determine the morphology of lyophilized SeNPs-Cs-NAC/-HA. The SEM micrographs
(Figure 2b and c) revealed dense, irregular spherical shapes for both types of SeNPs.
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The sizes of SeNPs-Cs-NAC are in the range from 80 to 145 nm, while SeNPs-HA have a size distribution between 70 to
110 nm (n = 50). It is well established that SeNPs can take various shapes depending on the preparation conditions and
solvents used for their synthesis.*”**® Given that the preparation parameters for HA and Cs-NAC coated SeNPs produced
here were essentially the same, the different morphologies observed in the SEM images are most likely due to interactions
between SeNPs and the polymers, as well as interactions among individual polymer chains. When the lyophilized SeNPs-
Cs-NAC/-HA were re-dissolved in MQ-water and visualized by TEM both types of particles showed spherical structures of
different sizes (Figure 2d and e). The SeNPs exhibited sizes from 30-80 nm (n = 30), while the SeNPs-HA displayed sizes
in the range from 50-150 nm (n = 30). In the work of Derakhshan-sefidi et al the sizes of SeNPs coated with Cs-cysteine
coupled with nisin were between 90 and 180 nm.** Similar results were observed in the study of Zou et al where the SeNPs-
HA loaded with paclitaxel exhibited spherical particles with diameters from 60 nm to 90 nm.®

Furthermore, DLS and ELS were employed to determine the particle size distribution and the zeta potential of SeNPs-
Cs-NAC/-HA as important parameters to assess particle stability (Table 1). The hydrodynamic diameters, dj,, of SeNPs-
Cs-NAC/-HA after dialysis in MQ-water were 146.4 + 7.5 nm and 151.6 = 4.0 nm, respectively (n = 6). The zeta
potential values ({) of SeNPs-Cs-NAC/-HA in MQ-water were 17.7 = 0.3 mV and —44.5 £ 1.1 mV, respectively (n = 3).
The particle sizes of SeNPs-Cs-NAC/-HA after lyophilization and reconstitution were only slightly different, 141.8 + 8.0
nm and 154.3 + 4.7 nm, respectively (n = 6). The changes in the zeta potential were also minor with { =21.3 £ 0.3 mV
and —44.1 + 1.4 mV for SeNPs-Cs-NAC/-HA, respectively (n = 3). Accordingly, neither the addition of mannitol nor the
lyophilization process had a pronounced effect on the size and the zeta potential of SeNPs-Cs-NAC/-HA. The data also
indicated that the SeNPs-Cs-NAC/-HA are in a size range commonly used for oral applications® and the particles were
stable and could be stored as powder formulations at 25 °C for 12 months without any noticeable disadvantages.

Recognizing the importance of the surface charge for the interaction of NPs with biological components, we aimed to
fabricate SeNPs with opposite surface charges as indicated in the zeta potential measurements. The notably high positive zeta
potential observed for SeNPs-Cs-NAC can be attributed to the fact that Cs-NAC has a positive charge even at higher pH values
due to the protonation of amino -groups.’! In contrast, when the SeNPs were coated with HA and measured at pH > 3, the degree
of the ionization of HA was increased, leading to negatively charged SeNPs.*? Consequently, the surface charge of SeNPs can be
effectively tailored through the surface chemistry of the polymers, thereby influencing the interaction with biological components
within the body. As an example, NPs with a higher positive surface charge achieved by coating with higher molecular weight Cs
revealed a stronger affinity to negatively charged cell membranes leading to an enhanced cellular uptake.>> Additionally, the
behavior of NPs in the presence of biological fluids may differ significantly from their behavior in water.

Protein Corona Formation

To investigate the effects of the gastric proteins, pepsin and pancreatin on the stability of the SeNPs-Cs-NAC/-HA, the
particles were incubated with SGF/SIF as well as with enzyme-free SGF(/SIF for different lengths of time. To simulate
oral digestion in the stomach and intestine, the selected incubation times were 30 minutes for SGFy/SGF (pH 1.2) and
2 hours for SIFy/SIF (pH 6.8), respectively. As summarized in Figure 3a and b, both the size and the zeta potential of

Table | Size (D},) and Zeta Potential () of SeNPs
Functionalized with Cs-NAC and HA After
Synthesis (AS) and After the Lyophilization (AL)
at 25 °C. n (Size Measurement) = 6 and n (Zeta
Potential Measurements) = 3

NP Type d, / nm I mVv

SeNPs-Cs-NAC (AS) | 1464 75 | 177 £03

SeNPs-Cs-NAC (AL) | 151.6 £ 40 | 21.3+03

SeNPs-HA (AS) 141.8 £ 80 | 445+ 1.1

SeNPs-HA (AL) 1543 £47 | 441 + 14
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Figure 3 Protein Corona formation. (a) Zeta potential ({) and (b) hydrodynamic diameter (d},) of SeNPs, functionalized with Cs-NAC or HA before and after incubation in
enzyme-free simulated gastric fluid (SGFo), enzyme-free simulated intestine fluid (SIFo), simulated gastric fluid (SGF) and simulated intestine fluid (SIF). y(SeNPs) = 250 mg/L
(n = 3). An unpaired t-test was performed, and statistical significance was assigned as * p < 0.05, ** p < 0.01 and *** p < 0.001, *** p < 0.0001 where p-value <0.05 was
considered statistically significant.

both types of SeNPs, underwent substantial changes. When SeNPs-Cs-NAC were incubated with enzyme-free media
(SGF/SIF,) to assess the impact of pH and ionic strength on the stability, a decrease in the zeta potential values from
21.4 mV to 15.8 mV in SGF, and to —0.19 mV in SIF, were observed, while the size increased to 192.9 nm in SGF, and
173.4 nm in SIF,. The effects on SeNPs-HA were even more pronounced. The particle size in SGF, and SIF, changed
from 154.3 nm in MQ-water to 559.1 nm and 412.9 nm in SGF, and SIF, respectively. The zeta potential changed from
—44.67 mV in MQ-water to 6.90 mV in SGF, and —19.20 mV in SIF,. According to these data, the stability of SeNPs-HA
is strongly impaired, and the particles are prone to agglomeration. It can be assumed that this instability is due to the
combined influence of pH (1.2 and 6.8) and ionic strength (0.097 M in SGF, and 0.064 M in SIF,). A similar impact on
the stability of SeNP including the influence of the surface chemistry of the coating agent was recently reported by
Borowska et al>*

The addition of gastric enzymes further affected the zeta potential and particle size of SeNPs-Cs-NAC/-HA. When
SeNPs-Cs-NAC were incubated in SGF (pepsin-containing solution; { = 2.36 + 0.70 mV), the zeta potential dropped
from 15.8 mV in SGF, to 10.6 mV in SGF, and agglomerates larger than 1 um were detected. A similar behavior was
observed in SIF (pancreatin-containing solution; { = —12.45 + 0.46 mV), where the surface charge of SeNPs-Cs-NAC
became more negative ({ =—11.1 mV) than after incubation in SIF, ({ = -0.19 mV), followed by an increase in NP size
to (dy, = 695.3 nm). The large shift in the hydrodynamic diameter compared to the particle size after incubation in SGF
/SIF, is a strong indication for the adsorption of pepsin/pancreatin on the surface of SeNPs-Cs-NAC but also for an
increased tendency of SeNPs-Cs-NAC to agglomerate. In the case of SeNPs-HA, a similar trend was noticed, whereas
the presence of gastric enzymes further contributed to particle destabilization. The zeta potential of SeNPs-HA changed
from 6.9 mV to 2.1 mV, and the size from 559.1 nm to 653.8 nm after incubation with SGF, indicating that pepsin
adsorbed onto the surface of SeNPs-HA. Similarly, the incubation with SIF led to an increase in zeta potential from —19.2
mV to —13.9 mV and an increase in particle size for approximately 100 nm when compared to the size in SIF, (d, = 412.9
nm). The pronounced changes in size and zeta potential observed after incubation with gastric fluids as well as the
formation of agglomerates could be explained by the altered surface charge and conformation of the polymers due to
exposure to high ionic strength, which hinders electrostatic repulsions. In addition, the adsorbed proteins could bridge
individual SeNPs, thus fostering agglomeration by crosslinking NPs, ultimately leading to the formation of larger

clusters.>
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A similar behavior was reported by Peng et al, who investigated the interaction between the poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate)-based cationic NPs (CNPs) and pepsin and pancreatin.’® They demonstrated that both proteins
adsorbed onto the surface of CNPs, resulting to agglomeration. Likewise, Borowska et al reported that the adsorption of
pepsin onto yeast extract-coated SeNPs also promoted agglomeration.>*

To further investigate the structure of SeNPs-Cs-NAC/-HA and changes upon incubation with gastrointestinal
proteins, FTIR spectroscopy was utilized. FTIR spectra of SeNPs-Cs-NAC/-HA, pure pepsin, and pancreatin, which
served as control, as well as SeNPs-Cs-NAC/-HA in the presence of pepsin/pancreatin are presented in Figure 4a and b.
The FTIR spectra of SeNPs-Cs-NAC/-HA demonstrated peaks at 563 cm ' and 511 cm ™' respectively, along with a peak
at 774 cm ' corresponding to Se-O stretching vibration (Figure 4a and b, Tables S1 and S2). The vibrations can be
attributed to the binding of the SeNPs to the carbonyl groups of HA and Cs-NAC that coat SeNPs. Similar observations
have been demonstrated previously with oxidized products of ascorbic acid.’”** Specific differences of SeNPs-Cs-NAC/-
HA can be noticed in the region 1700 cm ' -900 cm ! (Figure 4a and b, Tables S1 and S2). In the SeNPs-Cs-HA spectra
specific peaks were obtained at 1210 cm ' corresponding to COO— stretching and a single peak at 1039 cm'
corresponding to CH stretching. Those peaks have not been observed in the SeNPs-Cs-NAC spectra. Furthermore, in
the SeNPs-Cs-NAC spectra specific peaks at 1153 cm™' and 1067 cm ™' correspond to C—O—C and C—O stretching were
observed.”” The presence of specific peaks suggests that the SeNP’ surface was coated with the investigated polymers.
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Figure 4 FTIR spectra of SeNPs coated with Cs-NAC or HA incubated in (a) SGFo/SGF: (—) pepsin in SGF, (—) SeNPs-Cs-NAC in SGFq, (—), SeNPs-Cs-NAC in SGF,
(—) SeNPs-HA in SGFy, (—) SeNPs-HA in SGF and (b) SIFo/SIF: (—) pancreatin in SIF, (—) SeNPs-Cs-NAC in SIFy, (—), SeNPs-Cs-NAC in SIF, (—) SeNPs-HA in SIF,,
(—) SeNPs-HA in SIF.
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The FTIR spectra of pepsin (Figure 4a, Table S3) showed the presence of strong peaks at 3273 cm™ ' corresponding to
C—N stretching, 2943 cm ™' corresponding to CH, asymmetrical stretching and, 2914 cm ™' and 2891 cm ™' corresponding
to CH, symmetrical stretching. In the 1600—1700 cm ™' range a peak was noticed corresponding to the C=0 stretching
vibrations and hydrogen bond coupled with CN stretch, and in the amide II region a peak at 1520 cm™' corresponding to
the NH bend coupled with CN stretching was observed.?*?® Compared to pure spectra of SeNPs-Cs-NAC/HA after
incubation in the SGF additional vibration peaks appeared, namely sharp peaks at 2915 cm ™', 2850 cm ™', wide peaks at
1640 cm ™' and 1524 cm™ ' (Figure 4a). Since the SeNPs-Cs-NAC/-HA were washed after the incubation with pepsin to
remove unbound protein from the surface of the SeNPs, the results indicate pepsin binding to the surface of the SeNPs.

For pure pancreatin (Figure 4b, Table S3) measured in the same regions, the most pronounced peaks were observed at
2918 cm ' and 2846 cm™' corresponding to CH, symmetrical stretching, 1625 cm™' corresponding to C=0O stretch and
hydrogen bond coupled with CN stretch, 1524 cm™! corresponding to NH bend coupled with CN stretch, and 1017 cm ™
corresponding to C—O stretching vibrations.®®*! Compared to pure spectra of SeNPs-Cs-NAC/HA after incubation in the

SIF additional vibration peaks appeared, namely sharp peaks at 2954 cm™', 2918 cm ', 2846 cm™'

, a wide peak at =
1636 cm™ ' and a wide peak at 1266 cm ' which was shifted compared to pure pancreatin and NAC/HA. Again, the
unbound protein was washed away before the spectra were recorded, indicating pancreatin binding to the surface of the
SeNPs.

From the FTIR results it can be concluded that both pepsin and pancreatin interact with both types of SeNPs as seen
by the presence of the additional characteristic protein peaks in the spectra of SeNPs-Cs-NAC/-HA after incubation with

SGEF/SIF.

Determination of Binding Affinity of Gastric Proteins for SeNPs

QCM-D was used to study the interaction between SeNPs-Cs-NAC/-HA and gastric proteins in more detail. QCM-D
enables in-situ monitoring of the interaction between NPs and functionalized substrates, proteins, antibodies, etc.
Changes in the Af and the AD can be correlated with adsorption/desorption processes and viscoelastic properties,
respectively.®” When SGF/SIF was introduced in QCM-D, the frequency decreased, and the dissipation factor increased
(Figure 5a-d). Both proteins, either pepsin or pancreatin, were adsorbed on the Au sensor due to the formation of bonds
with thiol residues present on the protein surfaces.”> Frequency shifts were of the order of 50 hz, amounting to full
coverage with about 10 nm of biomaterial of 1g/cm’ density, according to a Sauerbrey equation for rigid layers. It is to be
noted that the behavior of AD parameter is symmetric to the behavior of Af, which indicates similar viscoelastic
properties of all the deposited layers, presumably rather compact and formed by well-bound particles. The enzymes
were rather strongly bound as the positive frequency shift and the decrease of the dissipation factor was minimal after the
washing step with enzyme-free SGFy/SIF,. That is, about 20% of protein mass was adsorbed, but no bonds were formed
and it was removed. Only a limited amount of SeNPs was deposited (Af~ 5 hz) in the case of pepsin (from SGF)
functionalized surface. This amount was considerably smaller than for SIF (pancreatin - trypsin, amylase, and lipase)
treated surface (Af ~ 20—40 hz), independently of the particle type (SeNPs-Cs-NAC vs SeNPs -HA). Overall, the SeNPs
bind to the gastric proteins (pepsin/pancreatin) modified Au sensor and are not removed by the washing step with
enzyme-free SGFo/SIF,. In the case of quantitative removal upon washing, we would expect the recovery of the Af that
corresponds to Af before the addition of SeNPs.

Notably, the deposition of Se-NPs on the Au-surface beneath the protein layer is not due to thiol binding. Instead, the
likely mechanism involves the binding of the NPs to the protein layer itself. This conclusion is supported by the
observation that the binding affinity is independent of the type of nanoparticle (SeNPs-Cs-NAC vs SeNPs-HA) and is
instead determined by the proteins present on the surface (pepsin or pancreatin).

To quantify the affinity of pepsin and pancreatin for SeNPs-Cs-NAC/-HA, fluorescence quenching titration was applied.
Changes in the fluorescence spectra represent the changes in the intrinsic fluorescence of tryptophan (Trp) residues in pepsin
and pancreatin, therefore changes in the microenvironment around the Trp upon adding SeNPs-Cs-NAC/-HA were
investigated. The results of the concentration-dependent decrease (quenching) of the Trp fluorescence signal with increasing
concentrations of SeNPs are presented in Figure 6a-d. As presented, there were no obvious shifts in the maximum emission
wavelengths of pepsin and pancreatin, suggesting that the Trp microenvironment was not altered by the addition of SeNPs-Cs
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Figure 5 QCM-D in-situ monitoring of the interaction between SeNPs and proteins. Frequency shift and dissipation of energy. (a) SeNPs-Cs-NAC in SGF, (b) SeNPs-Cs-
NaC in SIF, (c) SeNPs-HA in SGF, (d) SeNPs-HA in SIF. (—) f3 denote the overtone and (—)ADj the corresponding dissipation of energy. The arrows show the time points
for the addition of (]) SGF/SIF, (1) SGFo/SIFo, and (]) SeNPs-Cs-NAC/-HA.

-NAC/-HA. The apparent equilibrium dissociation constants (Kp) were determined from the fluorescence titration curves
(Figure 7 and Table 2). The Kp constants revealed that pepsin and pancreatin have a higher affinity for SeNPs-Cs-NAC than
for SeNPs-HA, which displayed higher equilibrium dissociation constants upon interaction with pepsin and pancreatin.
The Kp values align well with the size data, demonstrating that the impact of Cs-NAC on the physicochemical
properties of SeNPs is more pronounced compared to HA. This higher affinity can be attributed to the structure of Cs-
NAC, which contains free thiol groups capable of forming covalent disulfide bonds with cysteine residues in pepsin and
pancreatin.®® Furthermore, the extent of the interaction between gastric proteins and SeNPs must also be correlated with
previously mentioned parameters like pH, and ionic strength as well as with the concentration of the SeNPs and the

incubation time due to their delicate interplay that could direct or interfere with the final fate of NPs upon administration.

Radical Scavenging Potential

Nutritive supplements that exhibit anti-oxidative properties can alleviate the risk of many health conditions. They have
a protective role by neutralizing free radicals that are involved in the initiation of oxidative processes. So far, the anti-
oxidative benefits of SeNPs have been shown in numerous studies.** *® Here, the DPPH assay was applied to determine
the anti-oxidative potential of SeNPs-Cs-NAC/-HA in terms of free radical scavenging (FRS) ability. The DPPH assay is
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Figure 6 Fluorescence emission spectra obtained for (a) pepsin in SGF and (b) pancreatin in SIF incubated with various concentrations of SeNPs-Cs-NAC, (c) pepsin in SGF
and (d) pancreatin in SIF incubated with various concentrations of SeNPs-Cs-HA. SeNPs-Cs-NAC/-HA concentrations (a-e): (—) 0, (—) 500, (—) 1000, (—) 1500 and
(—) 2000 uM.

based on the change in the absorbance of DPPH radicals upon incubation with antioxidants. The stable nitrogen radical
becomes inactivated by the exchange of hydrogen, which leads to the corresponding hydrazine production (DPPH,).®’
The ascorbic acid that served as the positive control exhibited the free radical scavenging potential of 50.2% and 93.5%
using concentrations of 1 mm and 10 mm ascorbic acid, respectively. The antioxidative potential of both types of SeNPs
is presented in Figure 8. The FRS potential of SeNPs-Cs-NAC/-HA increased with concentration from 10 to 100 mg/L of
SeNPs. For SeNPs-Cs-NAC, the FRS increased notably from 2.3 to 29.0%, while for SeNPs-HA, the increase was from
4.6 to 28.1%. Thus, both types of SeNPs displayed similar anti-oxidative potential that could be attributed to the
contribution of the polymers. The proposed reactions involved in the antioxidative mechanism are hydrogen abstraction,
addition reaction, or electron transfer.®® The free radical scavenging potential of Cs and its derivatives may be ascribed to
the reaction between free amino and hydroxyl groups in the chitosan unit and the free radical. Additionally, NAC has
known antioxidative properties and the action mechanism could be via the interaction of free thiol groups with free
radicals.®”

HA also has an antioxidative capacity, especially when grafted on NPs surfaces where the hydrogen-atom transfer is
the driving force for the antioxidative behavior.”””" To sum up, the antioxidative potential of SeNPs-Cs-NAC/-HA could
be beneficial for the development of SeNPs as the nutraceutical with a dual role that mitigates Se deficiency and immune
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Figure 7 Fluorescence titration curves of SeNPs-Cs-NAC (m) and SeNPs-HA (o) binding to (a) pepsin. and (b) pancreatin. The data represent mean * SD (n = 3). The
change in the fluorescence intensity (AF) upon adding SeNPs was calculated by subtracting the intrinsic fluorescence intensity of the protein (Fp) at the emission maximum
from the maximal intensity value recorded at a given SeNP concentration. The data are normalized by dividing by the intrinsic fluorescence of the protein (Fo).

response and simultaneously exhibits re-inforced antioxidative potential due to a synergism between SeNPs and

biocompatible coating agents like Cs-NAC and HA.

Discussion

SeNPs are a class of nanoparticles that have emerged as promising nutritional supplements for Se, a vital element that
plays a critical role in various physiological processes in the human body. Se deficiency has been linked to numerous
serious health conditions caused by insufficient Se intake. In this study, SeNPs coated with two different biocompatible
polymers, Cs-NAC and HA, were specifically synthesized for oral drug administration. The stability of these coated
SeNPs was assessed in simulated gastric fluids (SGF/SIF) in the absence and presence of major gastric proteins, pepsin
and pancreatin, with DLS and ELS measurements. The size of SeNPs-Cs-NAC increased slightly in SGF(/SIF,, while the
size of SeNPs-HA increased dramatically (by 3—4 times), primarily due to aggregation. This increase in particle size was
accompanied by a decrease in zeta potential for both types of SeNPs. It has to be considered that the surface chemistry of
the coating agent is itself affected by the pH and the presence of electrolytes in the solutions.”*”* At low pH, Cs-NAC
contains protonated positively charged amino and neutral thiol groups. Since only 4.3% of the total amino groups are
thiolated, 95.7% of the amino groups remain available for further interactions. These available protonated amino groups

cause repulsion between the positively charged units. At a pH of 6.8 (SIF;), the neutral amino-groups start to

Table 2 The Apparent Equilibrium
Dissociation Constants Between SeNPs
Coated with Cs-NAC or HA and Pepsin
or Pancreatin. t = 25 °C. (n = 3)

Protein NP Type Kp/mM

Pepsin SeNPs-Cs-NAC | 0.45 + 0.02
SeNPs-HA 251 + 041

Pancreatin | SeNPs-Cs-NAC | 0.59 + 0.04
SeNPs-HA .61 £0.24
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Figure 8 Free radical scavenging (FRS) potential of Cs-NAC and HA-coated SeNPs. The values of FRS are expressed as mean values * SD (n = 3). An unpaired t-test was
performed, and statistical significance was assigned as ** p < 0.0] where a p-value <0.05 was considered statistically significant.

predominate as the pK, of the amino groups in Cs-NAC is 6.5. The pK, of thiol groups in NAC is 9.5 and the SH groups
remain protonated and uncharged at pH 6.8.7* As a result, at pH 6.8 the key functional groups on the polymer chain are
mostly neutral and the polymer adopts a more compact conformation, which causes instability of SeNPs-Cs-NAC. Apart
from pH, the ionic strength of SGF(/SIF, plays a critical role. At low pH, such as in the stomach, Cs-NAC behaves as
a polycation and the polymer units repel each other. However, an increase in the ionic strength and the presence of
counterions from electrolytes can shield the charges on the amino groups disrupting the extended polymer structure.
Thus, the repulsion between the polymer chains is reduced leading to instability and particle agglomeration as observed
in the size measurements. In the intestine where the pH is higher, deprotonation of amino groups reduces the overall
positive charge making the polymer structure more compact due to diminished electrostatic repulsion. The combination
of amino group deprotonation and high ionic strength results in a more rigid structure of the polymer chains, ultimately
promoting aggregation.

In the case of HA, an acidic medium such as SGF, induces a more compact conformation of HA due to the
protonation of carboxylic groups, which diminishes the stabilization effect on the NPs. At higher pH values, the
ionization of the polymer is increased, causing negatively charged polymer units to repel each other, thereby enhancing
NP stability. However, the high ionic strength of the tested medium disrupts the stability of HA leading to aggregation. In
SIF,, HA behaves as a polyanion due to the deprotonated carboxyl groups. However, the high ionic strength shields the
negative charges thus adversely affecting the stability of the polymer. In summary, as ionic strength increases, counterion
condensation becomes more pronounced, affecting polymer conformation and decreasing NP stability, as demonstrated
by size and zeta potential measurements.””

When SeNPs-Cs-NAC/-HA were incubated in SGF/SIF, the adsorption of gastric proteins onto the SeNP surfaces
significantly impacted their stability compared to SGF(/SIF, due to the formation of a PC. Notably, the changes in size
and zeta potential were particularly pronounced for SeNPs-Cs-NAC where particle sizes larger than 1 pum were observed
in SGF. Besides pH and ionic strength, which affect the polymer surface chemistry, the proteins possess multiple binding
sites acting as crosslinker. These protein bridging interactions may overcome the electrostatic repulsion between NPs due
to the physiological media screening effects (pH and the salt composition).”®

To further investigate the PC formation, the adsorption and binding behaviour of the proteins on the surface of SeNPs
were studied by QCM-D and fluorescence quenching spectroscopy. The data indicated that both pepsin and pancreatin
bind to the surface of SeNPs in a manner dependent on the coating agent. SeNPs coated with Cs-NAC showed a higher
affinity for pepsin and pancreatin compared to those coated with HA. Protein-NP interaction is a dynamic process in
which both protein adsorption and desorption occur simultaneously.”” The driving forces that govern the adsorption of

proteins on NP surfaces could be electrostatic, van der Waals, covalent, steric, or hydrophobic interactions. Depending on
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the type of interaction, some of the adsorbed proteins are attached tightly (hard corona), while others are more loosely
attached forming a soft corona.’®

The differences in how pepsin and pancreatin interact with SeNPs-Cs-NAC/-HA can be explained by the structure of
the polymer. The binding module between Cs and proteins is established through electrostatic interactions between amino
groups of Cs and the acidic amino acids in proteins.®® In addition, the conjugation of Cs with NAC led to the introduction
of free SH-groups in the Cs polymer units that could interact with the cysteine residues present in pepsin and pancreatin,
thus forming covalent disulfide bonds. Conversely, the polymer unit of HA has a carboxylic group that is protonated or
deprotonated, depending on the pH resulting in weaker electrostatic and van der Waals interactions compared to disulfide
bonds. This difference could explain why the interaction between proteins and SeNPs-Cs-NAC is stronger, as seen by the
fluorescence measurement.

Such differences in the binding affinity of gastric peptides to SeNPs could significantly impact the activity of SeNPs
when administered orally as a nutritive supplement for the mitigation of Se deficiency. The SeNPs-Cs-NAC in the SGF,
showed better stability compared to SeNPs-HA. This suggests that SeNPs-Cs-NAC remain more stable in the acidic
environment of the stomach, which is crucial for maintaining the bioavailability. Cs-NAC coated SeNPs exhibited
stronger interactions with gastric proteins (pepsin and pancreatin), as evident from the lower apparent equilibrium
dissociation constants, compared to SeNPs-HA. This stronger interaction may promote the formation of a protective
protein corona around SeNPs-Cs-NAC, potentially enhancing their stability and absorption in the stomach. The structure
of Cs-NAC, particularly its free thiol groups, enables it to form covalent disulfide bonds with cysteine residues in
proteins such as pepsin and pancreatin. This could help protect SeNPs from degradation, further supporting their
bioavailability in the gastric environment. In contrast, SeNPs-HA demonstrated a higher tendency to aggregate in the
tested media, which could lead to reduced bioavailability. Despite the differences in protein interactions, both types of
SeNPs exhibited similar radical-scavenging potential, an important factor in developing nutritional supplements that can
mitigate the risk of various health conditions. The polymer coated SeNPs ensure that SeNPs remain in their active,
reduced state. This is crucial for the preservation of antioxidative properties allowing sustained and controlled release of
Se. The intrinsic antioxidative properties of SeNPs are reinforced by Cs-NAC and HA, both of which also display
antioxidative potential. It was shown that SeNP supplementation promotes the growth of gut microbiota and associated
metabolic pathways by the growth enhancement of beneficial bacteria such as Bifidobacterium and Lactobacillus.”**°
However, gut health and its barrier function could be disrupted by opportunistic bacteria, and oxidative stress can damage
the gut lining and affect microbial composition. SeNPs play a preventive and protective immunomodulatory role by
regulating cytokine production (promoting anti-inflammatory cytokines while reducing pro-inflammatory ones), immune
cell activity, and mediating the immune response. Functionalizing SeNPs with Cs-NAC and HA could impact the
intestinal barrier function, gut microbiota and immune response. The particles could potentially be optimized to develop
personalized treatments tailored to an individual’s microbiome profile, thereby improving gut health and immune
resilience. However, even if the physicochemical properties of engineered NPs are optimized to the highest extent, the
biological milieu and its complex composition might alter the surface properties of the NPs and affect their primary
designated application.'*®' Besides the impact of the adsorbed proteins on NP’s internalization into the cells, this
interaction might also alter the conformation of the adsorbed protein leading to impaired enzyme function that could
trigger an immune response or impact cell signaling relevant to therapeutic applications.®*** For example, the binding of
GI proteins, namely pepsin, a-amylase, and trypsin, onto polystyrene nanoparticles reduced their activity, as presented in
the study of Wang and co-workers.? In another study, the microenvironment of the aromatic amino acids of pepsin in the
presence of titanium oxide nanoparticles was altered upon PC formation affecting pepsin activity.”> Consequently, it
remains an important issue to study the interaction of NPs with GI proteins in greater detail to predict possible events that
could occur upon NP administration and to estimate the fate of NPs in the microenvironment of the GIT.

Conclusion

This study highlights the critical role of the protein corona on the stability and surface characteristics of Cs-NAC or HA
functionalized SeNPs under simulated gastrointestinal conditions. Variations in pH and ionic strength led to agglomera-
tion of SeNPs, with the extent of agglomeration strongly dependent on the physicochemical properties of the coating
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polymer. The binding of gastric proteins to SeNPs further altered their particle size and zeta potential leading to increased
instability. In-situ adsorption measurements and fluorescence quenching titration experiments revealed that both pepsin
and pancreatin had a binding affinity for SeNPs functionalized with Cs-NAC or HA. The affinity was notably stronger for
SeNPs coated with positively charged Cs-NAC compared to those coated with slightly negatively charged HA. Such
differences in the binding affinity of gastric peptides to SeNPs could markedly impact the activity of SeNPs when
administered orally as nutritive supplement to address Se deficiency. Both Cs-NAC and HA functionalized SeNPs
exhibited similar radical scavenging potential, which is important for supporting immune response and maintaining gut
homeostasis after administration.

In summary, the interplay of NP polymer coating surface chemistry, pH, ionic strength, and protein binding dynamics
highlights the importance of a rational design approach in developing SeNPs as nutraceuticals. A deeper understanding of
these factors might contribute to advancements in personalized medicine, potentially ameliorating gut health and
strengthening immune responses.
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