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Abstract

In this study, we formulated silymarin-HSA nanoplex and assayed its ability to reduce LPS-

induced toxicity in vitro and in vivo. Silymarin molecules were encapsulated into HSA 

nanoplex and the loading efficiency and characterization of fabricated nanoplex were performed 

by using HPLC, TEM, SEM, DLS, FTIR analysis, and theoretical studies. Afterwards, their 

protective effect against LPS (20 µg/ml) -induced toxicity in SH-SY5Y cells was investigated by 

MTT, ROS, and apoptosis assays. For in vivo experiments, rats were pre-treated with either 

silymarin or silymarin -HSA nanoplex (200 mg/kg) orally for 3 days and at third day received LPS 

by IP at a dose of 0.5 mg/kg, 150 min before scarification followed by SOD and CAT activity 

assay. The formulation of silymarin-HSA nanoplex showed a spherical shape with an average 

diameter between 50 nm to 150 nm, hydrodynamic radius of 188.3 nm, zeta potential of -26.6 mV, 

and a drug loading of 97.3%. In LPS-treated cells, pretreatments with silymarin-HSA noncomplex 

recovered the cell viability and decreased the ROS level and corresponding apoptosis more 

significantly than free silymarin. In rats, it was also depicted that, silymarin-HSA noncomplex can 

increase the SOD and CAT activity in brain tissue at LPS-triggered oxidative stress model more 

significantly than free counterpart. Nanoformulation of silymarin improved its capability to reduce 

LPS-induced oxidative stress by restoring cell viability and elevation of SOD and CAT activity in 

vitro and in vivo, respectively. Therefore, formulation of silymarin may hold a great promise in 

the field of antioxidant agent development.

Keywords: silymarin, albumin, nanoplex, antioxidant, in vitro, in vivo
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1. Introduction

In spite of the application of herbs in pharmaceutical and cosmetic industries, the poor absorption 

and poor bioavailability after oral administration may affect their physiological properties [1-3].  

Indeed, difficulties regarding poor solubility, adsorption and stability inhibit the bioavailability, 

bioactivity and function of the herbs [4-6]. Hence, enhancing the solubility and desired therapeutic 

impacts of herbs will need a functional delivery system.

To overcome these imperfections, it has been well documented that the nanoformulation of herbs 

enhanced their solubility, tissue distribution, and bioactivity [7].  Indeed, the nanosized particles 

of polyphenols followed by higher surface area may lead to an increase in the kinetic of drug 

release and enhanced absorption pursued to improved bioactivity in lesser dose of drug. Nano-

capsulation by using polymers [8, 9], liposome [10, 11] and albumin [12, 13] has been suggested 

pointing at both enhancing their bioavailability and stability. Albumin NPs proffer a number of 

advantages, specifically increasing the bioavailability, stability and function of molecules. For 

example, Bonoli-Carbognin et al., [14] revealed that albumin induces a synergistic enhance in the 

bioavailability and antioxidant activity of polyphenolic compounds [14]. Kim et al., [15] also 

reported that paclitaxel and curcumin encapsulated in albumin NPs showing potential antitumor 

efficiency to pancreatic tumor cells. 

Human serum albumin (HSA) is a natural carrier protein with a molecular weight of ~66 kDa and 

a high-affinity ligand-binding site [16-18]. HSA has been receiving great potential as an efficient 

bioactive and multifunctional biomolecule [19-23]. HSA as a carrier is biocompatible and 

biodegradable and has a number of chemical moieties for attachment to small molecules or ligands 

with different functional groups such as amines, hydroxyl, and carboxylates [24-27]. HSA in 

medicinal field can extend the circulating half-lives of small molecules like polyphenols as well 

https://www.sciencedirect.com/topics/chemistry/bioavailability
https://www.sciencedirect.com/topics/chemistry/biodegradability
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as be used as a nanoformulation system to enhance the function of ligands [28-30]. These positive 

points have extended the application of HSA in pharmaceutical and medical implementations.

Silymarin is the bioactive constituent of Silybum marianum L. (Milk thistle) which shows several 

effects such as anti-inflammatory/anti-fibrotic [31], hepatoprotective [32], anti-angiogenic [33], 

protective against cardiotoxicity [34], alleviative of Parkinson's associated pathologies [35], anti-

viral [36], and antidiabetics [37]. It has been also documented that silymarin shows antioxidant 

features by scavenging free radicals and enhancing the glutathione levels, so that it can be used as 

a potential antioxidant agent and treatment of ischemia and reperfusion [38], liver damage [39], 

CNS disorders [40], cancer [41, 42], and cardiovascular diseases [43]. The particles of silymarin 

with poor solubility and low surface area may cause a poor absorption pursued to reduced 

bioactivity in higher dose of drug.

Therefore, it seems nanoformulation of silymarin by means of HSA may increase its solubility and 

antioxidant bioactivity. In this study we will explore the characterization of fabricated silymarin-

HSA nanoplex. Afterwards, the antioxidant potential of prepared nanoplex will be compared to 

free silymarin in LPS-induced oxidative stress of nervous system in vivo and in vitro. 

2. Materials and methods

2.1. Materials

HSA, Silymrin, Dulbecco’s Modified Eagle’s Medium with a 1:1 mixture of Hams F12 

(DMEM:F12) and heat inactivated fetal bovine serum (FBS) were purchased from Sigma Co. 

(USA). All other materials were of analytical grade.

2.2. Methods

2.2.1. Preparation of silymarin-HSA nanoplex
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The fabrication of silymarin-HSA nanoplex was carried out based on modified Yu Yu, Nguyen, 

Cheow and Hadinoto [44] method. Silymarin with pKa in the range of 6.63-7.95 was suspended 

in KOH (pH 13, 100 mN) at 5 mg/mL to form negatively charged silymarin solution. HSA with 

pI of 4.7 was dissolved in aqueous acetic acid solution [pH 2.95, 0.4% (v/v)] at 5 mg/mL to form 

HSA solution with positive charges distribution. Afterwards, equal volumes of the silymarin was 

added immediately dropwise into the HSA solutions with a stirring rate of 300 rpm. The resultant 

silymarin-HSA nanoplex solution was then centrifuged at 14,000 rpm at 4°C for 40 min and the 

pellet was re-suspended in deionized water.

2.2.2. Determination of encapsulation efficiency by HPLC

Silymarin was separated from the silymarin-HSA nanoplex by centrifugation of 14,000 rpm for 40 

min. The concentration of free silymarin in the separated supernatant was then calculated by high 

performance liquid chromatography (HPLC, Agilent Technologies 1200 Infinity series, USA). 

The HPLC system consisted of a manual injector (20 µL sample loop) and UV-vis variable 

wavelength detector with an ultra C18, 5µm (250 × 4.6 mm, Restek, USA) with detection at 288 

nm. Data was processed by Agilent HPLC Chemstation (Rev B.04.03).

Encapsulation efficiency was then determined using the following equations:

Encapsulation efficiency=Wtotal-Wfree/Wtotal ×100     Eq. 1

2.2.3. Diameter and surface morphology

The samples were sonicated for 20 min by a sonicator probe (Misonix- S3000, USA) at room 

temperature with initial sonication power of 5 W. Afterwards, the sample were dropped on grid 

and dried at room temperature. The diameter and morphology of silymarin-HSA nanoplex were 

then determined by transmission electron microcopy (TEM, Zeiss - EM10C - 100 KV, Germany) 

and scanning electron micrograph (SEM, TESCAN vega3, Czech Republic), respectively. 
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2.2.4. Measurement of hydrodynamic radius and zeta potential

Hydrodynamic radius distribution and zeta potential of silymarin-HSA nanoplex were measured 

by dynamic light scattering (DLS, Zetasizer, Malvern, United Kingdom). The silymarin-HSA 

nanoplex samples were diluted with distilled water with a defined ratio and DLS experiment was 

carried out at room temperature. Every experiment was done for three times.

2.2.5. Fourier transform infrared spectroscopy (FTIR) Analysis

The presence of silymarin in the silymarin-HSA nanoplex was examined by FTIR spectroscopy 

(Perkin-Elmer, USA) at room temperature. The FTIR spectra in the dried state was evaluated 

between 400 and 4000 cm−1 with a spectral resolution of 1 cm−1 for the native silymarin, native 

HSA, silymarin-HSA nanoplex. 

2.2.6. Molecular docking and dynamics studies

In order to optimize the geometry of silybin as a main component of silymarin molecule [45] the 

B3LYP functional [46, 47] (Lee et al., 2008) with the 3-21G basis set were employed. The 

optimization calculation was done using the Gaussian98W suite of program [48]. Molecular 

docking was executed using HEX 6.3 program [Ritchie et al., 2010]. The X-ray crystallographic 

3D structure of HSA (PDB ID: 1AO6) was obtained from RCSB PDB (http://www.pdb.org).

In order to simulate the silybin/HSA interaction and formation of silybin-HSA nanoplex between 

the protein chains, the molecular dynamics simulation was performed using the LAMMPS 

[(Large-scale Atomic/Molecular Massively Parallel Simulator) code, (www.cs.sandia.gov/ 

wsjplimp/lammps.html), [49]] and Dreiding force field [50] as implemented in the software. 

The molecular dynamics calculations were performed with two protein chains and one hundred 

charged silybin. The protein chains and silybin molecules were surrounded by water molecules 

and reached equilibrium temperatures of 298 K.
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2.2.7. In vitro studies:

2.2.7.1. Cell culture

A human neuroblastoma cell line (SH-SY5Y) as a neuron-like cells was obtained from Royan 

institute for Stem Cell Biology and Technology (Tehran, Iran). The cells were cultured in a 

DMEM: F12 supplemented with 10% FBS, L-glutamine, penicillin, and streptomycin with 

concentrations of 2 mM, 100 IU/mL and 100 μg/mL, respectively. In all cellular assays, the SH-

SY5Y cells were pre-treated with 10 µg/ml of silymarin or silymarin-HSA nanoplex for 24 h prior 

to the addition of LPS (20 μg/ml) [51]. Cells were then incubated for 24 h, and were eventually 

gone through cellular assays.  

2.2.7.2. MTT assay

SH-SY5Y cells were cultured into a 96-well microplate at a density of 1×104 cells/well. After 

treatment, MTT assay was done to explore the cell viability. MTT solution with a concentration 

of 0.5 mg/ml was added for 4 h, the medium was gently removed, and the formed crystals were 

solubilized in DMSO. Absorbance of the sample was then read at 540 nm using an ELISA plate 

reader (Expert 96, Asys Hitch, Ec Austria). The negative control cells were considered as control 

cells and the relative viability was reported relative to the control cells.

2.2.7.3. Quantification of reactive oxygen species (ROS) 

The formation of intracellular ROS was examined by an DCFDA / H2DCFDA - Cellular ROS 

Assay Kit (ab113851) based on the manufacturer's protocol. Briefly, after treatment, cells were 

collected and incubated with DCFDA for 30 min. The fluorescence intensity was then analyzed 

by a FACS Calibur flow cytometry (BD Biosciences, San Jose, CA, USA).

2.2.7.4. Quantification of apoptosis 
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Quantification of apoptosis and necrosis was done based on the protocol provided by Annexin V-

FITC Apoptosis Staining / Detection Kit (ab14085). Briefly, after treating, the cells were washed, 

trypsinized, and re-suspended in 500 µl of 1X Annexin V binding buffer. Afterwards, the cells 

were added by 5 µl of Annexin V-FITC and 5 µl propidium iodide followed by incubation at room 

temperature for 5 min in the dark. The amount of apoptosis and necrosis was then estimated using 

a FACS Calibur flow cytometry (BD Biosciences, San Jose, CA, USA).

2.2.8. In vivo studies

2.2.8.1. Animal handling

Male Wistar rats (200±250 g) were housed at 25oC and humidity of 55%, at 12 h light/dark cycle. 

Pellet food (Pharmacology department, Tehran University, Iran) and water were available ad 

libitum. The experiments were done based on the recommendations of the Iranian Code of Practice 

for the Care and Utilization of Animals for Scientific Thesis. The protocol was approved by the 

animal ethics committee of the Pharmacology Department, Tehran University, Iran

Thirty-two rats were divided randomly into four equal groups as follows: group I: control groups; 

group II: LPS; group III: LPS-induced oxidative stress pre-treated with silymarin; group (IV): 

LPS-induced oxidative stress pre-treated with silymarin-HSA nanoplex.

Rats were administrated by gavage at dose of 200 mg/kg silymarin or silymarin-HSA nanoplex 

over 3 days based on the Nencini, Giorgi and Micheli [52] study and at third day received LPS by 

IP at a dose of 0.5 mg/kg 150 min before scarification. 

Rats were then killed by cervical dislocation and decapitation and the brains were immediately 

removed and kept at 80ºC.

2.2.8.2. Brain homogenization and protein extraction
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Samples (0.7 to 1.4 g of brain tissue) were homogenized in 5 volumes of pre-cooled isolation 

buffer [10 mM Tris–HCl (pH 7.4), 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1% (w/v) 

bovine serum albumin (BSA), and 0.32 M sucrose] in a Teflon glass homogenizer. The 

homogenate was centrifuged at 13,500×g for 30 min, and the supernatant was collected and used 

for the measurement of superoxide dismutase (SOD) and catalase (CAT). Protein was determined 

according to the method of Bradford [53] using bovine serum albumin as standard.

2.2.8.3. Measurement of SOD and CAT activity

The activity of total SOD and CAT was measured by the method of Genet, Kale and Baquer [54] 

with some modification. 

2.2.9. Statistical analysis

Statistical analyses were performed using SPSS software (SPSS Inc, Chicago, IL). Data were 

reported as mean ± SD. Statistical difference were determined using Student’s t-test or one-way 

analysis of variance (ANOVA), considering P < 0.05 as statistically significant.

3. Results

3.1. Silymarin-HSA nanoplex characterization

Characterization of synthesized silymarin-HSA nanoplex was done by several techniques. TEM 

investigation showed that prepared silymarin-HSA nanoplex has a spherical shape with an average 

diameter between 50 nm to 150 nm (Fig. 1A). Also, it can be observed that HSA proteins formed 

a shell around silymarin molecules. SEM images also revealed the spherical shape of formed 

silymarin-HSA nanoplex with average size between 66 nm to 138 nm (Fig. 1B). DLS data 

displayed that the hydrodynamic radius of silymarin-HSA nanoplex is 188.3 nm with a PDI of 

0.242 (Fig. 1C). Zeta potential analysis depicted that the charge distribution of prepared silymarin-
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HSA nanoplex is around -26.6 mV (Fig. 1D), indicating an excellent colloidal stability of 

synthesized nanoplex. Analysis of the loading capacity of silymarin on HSA by HPLC reduces the 

testing time and the destruction of the HSA+silymarin combination in comparison to conventional 

methods which can releases silymarin from HSA at inappropriate time. Fig. 1 shows indicative 

chromatograms of HSA (Fig. 1E) and silymarin (Fig. 1F) standard solutions and silymarin-loaded 

HSA nanoplex solution (Fig. 1G). As can be observed in this Fig 1E, the relatively HSA peak has 

a retention time between 4.20 to 4.77 min approximately in standard HSA, and HSA+silymarin 

combination (Fig 1G). No peaks from devastation products based on HSA+silymarin combination 

observed in the chromatogram (Fig 1G).  According to the area under curve (AUC), the increase 

in the diagram of silymarin from 1025.0 mAU*min to 997.3 mAU*min in HSA+silymarin 

combination, is indicative of the loading capacity of silymarin in HSA is approximately 97.3% 

based on equation 1.
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Figure 1. TEM (A), SEM (B), hydrodynamic radius (C), and zeta potential (D) investigations of 
prepared silymarin-HSA nanoplex. HSA chromatogram (E), silymarin chromatogram (F), and 

HSA-silymarin nanoplex chromatogram (G).

3.2. FTIR study

FTIR spectroscopy studies were carried out to reveal the silymarin and HSA interactions, the 

probable structural changes of HSA and presence of silymarin and HSA in the 

nanoformulation. The FT-IR spectra of silymarin (Fig. 2A), HSA (Fig. 2B) and silymarin-HSA 

nanoplex (Fig. 2C) are shown in Fig. 2. Fig. 2A shows spectrum of silymarin peak at 1645 cm-1 

which is corresponded to stretching vibration of -C=C- alkenes and absorption signal at 1528 cm-

1 is assigned to stretching vibration of C-C bonds of aromatic ring [55]. Fig. 2B depicts the FTIR 

spectrum of HSA which determines the presence of amide I and amide II peaks at 1668 cm−1 and 

1548 cm−1, respectively [56]. Fig. 2C displays that the main FTIR peaks of silymarin and HSA 

were existed in the band of silymarin-HSA nanoplex and no significant shift was also observed 

especially for HSA molecules, suggesting the silymarin molecules loaded into HSA nanoplex and 

the structure of HSA was not significantly altered. Furthermore, no substantial shifted in the main 

bands of silymarin and HSA may suggest that no detectable bond was established between 

silymarin and albumin and silyamrim was entrapped into the HSA shell, which is in good 

agreement with TEM image. 
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Figure 2. FTIR spectrum of silyamrin, HSA and prepared silymarin-HSA nanoplex

3.3. Computational modeling of the silybin-HSA nanoplex
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In order to explore the potency of a small molecule as a biomedical drug, it is crucial to investigate 

the binding residues of that small molecule in biomolecules. 

The optimized geometry of the silybin is shown in Fig. 3A. The molecular docking was performed 

with optimized structure of silybin (Fig. 3B). The E-value was found to be -371.90. Visualization 

of the binding site was performed by utilizing CHIMERA (www.cgl.ucsf.edu/chimera) and 

PyMOL (http://pymol.sourceforge.net/) programs. The contacting residues between silybin and 

HSA which are within 4 Å are LYS-444, CYS-448, TYR-457, ARG-218, ASP-340, PRO-339, 

ASN-295, GLU-294, TRP-214, and ASP-451 (Fig. 3C, D). There are 10 surrounding amino acids, 

five charged; three nonpolar; two polar.

It may be concluded that after interaction of silybin with HSA and encapsulation of silybin, several 

electrostatic, hydrophobic and hydrogenic interactions occur between silybin and HSA.
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Figure 3. The optimized structure of the silybin (A), molecular docking outcome (B), 
Visualization of the binding site in two rotational views (C, D)
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The NVE ensemble (time step of 1 fs, total simulation time of 100 ps) were employed in the 

modeling study. Visualization of the structures was done by using VMD tool (Humphrey et al., 

1996). 

Fig.4 shows the silybin -HSA nanoplex before and after the evolution. As can be observed, 

adsorbed silybin molecules which located between two protein chains tend to aggregate and 

construct the nanoplex. The rest of the silybin molecules enter the solvent. This data also is in good 

agreement with TEM and FTIR image, indicating the encapsulation of silymarin molecules into 

the HSA as a shell.

Figure 4. Silymarin-HSA nanoplex before and after the molecular dynamic evolution
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3.4. In vitro assays

3.4.1. MTT assay

We found that silymarin and silymarin-HSA nanoplex till 10 µg/ml for 24 h and 48 h did not 

induce a significant toxicity against SH-SY5Y cells (data not shown). Therefore, this concentration 

was used as a safe dose to be used for protective effect of silymarin and nanosilymarin against 

LPS-induced cytotoxicity. MTT assay was performed to evaluate the protective effect of silymarin 

or silymarin-HSA nanoplex on cytotoxicity induced by LPS. It was shown that LPS with a 

concentration of 20 µg/ml causes a significant reduction in cell viability relative to control group 

(***P-value<0.001, relative to control group) (Fig. 5). However, pretreatment of cells with 

silymarin (10µg/ml) or silymarin-HSA nanoplex (10µg/ml) results in elevation of cell viability 

form 29.43±5.83% to 52.89±10.46% (#P-value<0.05, relative to LPS-treated group) and 

7.74±3.03% (##P-value<0. 01, relative to LPS-treated group), respectively (Fig. 5). Also, it was 

determined that silymarin-HSA nanoplex protect the cells more significantly (&P-value<0. 01, 

relative to LPS-treated group pre-incubated with silymarin) than natural silymarin against LPS-

stimulated cytotoxicity.
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Figure 5. MTT assay of control group, LPS-treated group, LPS-treated group pre-treated with 
silymarin, and LPS-treated group pre-treated with silymarin-HSA nanoplex. After treating cells 
with either silymarin or silymarin-HSA nanoplex for 24 h, cells were then incubated with LPS 

for 24 h, and MTT assay was done.  
***P-value<0.001, relative to control group, #P-value<0.05, relative to LPS-treated group, ##P-
value<0. 01, relative to LPS-treated group, &P-value<0. 01, relative to LPS-treated group pre-

incubated with silymarin

3.4.2. Reactive oxygen species (ROS) generation study 

A flow cytometry investigation was done to speculate the protective effect of silymarin or 

silymarin-HSA nanoplex against LPS-triggered oxidative stress. As shown in Fig. 6, the mean 

DCFH fluorescence intensities of control group, LPS-treated group, LPS-treated group pre-treated 

with silymarin, and LPS-treated group pre-treated with silymarin-HSA nanoplex were 77.1 (Fig. 

6A), 624 (Fig. 6B), 264(Fig. 6C), and 162 (Fig. 6D), respectively. As summarized in Table 1, it 
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can be dedicated that LPS significantly enhanced the production of intracellular ROS (***P-

value<0.001, relative to control group), however pretreatment of cells with silymarin (##P-

value<0.01, relative to LPS-treated group) or silymarin-HSA nanoplex (###P-value<0.001, relative 

to LPS-treated group) resulted in a significant reduction of ROS generation relative to LPS control 

group. Moreover, it was revealed that silymarin-HSA nanoplex reduced the production of ROS 

more significantly (&P-value<0.05, relative to LPS-treated group pre-treated with silymarin) than 

natural silymarin against LPS-stimulated oxidative stress.
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Figure 6. Flow cytometry analysis for quantification of ROS. Control cells (A), LPS-treated 
cells (B), LPS-treated cells pre-treated with silymarin (C), and LPS-treated cells pre-treated with 

silymarin-HSA nanoplex (D).

 

Table 1. Statistical analysis to compare the ROS generation between treated groups and negative 

control cells

Group ROS 

(units)

P-value

control 77.1 -

LPS-treated group 624 ***P-value<0.001,

relative to control group

LPS-treated group pre-treated with silymarin, 264 ##P-value<0.01,

relative to LPS-treated group

LPS-treated group pre-treated with silymarin-

HSA nanoplex

162 ###P-value<0.001,

relative to LPS-treated group,

 &P-value<0.05,

relative to LPS-treated group pre-treated with 

silymarin,
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3.4.3. Apoptosis analysis

To study whether the in vitro LPS-incubated SH-SY5Y cells encounter toxicity through the 

mechanism of apoptosis, quantification of apoptosis was determined using flow cytometry 

analysis. It was shown in Fig. 7 that the amount of early apoptosis (Q3), late apoptosis (Q2), and 

necrosis (Q1) significantly increases form 0.32%, 0.84% and 2.8% in control group (Fig .7A) to 

8.81% (***P-value< 0.001, relative to control group) , 39.45% (***P-value< 0.001, relative to 

control group), and 30.54% (***P-value< 0.001, relative to control group) in LPS-treated group 

(Fig. 7B). However, pretreatment of cells with silymarin or silymarin-HSA nanoplex resulted in 

significant reduction of early apoptosis, late apoptosis and necrosis to 1.28% (###P-value< 0.001, 

relative to LPS-treated group), 11.8% (###P-value< 0.001, relative to LPS-treated group), 21.82% 

(#P-value< 0.05, relative to LPS-treated group) (Fig. 7C) and 3.01% (###P-value< 0.001, relative 

to LPS-treated group), 4.14% (###P-value< 0.001, relative to LPS-treated group), 9.55% (###P-

value< 0.001, relative to LPS-treated group) (Fig. 7D), respectively.

Furthermore, it was demonstrated that silymarin-HSA nanoplex decreased the amount of late 

apoptosis (&&P-value<0.01, relative to LPS-treated group pre-treated with silymarin) and necrosis 

more remarkably (&&P-value<0.01, relative to LPS-treated group pre-treated with silymarin) than 

natural silymarin against LPS-stimulated oxidative stress.
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Figure 7. Flow cytometry analysis for quantification of apoptosis and necrosis. Control cells (A), 
LPS-treated cells (B), LPS-treated cells pre-treated with silymarin (C), and LPS-treated cells pre-

treated with silymarin-HSA nanoplex (D).

3.5. In vivo assays

3.5.1. CAT and SOD activity assays

The activity of CAT and SOD in rat brains were assayed to reveal the protective effect of silymarin 

and silymarin-HSA nanoplex. As shown in Fig. 8A, the CAT activities in control group, LPS 

group, LPS group treated with silymarin, and LPS group treated with silymarin-HSA nanoplex 

were 3.60±0.31 unit/mg protein, 2.28±0.21 unit/mg protein (*P-value< 0.05, relative to control 

group), 2.57±0.20 unit/mg protein, and 9.22±1.85 unit/mg protein (###P-value< 0.001, relative to 

LPS-treated group), respectively. Also, it was depicted that silymarin-HSA nanoplex increased the 

CAT activity more significantly (&&&P-value<0.001, relative to LPS-treated group pre-treated with 

silymarin) than natural silymarin against LPS-stimulated oxidative stress.

The SOD activities in control group, LPS group, LPS group treated with silymarin, and LPS group 

treated with silymarin-HSA nanoplex were also shown to be 89.71±4.62 unit/mg protein, 

75.87±6.05 unit/mg protein (*P-value< 0.05, relative to control group), 91.56±9.36 unit/ mg 

protein (#P-value< 0.05, relative to LPS-treated group), and 109.19±18.44 unit/mg protein (##P-

value< 0.01, relative to LPS-treated group), respectively (Fig. 8B). Furthermore, it was displayed 

that silymarin-HSA nanoplex increased the SOD activity more significantly (&P-value<0.05, 

relative to LPS-treated group pre-treated with silymarin) than natural silymarin against LPS-

induced oxidative stress.
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Figure 8. CAT (A) and SOD (B) activity assay in brain tissue of rats treated with LPS, 
LPS/silymarin or LPS/silymarin-HSA nanoplex. 

*P-value< 0.05, relative to control group, ###P-value< 0.001, relative to LPS-treated group, 
&&&P-value<0.001, relative to LPS-treated group pre-treated with silymarin, #P-value< 0.05, 
relative to LPS-treated group, ##P-value< 0.01, relative to LPS-treated group, &P-value<0.05, 

relative to LPS-treated group pre-treated with silymarin.

4. Discussion

In this study prepared silymarin-HSA nanoplex was characterized by different techniques. 

Afterwards, the protective effect of synthesized silymarin-HSA nanoplex against LPS-induced 

cytotoxicity in SH-SY5Y cells was explored by MTT, ROS and apoptosis assays. In the next step, 

the protective impact of silymarin-HSA noncomplex against LPS-induced inactivation of SOD 

and CAT in brain tissue of rats was investigated. Our data presented that silymarin-HSA nanoplex 

was successfully fabricated and provide promising outcomes against LPS-induced toxicity in vitro 

and in vivo. Parallel to this result Fang Fang, Hao, Wu, Li, Leng and Jing [57] reported that 

quercetin shows promising antioxidant function, however, the poor stability hinders its application 

in biomedical systems. Therefore, they came to decision to fabricate a BSA- quercetin nanoplex. 

The outcomes indicated that the average size of fabricated nanoplex was less than 10 nm. Albumin 

NPs not only enhanced the stability of nano-quercetin, but also preserved the antioxidant function 

of entrapped compound [57]. They also showed that contributing interactions between BSA and 

quercetin were both hydrophobic and hydrophilic forces, which is in accordance with our data. 

They proposed that BSA could be a potential vehicle to fabricate the nanocomplex for efficient 

delivery of hydrophobic compounds to the targeted sites [57]. Soudi et al., [58] also revealed that 

nano-encapsulation of berberine can provide a protective effect against neuroprotective diseases. 

They explored the impact of modified berberine/chitosan nanoconjugate against LPS-stimulated 

neurodegenerative disorders and hepatotoxicity in vivo. The protective effects of nano-berberine 
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compared to free berberine were observed to be linked with the physicochemical properties of 

fabricated nanocomplex [58]. Rashidian et al., [59] also reported the the protective impact of nano-

curcumin in acute pancreatitis through reduction of inflammatory responses. Fakhraei et al., [60] 

depicted that acute administration of nano-curcumin decreased the depression-like behaviors 

without affecting the general locomotor activity more efficiently then free curcumin. They 

concluded that the neuroprotective impact of nano-curcumin species is associated with their anti-

inflammatory and free radical scavenging in the nervous system [60]. Shukla et al., [61] displayed 

that chitosan covered curcumin NPs ameliorate pharmacotherapy via increased pharmacokinetics 

and interplay of anti-inflammatory genes in Gram negative sepsis. Papay et al., [62] developed 

apigenin-BSA nanoplex and its application as a nanovehicle for selective treatment of pulmonary 

inflammation. They found that the encapsulation efficiency was around 82%. The antioxidant 

activity revealed that the free radical scavenging of apigenin-BSA nanoplex remind almost similar 

to the free counterparts [62].  Ghosh et al., [63] prepared fisetin-HSA nanoplex to increase its 

bioactivity. The fabricated nanoplex showed an average diameter of 220 nm with an 

encapsulation potency of 84%. The antioxidant function and anticancer activity of the fabricated 

nanoplex showed that this system can be utilized for the targeted drug deivery. Das et al., [64] 

showed that silymarin NPs synthesized based on a polymer with a size of around 120 nm could 

increase the glutathione level in hepatic tissue and play a protective effect against drug-stimulated 

hepatotoxicity. Yang etv al., [65] also depicted that silymarin-loaded liquid nanoemulsion could 

significantly reduce the hepatotoxicity more efficiently that commercial agents. Younis, Shaheen 

and Abdallah [66] manifested that silymarin- Eudragit® RS100 nanoplex reverse liver activity and 

fibrosis and mitigate oxidative stress and inflammation in vivo [66]. In general,  Hsu et al., [67], 

Shangguan et al., [68], Guhagarkar et al., [69], Cengiz et al., [70], Ma et al., [71], Abdel-Wahhab 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/encapsulation
https://www.sciencedirect.com/topics/medicine-and-dentistry/eudragit
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et al., [72], Liang et al., [73] and Ashraf et al., [74] showed that silymarin NPs can provide more 

efficient biomedical activity than free counterparts.

In general antioxidant activities of silymarin are based on three pathways, including elimination 

of free radicals directly [75, 76], preventing free radical generation by inhibiting the associated 

enzymes [77], and maintaining optimal redox state of the cell by activating a wide range of 

enzymatic  and non-enzymatic antioxidants through transcription factors [78, 79]. In this regard, 

Zhao, Deng [80] by increasing the stability and solubility of silymarin particles via emulsion 

solvent evaporation and freeze-drying methods emulation, in addition to enhancing the 

bioavailability and absorption capability of silymarin in the intestine, improved the accumulation 

of silymarin in the liver and their hepatoprotective activities against free radicals. Likewise, Abdel-

Wahhab, El-Nekeety [81] by using silymarin NPs, was able to significantly reduce liver injury by 

limiting the activity of free radicals derived from fusarium toxin (Deoxynivalenol) present in cereal 

diets. Recently, in a mice model, oral administration of silymarin NPs (200 mg/kg) showed that 

not only silymarin NPs had high antidepressant effects compared to fluoxetine, it reduced 

oxidative stress and neuronal inflammation induced by oxidant in the cerebral cortex and 

hippocampus along with increasing levels of neurotransmitters [82].

In this study, it seems HSA-silymarin nanoplex mitigates the LPS-induced oxidative stress by an 

increase in the activity of antioxidant enzymes such as CAT and SOD.

As a number of diseases are associated with the elevation ROS, therefore reducing the ROS level 

could be considered as key issue in treatment and inhibition of several disorders such as 

neurodegenerative, liver and cardiovascular diseases. Silymarin as a potent antioxidant compound 

may be used as a promising candidate in prevention of a wide number of disorders. However, it 

shows low bioavailability due to its strong hydrophobic characteristics and high membrane and 
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blood brain barrier impermeability. Unfortunately, few reports have addressed the fabrication of 

proper oral nanovehicles that can potentially deliver flavonoids like silymarin to the targeted 

tissues and increase its antioxidant effects. Therefore, silymarin-HSA nanoplex was fabricated in 

this paper and evaluated their ROS-lowering impact in vitro and in vivo in LPS-mediated models. 

In the future studies, the profile of silymarin release in different pHs by analytical HPLC and the 

mechanism of antioxidant properties of silymarin-HSA nanoplex could be investigated to may 

open new avenues to design and develop potential nanosilymarin compounds for therapeutic 

systems.

5. Conclusion

Silymarin-HSA nanoplex was prepared by encapsulation of silymarin in HSA matrix. Antioxidant 

and antiapoptotic activity of silymarin-HSA nanoplex were increased more significantly than free 

counterparts against LPS-induced toxicity in neuron like cells and brain tissue. The present study 

may furnish details to reveal that albumin-nanoplex is potential vehicles of silymarin and the 

application of traditional or unique excipients should be beard into mind. Indeed, the developed 

silymarin-HSA nanoplex can be utilized as a novel delivery carrier against neurodegenerative 

disorders with prospective antioxidant activity. 
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