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ABSTRACT: In this study, selenium nanoparticles (SeNPs) decorated with lotus root polysaccharide (LR) were
successfully synthesized, and the formation, particle size, morphology and stabilization of LR/SeNPs1-5 with different
Se content were comprehensively characterized. The findings revealed that LR/SeNPs exhibited uniformly spherical
nanoparticles with particle size of approximately 100 nm. FT-IR and XPS spectra showed that the stability of
LR/SeNPs was attributed to the formation of C-O---Se coordination bonds and hydrogen bond networks between LR
and SeNPs. And the environmental stability experiment has proved that LR/SeNPs3 exhibit excellent stability in
normal temperature, neutral and low-salt environments, howerer, to maintain long-term stability, it is necessary to
avoid from high temperatures, high acidity and high salt environments. Also, the modification of the SeNPs with LR
granted the LR/SeNPs excellent anti-inflammatory capability, that decreased the level of NO, IL-1p and TNF-a, and
promoted macrophage toward the M2 phenotype polarization, during which LR showed a synergistic effect. These
results suggest that LR can not only enhance the stability of SeNPs, but also improve the anti-inflammatory activity of
SeNPs, thereby functioning as a promising stabilizing agent for SeNPs.

Keywords: lotus root polysaccharide, SeNPs, stability, anti-inflammatory activity.

1. Introduction

Selenium (Se) is an important trace element for human physiological functions and a natural
antioxidant, playing an indispensable role in various biological processes!’ .. However, organisms are
unable to synthesize Se on their own, and the sole route to obtain Se is through dietary intakel. Sodium
selenite, methyl selenium, and selenomethionine are among the most commonly used Se sources. However,
the extremely narrow margin between the tolerable upper intake level and toxic thresholds restricts their
biomedical applications due to the high risk of dose-dependent toxicity!* 3. In recent years, based on the
nanoengineering strategy, SeNPs have gradually become an important candidate material for the
development of new functional selenium supplementation preparations. With their enhanced bioavailability,
favorable toxicological characteristics and excellent biological activity, they have demonstrated dual

application prospects in the fields of nutritional enhancement and disease intervention!® 7. Nevertheless,
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SeNPs are typically unstable due to their high surface energy, which causes them to readily aggregate,
thereby losing biological activity and even exhibiting toxicity!®. Therefore, it is urgent to develop new
functionalized template materials to enhance the stability of SeNPs, thereby overcoming the clinical
application bottleneck caused by its narrow therapeutic window.

Natural polysaccharides, owing to their diverse conformations and abundant reactive hydroxyl groups,
are capable of modifying the surface of SeNPs via intermolecular non-covalent interactions!). Thus,
polysaccharides have been extensively employed as capping agents to fabricate stable
polysaccharide/SeNPs, and polysaccharides modified selenium nanoparticles may serve as a promising
strategy to deliver a novel Se source for nutritional and therapeutic applications.

A growing number of evidences indicate that both polysaccharides and SeNPs possess significant

10-12]

biological activity! The preparation of bioactive polysaccharide-functionalized SeNPs not only

(6:71 In recent

enhances the stability of SeNPs but also improves their biological activity and bioavailability'
years, significant synergistic interactions and nanoparticulate effects between polysaccharides and SeNPs
have been validated, and polysaccharide/SeNPs have been confirmed to exhibit diverse biological effects!®’.
For instance , polysaccharide-SeNPs demonstrate promising potential in anti-inflammatory activity,
showing great capacity to inhibit inflammatory responses and reduce the production of inflammatory factors.
As reported, a sulfated polysaccharide-stabilized SeNPs exhibited potent anti-inflammatory activity in
LPS-induced RAW264.7 macrophages. This activity was mechanistically attributed to the suppression of
nitric oxide (NO) production coupled with significant downregulation of mRNA levels encoding tumor
necrosis factor-alpha (TNF-o), interleukin-1B (IL-1B), and inducible nitric oxide synthase (iNOS)!'3]. Ulva
lactuca polysaccharide-modified SeNPs were administered as dietary supplements to acute colitis mice, and
exhibited significant protective effects through alleviating macrophage infiltration and inhibited the
activation of macrophage by suppressing NF-kB nuclear translocation and regulating the expression of IL-6
and TNF-o!'¥l, Therefore, polysaccharide/SeNPs is expected to become a safe and effective
anti-inflammatory agent.

In our previous studies, lotus root polysaccharide (LR) was extracted from Nelumbo nucifera Gaertn.,
and it is a water-soluble polysaccharide characterized as a low-molecular-weight a-1,4/6-glucan. Our
researches have demonstrated its notable antioxidant, immunomodulatory, and hypolipidemic activities!!>!7),
Considering its multiple bioactivities, LR is expected to be a stabilizer of SeNPs, aiming to enhance the
stability and biological activity of SeNPs. Therefore, this study utilized LR as a stabilizer to synthesize a
novel lotus root polysaccharide-stabilized selenium nanoparticle composite (LR/SeNPs). The
physicochemical properties of LR/SeNPs, including particle size, zeta-potential, morphology, and structural
characteristics, were systematically characterized. The stability and in vitro digestion behavior of LR/SeNPs

under varying conditions were evaluated. Furthermore, the anti-inflammatory activity of LR/SeNPs was

evaluated in macrophage to elucidate their potential therapeutic application.

2. Materials and methods
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2.1. Materials and chemicals

Lotus root was supplied by Wuhan Jinshui Qiliang Agricultural By-products Company (China). Sodium
chloride (NaCl), ascorbic acid (Vc) and sodium selenite (NaxSeOs) were obtained from National
Pharmaceutical Group Corporation (China). Artificial gastric juice and small intestinal fluid were provided
by Beijing Regan Biotechnology Co., LTD (China). DMEM medium and PBS were procured from Hyclone
Company (USA). Lipopolysaccharide (LPS) from E. coli O55:B5 was acquired from MedChemExpress
Company (China). Griess reagent was purchased from Nanjing Jiancheng Biological Co., LTD (China).
CCK-8 reagent was obtained from Beijing Dakewe Biotech Company (China). Trizol reagent for isolation of
mRNA was obtained from Wuhan Servicebio Co., LTD (China). The anti-CD86-PE and anti-CD206-FITC
antibodies were procured from BioLegend Co., LTD (USA).

2.2. Extraction of lotus root polysaccharide

The lotus root polysaccharide (LR) was extracted with an amylase-assisted extraction method according
to our previous work!!”l. The total carbohydrate content was determined using the phenol-sulfuric acid

colorimetric method according to the standardized protocolt®].
2.3. Synthesis and characterization of LR/SeNPs

LR/SeNPs were synthesized by the Na2SeOs3/Vc reduction method, based on the previously reported
protocol with minor modification!'). In brief, 20 mmol/L Na2SeOs solutions with different volumes were
added to LR solutions (2 mg/mL) controlling the mass ratio of LR to Na2SeOs to be 1:0.1, 1:0.2, 1:0.3, 1:0.4,
and 1:0.5. And Vc solution was added in advance with the molar ratio of Ve and Na2SeO3 maintaining at 4:1 to
ensure that Na2SeO3 was reduced completely. Then the systems were made up with distilled water until the
concentration of LR dropped to 1.0 mg/mL. Then the products were dialyzed (MWCO, 1000 Da) with pure
water for 2 days to eliminate unreacted Vc and Na2SeOs. The resulted solutions were named as LR/SeNPs1,
LR/SeNPs2, LR/SeNPs3, LR/SeNPs4 and LR/SeNPs5. Additionally, SeNPs without LR was synthesized
under the same condition as a control.

The Se contents of LR/SeNPs were measured by inductively coupled plasma-mass spectrometer
(ICP-MS, NexION 350X, USA) according to the reported method?®!. The particle sizes, polydispersity
indexes (PDI) and zeta-potentials of LR/SeNPs samples were evaluated with a laser granularity instrument
(Malvern Instruments, UK). The incident angle was set at 90° and the refractive index of the solvent was set to
1.33. Each sample was measured three times repeatedly. The morphologies of LR/SeNPs were visualized via
scanning electron microscope (SEM, Zeiss Gemini-300, Germany) and transmission electron microscope
(TEM, JEOL-F200, Japan). And the surface elemental mapping and composition analysis of LR/SeNPs3 were
observed via TEM and SEM equipped with EDX respectively. The FT-IR spectra of LR/SeNPs samples were
recorded, with the frequency ranging from 400 to 4000 cm™ (Thermo Scientific Nicolet 1S20, USA). The XRD
patterns of LR/SeNPs were analyzed via a powder diffractometer (Bruker AXS, USA) with the scanning range

from 3° to 90° at an interval of 0.02° and a speed of 0.5° min™!. The elemental composition and valence state of
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Se in LR/SeNPs3 were analyzed via X-ray photoelectron spectrum (XPS, Thermo Fisher Scientific K-Alpha,
USA), with LR serving as the control group.

2.4. Stability measurement of LR/SeNPs

The stability of LR/SeNPs during the storage period was assessed by laser particle size analyzer after
being stored in dark at room temperature for 5, 15 and 30 days, respectively. Meanwhile, the state of the
LR/SeNPs solutions were pictured and recorded.

To investigate the impact of temperature on the stability of LR/SeNPs, the temperature of LR/SeNPs3
solutions were set to 4, 37, 50 and 65 °C respectively, and incubated for 2 h. The changes of particle sizes
and zeta-potentials were then determined using laser particle size analyzer. To measure the effect of pH,
NaCl and PBS to the stability of LR/SeNPs, the buffer with different pH or NaCl and PBS with different
ionic strength were prepared. For pH stability, the pH of the LR/SeNPs3 solutions (1.0 mg/mL) was adjusted
by 0.1 M HCI and NaOH to be 2, 4, 6, 8 and 10, respectively. After stabilizing for 2 h, the particle sizes and
zeta-potentials were detected. For the stability under different ionic strength (NaCl and PBS), 2.0 mL of
NacCl solutions (5, 10, 100, 1000 mmol/L) or PBS solutions (0.01x%, 0.1%, 1x, 10x, 50x) were mixed with
LR/SeNPs3 solutions (1 ml, 1.0 mg/mL) respectively, then the particle sizes and zeta-potentials were

determined.
2.5. In vitro simulated gastrointestinal release of LR/SeNPs

The release characteristic of LR/SeNPs was evaluated using a three-phase in vitro digestion model
simulating gastrointestinal conditions. Oral phase: 2.0 mL LR/SeNPs3 solution (1.0 mg/mL) was mixed with
a-amylase (2.0 mg, with an activity of 3.34 x 107> kat/mL) and incubated at 37 °C for 10 mins; Gastric
phase: the oral digest was transferred into 45 mL simulated gastric liquid (SGL) containing 0.1% (w/v)
pepsin. The pH was adjusted to 1.5 with 0.1 M HCI, followed by incubation in a thermostatic shaker
(DHSI-II, 160 r/min) at 37°C for 2 h; Intestinal phase: post-gastric digestion sample was centrifuged at
11,000 r/min for 30 min. The pellets were collected and resuspended in 45 mL simulated intestinal liquid
(SIL) containing 1.0% (w/v) trypsin. Then the pH was adjusted to 7.4 with 1 M NaOH, and the mixture was
incubated at 37°C (120 r/min, 6 h). The digestive samples at different time points (SGL: 0, 10, 20, 30, 60,
90, 120 min; SIL: 0, 30, 60, 120, 180, 240, 300 min) were collected and named as SO, S10, S20, S30, S60,
S90, S120, 10, 130, 160, 1120, 1180, 1240 and 1300 respectively. The microscopic morphologies, particle sizes
and zeta-potentials of LR/SeNPs3 after digestion were observed by TEM and measured by laser particle size
analyzer. Besides, the samples were centrifuged at 11000 r/min for 15 min to remove the large particles and
measure the release rate of Se in LR/SeNPs3 during the digestive test. The Se concentration was quantified
by ICP-MS.

The release rate of Se was calculated using the following formula:

Release rate (%) = (Mr/Mt) x 100%

where Mr represents the concentration of selenium in the digestive supernatant; Mt corresponds to the

total amount of selenium.
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2.6. Cell experiments
2.6.1. Cell culture and proliferation test

RAW264.7 murine macrophages (Ningbo Mingzhou Biotechnology Co., Ltd.) were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; high glucose) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL streptomycin. Cell cultures were incubated
under standard physiological conditions (37°C, 5% CO2, 95% humidity).

The proliferation effects of LR, SeNPs and LR/SeNPs3 on RAW264.7 cells were assessed via cell
counting kit-8 (CCK-8) assay. In brief, cells were seeded in 96-well plates at a density of 5x10* cells/well
and allowed to adhere for 24 h. Following treatment with serial concentrations (10-200 pg/mL) of test
compounds for 24 h, 10 pL CCK-8 reagent was added to each well and incubated for 4 h at 37°C. The OD
values were quantified at 450 nm using a multimode microplate reader, with 600 nm as reference

wavelength.
2.6.2. Determination of NO
RAW264.7 cells were seeded in 48-well plates at a density of 2 x 10° cells/mL. Following 24 h of

adhesion, the culture medium was replaced with serum-free DMEM. Cells were then treated with LR,
SeNPs, or LR/SeNPs3 (10-200 pg/mL) in the presence or absence of LPS (500 ng/mL) for designated
stimulation periods (24/48 h). The NO levels in the culture supernatants were quantified using the Griess

reagent according to the specification. The details are provided in the supplementary materials.
2.6.3. RT-PCR assay

Total RNA was isolated from RAW264.7 macrophages treated with LR, SeNPs, or LR/SeNPs3 (100
pug/mL) under LPS-stimulated (500 ng/mL) or unstimulated conditions using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. RNA integrity was verified by A260/A280 ratio (1.8~2.0)
measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Reverse transcription was
performed with a PrimeScript™ RT Reagent Kit (Takara Bio) to synthesize cDNA. Quantitative real-time
PCR (qRT-PCR) analysis was conducted on a LightCycler 480 system (Roche Diagnostics) with TB Green
Premix Ex Taq II (Takara Bio) to quantify mRNA expression levels of iNOS, IL-1f, IL-6, TNF-a, IL-10,
TGF-B1, and Arg-1, with B-actin as the endogenous control, following the method described in previous
studies!?!. Primer sequences are listed in Table S1. The PCR procedure was as follows: initial denaturation
at 95 °C for 5 min, followed by 40 cycles of amplification with denaturation at 95 °C for 15 seconds,
annealing at 55 °C for 30 seconds, and extension at 72 °C for 30 seconds. The reaction concluded with a
melting curve analysis, starting with a hold at 95 °C for 15 seconds, cooling to 60 °C for 1 min, and a final
hold at 95 °C for 15 seconds. The resulting mRNA was normalized by p-actin mRNA and compared with

the control group.

2.6.4. Immunofluorescence staining assay
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To assess the impact of LR/SeNPs3 on macrophage phenotype polarization, RAW264.7 cells were
seeded into 6-well plates and incubated overnight. The cells were treated by LR, SeNPs or LR/SeNPs3 (100
ug/mL) with PBS and LPS as the blank and positive controls. Following the removal of the supernatant, the
cells were fixed with 4% paraformaldehyde for 15 min at room temperature. Non-specific binding sites were
blocked with 5% BSA in PBS for 1 h. Fixed cells were subsequently then immunostained with
fluorochrome-conjugated antibodies (anti-CD86-PE and anti-CD206-FITC, markers for M1 and M2
macrophage respectively) at 4 °C for 4 h in the dark. Following two washes with cold PBS, nuclei were
counterstained with DAPI (1 pg/mL) for 5 min and washed twice with PBS. The fluorescent images were

pictured with a confocal microscopy (LSM900, Zeiss, Germany).
2.7 Data analysis

All experimental data are presented as mean + standard deviation (SD) from a minimum of three
independent experiments. Statistical analyses were performed using SPSS 26.0 (IBM Corp.), with
between-group comparisons conducted via Student's t-test and multi-group comparisons assessed by
one-way ANOVA followed by Dunn’s post hoc test where appropriate. Pre-tests for the assumptions of

normality and homogeneity of variance were assessed with Shapiro-Wilk test and Levene’s test respectively.

3. Results and discussion
3.1. Preparation and characterization of LR/SeNPs

Our previous research has proved that lotus root polysaccharides (LR) have good hydrophilicity and
biological activity!'> /. To enhance the stability and biological activity of SeNPs, LR was served as
stabilizer to prevent aggregation and enhance the efficacy of SeNPs. LR/SeNPs were synthesized by
chemically reducing NaxSeO3; with Vc in LR solutions, and different mass ratios of LR:Na2SeOs (1:0.1,
1:0.2, 1:0.3, 1:0.4, and 1:0.5) were designed to prepare LR/SeNPs with different Se content to optimize
stability and uniformity. During the preparation of LR/SeNPs, LR and Vc were thoroughly mixed. As the
Na2SeOs solution was added, the color of solution gradually shifted from colorless to pale yellow and
subsequently to brick red, suggesting the formation of amorphous or monoclinic selenium particles during
this process. With the proportion of NaxSeOs increasing from 0.1 to 0.5, the color of solution gradually
darkened (Fig. 1A), suggesting that the content of SeNPs increased with the increase of Na>SeOs3 dosage. In
contrast, the SeNPs without LR showed obvious aggregation and precipitation within 24 h after preparation,
indicating that LR could effectively stabilize SeNPs. The Se content and loading rate of the LR/SeNPs
samples were determined by ICP-MS, and the results are presented in Fig. 1B. As the dosage of Na2SeO3
increased from 0.1 to 0.5, the loading amounts were 3.16%, 6.67%, 8.26%, 11.51% and 14.99%,
respectively, and the loading rates of LR/SeNPs samples were around 40% without significant difference.
The results of particle size and zeta-potential analysis (Fig. 1C-D) demonstrated that the average sizes of the
LR/SeNPs samples were approximately 100 nm, and the size slightly increased as the Se content increasing,

but it was still significantly lower than that of SeNPs (about 4251 nm). Additionally, the absolute values of
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the zeta-potentials of LR/SeNPs samples were lower than that of SeNPs, illustrating that LR was attached to
the surface of SeNPs. These results indicate that LR inhibited the aggregation of SeNPs effectively by

modifying their surfaces.
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Fig. 1. The optical photograph of LR/SeNPs and SeNPs (A), the Se content and loading rate of LR/SeNPs (B), particle size
(C) and zeta-potential (D) analysis of LR, SeNPs and LR/SeNPs. The data are presented as the means = SD (n = 3). Different
letters indicate significant differences (P < 0.05) among different groups.

Multiple characterization techniques were used to confirm the successful encapsulation and to evaluate
the impact of LR on the stability, morphology and elemental distribution of SeNPs as well as the interaction
between them. As shown in Fig. 2A-B, both SEM and TEM images showed that single SeNPs exhibited
irregular morphologies, rough surfaces, and partial aggregation, suggesting poor dispersibility. On the
contrary, LR/SeNPs samples displayed uniform spherical morphologies with smooth surfaces and negligible
aggregation. This confirmed the effective encapsulation and stabilization of LR on SeNPs, which aligned
with the particle size analysis results. Taking LR/SeNPs3 as the representative sample, the elemental
composition of LR/SeNPs was measured by TEM mapping (Fig. 2C), revealing uniform distribution of
carbon (C) and oxygen (O) throughout the particles, with Se concentrated in the core. This suggested that
SeNPs was effectively encapsulated in LR, forming a stable surface layer that improved their dispersibility.
Fig. 2D presents the results of SEM-EDX analysis. The surface sites of LR/SeNPs3 were selected randomly,
and three elements C, O, and Se were detected and the proportions of them were 45.3 %, 11.95 %, and
42.75 % respectively. The Se content of LR/SeNPs3 was inconsistent with the result measured by ICP-MS,
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which might be caused by the uneven distribution of LR and Se. In fact, LR was located on the surface of

the particles, while Se was concentrated inside the particles.
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Fig. 2. Characterization of LR/SeNPs. SEM (A) and TEM (B) images of SeNPs and LR/SeNPs, the scale bar of 400 nm, 200

nm or 50 nm was marked in the lower left corner of the picture. TEM mapping (C) of LR/SeNPs3, the scale bar of 100 nm or

50 nm was marked in the lower left corner of the picture. SEM-EDX analysis (D) of LR/SeNPs3. XRD spectra (E) and FT-IR
spectra (F) of LR/SeNPs.

XRD analysis was performed to characterize the crystalline phase of the prepared LR/SeNPs. As can be
seen in Fig. 2E, LR exhibited sharp peaks at approximately 18° and broad reflection peaks in the range of
30°-80°, which are the typical XRD patterns of glucan!'®l. In LR/SeNPs samples, the sharp peak of LR at
18¢ shifted to the right about 20°, This indicates that the interplanar distance of the LR crystal decreased,
mainly due to the incorporation of Se atoms, which caused the distortion of the surrounding lattice®*. In
addition, compared with LR, LR/SeNPs samples showed relatively low peaks at 50° in the XRD patterns,
which originated from the introduction of SeNPs and were consistent with previous reports?’!. The XRD
patterns of LR/SeNPs showed no sharp peaks at 24° and 30°, which are typical of crystalline Se. Instead,
there were broad, amorphous peaks, indicating that the amorphous structure of SeNPs in LR/SeNPs.

The interaction mechanism between LR and SeNPs was validated by FT-IR and XPS spectrum. In Fig.
2F, compared with LR, the characteristic absorption peak of the -OH group in LR/SeNPs shifted
significantly from 3425 cm™ to 3386 cm™, indicating the O-H---Se interaction between the LR and SeNPs
during the formation of the LR/SeNPs. Meanwhile, it is notable that LR exhibited a distinct vibration
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absorption peak for C=0 at 1725 cm™!, which was not present in LR/SeNPs. As reported in previous
findings'®*, it can be inferred that the C=0 in LR was broken and the C—O---Se bond was newly formed
after integrating with SeNPs. In XPS spectra (Fig. 3A), a distinct and intensified Se 3d peak emerged at 56.1
eV in LR/SeNPs, confirming successful selenium incorporation. High-resolution deconvolution of the Se 3d
region (Fig. 3B) revealed two characteristic binding energies at 55.1 eV (Se® 3d32) and 54.0 eV (Se° 3dsp),
demonstrating complete reduction of Se** to elemental selenium (Se”). Comparative analysis of Cls spectra
(Fig. 3C-D) showed nearly identical profiles between LR and LR/SeNPs samples, indicating no detectable
involvement of carbon atoms in interfacial chemical bonding. It is worth noting that there are differences in
the Ols spectra of LR and LR/SeNPs (Fig. 3E-F), specifically, the O 1s absorption peaks of LR/SeNPs at
532.7 eV and 529.6 eV exhibited higher binding energies compared to those of LR at 532.3 eV and 529.2
eV, suggesting the formation of C-O---Se bonds, which was consistent with the result of the disappearance
of the C=0 peak as confirmed by FTIR. The bond formation induced electron density depletion around
oxygen atoms, reducing their shielding efficiency toward core electrons and thereby enhancing the
characteristic binding energy shift'>>2¢!, In conclusion, the synthesis mechanism of LR/SeNPs involves two
sequential steps: initially, selenite ions (SeO3*) are reduced to elemental selenium (Se’) by Vc;
subsequently, the nascent Se’ nuclei are stabilized through interfacial interactions with LR, forming
C-O---Se coordination bonds and hydrogen-bond networks, thus preventing the aggregation of SeNPs and
facilitating the formation of well-dispersible LR/SeNPs.
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Fig. 3. X-ray photoelectron spectroscopy (XPS) of LR and LR/SeNPs3.

3.2. Stability of LR/SeNPs.

Stability is a critical factor influencing the bioactivity and application of SeNPs. Fig. 4A displayed the
storage stability of LR/SeNPs. It can be seen that the SeNPs alone showed obvious aggregation and
precipitation after preparation, while the stability is significantly improved by coating LR. With the increase
of storage time from day 0 to day 30, the stability of LR/SeNPs samples showed differences. Among them,
the appearance of LR/SeNPs2, LR/SeNPs3 and LR/SeNPs4 remained basically unchanged during the
30-day storage process, while the color of LR/SeNPs1 turned black at day 30, which may be due to the
oxidation of SeNPs. The uniformity of LR/SeNPs5 did not change much within 15 days of storage, but
obvious stratification appeared at day 30, which might be due to the sedimentation of solid substances
caused by the excessively high concentration of the system. Meanwhile, we monitored the particle sizes and
zeta-potentials of the LR/SeNPs at 0, 5, 15 and 30 days (Fig. 4B-C). The particle size of the LR/SeNPs
samples remained unchanged during the 5-day storage period. However, on the 15th and 30th days, the
particle sizes of LR/SeNPsl and LR/SeNPs2 increased significantly, while the sizes of LR/SeNPs3,
LR/SeNPs4 and LR/SeNPs5 changed little. The similar trend was also observed in zeta-potential, indicating
that LR/SeNPs3, LR/SeNPs4 and LR/SeNPs5 had good storage stability. In order to compare the
characteristics of the LR/SeNPs samples visually, we summarized the key properties of LR/SeNPsl-5,
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including loading capacity, particle size, zeta potential and stability result (Table S2). We can find that both
LR/SeNPs2 and LR/SeNPs4 showed good storage stability but the loading rate was lower than that of
LR/SeNPs3. And LR/SeNPs5 exhibited a layering phenomenon after storage for 30 days due to the
imbalance of molecular forces. Among LR/SeNPs samples, LR/SeNPs3 maintained stable particle size and
zeta potential within 30 days, without stratification or oxidation, and had the highest loading rate. Therefore,

we chose LR/SeNPs3 for the subsequent experimental research.
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Fig. 4. The photographs (A), particle sizes (B) and zeta-potentials (C) analysis of LR/SeNP and SeNPs stored in dark at room
temperature for 0, 5, 15, and 30 days. The data are presented as the means + SD (n = 3), *»p<<0.05 indicates significant
differences between two groups and ns indicates no significant difference between two groups.

In order to verify the stability and effectiveness of LR/SeNPs3 in practical applications, its performance
under various environmental conditions was tested. The stability of LR/SeNPs3 was investigated under
different temperature (4 °C, 25 °C, 37 °C, 50 °C, 65 °C), different pH (2, 4, 6, 8, 10) and two common
solvents: NaCl solution (5, 10, 100, 1000 mmol/L) and PBS buffer (0.01%, 0.1%, 1x, 10x, 50x). As shown in
Fig. 5A-B, within the range of 4~50 °C, the particle size of LR/SeNPs3 changed little, and the absolute
value of zeta-potential slightly reduced compared with that at 4 °C, manifesting good stability at 4~50 °C.
While at 65 °C, the particle size and zeta-potential changed significantly, which indicated that the
temperature exceeding 65 °C would undermine the stability of LR/SeNPs3. The pH stability results (Fig.

5C-D) show that LR/SeNPs3 was unstable in acidic environments (pH 2 to 4), exhibiting significant increase
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in size and decrease in zeta-potential compared to the control group. In contrast, under neutral, slightly
acidic or slightly alkaline conditions (pH 6, 8, 10), the particle sizes maintained between 145 nm and 150
nm, and the zeta-potential was between -11 mV and -12 mV, indicating better stability. This indicated that
extreme acidic pH diminished stability by reducing electrostatic repulsion. In NaCl solution with different
concentrations (Fig. 5E-F), the size of LR/SeNPs3 increased from 150 nm to 270 nm with the NaCl
concentration increasing from 0 to 1000 mmol/L, meanwhile, the absolute value of the zeta-potential
decreased in a concentration-dependent manner. This situation might be due to the fact that the Na* adsorb
onto the surface of LR/SeNPs, neutralizing the negative charges on its surface and reducing the absolute
value of the zeta-potential, thereby causing aggregation. Meanwhile, salt ions also shielded the interaction
between the active sites on the LR chain and SeNPs, leading to a decrease in the stability of the coating layer
and easy aggregation of particles, which was manifested as an increase in particle size with the rise of NaCl
concentration. Similar phenomena were also observed in different concentrations of PBS solution (Fig.
5G-H). With the increase of PBS concentration, the net charge of LR/SeNPs3 decreased obviously,
nevertheless, within the concentration range of 0.01 to 10%, no significant difference was observed between
LR/SeNPs3 and the control group in particle size. This might be due to the strong buffering effect of PBS.
The ionic strength of PBS at low to medium concentrations has not yet exceeded the steric hindrance
stability threshold of the LR coating layer. In the PBS system, the phosphate ions with a larger size formed
coordination bonds with the LR polysaccharide chains, creating spatial hindrance, which could partially
counteract the particle aggregation caused by the decrease in zeta-potential value. According to the DLVO
theory, this phenomenon can be explained as that the low pH and high ionic strength environment
compressed the double electric layer on the surface of LR/SeNPs3 through electrostatic neutralization and
salt shielding, reduced the electrostatic repulsion and enhanced the van der Waals force, thereby leading to
particle aggregation. Therefore, to mitigate aggregation and maintain long-term stability, the storage of

LR/SeNPs should be prevented from high temperatures, high acidity and high salt environments.
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Fig. 5. Particle sizes and zeta-potentials of LR/SeNPs3 under different temperature (A, B), different pH (C, D), NaCl (E, F)
and PBS (G, H) with different concentration. The data are presented as the means + SD (n = 3). Different letters indicate
significant differences (P < 0.05) among different groups.

3.3. In vitro simulated gastrointestinal release of LR/SeNPs

The recommended daily intake of selenium for adults ranges from 55 to 400 pg, indicating the narrow
margin between nutritional and toxic doses!?”). Therefore, the analysis of release characteristics of SeNPs is

crucial for their application in dietary supplements, considering the different gastrointestinal environments.
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Fig. 6A illustrated the release profiles of LR/SeNPs3 during digestion in simulated gastric fluid (SGF, pH
1.2) and simulated intestinal fluid (SIF, pH 7.4). The results demonstrated a time-dependent release pattern.
The fast release of Se was observed in SGL digestion, due to the strong acid and pepsin in SGL, which
caused the partial degradation and relaxation of LR, resulting in the exposure of the inner layer of SeNPs.
During the simulated intestinal digestion stage, the release of Se slowed down. In an environment close to
neutral pH, LR/SeNPs3 remained relatively stable, and the trypsin in SIL catalyzed and hydrolyzed the LR
on the surface, enabling the continuous slow release of Se. The maximum Se release rate of LR/SeNPs3
throughout the digestion process was 12.27%, which suggested sustained stability of LR/SeNPs3 and could
be uptake as intact nanoparticles. This is mainly because the high surface energy of SeNPs itself and the
continuous adsorption of LR residues jointly limit the rapid dissociation of selenium atoms. The release
profile indicated that the SeNPs encapsulated with LR polysaccharides have a stable structure and a high
intestinal retention rate, which can prevent excessive selenium release and reduce the risk of toxicity.
However, this did not imply a low biological utilization rate. This long-lasting release characteristic would
become more crucial when the LR/SeNPs3 pass through the intestinal tract and enter the body’s circulation,
which could maintain the selenium homeostasis in the body and avoid toxicity. Similar release trends have
also been reported in the previous study. Zhang et al used Lycium barbarum polysaccharides to stabilize
selenium nanoparticles, and the maximum release rate was approximately 12.11%[?%!. Guo et al reported that
the total release amount of selenium nanoparticles stabilized by Lycium barbarum polysaccharide-protein
was 9%/?°1. This slow release can reduce the risk of acute Se exposure, which meets the requirements of
long-acting and low toxicity for dietary supplements. The results demonstrated that the LR/SeNPs3 showed
great stability under strong acid and enzymatic conditions and LR exerted a crucial protective effect on
SeNPs.
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Fig. 6. In vitro release rate of LR/SeNPs3 in the simulated gastric and intestinal conditions (A). Particle size and PDI of
LR/SeNPs3 at different digestion time points (B, C). TEM images of LR/SeNPs3 during the simulated digestion at different
time points (D). The data are presented as the means + SD (n = 3). Different letters indicate significant differences (P < 0.05)

among different groups.

The pH changes and the proteolytic enzymes in gastrointestinal fluid significantly influence the particle
size and structural integrity of SeNPs. As shown in Fig. 6B-C, compared with the initial state, the particle
size of LR/SeNPs3 exhibited a significant increase (p<<0.05) after being exposed to SGL digestion for 120
min, which has been verified in the previous pH stability test. When LR/SeNPs3 entered the intestinal tract,
the particle size returned to its initial nanoscale. This phenomenon indicated that LR/SeNPs3 could resist the
damage caused by the acidic gastric environment. As the subsequent digestion progressed, the particle size
gradually increased. This is due to the hydrolysis effect of enzymes, which caused the polysaccharides to
detach from the surface of the SeNPs and triggered aggregation. TEM images (Fig. 6D) indicated that
LR/SeNPs3 still maintained a spherical structure after being digested by SGL, and during the intestinal
digestion process, the particles gradually break down, showing slow releasing characteristics, thus most

LR/SeNPs3 could be absorbed within the intestinal tract.
3.4. Anti-inflammatory activity of LR/SeNPs

The SeNPs are garnering much attention due to their potential application in the treatment of various
diseases, especially in some inflammation-related diseases such as rheumatoid arthritis (RA), inflammatory

bowel disease (IBD) and multiple autoimmune disorders*® 3!, Our prior research demonstrated that LR had
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exhibited significant effects in immune modulation!'®), thus, the anti-inflammatory activity of LR/SeNPs3
and whether LR exerted a synergistic effect were explored. The experiment was carried out in the RAW
264.7 macrophages.

The effect of LR/SeNPs3 on the viability of RAW264.7 cells was evaluated by the CCK-8 assay. As
illustrated in Fig. 7A, neither LR nor LR/SeNPs3 showed significant toxicity to RAW264.7 cells. at
concentration ranging from 10 to 200 pg/mL. The concentration of SeNPs was set to be equivalent to the

concentration of Se in the LR/SeNPs3. It can be observed that SeNPs also showed no significant toxicity

within this concentration range.
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Fig. 7. The effect of LR, SeNPs and LR/SeNPs3 on the viability of RAW264.7 cells (A). Effect of LR, SeNPs and LR/SeNPs3
on NO production in LPS-induced RAW 264.7 cells at 24 h (B) and 48 h (C). Effect of LR, SeNPs and LR/SeNPs3 on the
mRNA level of iNOS (D), TNF-a (E) and IL-1p (F) in LPS induced RAW 264.7 cells at 12 h. The data are presented as the
means = SD (n = 3). Different letters indicate significant differences (P < 0.05) among different groups. The mRNA
expression levels are represented as fold changes.

To investigate the anti-inflammatory effects of LR/SeNPs3, NO levels were quantitatively assessed in
LPS-stimulated RAW264.7 macrophages treated with LR, SeNPs, or LR/SeNPs3 for 24 h (Fig. 7B) and 48 h
(Fig. 7C). Notably, LPS challenge significantly enhanced NO production in RAW264.7 cells compared to
untreated controls. With the addition of LR, SeNPs or LR/SeNPs3, the increase in NO caused by LPS was
inhibited to varying degrees. LR at 200 pg/mL showed significant inhibition of NO production at both 24 h
(p = 4.1E-10 vs. LPS group) and 48 h (p = 3.1E-17 vs. LPS group), illustrating that LR had a certain
anti-inflammatory activity. It is worth noting that, SeNPs in the absence of LR could inhibit the generation
of NO at 24 h, but the inhibitory effect weakened as time went on to 48 h. The reason is that SeNPs tended
to aggregate into larger sizes due to their higher surface energy, and had a limited contact surface with
macrophages. Besides, due to the aggregation of SeNP itself, the negative charge of its surface became

higher, which led to a repulsive effect with the negatively charged phospholipid bilayer of the cell
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membrane, making it more difficult to be internalized by the cell. However, LR/SeNPs3 treatment markedly
decreased the levels of NO from 30 to 3~7.5 umol/L at 48 h (inhibition rate>>75%) at concentrations of
10-200 pg/mL. It was more effective than LR or SeNPs treatment alone, highlighting the ability of
LR/SeNPs3 to relieve inflammatory response via the reduction of NO production. Thess results
demonstrated that the combination of LR could significantly enhance the anti-inflammatory ability of
SeNPs, which may be attributed to the excellent dispersion effect of LR on SeNPs, enabling them to have an
increased interaction with cells. Additionally, LR alone also had a certain inhibitory effect on the increase in
NO caused by LPS, and our previous work has demonstrated the antioxidant and immunomodulatory
activity of LRI!> 161 which could prevent SeNPs from being oxidized and deactivated when coated on the
surface of SeNPs, and show a synergistic anti-inflammatory effect, so that LR played a crucial role in the
process of LR/SeNPs3 exerting anti-inflammatory activity.

During the development of inflammation, in addition to the excessive expression of NO, inflammatory
factors such as TNF-a, iNOS and IL-1PB are also upregulated, thereby exacerbating the inflammatory
response of the body*?l. To determine whether the inhibitory effect of LR/SeNPs3 on inflammation was
associated with modulation of iNOS, TNF-a, and IL-1B, the transcriptional gene expression levels of these
factors in LPS-stimulated RAW264.7 cells were measured by RT-PCR (Fig. 7D-F). The results show that
LR/SeNPs3 was able to significantly inhibit the upregulation of iNOS (p = 0.046 vs. LPS group), TNF-a (p =
0.026 vs. LPS group) and IL-1B (p = 0.002 vs. LPS group) mRNA caused by LPS, but it is noteworthy that
LR and SeNPs did not exhibit significant inhibitory effects on the mRNA expression levels of these cytokines

under the same experimental conditions, indicating that LR/SeNPs3 showed better anti-inflammation effect.
3.5. Macrophages phenotypic regulation of LR/SeNPs

Macrophages can be influenced by various factors and change their phenotypes, thereby affecting their
functions. Activated macrophages are generally categorized into two types, designated as M1- type and
M2-type macrophages. Among them, MI1-type macrophages predominantly mediate pro-inflammatory
responses, whereas M2-type macrophages are primarily involved in anti-inflammatory responses.
Regulating the activation state of macrophages to improve the inflammatory environment is an effective
method for treating diseases. The transformation of macrophages into the M2 phenotype is crucial for

[33. 341 To further elucidate the anti-inflammatory mechanism of

modulating inflammatory responses
LR/SeNPs3, we employed confocal laser scanning microscopy (CLSM) to observe and analyze the
expression levels of CD86 (M1-type) and CD206 (M2-type) in RAW?264.7 cells treated by LR/SeNPs3, with
PBS and LPS serving as the negative and positive controls, respectively. As shown in Fig. 8A-B, LPS
treatment markedly upregulated CD86 expression, whereas CD206 expression changed little, indicating that
LPS caused M1 polarization of RAW264.7 macrophages, consisting with the reported literature*>!. By
comparing the fluorescence intensities, it was found that the order of the degree for promoting the

expression level of CD86 was LPS = SeNPs > LR = LR/SeNPs3, while the order of the expression level of
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CD206 was SeNPs = LPS < LR < LR/SeNPs3, illustrating that LR/SeNPs3 could promote the M2
polarization of RAW264.7 macrophages.
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Fig. 8. Immunofluorescence examination of CD86 (red) and CD206 (green) of the RAW264.7 cells induced by LR, SeNPs
and LR/SeNPs3 (A, B). Effect of LR, SeNPs and LR/SeNPs3 on the mRNA level of IL-1f (C), TNF-a (D), IL-6 (E), IL-10
(F), TGF-B1 (G) and Arg-1 (H) in RAW 264.7 cells at 12 h. The data are presented as the means + SD (n = 3). Different letters
indicate significant differences (P < 0.05) among different groups. mRNA expression levels are represented as fold
changes.

The pivotal regulatory mechanism underlying macrophage phenotypic polarization manifests as
dynamic alterations in specific cytokine expression profiles. M1-polarized macrophages are characterized by
transcriptional upregulation of pro-inflammatory mediators, notably including canonical cytokines such as
IL-1B, TNF-0, and IL-6. Conversely, M2-polarized macrophages, serving as molecular hallmarks of
anti-inflammatory phenotypes, exhibit significant upregulation in the expression of anti-inflammatory
mediators including IL-10, TGF-B1, and Arg-1% 371, Thus, the mRNA levels of the characteristic factors
were determined by RT-PCR. As shown in Fig. 8C-H, in contrast to LPS, LR/SeNPs3 could significantly
down-regulate the RNA levels of IL-1pB, TNF-a and IL-6, and up-regulate the relative levels of IL-10,
TGF-B1 and Arg-1, which further proved the effect of LR/SeNPs3 in promoting M2 polarization of
macrophages. Additionally, LR also promoted macrophages M2 polarization to some extent, showing a

synergistic effect. While SeNPs showed no significant difference in promoting or inhibiting the expression
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of these factors compared to LPS, indicating that the biological activity of un-stabilized selenium
nanoparticles is difficult to be exerted. These results were consistent with the immunofluorescence data,
confirming that LR/SeNPs3 exhibited a significantly enhanced regulatory effect on promoting macrophage
polarization towards the anti-inflammatory M2 phenotype compared to SeNPs alone.

This study explored the synthesis and stability conditions of selenium nanoparticles stabilized by LR, as
well as their in vitro anti-inflammatory activity. However, the in vivo anti-inflammatory activity of
LR/SeNPs in inflammatory animal models, such as colitis models, and their detailed anti-inflammatory

mechanisms need further exploration. We will conduct researches on these issues in our subsequent studies.

4. Conclusion

In summary, we successfully synthesized a series of LR/SeNPs with varying Se content using LR as the
stabilizer. Systematic characterization revealed that LR surface functionalization significantly improved the
stability of SeNPs. Mechanistic studies indicated that the enhanced stability of LR/SeNPs originated from the
formation of C-O---Se bonds and strong hydrogen-bond interactions between LR and SeNPs. Among the
LR/SeNPs samples, LR/SeNPs3, LR/SeNPs4 and LR/SeNPs5 had good storage stability during the period of
30 days with little change in sizes and zeta-potentials. Meanwhile, we illustrated that the storage of LR/SeNPs
should be prevented from high temperatures, high acidity and high salt environments to mitigate aggregation
and guarantee long-term stability. In simulated gastrointestinal environment, LR/SeNPs3 exhibited high
retention rate in SGL and a continuous and slow-release characteristic in SIL. In addition, LR/SeNPs3
demonstrated significant anti-inflammatory effects by inhibiting NO production, downregulating mRNA
expression of iNOS, TNF-a, and IL-1f, and promoting macrophage polarization toward the anti-inflammatory
M2 phenotype. Our current findings provide basic insights into the role of LR/SeNPs in anti-inflammation in
vitro, future in vivo studies using inflammatory disease models (e.g., colitis) are planned to validate the
translational relevance of these results. Collectively, this study provided an effective way for stabilization of
SeNPs, and a theoretical basis for Se supplementary strategy and nanomaterial-guided treatment of

inflammatory diseases.
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