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Abstract:  

Due to the many side effects associated with conventional medicine, people turned their attention 

towards natural drugs, which have fewer or no side effects. However, their uses are restricted due to 

lower solubility and bioavailability. Plant-based nanoparticles have been demonstrated as more 

effective alternatives, and nanoparticles are reported to increase the bioavailability and solubility of 

natural medicines to make their better use. The nanotechnology system is innovative to enhance the 

therapeutic effects and bioavailability of naturally occurring drugs. Therefore, silymarin nanoparticles 

were prepared using two different methods. Characterization analysis confirmed the reduction in 

particle size and conversion to amorphous states. The achieved nanoparticles have the required size, 

optimum zeta potential, and PDI. Results from solubility and bioavailability studies are very 

encouraging. The prepared nanoparticles were tested for hepatoprotection; they proved better than the 
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unprocessed drug in terms of better effects on hepatic marker enzymes, serum total albumin and protein 

values, and hepatic histopathology. The prepared nano drug is recommended for clinical trials. 

 

Keywords: silymarin nanoparticles; hepatoprotection; hepatic histopathology; albumin and protein 

values 

 

1. Introduction 

Medicinal plants have the potential to provide many benefits to society. They have many effects on 

humans and animals, like antiaging, antimicrobial, astringent, antipyretic, rubefacient, antispasmodic, 

blood glucose regulation, blood pressure regulation, and antiseptic effects, to name a few [4]. 

Acquiring plant drugs is cheap, efficient, simple, and easy to prepare. Plant medicines cause minimum 

side effects and may offer additional benefits compared to synthetic drugs. It may be surprising to 

learn that a natural product, synthetic component, or prototype entity derived from a natural product 

were all present in about half of the pharmaceuticals produced over the past two decades and 

subsequently approved by the US FDA [5]. 

Chemicals formed in medicinal plants, which are an element of their normal metabolic activities and 

are not involved directly in the growth process, are known as secondary metabolites. Alkaloids, 

flavonoids, phenolic compounds, and terpenoids all fit in the class of secondary metabolites [6]. 

Because secondary metabolites may resemble endogenous metabolites, hormones, or molecules that 

cause signal transduction, they frequently have curative and disease preventing effects. Scientific 

investigations have proven such benefits after the increased consumption of secondary metabolites 

[7]. Some important herbs that abundantly contain secondary metabolites include Silybum marianum, 

ginger, and capsicum, in which various useful phytochemicals have already been found. 

Silymarin, isolated from Silybum marianum, belongs to the family Asteraceae. It is a naturally 

produced hybrid molecule derived biogenetically from flavonoids and lignans and known as a 

flavonolignan [8]. It is produced as a raw material for the pharmaceutical industry in Argentina, China, 

Hungary, Austria, Germany, and Poland. Silymarin is widely used to treat various diseases because 

of its safety and lack of side effects. It is a natural therapy for liver ailments, biliary tract disorders, 

diabetes, inflammation, hyperlipidemia, and many other health issues [9]. It has been used extensively 

everywhere in clinical settings, including in the United States, to treat hepatotoxicity [10]. It is a proven 

multifunctional compound [11] and is also used as a reference drug in evaluating potential 

hepatoprotective novel medicines [12]. 

Silymarin has significant antioxidant and cell regenerating capabilities. Its antioxidant action protects 

the cell membrane against damage caused by the peroxidation of polyunsaturated fatty acids (caused 

by free radicals) in the cell membrane bilayer, ultimately destroying hepatocyte components. It can 

also directly interact with cell membrane constituents to protect them from any irregularities in the 

lipid composition necessary for maintaining normal fluidity [13]. It can counteract the loss of SOD 

and GSH by lowering free radicals, boosting SOD and GSH levels, and inhibiting glutathione 

oxidation [14]. Silymarin enhances protein production at the ribosomal level [14] to restore the 

structural proteins and enzymes for promoting the regeneration of liver tissue. Silymarin can also 

regulate membrane permeability, control membrane integrity, and boost membrane stability against 

xenobiotic damage [15]. It can regulate nuclear expression through steroid-like effects due to its 

structural resemblance to steroidal hormones and can prevent stellate hepatocytes from evolving into 

myofibroblasts, the collagen fibers that cause cirrhosis [16]. 

Both in animal models and in human clinical settings, silymarin has been shown to have 

hepatoprotective activities [17]. It has demonstrated protective properties against hepatotoxic drugs 

used in tuberculosis in animal studies [18]. In a randomized controlled trial, silymarin administration 

effectively decreased the AST to platelet ratio and the fibrosis score, improving the histology of the 

liver [19]. Silymarin and the Mediterranean diet have significantly improved the glycemic profile and 

reversed liver injury [20]. Silymarin, vitamins C, E, and Q10 supplement has been shown to improve 

liver function histologically and reduce liver toxicity markers like ALT, AST, and ALP, as well as 
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lipid markers in NAFLD patients [21]. According to a different study, silymarin's antioxidant action 

is linked to its usage in treating hepatitis and cirrhosis [14]. Silymarin administration in rats has 

demonstrated an intense protective action against diazinon-induced liver damage [22]. Silymarin 

reduced ALT, AST, and ALP levels, and the rats had higher serum and liver tissue levels of superoxide 

dismutase. Likewise, it dramatically reduced the sinusoidal dilatation, intense vacuolization, and 

inflammation in hepatocytes near the central vein. An in vivo study showed that silymarin can restore 

normal levels of hepatic antioxidant enzymes and ameliorate cellular abnormalities induced by CCl4 

intoxication. 

Most importantly, compared to unprocessed silymarin, the silymarin phytosomal preparation 

significantly enriched silymarin per oral bioavailability and offered a 6 fold increased systemic 

bioavailability. According to the authors, this is a better alternative for natural drugs with poor 

aqueous solubility to improve their oral bioavailability [23]. Due to the increasingly wide use of 

strategies and techniques to enhance the bioavailability of this crucial product, silymarin 

nanoformulation has been tested in Erlich ascites. Compared to the unprocessed silymarin, 

nanoformulation substantially affected apoptosis and proliferation in tumour cells [24]. Silymarin can 

be a viable treatment alternative, especially when other medications are contraindicated or have failed, 

or it can be used in conjunction with other therapeutic agents as a complementary treatment [25]. 

 

2. Materials and Methods 

PCSIR Peshawar provided silymarin as a gift for this study. Ethanol, methanol, DMSO, and n-hexane 

were purchased from BDH. Xylene was purchased from Lab-Scan, Ireland. From the neighbourhood 

market in Peshawar, healthy rabbits were obtained. Rats were bought from the NIH in Islamabad. 

 

2.1. Fabrication of nanoparticles 

Nanoparticles were prepared by two methods: The Evaporative Precipitation of Nanosuspension 

(EPN) and Antisolvent Precipitation with a Syringe Pump (APSP). 

 

2.1.1. Evaporative Precipitation of Nanosuspension 

We used methanol as solvent and n-hexane as antisolvent to fabricate the nanoparticles in this method. 

In the EPN technique, a silymarin-saturated solution was prepared in methanol. The solution was 

added quickly to n-hexane, which resulted in nanoparticle formation. During the mixing of solvent 

and antisolvent phases, stirring was continuously performed. The resulting mixtures were evaporated 

soon with the help of a rotary evaporator operating under a vacuum pump to obtain nanoparticles [30]. 

To acquire the best nanoparticles in terms of particle size, zeta potential, and PDI, the essential 

experimental conditions like stirring speed and solvent antisolvent ratios were optimized during the 

nanoparticle preparation process [31]. Different solvent-to-antisolvent ratios and stirring speeds were 

tried in separate experiments. 

Stirring Speed was the first parameter that was optimized, and it was assessed between 1500 and 3000 

rpm. The solvent antisolvent ratios were held constant while optimizing the stirring speed. We 

discovered that as the stirring speed increased, the particle size decreased. A stirring speed of 3000 

rpm was recorded as the optimum stirring speed required to prepare nanoparticles with the desired 

features. While maintaining a constant stirring speed at 3000 rpm, solvent antisolvent ratios were also 

optimized to control the synthesized nanoparticles' sizes further. 

The solvent antisolvent ratio is also essential and can impact the size of prepared nanoparticles. It was 

the second parameter we optimized after the stirring speed in fabricating nanoparticles by the EPN 

method. As the solvent-antisolvent ratio is increased, the particle size decreases [31], and the drug 

quickly precipitates into nanoparticles when its solution is mixed into the antisolvent. Additional 

antisolvent will result in a greater nucleation rate and smaller nuclei. Diffusion distance for growing 

species grows, becoming the limiting step for the growth nucleus as the antisolvent concentration 

rises in the subsequent growth [32,33]. The ratios for solvent and antisolvent were assessed from 1:20 

to 1:10 while maintaining the stirring speed constant. 
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2.1.2. Antisolvent precipitation with a syringe pump 

According to the APSP approach, unprocessed silymarin was soluble in 50 mL of ethanol before being 

delivered into the antisolvent phase. Silymarin solution was filled in the syringe and immediately 

introduced into a certain volume of n-Hexane (antisolvent) with a 2 mL/min flow rate and was 

continuously stirred throughout the process. The nanoparticles were obtained by quickly evaporating 

the resulting nanosuspension with the help of a rotary evaporator operating under vacuum [30]. To 

acquire nanoparticles possessing the best features, essential parameters during the nanoparticle 

preparation process, like stirring speed and solvent antisolvent ratios, were optimized [31]. The 

optimized stirring speed and solvent-to-antisolvent ratio were selected, which resulted in the 

preparation of nanoparticles of the required size and shape. 

The synthesis of nanoparticles using the APSP technique involved optimization of the experimental 

conditions. The stirring speed was assessed between 1500 and 3000 rpm, during which solvent 

antisolvent ratios were held constant. It was learned that increasing the stirring speed led to a decrease 

in particle sizes. While maintaining a constant stirring speed of 3000 rpm, solvent antisolvent ratios 

were also optimized to control the synthesized nanoparticles' size further. 

The solvent-antisolvent ratio is significant because it can affect the size of nanoparticles. As the 

solvent antisolvent ratio is increased, the particle size decreases. The drug quickly precipitates into 

nanoparticles when the solution of the drug is added to the antisolvent. The solvent-to-antisolvent 

ratios were assessed from 1:20 to 1:10 when the speed of stirring was constantly maintained at 

3000rpm. The sizes of the drug particles were found to drastically reduce when the solvent-antisolvent 

ratio was increased [31]. 

 

2.2. Assay of the prepared nanoparticles 

The prepared nanoparticles were analyzed for drug content. The method previously described was 

used to determine the sample content [34]. Methanol was used to make a standard sample solution 

with an end concentration of 0.033mg/mL. To prepare the stock solution for the sample assay test, 33 

mg of the sample was dissolved in a 100 mL volumetric flask. It was sonicated for 5 minutes after 70 

mL of methanol had been added. Methanol was also used to raise the final volume to the desired level 

after sonication. After thorough mixing, it was filtered through a syringe filter of 0.02 µL bore. After 

filtering, the solution was further diluted with methanol to a 0.033 mg/mL concentration. It was then 

measured for silymarin at 286 nm with a spectrophotometer. Methanol was the blank used in this 

experiment. The results of the investigation were acquired in triplicate. 

 

2.3. Characterization 

The prepared nanoparticles were characterized using modern characterization techniques such as 

Scanning Electron Microscopy, FTIR, XRD, Zeta Sizer, and DSC. The characterization techniques 

used in this experiment can give reliable results for such products. 

 

2.3.1. Scanning electron microscopy (SEM) 

In this research work, JOEL JSM-5910, Tokyo, Japan, was employed to obtain samples of electron 

micrographs. The scanning electron microscopy technique uses electrons in its place of light to form 

an output image [35]. Electrons are reflected when incident light contacts the sample surface and are 

drawn to a detector, where an algorithm transforms them into pictures. Varying accelerating voltages 

and magnifications were used to attain the requisite micrograph resolution. A few sample droplets 

were applied to the instrument's metallic stub using double-sided adhesive tape and were vacuum 

dried before that for analysis. During the analysis, the system's working voltage stayed at 30 mA for 

two minutes while the accelerating voltage stood at 20 kV. 

 

2.3.2. Analysis with Zeta Sizer 

Malvern Instruments, UK, Nano series ZS 90, regarded as a suitable instrument for such analysis, was 

used to characterize the particles for sizes, polydispersity index, and zeta potential. This method can 
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measure particles between three nanometers and three micrometers in size. A fundamental component 

of zeta-sizer analysis is to measure fluctuations in the strength of scattered light caused by random 

particle movement. Ultra-pure water was supplied to the nanoparticles while the system temperature 

was held at 25 °C to obtain the proper scattering intensity for analysis. Before analysis, the samples 

were dispersed well in the aqueous medium with ultrasonication. Ultrasonication helps to maintain 

the polydispersity index below 0.5, which is required during analysis. Nanoparticles of the samples 

were introduced to a specifically developed cuvette with the help of a micropipette to perform the 

analysis. 

 

2.3.3. X-ray Diffraction (XRD) 

X-ray diffractometer, “The PANalytical X’Pert Pro (PANalytical, Almelo, the Netherlands),” was 

employed to collect the XRD pattern of unprocessed drug and drug nanoparticles. XRD can validate 

the crystalline form of a matter and any changes in that form. XRD is a quick, nondestructive analysis 

method that scarcely requires sample preparation. The sample holders were made of silicon for the 

nanoparticles, and a plastic sample holder was employed for the unprocessed drug. The machine was 

set to 40 kV voltage and an operating current of 30 mA. Angles of 5° and 40° were chosen as the 

initial and final angle points at 2θ. Throughout the procedure, each step's size and duration were 0.02o 

and 0.5 seconds, respectively [36]. 

 

2.3.4. Differential Scanning Calorimetry (DSC) 

Mettler Toledo 822e (Greifensee, Switzerland) was utilized to conduct DSC investigations for all the 

samples. By Differential Scanning Calorimetry tests, we can assess the effects of particle size 

reduction on the thermal kinetics of the unprocessed drug and manufactured nanoparticles. A 

comparison of the enthalpy (∆H) of the original sample and its corresponding nanoparticles yields 

information about the crystallinity [37]. 5mg of each sample was put separately in an aluminium- 

made pan in the sample chamber for analysis. As a reference, an unfilled pan (having no sample) was 

also used. The pans were heated at 10°C per minute between 60 and 200ºC while exposed to nitrogen 

gas flow at a 40 mL per minute rate [37]. 

 

2.3.5. Fourier-Transform Infrared Spectroscopy (FTIR) 

This technique identifies any potential interactions between the drug and the excipients used to 

prepare the nanoparticles. In the current research work, Shimadzu IR Prestige-21 FTIR, Kyoto, Japan, 

was employed. The spectra were collected between 4000 and 400/cm. The sample was made by 

mixing 200–300 mg of potassium bromide (KBr) with 2–3 mg of the sample and then compressed 

with a compression machine to prepare transparent discs that were put in a sample container and 

examined. The component compatibility of nanoparticles was determined by matching the 

nanoparticle peaks and patterns to those of unprocessed drugs. 

 

2.3.6. Spectrophotometric analysis 

To calculate the per cent dissolution and solubility and conduct content analysis, PharmaSpec 1700, 

Shimadzu Tokyo, Japan, was utilized. The analysis was performed at the appropriate “ʎmax” (286 

nm for silymarin in this study) after the sample and reference standards had been diluted [38]. 

 

2.4. Solubility study 

A solubility study was performed for the unprocessed silymarin and its nanoparticles. The extent of 

the solubility of the Nano forms was compared to the unprocessed drug. To determine solubility, 200 

mg of unprocessed silymarin and its nanoparticle form were transferred separately to 25 mL 

volumetric glass flasks and mixed with a known quantity of distilled water. The said volumetric flasks 

were sealed with aluminium foil to prevent loss from the evaporation of the solvent. The flasks were 

positioned in the orbital shaker for 24 h. The orbital shaker was fixed at 100 rpm and adjusted to 25 

°C temperature. Following that, the samples were left undisturbed for 72 hours. The supernatant layer 
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was filtered with a Syringe Filter (0.02 µm, Whatman nanotop) so that any drug component that had 

not yet dissolved (≤ 0.02 micron size) could be retained on the filter and separated from the drug 

component that had dissolved. Following filtration, it was analyzed using a spectrophotometer at 286 

nm to determine the solubility of silymarin [39]. The results of the analysis were obtained in triplicate. 

 

2.5. Dosage form formulation 

The next step was to formulate silymarin nanoparticles into a suitable dosage form, for which hard 

gelatin capsules were selected as the silymarin dosage form due to their processing simplicity. Its 

preparation involves only a few operations, like adding the medicine to the capsule body and sealing 

the cap to its body. 

 

Silymarin has a very bitter taste, and this dosage form can significantly conceal its unpleasant taste. 

Lactose was employed as a diluent to change the ingredient mass to fit a size "3" capsule. Each capsule 

of unprocessed silymarin and its corresponding nanoparticles was manufactured by combining 50 mg 

silymarin with 100 mg lactose. Immediately following mixing, capsules were manually poured into 

their shells and sealed. 

 

2.6. In Vitro release study 

A paddle apparatus (Apparatus II) method was used for this experiment. This device uses a coated 

paddle that can reduce turbulence produced by stirring. A motor with changeable speeds revolves at 

a controlled speed while the paddle is vertically attached. The dissolution flask has a circular bottom, 

which reduces turbulence in the dissolution medium when the sample is put inside. The equipment is 

housed in a water hall with a temperature kept constant at 37 0C. The steps involved in this method 

are given below. 

 

2.6.1. Sample preparation for the study 

Tests for silymarin and its nanoparticle capsules were conducted separately following USP [40]. 

Apparatus II (USP) of six vessels (DT-80, Erweka, Germany) was utilized for the experiment. 900 

mL of distilled water, pH 6.5, was added to each container. Its temperature was set at 37 ± 0.5 °C and 

operated at 100 rpm. Each dissolution vessel received one capsule. Five milliliters of dissolution 

media were drawn from each vessel at 10, 20, 30, 40, 50, 60, 70, 80, and 90 minutes and filtered 

through a 0.02 µm syringe filter. This was constantly changed out for new dissolution media to keep 

sink conditions consistent. After filtration, the sample was diluted to 100 mL using distilled water and 

mixed. The samples were diluted until a final 22.22 µg/mL concentration was obtained. 

 

2.6.2. Standard preparation for the study 

A standard stock solution of silymarin containing 0.225 mg/mL in methanol was produced in a 100 

mL volumetric flask for the dissolution study. Using water with a pH of 6.5 as the blank, the samples 

and the standard spectrophotometric absorbance were measured at ʎmax of 286 nm. The formula 

below was used for calculating the drug release percentage. 

 
 

2.7. Stability study 

Silymarin nanoparticles were tested for storage stability in a stability chamber. The stability was 

measured at temperatures ranging from 5 to 45 °C and at different pHs ranging from acidic to basic 

(1 to 9 on the Sorenson scale). The nanoparticles were also stored at pH 6.5 and 25 °C and checked 

for stability at intervals of days 1, 30, 60, 90, 120, 150, and 180. The labelled lots were periodically 

examined for polydispersity index, particle size, and aqueous solubility to determine the potential 

effects of temperature, pH, and time length on their stability. 
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2.8. Bioavailability study 

Silymarin nanoparticles were tested for their bioavailability using a reported [41] method and 

compared with the bioavailability of the unprocessed compound. Two groups of six rabbits each were 

randomly made out of the study animals. The animals were strictly compliant with the 

recommendations the concerned body set. Following the chalked plan, oral gavage was used to 

provide 50 mg/kg of unprocessed silymarin or SM-APSP 50mg/kg b. w. to each animal. The first 

group was treated with unprocessed silymarin, and the second group received SM-APSP. Rabbits 

were fasting for 12 hours, with unlimited water access, before receiving samples. They were restrained 

within the animal facility and had one ear closely clipped and cleaned with a pad of 70% isopropyl 

alcohol. After that, a vein in the outer ear was used to draw two milliliters of blood at specified time 

points of “0” hours (pre-administration), 1hours, 1.5hours, 2hours, 4hours, 6hours, 8hours, 12hours, 

and finally at 24hours. Using the reported procedure [41] [Wu,J.W.,2007], the blood centrifugation was 

performed instantly at 3,000g for twenty minutes, and the serum was kept stored as frozen (not for 

very long) until further examination with a UV-visible spectrophotometer. Blood samples were 

collected weekly following the same procedure, alternating the ears. Every test was conducted in 

triplicate. 

 

2.9. Hepatoprotective activities 

The Animal Ethics Committee of AUST, the body overseeing such operations, approved using the 

animals in all experiments. Male Wistar albino rats weighing (200 ± 20 g) were indiscriminately 

allocated into 5 equal groups (1-5), having six rats in each class. Each group was allocated to separate 

cages and labelled accordingly. Seven days of acclimatization were allowed. As a positive control, 

Group 1 contained healthy, untreated rats. Groups 2-5 were injected with CCl4 to induce hepatic 

injury. As a negative control, group 2 received only injections of CCl4 without treatment with 

silymarin samples. Group 3 was treated with unprocessed silymarin 200 mg/kg b.w. The leftover 

groups (4 and 5) received therapy with SM-APSP in various doses using oral gavage. 

 

2.9.1. Hepatic damage induction 

Intraperitoneal injections were given twice a week at premeditated doses of 2mL/kg b.w. of a 50% 

solution of CCl4 in liquid paraffin to cause hepatic injury in rats. [42]. 

 

2.9.2. Determination of serum biochemicals 

To confirm the hepatoprotective effects of silymarin, biochemical tests on the blood of rats were 

carried out every 2, 4, and 6 weeks. They were anaesthetized, and 2 mL of blood was drawn by cardiac 

puncture from every experimental rat and transferred into labelled tubes. Samples were made to spin 

to separate maximum serum. The collected serum was kept at 4°C until it was used for the standard 

test procedures to measure the parameters of the liver function tests (LFT). 

To determine alkaline phosphatase, the sample and reagent were combined, and the initial absorbance 

at 405 nm and start time were noted. The absorbance was re recorded after 1, 2, and 3 minutes. 

U/l = 3300 × ∆A 405 nm/min Macro. 

U/l = 2760 × ∆A 405 nm/min Semi-micro. U/l = 2760 × ∆A 405 nm/min Micro 

To determine alanine transferase, 100 µL from the sample was mixed with 1000 µl of mono reagent, 

and its absorbance was observed at 340 nm after 1 min. The absorbance was noted again after 1, 2, 

and 3 minutes. The values of absorbance per minute were calculated to get ALT concentration (IU/L), 

multiplied with factor 1745 

Aspartate transaminase assay was performed using the Cobas C111 automated Chemistry analyzer 

following the instructions given by the manufacturer [43]. 

All of the components were thoroughly mixed before measuring the sample and standard’s absorbance 

at 600 nm in comparison to a blank for the determination of serum albumin. 

Serum Albumin Concentration = Absorbance of sample/Absorbance of standard × Standard 

concentration To find out the serum concentration of total proteins (TP), all the contents were mixed 
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well and incubated for 30 min at 25 °C. Then, the absorbance of the sample and the standard against the 

reagent blank at 546 nm was noted to measure the serum concentration of TP. 

Concentration of total protein = Absorbance of sample/Absorbance of standard × Concentration of 

Standard 

 

2.9.3. Histopathological examination 

After the experimental period ended, rats were fasted overnight and cervically dislocated the next day, 

immediately dissecting out their livers. Some liver tissue was placed in formalin (10%) immediately 

to conduct histopathological investigations. The liver tissue was washed with tap water and dehydrated 

with alcohol ethyl solutions of 50%, 70%, 80%, 90%, and twice with 100% solution. The samples were 

washed with 100% xylene before being embedded in paraffin and heated to 50°C for 24 hours in a 

hot air oven. Tissue sections with a 4 𝜇m thickness were cut by sledge microtome and placed on slides 

made of glass. After deparaffinization and staining with eosin and hematoxylin, the prepared slides 

were used for histopathological analysis [44]. They were examined under a microscope (Olympus, 

Japan) at 100 times magnification for histopathological changes. 

 

3. Results and Discussion 

There have been extensive investigations into silymarin for the treatment of various disorders. 

However, this treasurable drug has very poor water solubility, presenting serious challenges because 

its slow and incomplete dissolution results in insufficient oral bioavailability. Therefore, scientists 

spent a lot of time to develop new formulation strategies to address these issues. The objective of the 

current research was to prepare silymarin nano-sized particles by two separate techniques to enhance 

its solubility and associated oral bioavailability. 

 

3.1. Fabrication of nanoparticles 

3.1.1. Evaporative precipitation of nanosuspension (EPN) 

According to the EPN approach and after following the optimization requirements for this method, 

nanosized particles were obtained with stirring speeds of 3000 rpm and a solvent antisolvent ratio of 

1:10. At the fulfilment of these conditions, the EPN method provided silymarin nanoparticles having 

an average size of 161.19 ± 1.91 nm (Table 1). 

 

Table 1. Particle size, Zeta potential, and PDI of SM-APSP 

Method  used Average size of particles (nm) Zeta potential (mV) PDI 

SM- APSP 69.12 ± 0.38 -33.4 ± 1.2 0.231 ± 0.01 

SM- EPN 161.19 ± 1.91 -24.4 ± 0.81 0.122 ± 0.1 

 

Table 2. Drug content unprocessed silymarin and SM-APSP 

Product Result 

Unprocessed silymarin 95.61 ± 0.49% 

SM-APSP 98.82 ± 0.46% 

 

3.3. Characterization 

3.3.1. Scanning Electron Microscopy (SEM) 

In the SEM analysis, the morphology, sizes, and size distribution of synthesized nanoparticles of 

silymarin were investigated, and pictographs were recorded. Figure 1 shows the SEM pictographs of 

silymarin nanoparticles prepared by the APSP method. The white dots in the figure represent the 

acquired nanoparticles. The pictographs reveal that the synthesized nanoparticles exhibited a 

predominantly spherical shape and a reduced particle size. The nanoparticles have an average 

diameter of 69.12 ± 0.38 nm (Table 1). 

The nanoparticles prepared by the EPN method (SM-EPN) were also subjected to SEM analysis, and 

a reduction in the size of the particles was noted. The results show that silymarin nanoparticles 
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prepared using the EPN method had an average particle size of 161.19 ± 1.91 nm (Table 1). According 

to the SEM pictograph, these nanoparticles, did not have even sizes; they were present as bunches and 

offered a broad size distribution [Figure 1(b and d)], unlike the nanoparticles prepared by the APSP 

method [Figure 1(a and c)]. 

As reported previously [39,45], with the size reduction, the surface area of the nanoparticles greatly 

increases, which can enhance their solubility, dissolution rate, and the associated oral bioavailability. 
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Figure 1. SEM pictographs of SM-APSP (a, c) and SM-EPN (b, d) 

 

3.3.2. Analysis by Zeta Sizer 

The dynamic size and surface potential of the synthesized nanoparticles were also determined. The 

results given in Table 1, represent the zeta potential (-33.4 ± 1.2 mV), polydispersity index 0.231 ± 

0.01, and mean particle size (69.12 ± 0.38 nm) of silymarin nanoparticles. When the EPN method was 

used, we achieved nanoparticles having a zeta potential of -24.4 ± 0.81 mV, their polydispersity index 

was noted as 0.122 ± 0.1, and their average particle size was noted to be 161.19 ± 1.91 nm (Table 1). 

The magnitude of zeta potential can be utilized to predict nanoparticle stability. Strongly charged 

particles with high zeta potential values promote redispersion and prevent aggregation due to repulsive 

forces, whereas weakly charged particles with low zeta potential may do the opposite [46]. As a 

general rule, ≥ 30 mV and ≤ 60 mV values are considered good and excellent for stability, 

respectively [46]. Therefore, a zeta potential of -33.4 ± 1.2 mV indicates monodisperse nanoparticles 

without aggregates. 

Other than zeta potential values, the nanoparticles size can also affect the crucial characteristics of 

pharmaceuticals like the release kinetics of the formulation and drug distribution. SM-APSP have 
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nanosized particles, which is very important because a reduction in particle size enlarges the surface 

area and the surface free energy of the particles. These factors are important for enhancing the 

dissolvability and release rate of drugs, which in turn leads to an enhancement in the drug’s 

bioavailability and pharmacological actions [47]. 

In the case of the APSP method, the PDI value below 0.50 indicates even-sized particles. The 

nanoparticles also possessed anticipated and optimum zeta potential values (Table 1). The zeta 

potential of nanoparticles at these values means a greater repulsive force that will help avoid 

agglomeration of the prepared nanoparticles and promote their stability. Therefore, the prepared 

nanoparticles will have a longer shelf life. 

 

3.3.3. X-ray Diffraction (XRD) 

X-ray diffractometry analysis was conducted for silymarin in the unprocessed form and also after 

converting it to nanometer size. The XRD analysis of unprocessed silymarin demonstrated intense 

and pointed diffraction peaks at 2θ of 11.75º, 23.8º, 26.25º, 26.85º, and 28.29º. The presence of such 

characteristic peaks depicts a crystalline state (Figure 2b). The XRD analysis of silymarin 

nanoparticles showed their semi-crystalline form, as they revealed weaker diffraction peaks with 

reduced sharpness (Figure 2a). Such peaks, indicate decreased crystallinity and prove that SM-APSP 

is present in an amorphous state (Figure 2a). As established, the reduced intensity in the diffraction 

peaks is a feature of the reduced crystallinity of nanoparticles [48]. 

 

Silymarin melted at around 166 °C, and this is consistent with previously reported results [49]. SM- 

APSP exhibited a melting point at around 162 °C. The analysis undoubtedly validated the reduction 

in the crystalline nature and conversion of silymarin to an amorphous form. 

 

 
Figure 2. XRD diffractogram of SM-APSP (a) and SM-unprocessed (b) 
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Converting compounds to an amorphous state increases their solubility and improves their release 

rate, which ultimately enhance their bioavailability [50]. In contrast to crystalline materials, 

amorphous materials have higher free energy, therefore, they are efficiently soluble [51]. We can say 

that a change in crystallinity and conversion to nanometer sizes stand as the best approach to augment 

the drugs’ solubility and dissolution, which increase their bioavailability [52]. 

 

3.3.4. Differential Scanning Calorimetry (DSC) 

This approach is utilized for thermal analysis of a wide range of materials. DSC tests evaluated the 

effects of particle size reduction on the thermal kinetics of the prepared nanoparticles. The results 

obtained during the calorimetric analysis are shown in Figure 3. An expansion in the breadth and a 

slight decline in the elevation of the melting point peak can be noticed when the amorphous form of 

the compound is analyzed (Figure 3). 

 

 
Figure 3. DSC Analysis Results of unprocessed silymarin and SM-APSP 

 

In the DSC analysis of the samples (Figure 3), a clear endothermic peak (representing the crystallinity 

of the material) was detected at melting point temperature (166ºC) for unprocessed silymarin, whereas 

the SM-APSP displayed a melting point slightly lower than that required for the unprocessed drug. A 

lower acute melting point associated with silymarin in the nanoparticle state (the amorphous or semi- 

crystalline state) is due to the nanoparticles' low packing density. Since the peak observed in the case 

of SM-APSP was wider and not as sharply centered compared to that of unprocessed silymarin, it is 

clear that silymarin crystallinity decreased after being converted to nanoparticle form. 

 

The decrease in melting point may be ascribed to the conversion of the drug to an amorphous form, 

the reduced particle size, and surface area, the major parameters that significantly influence the 

melting point temperature [38]. The melting point temperature denoted by “Tm,” is greatly influenced 

by the particle size and surface area. When the lattice of a crystal breaks down owing to heat, an 

endothermic process is shown by the steep peak that is produced in the melting point region of the 

crystal. 

 

The enthalpy of fusion (ΔH) value is another metric that indicates whether a material is crystalline or 

not. Crystalline materials have higher ΔH values, and less crystalline materials or amorphous materials 

have lower enthalpy values compared to their respective unprocessed compounds [53]. The enthalpy 

(∆H) values of the unprocessed silymarin sample and the nanoparticles form were also compared to 

determine the crystalline nature of the samples [54]. 
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3.3.5. Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was conducted for both samples of silymarin. The FTIR spectrum is helpful for the 

identification of our samples and the comparative evaluation of their vibrational frequencies. The 

vibrational changes in the materials are determined by the intermolecular interactions. The 

investigation points towards a spectrum obtained with many peaks of changeable intensities due to 

vibrational fluctuations that represent different functional groups. The infrared spectra of silymarin 

(unprocessed) and SM-APSP using Fourier transform infrared spectroscopy are displayed in Figures 

4a and 4b. The figure shows that all functional groups vibrate at specific frequencies, which are visible 

in the FTIR spectrum as distinct peaks of varying intensities [55]. The results of the FTIR analyses of 

all the samples show that the chemical makeup of the sample in nanoparticle form is quite comparable 

to that of the sample in its unprocessed form. The analysis confirmed that no new complex had 

developed within the constituent parts of silymarin, and the fabricated nanoparticles still have their 

structural integrity. 

 

 
Figure 4. FTIR spectra of SM-APSP (a) and SM-unprocessed (b) 

 

3.4. Solubility study 

A solubility study was performed to determine the maximum solubility and enhancement in the 

solubility of the prepared nanoparticles. Figure 5, given below displays solubility data acquired from 

unprocessed and nanoparticle forms of silymarin in distilled water. It is clear from the data that the 

aqueous solubility of the nanoform of silymarin greatly increased in comparison to the solubility of 

the drug that was not processed. SM-APSP solubility was noted at 413.3 ± 02.31 µg/mL (Figure 5) as 

compared to the solubility of unprocessed silymarin (221.4 ± 3.2µg/mL). 

 

When compared to the unprocessed compounds, the aqueous solubility of the nanoparticles of the 

drug (SM-APSP) increased greatly. The transformation of the drug into an amorphous state and its 

transition into nanosized particles, leading to an increase in the drug surface area, its wetting capacity, 

and surface free energy, can all explain improved solubility of SM-APSP. All the processes can 

collectively enhance the dissolvability and rate of release of the drug immensely [39,52]. Reduction 

in the crystallinity or conversion to amorphous form, as established in the DSC studies, and reducing 

the particle size to the nanometer range are the foremost causes of the enhanced solubility of the drugs 

in nanoparticle form [52]. In comparison to the unprocessed drug, the nanoform possesses extra 

surface-free energy, which is also an essential factor for solubility enhancement. The increased 

solubility of silymarin after the transformation into an amorphous state is because the solubility of 

less crystalline compounds is greater than that in the crystalline state (unprocessed) [39,52]. 
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Figure 5. Aqueous solubility (µg/mL) of unprocessed silymarin and SM-APSP 

 

3.5. In vitro dissolution study for unprocessed silymarin and SM-APSP 

To evaluate a drug's performance, its dissolution rate must be measured. This experiment for 

unprocessed drug and SM-APSP was performed in distilled water at pH 6.5. The data from the 

dissolution study demonstrates that the dissolution of SM-APSP is far better compared to unprocessed 

silymarin in the same medium for a similar duration. 

 

Table 3 below, shows the dissolution pattern of unprocessed silymarin and SM-APSP. The sample 

withdrawn after the first 10 minutes from the respective vessels contained 16.86 % silymarin from the 

nanoform of capsules, compared to the 4.91 % of silymarin released from the capsules of the 

unprocessed drug. A similar trend persistently followed, and after 30 minutes, 80.102 % dissolution 

of the SM-APSP and 19.104% of the unprocessed drug was recorded. Finally, at 90 minutes, 100.0% 

of the SM-APSP and just 39.99% of the unprocessed drugs were dissolved (Table 3). The data showed 

an enhanced dissolution of SM-APSP compared to unprocessed silymarin. 

 

Table 3. In vitro dissolution profile of unprocessed silymarin and SM-APSP at pH 6.5 

Time (min) SM-AP SP Unprocessed silymarin 

(% of drug dissolved) 

0 0.00 0.00 

10 32.34 15.11 

20 53.48 23.22 

30 70.11 28.12 

40 80.22 36.10 

50 95.89 39.51 

60 100.00 44.12 

70 100.00 44.94 

80 100.00 45.21 

90 100.00 45.66 

 

Since nanoparticles make available a larger surface area for wetting in comparison to unprocessed 

drugs, the dissolution of drugs in the nanoform is enhanced. According to the Noyes-Whitney and 

Ostwald-Freundlich equations, the huge surface area of nanoparticles accelerates both the kinetics of 

dissolution and saturation solubility. Because of the huge surface area, the drug is released more 

quickly, taking less time to reach greater drug concentrations at the absorption site. All these factors 

improve the drug's absorption rate and, ultimately, its bioavailability. 
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The enhancement in the rate of dissolution is a primary characteristic of nanoparticles materialized 

due to definite reasons, such as conversion to an amorphous state, diminished aggregation among 

particles, expansion in the superficial area, and better wettability [56]. Due to improvement in the 

drug’s gumminess to the cell membrane caused by the nanoparticles’ small sizes, the bioavailability 

of poorly water-soluble drugs can vastly increase [57]. Since solubility and dissolution are the rate- 

limiting processes for a given drug, it is critical to address the problem of poor aqueous solubility of 

important medicinal compounds like silymarin. The improved dissolution rate of silymarin, shown in 

the current investigation, can predict an improved and faster rate of absorption and superior 

 

bioavailability [58]. After conversion to the nano form, the particles’ surface area increased and the 

diffusion layer got thinner, which led to a far better dissolution [59]. 

 

The fundamental goal of preparing nanoparticle versions of medications with low bioavailability is to 

speed up their dissolution, which will, at the end of the day, improve their bioavailability, and the 

dissolution rate is in a straight line related to the surface area [60]. The solids' rate of dissolution is 

explained by the equation presented by Nernst-Brunner (Equation-II): 

 
 

According to the equation, a size decrease alone can increase the drug release rate while maintaining 

equivalent physical features [61]. Large particle sizes of unprocessed drugs lead to lower water 

solubility and a slow rate of dissolution, leading to lesser permeation of the drug particles [62]. 

 

An enhanced pharmacological effect of a drug is possible if the drug reaches in larger amounts to the 

areas where its effects are needed [38]. More drug release leads to enhanced drug concentration at the 

site of action; therefore, SM-APSP may be recommended as a better alternative if there is a need to 

produce an enhanced pharmacological action even with a smaller dose. 

 

3.6. Stability study 

The stability of a drug formulation has a critical part to play in the procedures of drug development, 

transportation, and long-term storage. Therefore, according to the International Organization of 

Standardization (ISO) defined guidelines, silymarin nanoparticles were tracked to check their physical 

stability. Various essential parameters related to the drug stability, like dissolution rates, the drug 

content (percentage of drug), the physical appearance of nanoparticles, and average particle sizes of 

prepared nanoparticles, were periodically monitored. While analyzing the effect of pH on nanoparticle 

stability, their temperature was kept constant at 250C, and when testing temperature stability, the pH 

was kept constant at 6.5. The results of nanoparticle stability at different temperatures are presented in 

Figure 6, and the outcomes from the samples stored at different pH levels are recorded in Figure 7. The 

effects of time length on stability when the nanoparticles were stored at 25 °C and pH 6.5 for different 

periods are shown in Figure 8. 

 

The data demonstrates that nanoparticles remained stable at a wide temperature range of 5°C to 45°C 

(Figure 6a-i). The primary characteristics like particle size and dissolution rate did not change 

significantly. The dissolution of SM-APSP held at 5°C (Figure 6a) was 48.46%, and when stored at 

45°C (Figure 6i), their dissolution was 49.5% in the first 30 minutes of the dissolution test. Unlike 

those, the nanoparticles that were stored at 25°C had a dissolution rate of 68.2% in the first 30 minutes 

of the experiment (Figure 6e). 

https://jptcp.com/index.php/jptcp/issue/view/79


Effect Of Silymarin Particle Size On Its Solubility And Oral Bioavailability, The Enhancement Of Pharmacological 

Actions 

 

Vol. 30 No. 18 (2023): JPTCP (2527-2560) Page | 2542 

 

https://jptcp.com/index.php/jptcp/issue/view/79


Effect Of Silymarin Particle Size On Its Solubility And Oral Bioavailability, The Enhancement Of Pharmacological 

Actions 

 

Vol. 30 No. 18 (2023): JPTCP (2527-2560) Page | 2543 

 

 
Figure 6. SM-APSP dissolution pattern of SM-APSP after storage at different temperatures 
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No appreciable modification was noted in the dissolution rates and particle sizes of the nanoform of 

the drug after storing for 24 weeks except for minor changes in dissolution when stored at the highest 

and lowest temperature limits. It is already reported that the lots stored at temperatures between 5°C 

and 30°C demonstrated excellent dissolution profiles [63]. The analysis of the storage stability of the 

nanoparticles at temperature limits from 5 °C to 30 °C revealed that the data derived from the 

dissolution of the nanoparticles during long-term storage was not significantly different from each 

other when compared at different time points. The silymarin content in the lot stored at 25°C and pH 

6.5 at the end of the experiment was noted as 98.78%. The products demonstrated desirable stability 

notwithstanding minor changes in certain cases like a slight lumping effect, observed in samples 

stored at extreme temperatures. Such samples showed slightly lower rates of dissolution. The optimal 

temperature range for silymarin nanoparticle storage turns out to be a wide range of 5 to 30°C. 

 

As the pH of a compound during storage, especially if stored for longer periods may also affect its 

stability [64], therefore, the nanoparticles' stability against pH effects was carefully monitored and the 

data was collected (Figure 7). 
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Figure 7. SM-APSP dissolution pattern after storage at pH 1 to 9 

 

Nanoparticles remained stable at a wide pH range and no significant difference was noted in 

dissolution rate and particle size diameters among them. Especially those stored at pH 5 to 7 (Figures 

7c and 7d). The results are suggestive of homogeneous nanoparticles showing desired stability at pH 

5 to 7. When the pH moved from 5 to 1 or from 7 onward, the nanoparticles became slightly clumped. 

As soon as the lumping effects happened at unfavorable conditions, the nanoparticles started to 

become micrometric and heterogeneous. The dissolution behavior of the nanoparticles also changed, 

showing slightly slower and incomplete dissolution. It is important to note that pH affects the 

agglomeration of nanoparticles. On the other hand, the samples held at pH 5 to 7 for up to 24 weeks 

remained stable. The slow dissolution of nanoparticles and their inability to maintain the initial 

diameter have also been previously reported for other compounds [65]. Studies with nanoparticles 

made by usual bottom-up methods have found problems like uncontrolled particle growth [66]. This 

phenomenon has been observed in suspensions, including nanosuspensions, in which the smaller 

particles are forced to grow on top of the larger particles, called Ostwald ripening [67]. Therefore, this 

assessment is crucial because most materials when stored may experience some alterations that may 

lead to sedimentation, cluster formation, growth of crystals, and even in some cases, chemical 

reactions may also ensue [68]. 

Silymarin nanoparticles were also separately stored in suspension form at 25°C and pH 6.5 for up to 

180 days. The stored lots were tested for quality parameters at predetermined intervals. They were 

tested on the day first and after 30, 60, 90, 120, 150 and 180 days. The effects on nanoparticles stability 

were monitored and the data was recorded (Figure 8a-g). No major changes were noted in the particle 

sizes and dissolution rates during the analysis. 

A temperature range from 5°C to 30°C and pH from 5 to 7 were recorded as the best storage conditions 

for SM-APSP based on parameters like mean particle size and dissolution rate. When the 
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nanoparticles were stored at extreme pH and temperature conditions, the data revealed a modest 

increase in the size of nanoparticles but not beyond 170 nm. The slight change in size over time at 

extreme temperatures and pH conditions may be due to the agglomeration or merging of nanoparticles 

with each other [69]. The results show that the nanoparticles can provide a perfect solution to the 

bioavailability problem posed by poorly water soluble drugs. 
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Figure 8. SM-APSP dissolution pattern from first day to 180th day 

 

3.7. Bioavailability study 

In this experiment the bioavailability of unprocessed silymarin and the improvement in bioavailability 

when it was converted to nanoparticle form was determined. Figure 9 shows the readings recorded 

for respective Tmax, Cmax (μg/mL), AUC (μg-h/mL), and t1/2 after administration of the samples of 

unprocessed silymarin and silymarin nanoparticles orally in the same doses to experimental animals. 

In the case of unprocessed silymarin, the maximum time in hours (Tmax) to reach maximum plasma 

concentration (Cmax) was 0.9 ± 0.36 hours (Figure 9), and it achieved a maximum concentration 

of 4.48 ± 0.2 (μg/mL). SM-APSP required a time of 0.50 ± 0.11h to acquire a Cmax of 20.86 ± 0.10 

(μg/mL) (Figure 9). If we look at their respective AUCs, the samples, namely unprocessed silymarin 

and SM-APSP, achieved an AUC of 27.02 ± 1.92 (μg-h/mL) and 279.73 ± 3.54 (μg-h/mL) 

respectively (Figure 9). The peak plasma concentration (Cmax) achieved after SM-APSP 

administration is 4.65 greater, and the area under the curve is 10.352 folds higher than those achieved 

with the unprocessed silymarin as clear from the data. 

The results of comparing the bioavailability of silymarin nanoparticles to unprocessed silymarin show 

unequivocally that the nanoparticles have significantly improved bioavailability. The results also 

verified that the rate of dissolution of silymarin had enhanced considerably after conversion to 

nanometer size, which is in agreement with the previous studies [70]. Particle size reduction results 

in increased surface free energy, a better wetting of the drug particles, and enhanced surface area, 

which collectively increase solubility and dissolution rate, which increase bioavailability of drugs. 

Silymarin conversion to the nanometer range, its transformation into an amorphous state, and its 

declining crystallinity are the major reasons for enhanced bioavailability [71]. The characterization 

results also supported this likelihood. Experiments show that converting silymarin to nanoparticle 

form improved its in vivo absorption leading to a higher serum drug concentration, however, the t1/2 

of unprocessed silymarin and SM-APSP do not differ from each other (Figure 9). The results showing 

a higher bioavailability of SM-APSP than that of the unprocessed silymarin agree with the previous 

research [45,72]. 

The above mentioned parameters (Tmax, Cmax (μg/mL), AUC (μg-h/mL), and t1/2) were calculated 

for all the test formulations based on serum data. The SM-APSP serum drug titers of the animals were 

found higher than those of the unprocessed silymarin. The superior bioavailability of SM-APSP than 

that of the unprocessed silymarin is because the nanoform is better than the unprocessed form in many 

ways [73]. Due to conversion to the nanoform, the drug's release and absorption were facilitated by 

its greater surface area and smaller particle size [74]. As silymarin is absorbed more quickly in the 

nanoparticle form than in the unprocessed form, the enhanced serum level of silymarin nanoparticles 

administered orally may be the result of particle size reduction [39]. The Tmax for the nanoparticles 

is much shorter than the time required for unprocessed silymarin (Figure 9) to reach Cmax, which is 

in line with the previous studies [45,75]. 
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The analyses demonstrate undeniably that nanoparticles have many folds higher bioavailability than 

unprocessed silymarin; therefore, the strategy is successful. The findings suggest that nanoparticles 

might be a better choice for drug administration because they promote faster solubility and 

dissolution, which would lead to an effective absorption—the findings that have also been proved 

earlier [76]. 

The inadequate bioavailability of poorly water-soluble compounds has been reported by many other 

authors as well and is linked to the poor absorption rate of the drug [77]. Drugs that are very marginally 

soluble, mostly have slow rates of dissolution and typically have minimal bioavailability owing to 

poor in vivo absorption [78]. The association of low water solubility with poor oral bioavailability is 

logical because low aqueous solubility can hamper the bioavailability of unprocessed silymarin. These 

biopharmaceutical limitations necessitate that silymarin be transformed into a state that can sufficiently 

expand its bioavailability because the compound itself has significant clinical efficacy and needs 

attention. As the drug cannot be made available at the target site in sufficient concentration to exert 

the required actions, the low bioavailability may result in therapy failure. Therefore, improving a 

drug’s solubility and dissolution right from the beginning can improve its biopharmaceutical features, 

ensuring optimum therapeutic response [70]. 

The increased drug surface area, which allowed for better saturation solubility and resulted in a thinner 

diffusion layer and quicker adherence to the cell membrane, led to a faster absorption of nanoparticles. 

The smaller the particle size, the greater the cell membrane adhesion, the greater the cell membrane 

adhesion, the better the saturation solubility which increases the drug saturation inside the cells. 

Similar reports about nanoparticles have also been put forward before [79]. The smaller particle size 

also improves membrane permeability allowing more drug molecules to pass through [80]. 

As advocated above, converting poor water soluble compounds to nanoparticle form appears to be a 

better strategy for silymarin to increase its oral bioavailability. The ease of preparation of such 

formulations and minimal requirement for basic ingredients are its standout qualities making them 

good candidates for industrial production. 
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Figure 9. In vivo bioavailability study Tmax, [Cmax (μg/mL)], AUC, and half-life of unprocessed 

silymarin and SM-APSP 

 

3.8. Hepato-protective activity 

In this experiment, SM-APSP efficiency was evaluated to find its hepatoprotective activity against 

CCl4-induced oxidative stress, liver toxicity, and histological changes in the liver. As acute 

hepatotoxicity was caused by administering CCl4 to experimental rats, the data from group 2 animals 

confirm that the dosage is appropriate and sufficient to induce hepatic injury (Table 4). This is evident 

from the high level of serum marker enzymes and decreased total proteins and albumin values along 

with the histopathological changes of hepatic tissue (Tables 4, 5, and Figure 10). Increased levels of 

marker enzymes in serum prove that the hepatocellular membrane’s structural integrity has been 

compromised due to CCl4 toxicity, allowing these enzymes to leak into the blood. 
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Table 4. Effects of unprocessed silymarin and SM-APSP on LFTs value 
 

S. 

No 

 

Animal groups 

After two weeks After four weeks After six weeks 

ALP 

(IU/L) 

ALT 

(IU/L) 

AST 

(IU/L) 

ALP 

(IU/L) 

AL T 

(IU/L) 

AS T 

(IU/L) 

AL P 

(IU/L) 

AL T 

(IU/L) 

AS T 

(IU/L) 

1 Untreated group       (Positive 

Control) 

71.080 ± 

1.20 

54.600 ± 

0.94 

63.66 ± 

1.70 

70.90 ± 

0.030 

54.850 ± 

0.6 

64. 04 ± 

1.1 

71.100 ± 

0.2 

55 ± 0.94 63.75 ± 

1.2 

2 CCl4 Treated     Control 

(Negative Control) 

144.67 ± 

1.11 

140.13 ±  

2.17 

104.21 ± 

2.40 

151.34 ± 

1.23 

155.26 ± 

1.6 

110.13 ± 

1.10 

177.18 ± 

1.56 

167.13 ± 

2.25 

119.88 ± 

2.15 

3 Unprocessed Silymarin 

200 mg/kg 

134.89 ± 

1.22 

101.33 ± 

1.11 

94.290 ± 

1.12 

114.78 ± 

01.1 

80.26 ± 

1.47 

81.74 ± 

1.12 

99.73 ± 

1.64 

65.91 ± 

1.25 

66.29 ± 

0.33 

4 SM.APSP-75 mg/kg 134.13 ± 

0.56 

100.06 ± 

1.43 

92.010 ± 

1.33 

114.0 ± 

1.55 

78.17 ± 

1.36 

80.21 ± 

0.41 

98.65 ± 

0.21 

65.17 ± 

0.8 

64.30 ± 

0.23 

5 SM.APSP-50 mg/kg 140.12 ± 

1.39 

119.91 ± 

1.83 

99.840 ± 

2.17 

134.51 ± 

1.47 

100.13 ± 

2.78 

89.110 ± 

1.8 

115.92 ± 

1.3 

85.78 ± 

1.54 

75.94 ± 

1.40 

 

Effect of Silymarin Particle Size on its Solubility and Oral Bioavailability, the Enhancement of 

Pharmacological Actions 

 

Table 5. Effect of unprocessed silymarin and SM-APSP on total protein and albumin level in serum 
 

S.No 

 

 

Animal groups 

After two weeks After four weeks After six weeks 

Total proteins  

(IU/L) 

Albumin 

(g/dl) 

Total proteins  

(IU/L) 

Albumin 

(g/dl) 

Total proteins 

(IU/L) 

Albumin 

(g/dl) 

1 Untreated group  (Positive 

Control) 

6.92 ±  0.97 2.89 ± 0.30 6.88 ±  0.88 2.93 ± 0.101 6.91 ±  1.06 2.90 ± 0.061 

2 CCl4 Treated Control  

(Negative Control) 

4.93 ±   0.20 2.41 ± 0.20 4.37 ±  1.03 2.18 ± 0.01 4.18 ±  1.07 1.47 ± 0.052 

3 Unprocessed Silymarin 

200 mg/kg 

5.79 ±  0.63 2.58 ± 0.05 5.89 ±  0.76 2.65 ± 0.10 6.40 ±  1.58 2.73 ± 0.03 

4 SM.APSP-75 mg/kg 5.84 ±  0.18 2.61 ± 0.30 5.97 ±  1.24 2.70 ± 0.02 6.48 ±  1.13 2.79 ± 0.04 

5 SM.APSP-50 mg/kg 5.20 ±  0.66 2.56 ± 0.20 5.50 ±  1.22 2.66 ± 0.06 6.02 ±  1.08 2.69 ± 0.046 

 

3.8.1. Effect of unprocessed silymarin and SM-APSP on CCl4-induced changes in plasma AST, 

ALT, and ALP 

A significant increase in the levels of ALP, ALT, and AST was noted in the sixth week in the plasma 

of animals intoxicated with CCl4 (ALP 177.18 ± 1.56, ALT 167.13 ± 2.25, AST 119.88 ± 2.150) in 

contrast to the standard control group (ALP 71.100 ± 0.20, ALT 55.0 ± 0.940, AST 63.750 ± 1.20) 

(Table 4). However, when the rats were treated with different silymarin samples, a noticeable recovery 

was seen in these parameters. Compared with the group intoxicated with CCl4 and not receiving 

silymarin, the rats treated with unprocessed silymarin 200mg/kg b.w, SM-APSP-75, and SM-APSP-

50 showed a minimal change in the values of biochemical parameters (Table 4). Treatment with 200 

mg/kg of unprocessed silymarin and SM-APSP at doses of 50 and 75mg all showed hepatoprotective 

activity; however, unprocessed silymarin (200mg/kg) and SM-APSP-75 (75mg/kg) showed 

significant protective actions, and both drugs seemed almost equally ameliorative. An amelioration 

seen in the levels of ALP, ALT, and AST after the administration of unprocessed silymarin 200mg/kg 

and SM-APSP-75, warrant the drug's hepatoprotective actions (Group 3-4). After using SM-APSP-75, 

the liver protection effect was at its maximum, as evident from the values of serum marker enzymes 

observed in Group 4 animals at 6th.week (Table 4). The values are a demonstration of the magnitude 

of the hepatoprotection these drugs offered. Rats treated with SM- APSP-75 recorded a clear reduction 

in ALT, AST, and ALP levels compared to all other groups, suggesting an enhanced hepatoprotection 

with nanoparticles at this dose. 

 

3.8.2. Effect of silymarin and SM-APSP on CCl4 induced change in total protein and albumin 

levels 

Markedly decreased levels of total proteins and albumin were noted in the tested animals in the sixth 

week intoxicated with CCl4 (TP 4.18 ± 1.07 IU/L and albumin 1.47 ± 0.052 g/dl) in contrast to the 

standard control group (TP 6.91 ± 1.06 IU/L and albumin 2.90 ± 0.061 g/dl) as shown in Table 5. 
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However, a recovery towards normal was observed in the levels of total proteins and albumin when 

the rats were treated with unprocessed silymarin 200mg/kg, SM-APSP-75, and SM-APSP-50 (Table 

5). A minimal negative change in the values of total proteins and albumin was seen in the group 

receiving SM-APSP-75 and silymarin 200mg/kg (Table 5). Generally, treatments with all silymarin 

samples showed hepatoprotective activity; however, SM-APSP-75 (75mg/kg) showed significant and 

maximum protective action. When unprocessed silymarin and SM-APSP were administered (Groups 

3–5), an amelioration was seen in the levels of total proteins and albumin, showing that the drugs are 

extending hepatoprotection. However, the data also shows that when silymarin nanoparticles were 

used at 75mg/kg dose, ((Table 5, group 4), there was a notable amelioration in the levels of these 

parameters. At this dose, the liver protection effect was at its maximum (Table 5). Rats treated with 

SM-APSP-75 revealed a notably increased level of total proteins and albumin, suggesting enhanced 

hepatoprotection with nanoparticles. In summary, after treatment with carbon tetrachloride, the levels 

of ALP, ALT, and AST were significantly increased and total proteins and albumin values were 

decreased over time in experimental rats. After treatment with SM-APSP-75, these values were 

recovered to normal. 

As silymarin is a well-known Hepatoprotective agent, we can see that total proteins and albumin levels 

across all treated groups increased when they received unprocessed silymarin, SM-APSP-75, or SM-

APSP-50 (groups 3, 4, and 5), but the enhancement in the levels remained different depending on the 

sample received and its dose. The best hepatoprotective result was obtained by using SM- APSP-75, 

which recorded a notable recovery, therefore, we can call it the best drug out of the pool we tested. 

 

3.8.3. Time-Dependent effects of silymarin and SM-APSP 

The results of time-dependent effects of silymarin and SM-APSP on ALP, ALT, AST, total proteins, 

and albumin levels were also recorded and prominent differences in the effects of the samples on these 

markers were noted depending on the duration for which the drugs were administered (Tables 4 and 

5). Data was collected depending on time, i.e., after treating the animals for 2, 4, and 6 weeks, to find 

the optimum time point (from 2 to 6 weeks) at which the samples showed the best results in terms of 

hepatoprotective effects. As the data was collected in the second, fourth, and sixth weeks, there was 

a continuous declining trend in the ALP, ALT, and AST values (Table 4) and an increasing trend in the 

levels of total proteins and albumin in the animals receiving treatment (Table 5). 

Results correlate the healing effects on serum enzymes to the length of treatment duration. It is 

pertinent to mention that at every stage of monitoring its effects, SM-APSP-75 showed the best effects 

compared to other samples. When used for 6 weeks, SM-APSP-75 significantly reduced the values of 

the serum marker enzymes compared to the results when the samples were used for two or four weeks. 

Total Proteins and albumin recovery toward normal values for time duration showed the same behavior, 

and the maximum recovery was recorded in the sixth week of the experimental period (Table 5). The 

group receiving the dose of 50 mg/kg b.w. also brought about desired changes in the selected 

parameters, however, those were comparatively less in magnitude (Tables 4 and 5). 

Results demonstrate that compared to the group receiving only CCl4 treatment, the groups receiving 

treatment with CCl4 plus SM-APSP or silymarin enjoyed considerable liver protection. They showed 

lower ALP, ALT, and AST values and higher total proteins, and albumin levels in a fashion depending 

on dose received and treatment time duration. In the same way, dissimilar to the control group, CCl4 

exposure increased the ALP, ALT, and AST concentrations in the groups and decreased total proteins 

and albumin levels. SM-APSP-75 exhibited the best hepatoprotective effects. 

 

3.8.4. Effect of unprocessed silymarin and SM-APSP on hepatic histopathology 

Each group's hematoxylin and eosin-stained liver tissue slices were examined to measure histological 

changes in the liver. Healthy, untreated livers did not show pathological alterations. The animals from 

that group displayed the normal, healthy lobular architecture of liver tissue, including a central vein 

and radiating hepatic cords [Figure 10 (1)]. 

On the contrary, on macroscopic examination, the CCl4-treated rats’ livers showed severe 

https://jptcp.com/index.php/jptcp/issue/view/79


Effect Of Silymarin Particle Size On Its Solubility And Oral Bioavailability, The Enhancement Of Pharmacological 

Actions 

 

Vol. 30 No. 18 (2023): JPTCP (2527-2560) Page | 2553 

hepatocellular damage, they were larger, paler, and had uneven surfaces. Rats in this group had lost 

normal hepatic structure. Carbon tetrachloride had caused centrilobular necrosis and degeneration. 

 

 
 

[Figure 10 (1) Hepatic histology of untreated control (normal round-shaped central veins, plates of 

hepatocytes, and sinusoidal spaces), 2) Hepatic histology of CCl4 treated control (central veins 

congestion, macro and microvesicular steatosis, and hepatocytes with necrosis). Notable 

histopathological changes in liver histoarchitecture, 3) Effect of unprocessed silymarin (200mg/kg. 

b.w.) on hepatic histology of CCl4 treated rats after six weeks (congested central veins, 

macrovesicular, and necrotic hepatocytes. Some minor changes in histology and normal liver 

histoarchitecture (micro vesicular steatosis), 4) Effect of SM.APSP-75mg on hepatic histology of 

CCl4 treated rats after six weeks (micro vesicular steatosis), and 5)] Effect of SM.APSP-50mg on 

hepatic histology of CCl4 treated rats after six weeks (sinusoidal dilatation and micro vesicular 

steatosis). 

Severe liver injury following CCl4 exposure was characterized by the rupture, disarray, and 

deformability of the hepatocytes; the lattice nature of the hepatocytes was disrupted [Figure 10 (2)]. 

Acute liver damage caused by CCl4 was clear from the damage to the membrane of cells, reduced 

diameters of nuclei, disintegration of the central vein, dilated sinusoids, and a modest infiltration of 

monocytes and neutrophils into the cytoplasm. Extensive hepatocyte necrosis grew more noticeable 

in centrizonal areas (zone 3 necrosis). There was hepatocyte proliferation, cells with a small number 

of mitotic configurations, scattered Kupffer cells, the portal, and central veins became congested, a 
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ballooning degeneration of parenchymal cells of the liver, and fatty vacuolation throughout the liver 

relative to the other animals group not exposed to CCl4. Additionally, as a result of the acute liver 

damage brought on by CCl4, the nuclear membrane had shrunk and destroyed, and there were 

numerous vesicles visible in the cytoplasm. However, the pathological changes that took place in 

groups treated with SM-APSP were not as severe because these changes got reversed with treatment. 

The reversal of CCl4 caused damage depending upon the dose and type of sample used are presented 

in Figure 10 (3-5). 

Drugs such as CCl4 and paracetamol, may also cause hepatic injury, the reason of about two million 

deaths per year [12]. The transformation of CCl4 into CCl3 radicals in mammalian hepatic parenchyma 

cells by cytochrome P450 is thought to be the basis of CCl4 hepatotoxicity. The animal model of 

hepatic damage induced by CCl4 shares some characteristics with various types of human hepatic 

cirrhosis in terms of biochemical elements and morphological implications of collagen metabolic 

activities. Therefore, we preferred to use CCl4 to induce hepatic injury experimentally in rats. 

Silymarin is an excellent antioxidant, free radicals scavenger, and anti-fibrotic agent; the effects that 

together contribute to its hepatoprotective activity and is used globally for this purpose. However, 

these vital benefits are reduced by the poor aqueous solubility of silymarin (<50 μg/mL) and poor 

intestinal absorption. Because of that attempts are made to enhance its oral absorption to increase the 

bioavailability of this exceptional biomolecule [81]. The markers (ALP, ALT, and AST) generally 

regarded as reliable indicators of hepatocellular injury, showed increased presence in serum after CCl4 

exposure, denoting liver damage. The animal groups were treated with SM-APSP-50, SM-APSP-75, 

and unprocessed silymarin, each showing a depression in the marker enzyme levels depending on the 

type of silymarin sample used. 

The SM-APSP-75 offered the best effects which may be possible due to the presence of SM-APSP in 

hepatocytes in the maximum possible concentration, relative to the dose used [82]. A greater 

concentration of SM-APSP must have resulted from a better absorption of SM-APSP into the 

hepatocytes and a better silymarin absorption was made possible due to better solubility and 

dissolution properties of silymarin nanoparticles [83], which is the purpose of this experiment. 

The results point towards the improvement in silymarin performance in nanoparticle form in 

comparison to unprocessed silymarin. Unprocessed silymarin showed a degree of hepatoprotection at 

200 mg/kg dosage, which is even lesser than the effects shown by SM-APSP at 75mg/kg b.w. dose. 

Our findings are the first of their kind to demonstrate that SM nanoparticles possess significant 

hepatoprotective effects at a dose of 75mg/kg b.w. However, other reports exist where nanoparticles 

prepared by other methods, showed enhanced hepatoprotection [84]. According to El-Nahas AE et al. 

2017, their nanoparticles showed superior effects compared to the effects shown by commercial 

silymarin in rats exposed to CCl4. In another report, scientists prepared silymarin-loaded lipid 

polymer hybrid nanoparticles that had superior oral delivery and achieved better effects on lowering 

lipids in mouse models. They reported many fold increase in oral bioavailability of silymarin [83]. 

Similarly, Nasr SS et al. 2019 who synthesized silymarin-loaded mesoporous silica nanoparticles, 

reported that when orally used they are significantly superior to unprocessed silymarin [85]. Kumar 

et al. designed a study to increase silymarin oral bioavailability and achieved very encouraging results 

[86]. There are various other examples where the oral bioavailability of less water soluble drugs was 

improved after converting them from an unprocessed form to nanoform [77,79,81]. The dissimilarities 

noted in ALP, ALT, AST, TP, and albumin levels across the groups caused by better effects of SM- 

APSP after the same treatment duration at a lower dose in our study can be explained by SM-APSP 

particle size, which is the only difference among the samples. SM-APSP has a particle size in the 

nanometer range, which results in better solubility and absorption while unprocessed silymarin cannot 

do that because of larger particle sizes. A better absorption ensures silymarin presence in higher 

concentrations on the required target site to produce more effects and can better reverse the disturbed 

hepatic antioxidant status. The resulting larger surface area of particles ensures better wetting, which 

is responsible for better solubility and absorption [87]. This may explain why the effects of SM-APSP 
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at 75mg/kg b.w., are better than those of unprocessed silymarin at 200mg/kg b.w. dose. The 

explanation is understandable because better absorption of drugs leads to higher concentrations at the 

target site, where they are needed for action [88]. 

CCl4 also caused histopathological abnormalities in the livers of rats [89] the magnitudes of which 

was which was different in each group because each group received different treatment. The findings 

of this study support using SM-APSP because it healed the histopathological abnormalities and 

necroinflammatory lesions in a superior way. Previous works by researchers have also demonstrated 

the potential of silymarin to alter CCl4 induced histopathological modifications like ballooning and 

necrosis [90,91], which match our results. However, the results from this study also proved the far 

better effects of silymarin nanoparticles. This difference in the levels of affectivity is attributed to 

better absorption because of small-sized particles and larger surface areas of SM-APSP [87]. If more 

quantities of silymarin are absorbed, it will be present in more concentration on the required target 

site to produce more effects and will reverse the disturbed hepatic antioxidant status. 

Furthermore, reduced fatty infiltration, mild portal inflammation, and the extent of necrosis in the 

liver were signs of partial hepatic protection following treatment with a low SM-APSP dose (50mg/kg) 

as shown in Figure 10 (5). Treatment using a higher dose [SM-APSP (75mg/kg)] significantly 

ameliorated these alterations Figure 10 (4). At a dose of 75mg SM-APSP/kg b.w., very low levels of 

inflammatory cell infiltration and necrotic liver cells were noticed. These tests established a promising 

and far better hepatoprotective role of SM-APSP, because they have better absorption and may prove 

a good alternative to the unprocessed silymarin. SM-APSP-75 enabled an enormous decrease of over 

100% in the required silymarin dose and at the same time offered better therapeutic outcomes. In this 

way, SM-APSP can save our raw material sources and can also save the subjects from unnecessary 

drug burden and its side effects. 

The study demonstrated that CCl4 induced oxidative stress in rats’ liver yielded to SM-APSP because 

of the better antioxidant property of the latter that is also previously reported by other researchers, 

although, they synthesized nanoparticles using other methods [92,93]. The protective action further 

improved by increasing the dose from 50 to 75mg/kg b.w., which is an expected behavior of drugs. 

This may be recommended that the drug SM-APSP in high doses (75mg/kg b.w) may confer the best 

hepatoprotective effects with a notable improvement in the hepatic histopathological picture. Our 

findings support that SM-APSP can protect liver better than unprocessed silymarin and improve its 

histological profile. Along with antilipid peroxidative and antioxidant activities, nanoparticles may 

have fully restored the liver enzyme system unlike unprocessed silymarin and aided in liver 

regeneration [23]. 

Rapid turnaround of total proteins and albumin levels by SM-APSP and down regulation of serum 

enzyme parameters all made possible by the conversion silymarin to nanoparticles, which improved 

silymarin solubilization. The enhanced pharmacological effects were achieved because of a better 

dissolution rate of the drug in the nanoparticle form. The solubility and oral bioavailability of 

silymarin improved by using nanotechnology. The prepared nanoparticles could be formulated as 

future drugs for use in treating human liver diseases and other morbid conditions. The integration of 

phytotherapy and nanotechnology at the clinical level will boost pharmacological response and 

favorable clinical results for the ailing population [29] 

 

4. Conclusion 

According to the present study, between APSP and EPN methods, APSP is the best method for the 

synthesis of silymarin nanoparticles. This is demonstrated by the characterization findings and, 

subsequently, by the silymarin nanoparticles' improved pharmacological effects. The solubility and 

dissolution of the prepared nanoparticles were manyfold increased compared to their respective 

unprocessed drugs. In comparison to silymarin that had not been processed, the nanoparticles' 

hepatoprotective properties in terms of how they affected liver enzymes and histology were also 

significantly boosted. Silymarin nanoparticles made using the APSP approach are recommended for 

clinical research in light of the aforementioned information. 
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