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Abstract: 22 

Silymarin is a mixture of flavonolignans obtained from the seeds of milk thistle (Silybum 23 

marianum L. Gaertner). Silymarin behaves as a weak acid and is categorised as a class IV 24 

drug substance in accordance with biopharmaceutics drug disposition classification system, 25 

possessing low solubility, as well as low bioavailability. The scope of this study was to 26 

identify possible formulation strategies of silymarin. Then, the main aim was to 27 

manufacture silymarin solid dispersions using a solvent evaporation approach and to 28 

characterise the physicochemical and drug release properties of the two formulations 29 

containing two different porous carriers, namely Avicel® PH-102 and Syloid® XDP 3150, 30 

and different concentrations of Tween® 80. Silymarin Log P was determined to be 1.6 (± 31 

0.14) negating the possibility of bypassing first pass metabolism via lymphatic transport. 32 

Utilising alkaline titration, the apparent pKa of silymarin was found to be similar to that of 33 

the silybin pKa (5.68). The crystallinity of raw silymarin was confirmed using powder 34 

X-ray diffraction and differential scanning calorimetry, and its thermal degradation was 35 

observed at a temperature higher than 220� (thermogravimetric analysis). Avicel® PH-102 36 

and Syloid® XDP 3150 were characterised in terms of morphology using scanning electron 37 

microscopy, particle size distribution (laser diffraction spectroscopy), pore size distribution 38 

and intra-particle porosity using mercury intrusion porosimetry. Solid dispersions were 39 

manufactured using an organic solvent method incorporating silymarin, the carrier and 40 

optionally Tween® 80. The amorphous state of silymarin in all prepared formulations was 41 

confirmed using differential scanning calorimetry and powder X-ray diffraction. Silymarin 42 

dissolution kinetics were faster for Syloid® XDP 3150 versus Avicel® PH-102 and 43 

explained through carrier properties. The addition of Tween® 80 and increasing the 44 

concentration from 0.3 to 1.6% (w/w) significantly increased the drug release kinetics of 45 

Avicel® PH-102 formulations but had no effect on Syloid® XDP 3150 formulations. Drug 46 

release from prepared formulations was compared with Legalon® 70 using the similarity 47 

factor (F2). Syloid® XDP 3150-based formulations showed F2>50%. Tween® 80 had a 48 

negligible effect on the silymarin release from Syloid® XDP 3150-based formulations. 49 

Interestingly, the ability of Tween® 80 to inhibit gut wall efflux is well known. Thus, the 50 

inclusion of this excipient offers an opportunity to modulate the silymarin bioavailability 51 

without changing the drug release profile. A six-month stability study (at room temperature 52 

and 40% RH) confirmed that solid dispersions were still powder X-ray diffraction and 53 

differential scanning calorimetry amorphous. Acetone was used for both silymarin 54 
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extraction and preparation of solid dispersions. Thus, there is an opportunity to use a single 55 

step to both load silymarin and form solid dispersions within a single-step. 56 

Keywords: flavonolignans, silymarin, silybin, Syloid®, Avicel®, mesoporous silica, 57 

amorphous solid dispersions, bioavailability. 58 

Graphical abstract 59 

 60 

 61 
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1. Introduction 63 

Flavonoids and flavonolignans are widely used herbal extracts. In this work we have used a 64 

common extract of the seeds of milk thistle (Silybum marianum L. Gaertner), widely known 65 

as silymarin [1] with silybin (known as silibinin or silybinin) being the major 66 

pharmacological constituent [2]. Natural silybin (CAS No. 22888-70-6) is an approximately 67 

equimolar mixture of two diastereomers of silybin A and silybin B [3]. Silymarin is a weak 68 

acid with pH- and temperature-dependent solubility [4]. The pKa of silybin has been reported 69 

to range from 5.68 to 7.4 [4, 5]. 70 

Currently, the major use of milk thistle is focused on hepatoprotection, prophylaxis and 71 

treatment of liver damage and disease [2, 6]. Legalon® is arguably the most commonly used 72 

brand of silymarin being available in Australia, Austria, Belgium, Brazil, Check Republic, 73 

France, Germany, Hungary, Portugal, Russian Federation, Switzerland, Ukraine and other 74 

countries [2, 7]. Furthermore, there are additional uses of milk thistle extract as a dietary 75 

supplement with claims relating to antioxidant properties [8]. Moreover, there are articles 76 

describing the use of silymarin and silybin in treatment of viral hepatitis, as an anticancer 77 

agent, and for other medical purposes [9-12]. 78 

The successful use of silymarin and silybin is complicated due to its low oral bioavailability 79 

[13, 14]. Silybin has been reported to be a substrate of both BCRP and MRP2 [15] and 80 

inactivated cytochrome P450 [16, 17] and inhibited UGTs [18, 19] in-vitro. Recently, it has 81 

been reported that efflux transporters play a critical role in silybin transcellular transport and 82 

thus impact its bioavailability. Tangeretin, a potent inhibitor of efflux transporters of BCRP, 83 

MRP2 and P-gp, have demonstrated increased exposure of silybin. Pharmacokinetics of 84 

silybin in rats was altered (AUC and Cmax were increased) through co-administration of 85 

tangeretin, and moreover, the protective effect of silybin against liver damage, in the 86 

presence of tangeretin, was significantly enhanced [15, 20]. Taking into account the low 87 

solubility (lower than 20 µg/ml in the water at 35�) [21]), high gut-wall efflux and 88 

presystemic metabolism, silymarin should be considered as class IV drug in accordance with 89 

biopharmaceutics drug disposition classification system [22]. 90 

There are a few well-known strategies for improving oral bioavailability: increasing 91 

intestinal flux by increasing drug concentration at the absorption site, the bypassing of 92 

first-pass effect by lymphatic transport, and the inhibition of gut wall efflux mechanisms. 93 
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The main approaches to increase intestinal flux is to increase the intestinal intraluminal drug 94 

concentration by increasing the release rate in accordance with Nernst-Brunner equation (or 95 

modified Noyes-Whitney eq. [23]) and by increased passive diffusion / intestinal permeation 96 

due to an increased concentration gradient in accordance with Fick's first law. The high or 97 

oversaturated intestinal intraluminal drug concentration can be achieved using different 98 

formulation strategies such as decreasing drug crystallinity and/or preparation of digestible 99 

formulations such as lipids and cyclodextrin-based systems [24-28]. 100 

To reduce first-pass metabolism, intestinal lymphatic transport can be considered as an 101 

alternative absorption pathway for orally administrated lipophilic and lipid-soluble drugs  102 

[29]. Usually, to reach the intestinal lymphatic system, the drug should have log P>5 and 103 

solubility in a long-chain triglycerides [30-32]. Unfortunately, whilst reported Log P values 104 

of silybin vary, they do not allow for consideration of lymphatic transport. 105 

Tween® 80 is a common amphiphilic non-ionic surfactant used in pharmaceutical 106 

formulation. In addition to solubilisation capacity, Tween® 80 may modulate P-gp and 107 

stimulate chylomicron production and can influence drug permeation and transport across 108 

the gut wall [33-37]. Thus, Tween® 80 may be considered as a potential excipient to increase 109 

the bioavailability of silybin. 110 

To date, there have been numerous formulation approaches to improve the bioavailability of 111 

silymarin and the majority have focused on the increasing intestinal intraluminal drug 112 

concentration [38]. One of the missed formulation approaches is in employing 113 

carrier-mediated solid dispersions which can be prepared using widely used, conventional 114 

pharmaceutical equipment such as mixer-granulator and/or rotor-evaporator [39-41]. In 115 

particular, mesoporous silica carriers have shown wide applicability and have been used to 116 

prepare liquisolid formulations and amorphous solid dispersions [24, 42, 43]. 117 

Silymarin is often extracted using the same organic solvent such as acetone, ethanol, ethyl 118 

acetate or methanol followed by extract concentration and drying [1, 2, 44]. The same 119 

organic solvents can be used for the preparation of carrier-mediated solid dispersions 120 

utilising a solvent evaporation approach. The integration of these two production elements is 121 

following the general industrial trends of technological process optimisation and increasing 122 

the efficiency and allows for simplification of product manufacture and thus associated 123 

resource-saving. 124 
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The scope of this study was to identify possible formulation strategies of silymarin. Then, the 125 

main aim was to manufacture silymarin solid dispersions using a solvent evaporation 126 

approach and to characterize the physicochemical and drug release properties of the two 127 

formulations containing two different porous carriers, namely Avicel® PH-102 and Syloid® 128 

XDP 3150, and different concentrations of Tween® 80. 129 

2. Materials and Methods 130 

2.1. Materials 131 

Silymarin, (batch No.: 20160301BT) obtained via organic solvent (acetone) extraction, was 132 

purchased from Liverd Pharma Co., Ltd., (China) and met the formal requirements of 133 

pharmacopoeia monograph “Milk Thistle Dry Extract, Refined and Standardised” [45]. The 134 

HPLC-determined silymarin assay was represented as silybin content equal to 61.8% (w/w) 135 

of which the sum of silidianin and silicristin, the sum of silybin A and B, and the sum of 136 

isosilibinin A and B were equal to 24.7, 62.3 and 13.0% (w/w) of total silybin, respectively. 137 

A racemic mixture of silybin A and B (98.6%) referred in this study as ‘Silybin 1’ was 138 

purchased from Baoji Herbest Bio-Tech Co. (China). A racemic mixture of silybin A and B 139 

(98.7%) referred in this study to ‘Silybin 2’ was purchased from Muzi Agricultural Ltd. 140 

(China). Legalon® 70 (manufactured by Madaus GmbH, Germany [46]) (including. 141 

povidone, mannitol, polysorbate 80, sodium carboxymethyl starch, magnesium stearate) and 142 

Legalon® 140 (including microcrystalline cellulose, corn starch, sodium starch glycolate 143 

(type A), magnesium stearate) containing Silybum marianum dry extract were used as 144 

reference products. The sample of mesoporous silica (Syloid® XDP 3150 manufactured by 145 

Grace GmbH, Germany) was kindly provided by Grace Engineering Materials UK Sales 146 

office. Microcrystalline cellulose (Avicel® PH-102 manufactured by FMC BioPolymer, 147 

USA) was kindly provided by IMCD UK Ltd. Analytical grades of polysorbate 80 (Tween® 148 

80), acetone, sodium hydroxide, phosphoric acid, methanol and 1-octanol were purchased 149 

from Sigma-Aldrich (UK). 150 

2.2. Alkaline Titration of Silymarin 151 

5 g of silymarin was added into a 100 ml volumetric flask and dissolved with acetone. 30 ml 152 

of prepared silymarin solution in acetone was mixed with 100 ml of deionised water for 153 

10 min. The initial pH of the formed suspension was determined, followed by a stepwise 154 

(0.1 ml) titration with 0.1 N solution of sodium hydroxide (NaOH), whilst simultaneously 155 

monitoring the pH using an automatic titrator (Metrohm 702 SM Titrino; Metrohm, 156 
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Switzerland). pH values of silymarin suspension were plotted versus the volume of added 0.1 157 

N solution of sodium hydroxide. Measurements were conducted in triplicate. 158 

2.3. Determination of Log Po/w  159 

Approximately 500 mg of silymarin, 15 ml of deionised water and 15 ml octanol were 160 

vigorously mixed inside a separating funnel at 20-25� for 48 h. The aqueous and octanol 161 

phases were separated by decanting and sampled utilising 0.22 µm filters. The concentration 162 

of silybin (as the sum of silybin A and B) in both aqueous (Cin water) and octanol (Cin octanol) 163 

phases was determined by HPLC using standard solutions prepared in methanol for aqueous 164 

and octanol for octanol phases. Log Po/w was calculated using the following equation [47, 48]: 165 

��� �� �⁄ = ��� 	
�� �������
�� ����� �  

Experiments were repeated in triplicate and results expressed as an average ± standard 166 

deviation. 167 

2.4. HPLC conditions 168 

Chromatographic separation with UV-detection was achieved using a 125 × 4 mm (i.d.) 169 

reversed-phase Purospher® STAR RP-18e column with a particle size of 5 μm (Merck 170 

KGaA, Germany) at 25� after injection of 10 μl of the sample solution. The flow rate was 171 

0.8 mL/min using a gradient mobile phase A of phosphoric acid/methanol/deionised water 172 

(0.5:35:65% v/v) and a mobile phase B of phosphoric acid/methanol/deionised water 173 

(0.5:50:50% v/v) in accordance with the gradient program detailed in Table 1. The 174 

calibration plot and sample-quantification were conducted at a wavelength of 288 nm. [45] 175 

2.5. Thermogravimetric Analysis (TGA) 176 

Thermal stability of individual excipients and formulations was carried out using a TGA 177 

Q500, (TA Instruments, USA). Samples were weighed (10-15mg) into the aluminium TGA 178 

pans and heated from 30°C to 550°C at 20°C/min with a continuous purge of nitrogen gas at 179 

40 mL/min. 180 

2.6. Differential Scanning Calorimetry (DSC) 181 

To further understand the thermal properties of excipients and formulations, a heat-flux DSC 182 

(DSC Q100, TA Instruments, USA) was used to characterise thermal behaviour. For 183 
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measurement, samples were weighed (5-10 mg), crimped into aluminium DSC pans, with 184 

lids and heated from 30°C to 200°C at 50°C/min with a continuous purge of nitrogen gas at 185 

40 mL/min. 186 

2.7. Powder X-ray Diffraction (pXRD) 187 

Diffractograms were obtained using a X-ray diffractometer (MiniFlex, Rigaku, USA) at a 188 

voltage of 15kV, current 15mA over a 2θ range of 5°-60° at a speed of 2°/minute. Before 189 

measurement, samples were sieved through 250 µm mesh size, then filled and levelled into a 190 

glass sample holder. 191 

2.8. Scanning electron microscopy (SEM) 192 

Gold-coated (sputter coater model SCD 004; Bal Tec AG, Liechtenstein) samples were 193 

investigated using a scanning electronic microscope (model JSM-6380; JEOL, Japan) in a 194 

vacuum environment at 5 and 15 kV. 195 

2.9. Particle Size Distribution (PSD) 196 

The PSD of samples was determined using a laser diffraction method (Mastersizer 2000; 197 

Malvern Instruments, UK) accompanied by a dispersant tank (Hydro 200G; Malvern 198 

Instruments, UK). To generate a laser obscuration level (10-20%) the sample of carrier 199 

(Avicel® PH-102 or Syloid® XDP 3150) was dispersed in water at stirring speed 700rpm 200 

and pumped through the optical unit at 1500rpm. The PSD was additionally characterised 201 

using span which was calculated using the following equation [49]: 202 

���� =  ��� − ������  

where D10, D50 and D90 (extracted from the cumulative volume fraction) are particle 203 

diameters below which the volume fractions equal to 10, 50 and 90% of total volume, 204 

correspondingly. 205 

2.10. Mercury Intrusion Porosimetry (MIP) 206 

Mercury porosimetry was determined using a Pascal 140/440 (Thermo Fisher Scientific/ 207 

Fisons, Italy) porosimeter. Samples were placed inside the intrusion chamber and placed 208 

under vacuum () to remove gases and vapours. Then the intrusion chamber was then filled 209 

with non-wetting liquid mercury, which has a surface tension of 480 mN/m when held at 210 
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20°C under vacuum. Pressure was gradually increased (from 1 KPa) toward ambient 211 

pressure, while the volume of mercury entering the voids/pores was monitored. Pore void 212 

size was calculated using the Washburn equation [50-53]: 213 

� =  −�� ��� 
�  

where D is the pore diameter, γ is the surface tension of mercury, θ is the contact angle of 214 

mercury, and P is the differential gas pressure. Skeleton density of 1.59 and 2.15g/cm3 and 215 

mercury contact angle of 130° and 140° were used for Avicel® PH-102 and Syloid® 216 

XDP3150, respectively [10-105]. 217 

2.11. Silymarin Loading onto Porous Carriers using Organic Solvent Evaporation Method 218 

Approximately 583mg of Silymarin was dissolved in 5g of acetone. Tween® 80 was 219 

optionally added to the solution (Table 2) and the content was shaken vigorously by hand. 220 

The carrier (1167 mg of Avicel® PH-102 or Syloid XDP® 3150) was added into the solution 221 

and the mixture was again shaken by hand. Acetone was removed through evaporation at 222 

room temperature. Before characterisation, prepared formulations were stored in a closed 223 

glass container at room temperature away from direct sunlight for six months. 224 

2.12. Dissolution Testing 225 

For dissolution testing, samples of prepared formulations and silymarin extract which 226 

corresponded to a silybin dose of 35 mg, were used. The same approach was utilised for 227 

testing of reference products Legalon®70 and Legalon®140. Dissolution testing was carried 228 

out using a USP Apparatus 2 in 1 L of phosphate buffer solution at pH 7.4 [54] with a stirring 229 

rate of 50rpm paddle speed. Silymarin concentration as a function of time was determined 230 

spectrophotometrically at 287 nm [55, 56] using a closed-loop automatic sampling system 231 

and with the open-loop system for HPLC-quantification. 232 

2.13. Similarity factor (F2) calculation for drug release profiles 233 

For comparison of drug release profiles, the drug release profile of Legalon® 70 was used as 234 

a reference and the F2 statistic was calculated using the following equation [57]: 235 

!" = �� ×  $�� %&� + �
� ∑)
��*. − 
����,"-.�.�  × ���/ 
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 236 

3. Results and Discussion 237 

Silymarin is a very popular medicine intended for the normalisation of hepatic function and 238 

treatment of liver damage and disease. Taken orally, silymarin should be transported across 239 

the gut wall membrane and reach the liver to provide a pharmacological effect. Silymarin has 240 

low solubility, high pre-systemic metabolism and low bioavailability (Class IV in accordance 241 

with biopharmaceutics drug disposition classification system). This provides a significant 242 

challenge for formulation development, specifically in relation to achieving high drug 243 

permeability and bioavailability. 244 

Silymarin is a complex extract standardised on silybin content where silybin content is 245 

represented as the sum of silidianin and silicristin, the sum of silybin A and B, and the sum of 246 

isosilibinin A and B of total silybin [45]. Utilising the same extraction technology (including 247 

the same herbal specie, the same part of the plant and the same solvent system), the 248 

proportion of constituents in silymarin can vary depends on the place of origin and season. 249 

While the acceptable range of varying of these constituents in silymarin is predetermined by 250 

pharmacopeial monograph. As far as the properties of silymarin are not constant and are the 251 

function of its composition, the physicochemical characterisation of silymarin was 252 

undertaken. 253 

Silybin is a major component of silymarin and behaves as a weak acid. Having a pKa 254 

approximately equal to 5.68, its solubility and degree of ionisation were shown to increase 255 

over the pH range between 3 and 8 (Figure 1 A). However, silymarin is a physical mixture of 256 

extracted components including silybin, silidianin, silicristin and isosilibinin [2, 58]. 257 

Alkaline titration allows for an estimate of the apparent pKa of silymarin as a mixture of 258 

components. Given that there was almost no change in Δ(pH)/Δ(Volume of NaOH) during 259 

the silymarin titration experiments at values exceeding pH 7.4 (Figure 1 B) and negligible 260 

change of silybin ionisation degree after pH 7.4 (Figure 1 A), it may be suggested that the 261 

apparent pKa of silymarin was similar to that of silybin. The Log P of silybin was determined 262 

to be 1.6 (±0.14). 263 

Assuming the silymarin’s apparent pKa was approximately similar to silybin, it may be 264 

confirmed as exhibiting weakly acidic properties. The determined Log P value (1.6) was 265 

much lower than the threshold (Log P≥5) value used in defining lymphatic transport as a 266 

strategy to bypass the first-pass metabolism effects, thus negating this as a bioavailability 267 
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enhancement strategy. Considering that silybin has a low solubility, Log D<3 and a high 268 

melting temperature (179.4-187.3�), silymarin can be classified as a “brick dust” and its 269 

dissolution therefore limited by the high energy required to dissociate from the crystal lattice 270 

[59]. In light of the above, the use of intestinal lymphatic transport as a means of increasing 271 

bioavailability was deemed inappropriate and hence formulation efforts were focused on 272 

increasing the apparent solubility and improving the dissolution release rate of silymarin 273 

(increasing intestinal flux) and the inhibition of efflux mechanisms by including Tween® 80. 274 

Two different carriers were chosen for the preparation of amorphous solid dispersions of 275 

silymarin, namely Avicel® PH-102 and Syloid® XDP 3150. Because both have a relatively 276 

high particle size (D50 of 53.7µm and 185.6µm) and bulk density (of 0.35g/ml and 0.275 [49, 277 

60]) they would be considered ideal candidates for capsule filling. Additionally, Avicel® 278 

PH-102 is a well-known excipient used in direct compression. 279 

Microcrystalline cellulose, Avicel® PH-102, which is slightly swellable in aqueous media 280 

and organic solvents and mesoporous silica Syloid® XDP 3150, which is insoluble, were 281 

used as two functional excipients to prepare solid dispersions of silymarin. Microscopic 282 

analysis (Figure 2) and laser diffraction spectroscopy (Figure 3, Table 3) confirmed that 283 

Avicel® PH-102 had a wide particle size distribution and smaller particle size relative to 284 

Syloid® XDP3150. The mode particle size of Avicel® PH-102 and Syloid® XDP3150 were 285 

found to be 80.1 and 182.0 µm, respectively (Figure 3), while the span of particle size 286 

distribution was 2.3 for Avicel® PH-102 and 0.8 for Syloid® XDP3150 (Table 3). 287 

Given that the principle reason for using porous materials is to trap drug inside pores, it is 288 

important to understand the comparative porosity in terms of liquid-accessible pores between 289 

Avicel® and Syloid® XDP3150. This was evaluated using mercury intrusion porosimetry. 290 

Mercury intrusion porosimetry results are provided in Figure 4A and included inter- and 291 

intra-particle voids. Based on the microscopic measurements shown in Figure 2 and particle 292 

size distribution data (Figure 3, Table 3), it was assumed that Syloid® XDP3150 and 293 

Avicel® PH-102 did not have pores exceeding 1 and 20 µm , respectively. Therefore, to 294 

predict the intra-particle porosity the pore size distribution was set at 1 µm for Syloid® 295 

XDP3150 and 20 µm for Avicel® PH-102. The assumed intra-particle porosity was 296 

determined to be 600 mm3/g for Avicel® PH-102 and 1,700 mm3/g for Syloid® XDP3150 297 

(Figure 4 B). Based on Figure 4B, it was concluded that in the case of Syloid® XDP3150 298 

approximately 90% of intra-particle porosity had a pore size smaller than 0.1 µm, with 299 

approximately 35% determined to have a pore size smaller than 0.01 µm=10 nm. While the 300 

Jo
urn

al 
Pre-

pro
of



12 

intra-particle pores of Avicel® PH-102 were found bigger than 1 µm. Assumed intra-particle 301 

porosity of Syloid® XDP 3150 and Avicel® PH-102 measured using mercury intrusion 302 

porosimetry was approximately 1,700 and 600mm3/g, respectively. Based on the true density 303 

of silybin (1.53g/cm3 [61]), the intra-particle porosity of Syloid® XDP 3150 and Avicel® 304 

PH-102 is approximately 5 and 2 times higher than the volume of silybin, respectively. 305 

TGA has been used to determine the thermal stability of samples and justify the temperature 306 

range for DSC analysis. Using TGA, it has been shown that silymarin loaded carriers (Table 307 

2) Avicel® PH-102, Syloid® XDP3150, Legalon® 140 and Legalon® 70 had thermal 308 

stability up to 220�. Using DSC, the thermal behaviour of formulations and single excipients 309 

were investigated in the temperature range 30-200� at a heating speed of 50�/min. Silybin 1 310 

and silybin 2 exhibited a Tm of 179.4� and 187.3� (Figure 5A) as well as Tg of 138.2� and 311 

136.4� (Figure 5B), respectively. The loss of a melting peak observed during the first 312 

heating cycle and presence of a glass transition temperature (Tg event) suggests the 313 

formation of an amorphous solid due to rapid cooling. Silymarin demonstrated a Tm of 176.5� 314 

and a Tg of 124.8� which are lower when compared to silybin (Figure 5, Table 4). This may 315 

be explained by the complex composition of silymarin extract. In addition to low solubility 316 

and Log D<3, the comparison of silymarin Tm (176.5�) and silybin (179.4-187.3�) is 317 

confirming that despite on the additional constituents silymarin still can be classified as a 318 

“brick dust” and its dissolution therefore limited by the high energy required to dissociate 319 

from the crystal lattice. During the first heating cycle, none of the silymarin-loaded carrier 320 

formulations exhibited a melting endotherm in the region of silymarin/silybin melting, 321 

suggesting that crystalline structures were not present in the formulations (data not shown). 322 

pXRD is a complementary technique to DSC and used in assessing the presence of 323 

crystalline content in formulations. The silymarin substance displayed a melting peak 324 

observed at 176.5�, and as expected the pXRD showed crystal-diffraction peaks observed in 325 

the range between 10 and 40 2θ degrees for silymarin (Figure 6). The pXRD profile was also 326 

shown to be similar to that reported in the literature [62]. The X-ray diffractograms of 327 

Avicel® and Syloid®-based formulations were compared with the pXRD pattern of 328 

silymarin, Avicel® PH-102, Syloid® XDP 3150 and physical mixtures of silymarin with 329 

carriers. X-ray diffractograms of Avicel® or Syloid®-based formulations (irrespective of 330 

whether Tween® 80 was included) were characteristic of the carrier and did not contain 331 

silymarin-related peaks (Figure 6). While profiles of the physical mixture (PM) with Avicel® 332 

PH-102 had obvious diffraction peaks associated with crystalline silymarin. The 333 
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characteristic peaks of silymarin in the physical mixture with Syloid® XDP 3150 were very 334 

weak. Interestingly, the diffractogram of Legalon® 140 did not contain silymarin-related 335 

peaks and /or clear evidence of the three microcrystalline cellulose-related peaks. The single, 336 

rather broad band that was present may indicate process-induced loss of MCC crystallinity, 337 

through the co-milling process used during manufacturing of Legalon® 140 formulations. 338 

Legalon® 70 did not show clear evidence of MCC but did have small diffraction bands that 339 

could be attributed to silymarin. 340 

DSC and pXRD confirmed the presence of crystalline structures within silymarin as supplied. 341 

Solid dispersions containing Syloid® XDP 3150 and Avicel® PH-102 carriers were prepared 342 

using a solvent evaporation method as a means of creating amorphous dispersions of 343 

Silymarin stabilised on a porous carrier, for the purposes of enhancing drug release properties. 344 

DSC and PXRD results confirmed, due to the dissolution of silymarin in acetone, loading of 345 

the dissolved drug onto the carriers, silymarin lost its crystallinity and retained the 346 

amorphous form. A six-month stability study performed at room temperature (RT) and 40% 347 

RH confirmed no melting enthalpy (DSC) or silymarin related XRD-peaks were observed 348 

(data not shown), confirming amorphous stability over this time period (six months) 349 

The porosity of Syloid® XDP 3150 was determined to have pores smaller than 1 µm (Figure 350 

4), with approximately one-third having pores smaller than 0.01 µm [42]. In contrast, 351 

Avicel® PH-102 intra-particle porosity has pores between 1 and 20 µm (defined as 352 

macropores because they are bigger than 50 nm [42]). Consequently, it can be concluded that 353 

in Avicel® PH-102-based formulations, silymarin was located in 1-20µm pores while in 354 

Syloid® XDP 3150-based formulations, silymarin was located in the pores smaller than 1µm. 355 

In examining the shape/surface of the particles, Syloid® XDP 3150 relative to Avicel® 356 

PH-102 particles were more uniform in shape (Figure 2), had a larger particle size (Figure 3, 357 

Table 3) and a smaller surface area. Consequently, Syloid® XDP 3150 had a lower ratio of 358 

surface area to intra-particle porosity as a carrier. Consequently, it may be postulated that 359 

silymarin would be more likely to precipitate on the surface of Avicel® PH-102 (outside the 360 

pores) than for Syloid® XDP 3150. Thus, during the long-term stability study, the stability of 361 

the amorphous state of silymarin incorporated in the carrier pores would be expected to be 362 

higher for Syloid® XDP 3150. This may be attributed to the lower ratio of surface area to 363 

intra-particle porosity and the narrower pore size (comparing with Avicel® PH-102) 364 

reducing molecular mobility limited within pores [63]. 365 

Jo
urn

al 
Pre-

pro
of



14 

In general, slow and unreliable drug release rate are reasons for erratic and incomplete 366 

absorption of dissolution rate limited drugs. Thus, an increase in drug release rate and 367 

concentration at the site of absorption is very important for poorly water-soluble drugs such 368 

as silymarin to avoid drug release rate- and solubility-limited absorption. 369 

Legalon® is a very well-known widely available commercial formulation of silymarin with 370 

improved silymarin dissolution. Thus, Legalon® was used as comparison-base for prepared 371 

formulations. This enabled to show not only the drug release difference between prepared 372 

formulations but to compare them with the commercially available Legalon®-formulations. 373 

The similarity factor (F2), as a widely recognised tool for dissolution profiles comparison, 374 

was used for the quantification of the difference between drug release profiles. 375 

The effect of formulation on the drug release was investigated and compared with 376 

Legalon® 70 formulation (Figure 7A). The drug release was faster for drug-loaded carriers 377 

relative to silymarin alone (Figure 7). Syloid® XDP 3150-based formulations provided faster 378 

silymarin release relative to Avicel® PH-102-based formulations (Table 5, Figure 7 B vs. C). 379 

The addition of Tween® 80 and increasing Tween concentration (0.3 to 1.6% w/w) 380 

significantly increased the drug release rate in Avicel® PH-102 (Figure 7C) formulations but 381 

had no effect on Syloid® XDP 3150 formulations (Figure 7B). The drug release rate from 382 

Avicel® PH-102 formulations increased with an increase of Tween® 80 concentration. 383 

However, even at highest Tween® 80 concentration, the Avicel®-based formulation release 384 

drug much more slowly than the Syloid® XDP 3150-based formulation devoid of Tween® 385 

80. 386 

To simplify the comparison of different formulations, they were compared to Legalon® 70 as 387 

a reference using the similarity factor (Table 5). Legalon® 140 demonstrated faster drug 388 

release than Legalon® 70 (Figure 7A) with the F2 value being 59.7%. F2 values of Syloid® 389 

XDP 3150-based formulations were independent of Tween® 80 concentration (57.7, 59.7 390 

and 58.4%), while F2 values of Avicel® PH-102-based formulations increased (14.5, 20.8 391 

and 26.3%) with an increase of Tween® 80 concentration (0, 0.2 and 1.6% w/w), 392 

correspondingly. 393 

The amorphous solid dispersions prepared in this work all showed significant improvement 394 

in increasing silymarin release rate. Relative to crystalline silymarin, Syloid® XDP 3150 and 395 

Avicel® PH-102 based solid dispersions showed approximately 16- and 7-fold increase in 396 

the amount of drug released after 1 h, respectively. Silymarin release was faster for Syloid® 397 
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XDP 3150 relative to Avicel® PH-102 based formulations. That may be explained by the 398 

significantly higher (approximately x3) specific pore volume (MIP) of Syloid® XDP 3150 399 

relative to Avicel® PH-102 and thus greater specific surface area available for dissolution 400 

[64]. 401 

The addition of 0.3 and 1.6% of Tween® 80 into Avicel® PH-102-based solid dispersion 402 

formulations increased the drug release rate 1.5- and 2-fold, relative to formulations devoid 403 

of Tween® 80. The improvement of silymarin release by incorporating Tween® 80 can be 404 

explained through the improvement of wetting characteristics [65], increasing apparent 405 

solubility [37, 66] and consequently release kinetics. This is supported the relatively high 406 

silybin solubility (2.1mg/g) in Tween® 80 [67] and high solubility of Tween® 80 (approx. 407 

30-100mg/g) in water with a hydrophilic-lipophilic balance (HLB) value of 15 [37]. 408 

Consequently, it is evident that a combination of amorphisation and surfactant-dependent 409 

solubilization helps to achieve a high drug release rate and concentration of silymarin from 410 

Avicel® PH-102-based formulations. Interestingly, Tween® 80 had minor effects on the 411 

silymarin release from Syloid® XDP 3150-based formulations, at the same time its ability to 412 

inhibit gut wall efflux is well known [37]. This potentially offers an opportunity to modulate 413 

silymarin bioavailability by Tween® 80 without changing the drug release profile. 414 

 415 

4. Conclusion 416 

The current study demonstrated a relatively simple pharmaceutically acceptable preparation 417 

of carrier-mediated silymarin loaded formulations manufactured using organic solvent 418 

evaporation. This method can be integrated with the extraction process (concentration and 419 

drying). Both carriers Syloid® XDP 3150 and Avicel® PH-102 have shown an ability to 420 

form amorphous solid dispersions and significantly increase the drug release rate relative to 421 

silymarin alone. Silymarin dissolution kinetics were faster for Syloid® XDP 3150 relative to 422 

Avicel® PH-102 and could be explained through variation in carrier properties. The addition 423 

of Tween® 80 and increasing the concentration from 0.3 to 1.6% (w/w) significantly 424 

increased the drug release kinetics of Avicel® PH-102 formulations but had no effect on 425 

Syloid® XDP 3150 formulations. Although Tween® 80 had no effect on the silymarin 426 

release from Syloid® XDP 3150-based formulations, the ability to inhibit gut wall efflux is 427 

well known. This opens an opportunity to modulate silymarin bioavailability by Tween® 80 428 

without changing the drug release profile.  429 
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Tables 579 

Table 1. HPLC gradient program 580 

Time, min Mobile phase А, % (v/v) Mobile phase B, % (v/v) 

0-28 100 → 0 0 → 100 

28-35 0 100 

35-36 0 → 100 100 → 0 

36-51 100 0 

 581 

Table 2. Formulations of silymarin loaded Avicel® PH-102 and Syloid® XDP3150. 582 

Composition 

Formulations, mg per 35 mg dose of silybin 

A0 A1 A2 S0 S1 S2 

Silymarin 58.3 58.3 58.3 58.3 58.3 58.3 

Avicel® PH102 116.7 116.7 116.7  -   -   -  

Syloid® XDP 3150  -   -   -  116.7 116.7 116.7 

Tween® 80  -  0.6 2.9  -  0.6 2.9 

Sum 175.0 175.6 177.9 175.0 175.6 177.9 

Composition 

Formulations, % (w/w) 

A0 A1 A2 S0 S1 S2 

Silymarin 33.3 33.2 32.8 33.3 33.2 32.8 

Avicel® PH102 66.7 66.5 65.6  -   -   -  

Syloid® XDP 3150  -   -   -  66.7 66.5 65.6 

Tween® 80  -  0.3 1.6  -  0.3 1.6 
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 585 

Table 3. Particle size distribution (PSD) characteristics of Avicel® PH-102 and Syloid® 586 

XDP3150 (n=3; C.V.<3%). 587 

PSD characteristics Avicel® PH-102 Syloid® XDP3150 

Span 2.3 0.8 

D10, µm 11.3 127.3 

D90, µm 137.2 271.2 

D50, µm 53.7 185.6 

Mode, µm 80.1 182.0 

 588 

 589 

 590 

Table 4. Melting (Tm) and glass transition (Tg) temperature of silymarin and silybin. 591 

 Tm, ℃ Tg, ℃ 

 Av. S.D. Av. S.D. 

Silymarin 176.5 0.8 124.8 0.7 

Silybin 1 179.4 0.3 138.2 0.5 

Silybin 2 187.3 0.6 136.4 0.4 
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 594 

Table 5. Dissolution test results (silymarin release as function of time) and calculated 595 
similarity factor (n=6; Av. ± S.D.). 596 

Drug released (%) in 

Formulation 15 min 30 min 60 min 90 min F2 

Av. S.D. Av. S.D. Av. S.D. Av. S.D. 

Legalon 70 63.2 1.5 76.1 2.5 88.5 2.8 92.8 3.0 Ref. 

Legalon 140 68.9 5.2 84.1 4.5 92.9 3.3 94.1 3.4 59.7 

A0 17.9 7.8 25.0 6.6 32.0 5.0 36.3 5.1 14.5 

A1 25.0 6.8 36.7 5.8 48.6 4.4 55.1 4.5 20.8 

A2 28.7 6.3 44.6 5.4 60.1 4.0 69.8 4.1 26.3 

S0 63.1 1.7 73.1 2.8 80.6 3.1 85.1 3.3 57.7 

S1 62.1 1.7 72.4 2.7 80.8 3.0 86.0 3.3 59.7 

S2 68.7 1.6 77.4 2.7 83.9 2.9 87.9 3.2 58.4 
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Figures 599 

A)  

 

 

  

B)  

 

 

  

Figure 1. Solubility (µg/ml) of silybin (the main constituent of silymarin extract) at 35�C 600 

based on literature data [4] and calculated silybin’s degree of ionisation based on pKa 5.68 601 

[4] (A) and the results of titration of silymarin extract dispersion in acetone-water medium 602 

with alkaline (NaOH) solution (B). 603 
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 605 

A) B) 

  

  

C) D) 

  

  

Figure 2. SEM pictures of Avicel® PH-102 (A and B) and Syloid® XDP3150 (C and D) at 606 

x100 and x500 resolution. 607 
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 609 

 610 

Figure 3. Particle size distribution of Avicel® PH-102 and Syloid® XDP3150 (n=3; 611 

C.V.<3%). 612 
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 614 

A) 

 

 

B) 

 

Figure 4. Pore size distribution (A) and assumed intra-particle porosity (B) of Avicel® 615 

PH-102 and Syloid® XDP 3150 determined using mercury intrusion porosimetry. 616 
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 618 

A)  

 

 

  

B)  

 

 

  

Figure 5. DSC-profile of silymarin and silybin after first (A) and second (B) heating cycle. 619 
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 621 

Figure 6. X-ray diffractograms of silymarin, Avicel® PH-102 and Syloid® XDP3150 622 

carriers, silymarin-loaded Avicel® PH-102 (A0, A1 and A2) and Syloid® XDP3150 (S0, S1 623 

and S2), silymarin physical mixtures (PM), and reference products (Legalon®70 and 624 

Legalon®140).   625 
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 626 

A) 

 

B) 

 

C) 

 

Figure 7. Drug release profiles of reference formulations (A), Syloid® XDP 3150 based 627 

formulations (B), and Avicel®PH-102 based (C) formulations of silymarin at the dose of 628 

35 mg (n=6; Av. ± S.D.). 629 
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