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Abstract: Roux-en-Y gastric bypass (RYGB) is a popular surgery to reduce the body weight of 

obese patients. Although food intake is restricted by RYGB, drug absorption is also decreased. 

The purpose of this study was to develop novel self-nanoemulsifying drug delivery systems 

(SNEDDS) for enhancing the oral delivery of silymarin, which has poor water solubility. 

The SNEDDS were characterized by size, zeta potential, droplet number, and morphology.  

A technique of RYGB was performed in Sprague-Dawley rats. SNEDDS were administered at  

a silymarin dose of 600 mg/kg in normal and RYGB rats for comparison with silymarin aque-

ous suspension and polyethylene glycol (PEG) 400 solution. Plasma silibinin, the main active   

ingredient in silymarin, was chosen for estimating the pharmacokinetic parameters. SNEDDS 

diluted in simulated gastric fluid exhibited a droplet size of 190 nm with a spherical shape. The 

nanocarriers promoted silibinin availability via oral ingestion in RYGB rats by 2.5-fold and 

1.5-fold compared to the suspension and PEG 400 solution, respectively. A significant double-

peak concentration of silibinin was detected for RYGB rats receiving SNEDDS. Fluorescence 

imaging showed a deeper and broader penetration of Nile red, the fluorescence dye, into the 

gastrointestinal mucosa from SNEDDS than from PEG 400 solution. Histological examina-

tion showed that SNEDDS caused more minor inflammation at the gastrointestinal membrane 

as compared with that caused by PEG 400 solution, indicating a shielding of direct silymarin 

contact with the mucosa by the nanodroplets. SNEDDS generally showed low-level or negligible 

irritation in the gastrointestinal tract. Silymarin-loaded SNEDDS were successfully developed 

to improve the dissolution, permeability, and oral bioavailability of silymarin. To the best of 

our knowledge, this is the first investigation reporting the usefulness of SNEDDS for improving 

drug malabsorption elicited by gastric bypass surgery.

Keywords: self-nanoemulsifying drug delivery system, Roux-en-Y gastric bypass, obesity, 

oral delivery, silymarin

Introduction
Epidemiological investigation has shown an increased prevalence of obesity world-

wide.1 Obesity can result in poor health, reduction in quality of life, and a high risk of 

depression. A 20% increase in body weight is associated with a 20% increase in risk 

of death.2 In order to reverse this trend, many strategies are being attempted to treat 

morbid obesity. Bariatric surgery is demonstrated to be the most effective choice for 

weight reduction in obese patients.3 Among the bariatric surgery techniques, Roux-en-Y 

gastric bypass (RYGB) is one of the most popular, with the advantages of maintain-

ing long-term weight loss and decreasing morbidity. In RYGB, a small part of the 

stomach is used to create a gastric pouch. The stomach pouch is then connected to 

the middle of the jejunum by circumventing the rest of the stomach, duodenum, and 
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proximal  jejunum.4 However, RYGB dramatically decreases 

the surface area for absorption by bypassing significantly 

long portions of the gastrointestinal (GI) tract, leading to 

malabsorption of nutrients/drugs and diminishing drug solu-

bility in the GI tract.5,6 Moreover, oral administration is the 

preferred pathway for drug delivery due to its convenience 

and likelihood of patient compliance. The development of 

drug delivery systems for RYGB patients is important for 

improving the currently insufficient bioavailability.

 Self-nanoemulsifying drug delivery systems (SNEDDS) 

have gained growing attention for solving the problem of 

poor oral absorption of drugs, especially permeants with low 

water solubility.7 Digestive motility in the GI tract enables 

the stirring required to form nanoemulsions. The advantages 

of SNEDDS include ease of large-scale preparation, ther-

modynamic stability, lack of need for organic solvents, and 

improved oral drug bioavailability.8 In the present work, an 

attempt was made to develop SNEDDS as a way of enhancing 

the solubility and permeability of drugs given via the oral 

route in rats undergoing RYGB. The rat model can closely 

reproduce bariatric surgery in humans.9

 Obesity is often accompanied by liver abnormalities 

known as nonalcoholic fatty liver disease. The prevalence 

of steatosis, a marker of nonalcoholic fatty liver disease, 

is 85% for extremely obese individuals.10 Silymarin is an 

effective treatment for reducing hepatic steatosis in patients 

with nonalcoholic fatty liver disease.11 Silymarin is isolated 

from milk thistle, which is a mixture of flavonolignans, with 

silibinin as the most abundant and active ingredient. This 

drug is commonly used to treat chronic liver disease due 

to its hepatoprotective activity.12 The therapeutic effect of 

silymarin was discounted for its poor water solubility and 

low GI permeability. The oral bioavailability of silymarin 

is only 23%–47%.13 Because of this problem, silymarin was 

used as the model drug in this study. SNEDDS loaded with 

silymarin were physicochemically examined for droplet size 

and number, zeta potential, and morphology. A comparative 

bioavailability study was carried out in normal and RYGB 

rats using SNEDDS, silymarin suspension, and silymarin 

polyethylene glycol (PEG) 400 solution. The depth of 

penetration of the nanocarriers into the GI membrane was 

monitored by fluorescence imaging.

Materials and methods
Materials
Silymarin, silibinin, sulfatase, β-glucuronidase, narigenin, 

PEG 400, Cremophor® RH40, Tween 20, and Nile red 

were purchased from Sigma-Aldrich (St Louis, MO, USA).  

The lot number for silymarin was BCBJ0393V. The percentage 

of silibinin in silymarin was 45.0% according to the certificate 

of analysis provided by the vendor. DAPI (4′,6-diamidino-2-

phenylindole) was supplied by Invitrogen (Carlsbad, CA, USA). 

Capmul® GMO-50 (glyceryl monooleate) was a gift from Abitec 

(Commerce, CA, USA). Transcutol® HP (diethylene glycol 

monoethyl ether) was a gift from Gattefossé (Lyon, France).

solubility test
The solubility of silymarin in the respective oils, surfactants, 

and cosurfactants used for preparing SNEDDS was deter-

mined. These included Capmul, Tween 20, Cremophor, and 

Transcutol. An excess amount of silymarin was added to  

2 mL of the selected medium. The resulting mixture was 

shaken at 40°C for 24 hours, followed by centrifugation  

at 3,000× g for 10 minutes. The supernatant was filtered 

through a polyvinylidene fluoride membrane with a pore 

size of 0.45 μm to remove any insoluble silymarin. The 

saturated solubility of silibinin in the silymarin extract was 

subsequently detected by high-performance liquid chroma-

tography. The filtrate was diluted with the mobile phase 

before detection if necessary.

Preparation of sNeDDs
The optimized SNEDDS formulation for silymarin was 

modified from a previous study.13 The SNEDDS formula-

tion used in this work consisted of Capmul GMO as the oil, 

Tween 20 and Cremophor RH40 (1:1, w/w) mixture as the 

surfactant, and Transcutol HP as a cosurfactant. The com-

ponents of the formulation included 10% (w/w) oil, 37.5% 

surfactant, 37.5% cosurfactant, and 15% silymarin. The oil 

and surfactant were respectively heated to 37°C before being 

added to the silymarin-Transcutol solution at room tempera-

ture. The mixture of oil and surfactants was stirred using a 

magnetic stirrer for 5 minutes. Next, 100 mg of the mixture 

was transferred to a test tube, where it was diluted using 

double-distilled water or simulated gastric fluid (SGF) up to 

10 mL. SGF was prepared by adding 0.2 g NaCl, 0.7 mL HCl,  

and 0.32 g pepsin A in water to a total volume of  

100 mL.14 The pH of this mixture was 1.2. The mixture was 

gently stirred for 5 minutes to form the nanoemulsion disper-

sion. The nanoemulsion was examined for size, zeta potential, 

droplet number, and transmission electron microscopy.

size, zeta potential, and droplet number
The mean droplet size and zeta potential of the prepared 

SNEDDS after dilution were evaluated by dynamic light 

scattering (Nano ZS90, Malvern Instruments, Malvern, UK). 
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The resulting solution was gently shaken before light scat-

tering analysis. The number of droplets formed after dilution 

was determined by NanoSight NS300 (Malvern).

Transmission electron microscopy
The size and morphology of SNEDDS after dilution were 

observed by transmission electron microscopy (H-7500, 

Hitachi, Tokyo, Japan). After gentle agitation, a drop of 

the nanoemulsion was deposited on a copper grid to form 

a thin-film specimen. The sample was stained using phos-

photungstic acid 0.5%. The sample was then examined and 

photographed by transmission electron microscopy.

animals
Male Sprague-Dawley rats (350~450 g) were acquired from 

Lasco (Taipei, Taiwan). All animal procedures were per-

formed in accordance with protocols approved prospectively 

by the Institute of Animal Care and Use Committee of Chang 

Gung Memorial Hospital, Chiayi, Taiwan. The rats were 

acclimatized for at least one week under a strict 12:12-hour 

light–dark cycle with ad libitum access to chow and water. 

The animals were fasted for 6–8 hours before surgery.

gastric bypass surgery
An upper midline laparotomy was performed in each rat 

under anesthesia with 1%–2% isoflurane (Abbott Laborato-

ries, Abbott Park, IL, USA) in oxygen. The animals under-

went either an RYGB or a sham laparotomy. For RYGB 

animals, the body of the stomach was divided carefully to 

avoid injury of the peri-stomach vessels and nerves, leav-

ing a 1–2 mL gastric pouch, including an area of glandular 

mucosa. The ends were sewn over with 6/0 Prolene® running 

sutures (Ethicon, Somerville, NJ, USA). A 7 mm gastrostomy 

was performed, and a Roux-en-Y reconstruction was created 

with a 15 cm length Roux limb, and a biliopancreatic limb 

extending 10 cm from the ligament of Treitz. The proximal 

cut ends of the biliopancreatic limb were secured with 3/0 

Ethibond® ties (Ethicon). They were then drained into the 

Roux limb using side-to-side anastomoses with a 1 cm lumen. 

All anastomoses were completed with 6/0 Prolene continuous 

sutures. The abdomen was lavaged before closure in two lay-

ers with 3/0 Ethibond. For the sham animals, after perform-

ing the laparotomy, the intestines were gently handled for  

60 minutes before lavage and closure of the incision as above. 

Postoperatively, the animals were allowed to recover in a 

warm cage before returning to the postoperative room. All 

animals were given nalbuphine (Genovate, Hsinchu, Taiwan)  

at a dose of 0.1 mg/kg subcutaneously twice a day within  

48 hours. The animals were maintained on a liquid diet for 

2 days postoperatively, and supplied thereafter with distilled 

water and a chow diet ad libitum. Pharmacokinetic experi-

ments were performed on day 7 after surgery.

Pharmacokinetic study
All rats were briefly anesthetized using 5% isoflurane in oxygen. 

Isoflurane is an ideal anesthetic for intragastric study because it 

has a minimal effect on gastric motility. Silymarin (600 mg/kg)  

in aqueous suspension (1% carboxymethylcellulose sodium in 

water), PEG 400 solution, or SNEDDS, was administered orally 

to the rats. The oral formulations were administered via an oral 

intubation cannula, followed by administration of 1 mL of 

double-distilled water for washing the cannula. The percentage 

of silibinin in the silymarin was 24% (w/w) as determined by 

high-performance liquid chromatography. About 0.3 mL of the  

blood samples was collected through the tail vein into ethyl-

enediaminetetraacetic acid-coated tubes at 0, 0.5, 1, 1.5, 2, 4, 8, 

12, and 24 hours. Blood samples were centrifuged at 3,000× g  

and 4°C for 10 minutes using a refrigerated centrifuging 

machine (Model 5500, Kubota, Tokyo, Japan). The plasma 

was withdrawn and stored at -20°C.

sample preparation and high-
performance liquid chromatography 
apparatus
The concentration of silibinin in plasma was measured after 

hydrolysis using a mixed enzyme solution containing sulfatase 

and β-glucuronidase. A 30 μL aliquot of plasma was treated 

with 30 μL of β-glucuronidase (900 U/mL) and sulfatase 

(300 U/mL) solution, buffered by sodium acetate (pH 5.0)  

at 37°C for one hour. The internal standard (narigenin  

10 μg/mL) in acetonitrile (120 μL) was further added for 

protein sedimentation. Samples were centrifuged at 3,000× g  

for 10 minutes (Model 3500, Kubota), and the supernatants 

were used for quantification. Chromatographic separation 

was performed using high-performance liquid chromato-

graphy (Agilent 1100 series, Agilent Technologies Inc, Santa 

Barbara, CA, USA). A 25 cm long, 4 mm inner diameter 

stainless revere phase C18 column (Macherey-Nagel, Duren, 

Germany) was used as the stationary phase. The mobile phase 

was an acetonitrile-pH 4.7 phosphoric acid (40:60) mixture 

at a flow rate of 1 mL per minute. The wavelength of the 

ultraviolet-visible detector was set at 288 nm.

Pharmacokinetic calculations
Analysis of data from the pharmacokinetic study was done 

using WinNonlin Standard Edition version 1.1 (Pharsight, 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2406

chen et al

Mountain View, CA, USA). The peak silibinin concentration 

(C
max

) and time-to-peak concentration (T
max

) were obtained 

from the individual plasma concentration-time profiles. The 

area under the plasma concentration (AUC
0→∞) was estimated 

using the trapezoidal rule, with extrapolation to infinity. The 

half-life, clearance, and mean residence time (MRT) were 

also calculated using the same software.

Fluorescence and confocal microscopy
The fluorescence-labeled formulations were prepared with 

Nile red as the dye at a concentration of 0.1% (w/v). The 

formulations were administered orally to the rats. After  

60 minutes, the animals were euthanized and the GI tract 

was harvested. After gentle irrigation with 0.9% sodium 

chloride, the specimens were put in embedding medium 

(OCT compound, Sakura, Tokyo, Japan) and rapidly frozen 

at -4°C. The frozen sections were cut serially at a thickness 

of 5–8 μm. DAPI was used for nuclear staining. The slides 

were imaged using an Eclipse E600 microscope (Nikon, 

Tokyo, Japan), and the images were captured using a charge-

coupled device camera (QICam Fast 1394, Qimaging, Surrey, 

BC, Canada) with QCapture Pro 7 software (Qimaging) in 

an auto exposure mode. Images of different color chan-

nels were merged after adjusting brightness and contrast in 

ImageJ (version 1.47). The slides were imaged by confocal 

microscopy (TSC SP5, Leica, Wetzlar, Germany), and the 

images were captured and processed with software Leica AF 

(version 2.6.3 build 8173).

histological evaluation
The acute toxicity of the PEG 400 solution and SNEDDS at 

the GI membrane was examined after a 24-hour treatment 

with the silymarin-containing formulations administered 

orally in normal rats. After the rats were euthanized, the 

mucosa of the stomach and jejunum was excised. The speci-

men was dehydrated using a 10% buffered formaldehyde 

solution, and then embedded in paraffin wax. The samples 

were stained with hematoxylin and eosin or cyclooxygenase 

(COX)-2 antibody. The slides were imaged using a light 

microscope (BX51, Olympus, Tokyo, Japan), and micro-

photographs were captured using a digital camera (DP80, 

Olympus) with software (Cellsens version 1.7.1, Olympus) 

in auto exposure mode.

statistical analysis
A statistical analysis of the differences between various 

treatments was done using the unpaired Student’s t-test.  

A 0.01 or 0.05 level of probability was taken as the level of 

statistical significance. Analysis of variance was also used 

to compare the experimental data if necessary.

Results
Physicochemical characterization 
of sNeDDs
It is important to avoid precipitation after dilution of a drug in 

the GI tract. The materials used in SNEDDS should have a high 

solubilization capacity to confirm the dissolution of drugs. 

We selected Capmul GMO-50 (mainly glyceryl monooleate) 

as the oil phase, Tween 20 and Cremophor RH40 as surfac-

tants, and Transcutol HP as the cosurfactant. The saturated 

solubility of silibinin in Capmul, Tween 20, Cremophor, and 

Transcutol was 333.41, 177.05, 99.44, and 469.33 mg/mL, 

respectively. The combination of these additives in SNEDDS 

assured sufficient solubilization for silymarin loading. The 

silymarin-containing SNEDDS rapidly formed oil-in-water 

nanoemulsions upon dilution with aqueous medium in less 

than one minute. The appearance of the nanoemulsions was 

kept to be transparent after dilution. Table 1 shows the physi-

cochemical properties of SNEDDS after aqueous dilution by 

100-fold. Following the dilution of SNEDDS with water, 

the mean droplet size of the nanoemulsions was 174 nm,  

with a Gaussian distribution. The droplet size was also inves-

tigated in SGF to mimic the dispersion of SNEDDS in the 

gastric milieu. The average size of the nanoemulsions was 

slightly but significantly (P0.05) increased (to 190 nm) in 

SGF. The polydispersity index was similar for SNEDDS in 

water and in SGF (about 0.4). SNEDDS in water showed 

a negative charge of -19 mV. Reconstitution of SNEDDS 

in SGF reached a zeta potential near zero. The number of 

droplets in water was greater than that in SGF.

Figure 1 shows the distribution and morphology of the 

nanoemulsion droplets as observed by transmission electron 

microscopy. The droplets appeared to be of a spherical shape 

without aggregation (Figure 1A). The size of the droplets was 

uniform. Figure 1B shows the images at higher magnification 

Table 1 characterization of self-nanoemulsifying drug delivery 
systems in double-distilled water and simulated gastric fluid by 
mean diameter, zeta potential, and particle numbers

Characteristics Double-distilled  
water

Simulated gastric  
fluid

size (nm) 173.5±1.0 190.0±2.5
Polydispersity index 0.39±0.004 0.42±0.04
Zeta potential (mV) -18.9±0.3 -0.6±0.3
Droplet number (droplets/ml) 1.3×1011 1.0×1011

Note: each value represents the mean ± standard deviation (n=3).
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(200,000×). A diameter of about 200 nm was observed, 

which was consistent with the size determined by dynamic 

light scattering.

gastric bypass surgery
We performed an RYGB procedure on rats weighing 

350–450 g. Figure 2A shows an intraoperative image of the 

RYGB rat. This surgical procedure created a gastric pouch 

and inserted a short Roux alimentary limb from the distal 

small bowel, which was anastomosed to the stomach and 

the proximal small bowel. The postoperative GI tract was 

exposed outside the abdominal cavity for a clearer view, 

as shown in Figure 2B. The gastric pouch was connected 

to the Roux limb (arrow in Figure 2B). The small intestine 

was reconnected to bypass the duodenum. Finally, the bil-

iopancreatic limb and Roux limb were joined together for 

drainage of the biliary–pancreatic digestive juices (triangle 

in Figure 2B). The body weight of the RYGB rats was 

recorded postoperatively, as demonstrated in Figure 2C. The 

results were compared with the body weight of the rats in 

the sham surgery group. Rats in the sham group showed a 

decrease in body weight during the first 2 days after surgery. 

Their weight then steadily and continuously increased until  

11 days postoperatively. Conversely, the body weight of the 

RYGB animals progressively decreased after surgery. The 

RYGB rats lost an average of 25% body weight by day 11 

after surgery.

Pharmacokinetic study
Oral administration of SNEDDS was investigated in normal 

and RYGB rats and compared with the absorption of sily-

marin suspension and PEG 400 solution. Plasma silibinin 

levels were detected. Silibinin is the primary component in 

silymarin. Figure 3A shows the difference in average plasma 

concentration of silibinin after oral application of three 

silymarin formulations at a dose of 600 mg/kg in normal 

rats. Similar curves were observed for PEG 400 solution 

and SNEDDS, which showed a higher silibinin concentra-

tion compared with the suspension. The pharmacokinetic 

parameters are summarized in Table 2. The C
max

 and AUC 

of SNEDDS were 11.84 μg/mL and 163.42 μg⋅hour/mL, 

respectively. SNEDDS showed no difference (P0.05) from 

the silymarin solution for values of C
max

 and AUC, which 

were 1.6-fold higher than the values obtained with the aque-

ous suspension. The half-life of the suspension (15.03 hours)  

was relatively longer (P0.05) than that for PEG 400  

(10.45 hours) and SNEDDS (9.04 hours). A consequence 

of this was a higher MRT (P0.05) for the suspension as 

compared with the other formulations.

Figure 3B shows the plasma concentration-time profiles 

for the silymarin vehicles in RYGB rats. Pharmacokinetic 

parameters obtained by WinNonlin are listed in Table 3. The 

peak plasma silibinin level occurred at 2–3 hours post-dosing 

for PEG 400 and SNEDDS. A secondary peak was detected 

at about 10 hours after gavage with SNEDDS. The suspen-

sion showed a delayed T
max

 of 4.71 hours. A secondary peak 

of 12 hours was also observed for the suspension. The C
max

 

of silibinin for PEG 400 and SNEDDS was 13.77 and 13.65 

μg/mL, respectively, whereas for the aqueous suspension 

it was only 5.37 μg/mL. The AUC of silibinin in RYBG 

rats receiving SNEDDS (180.15 μg⋅hour/mL) was higher 

in comparison with PEG 400 (123.20 μg⋅hour/mL) and the 

suspension (72.77 μg⋅hour/mL). This difference was statisti-

cally significant, as seen in Figure 3C. The AUC increased by 

2.5 and 1.5 times following SNEDDS administration when 

compared with the silymarin suspension and solution, respec-

tively. There was no significant difference in half-life or MRT 

between the three formulations in RYGB rats. Clearance 

20131002-1_003
S201
75 k

HV =75.0 kV
100 nm 20131002-1_002

S201
200 k

HV =75.0 kV
100 nm

A B

Figure 1 Transmission electron micrographs of self-nanoemulsifying drug delivery systems at magnifications of (A) 75,000× and (B) 200,000×. The scale bar is 100 nm.
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of the suspension (1,978.91 mL/hour/kg) was significantly 

higher than that of PEG 400 (1,168.78 mL/hour/kg)  

and the nanocarriers (986.06 mL/hour/kg), and there was no 

difference (P0.05) between the data of PEG 400 and nano-

emulsions. The data for the RYGB animals demonstrated 

that SNEDDS resulted in enhanced absorption of silibinin 

compared with the suspension and solution.

Fluorescence microscopy
In order to explore the permeability of silymarin via the 

gastric and intestinal mucosa, the distribution of PEG 400 

solution and SNEDDS containing Nile red as the dye was 

monitored at the GI membrane by fluorescence micro-

scopy. Figure 4A shows the macroscopic observations of 

the GI tract in RYGB rats receiving PEG 400 or SNEDDS.  

The arrows in Figure 4A are the sites of gastrojejunostomy. 

The pouch and alimentary limb in the SNEDDS-treated 

rat were significantly redder in color than those in the 

PEG 400-treated rat. The red color could have originated 

from the Nile red. Vessels in the GI mucosa were stained 

red after delivery of SNEDDS. This observation initially 

approved the better absorption of SNEDDS compared with 

the solution.

Figure 4B shows the stomach of normal rats on fluores-

cence microscopy following oral delivery of Nile red-loaded 

PEG 400 and SNEDDS. The triangles in the imaging indicate 

the lumen. The red fluorescence in the PEG 400-treated group 

was mainly derived from the rugae of the stomach. Nile red in 

PEG 400 penetrated into the mucosa. On the other hand, Nile 

red in SNEDDS not only adhered to the superficial epithelium 

Postoperative days
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Figure 2 rYgB in the rat model. 
Notes: (A) Intraoperative imaging of rYgB rat. (B) View of gastrointestinal tract exposed outside the abdominal cavity. The arrow indicates the connection of the gastric pouch 
to the roux limb. The triangle indicates the connection of the biliopancreatic limb and the roux limb. (C) change in body weight of sham rats and rYgB rats after surgery. 
Abbreviations: r, remaining stomach; gP, gastric pouch; BP limb, biliopancreatic limb; rYgB, roux-en-Y gastric bypass.
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but also was transported deeply into the lamina propria. 

Figure 4C shows the fluorescence imaging of the intestine 

after treatment with PEG 400 and SNEDDS in normal rats. 

As with the stomach, almost no Nile red penetrated into the 

intestinal mucosa. Most of the fluorescence stayed outside 

the villi. SNEDDS could deliver Nile red into the upper two 

thirds of the villi. Some fluorescence was also observed in the 

lumen for the SNEDDS group. With respect to the RYGB rats, 

microphotographs of the stomach after application of PEG 400  

or SNEDDS are shown in Figure 4D. Nile red from PEG 400 

had reached the superficial mucosa, including the lamina pro-

pria. It can be seen that the distribution of red fluorescence was 

much deeper from SNEDDS than from the solution. Nile red 

was distributed throughout the full thickness of the mucosa, 

including the lamina propria and the glandular region. PEG 

400 delivered Nile red to the upper one third height of the villi 

in the RYGB rats, as shown in Figure 4E. Strong fluorescence 

was observed at the mucosal surface of the intestine after treat-

ment with SNEDDS. This indicates the ability of SNEDDS to  

adhere to the intestine membrane, prolonging the residence 

time. Nile red in SNEDDS diffused into the upper two thirds 

of the villi in the RYGB animals. This result was consistent 

with that of SNEDDS delivery into the villi of normal rats.

Figure 3 Pharmacokinetic profiles of silibinin after oral administration of aqueous suspension, PEG 400 solution, and SNEDDS. 
Notes: (A) Mean plasma concentration of silibinin versus time curves in normal rats. (B) Mean plasma concentration of silibinin versus time curves in rYgB rats.  
(C) comparison of area under curve (aUc) of the plasma concentration-time curves. *P0.05, **P0.01. 
Abbreviations: rYgB, roux-en-Y gastric bypass; Peg, polyethylene glycol; sNeDDs, self-nanoemulsifying drug delivery systems.
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Table 2 Pharmacokinetic parameters of silibinin (144 mg/kg) 
after oral administration of silymarin from suspension, Peg 
400 solution, and sNeDDs in control rats

Parameter Suspension PEG 400 SNEDDS

cmax (μg/ml) 7.54±0.79 12.94±6.57 11.84±6.21
Tmax (hours) 1.33±0.29 1.67±1.21 1.31±0.65
aUc (μg⋅hour/ml) 99.97±7.73 179.55±44.21 163.42±48.05
half-life (hours) 15.03±1.42 10.45±2.25 9.04±3.37
clearance (ml/hour/kg) 823.01±86.64 801.99±230.03 881.15±222.49
MrT (hours) 24.16±2.42 15.66±5.46 12.68±5.17

Note: each value represents the mean ± standard deviation (n=5–10). 
Abbreviations: cmax, maximum plasma concentration; Tmax, time to reach cmax; 
aUc, area under the plasma concentration-time curve; MrT, mean residence time; 
Peg, polyethylene glycol; sNeDDs, self-nanoemulsifying drug delivery systems.
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Table 3 Pharmacokinetic parameters of silibinin (144 mg/kg) after oral administration of silymarin from suspension, Peg 400 solution, 
and sNeDDs in rYgB rats

Parameter Suspension PEG 400 SNEDDS

cmax (μg/ml) 5.37±4.72 13.77±6.72 13.65±5.59
Tmax (hours) 4.71±2.50 2.0±0 2.83±1.29
aUc (μg⋅hour/ml) 72.77±27.18 123.20±22.44 180.15±40.86
half-life (hours) 8.46±3.86 6.39±1.75 8.45±2.22
clearance (ml/hour/kg) 1,978.91±606.38 1,168.78±394.34 986.06±255.57
MrT (hours) 12.46±4.48 9.91±3.71 11.26±3.90

Note: each value represents the mean ± standard deviation (n=5–10). 
Abbreviations: cmax, maximum plasma concentration; Tmax, time to reach cmax; aUc, area under the plasma concentration-time curve; MrT, mean residence time; rYgB, 
roux-en-Y gastric bypass; Peg, polyethylene glycol; sNeDDs, self-nanoemulsifying drug delivery systems. 

Figure 4 Fluorescence imaging of stomach and intestine of rats after oral administration of Nile red-containing Peg 400 solution and sNeDDs. 
Notes: (A) Macroscopic observation of gI tract exposed outside the abdominal cavity after oral administration of Peg 400 and sNeDDs in rYgB rats. The arrows 
indicate the connection of gastric pouch to the roux limb. (B) Microscopic observation of stomach (100×) after oral administration of Peg 400 and sNeDDs in normal rats.  
(C) Microscopic observation of intestine (100×) after oral administration of Peg 400 and sNeDDs in normal rats. (D) Microscopic observation of stomach (100×) after oral 
administration of Peg 400 and sNeDDs in rYgB rats. (E) Microscopic observation of intestine (100×) after oral administration of Peg 400 and sNeDDs in rYgB rats.  
(F) confocal imaging of stomach (100×) after oral administration of Peg 400 and sNeDDs in rYgB rats. (G) confocal imaging of intestine (100×) after oral administration 
of Peg 400 and sNeDDs in rYgB rats. Triangles in (B–G) indicate the lumens. 
Abbreviations: rYgB, roux-en-Y gastric bypass; Peg, polyethylene glycol; sNeDDs, self-nanoemulsifying drug delivery systems.
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In order to confirm the results of fluorescence microscopy, 

we used confocal laser scanning microscopy to examine 

the distribution of Nile red in the stomach and intestine 

of the RYGB rat. Figure 4F shows confocal images of the 

stomach on treatment with the solution and nanosystems.  

As in Figure 4B, the red signal is mainly located in the lumen 

after delivery of PEG 400. Some signals could be detected 

inside the mucosa. The fluorescence intensity of SNEDDS 

in the columnar epithelium seemed stronger than that of  

PEG 400. Deeper distribution in the mucosa was also 

observed in the SNEDDS sample. As Figure 4G shows, the 

PEG 400 vehicle delivered a significant amount of Nile red 

into the villi. A similar phenomenon was observed in the 

intestines treated with the nanocarriers. Nile red in SNEDDS 

largely accumulated in the lumen near the mucosal surface, 

which is consistent with the observations made on fluores-

cence microscopy.

histological evaluation
The safety and tolerance of the oral nanocarriers is an impor-

tant issue to consider. Figure 5A and B show representative 

examples of hematoxylin and eosin-stained images of the 

stomach and intestine, respectively. The triangles and arrows 

in Figure 5A indicate squamous epithelium and columnar 

epithelium, respectively, in the esophagus. The gastric 

mucosa appears normal after treatment with PEG 400,  

except for the presence of some inflammatory cells at the 

gastroesophageal junction. A similar phenomenon was 

observed for the SNEDDS group. The inflammation at the 

gastroesophageal junction induced by SNEDDS was milder 

than in that seen after treatment with the PEG 400 solution. 

The triangles in Figure 5B represent the intestinal lumen. The 

intestinal membrane had an almost normal appearance after 

treatment with the silymarin-containing PEG 400 solution. 

Mild to moderate chronic inflammation was observed in the 

lamina propria, which could be lessened by administration of 

SNEDDS. Expression of COX-2 in the stomach and intestine 

after administration of silymarin is shown in Figure 5C and D,  

respectively. COX-2 expression in the gastric mucosa with 

PEG 400 was greater than that with SNEDDS (Figure 5C).  

In contrast, higher COX-2 expression in the intestinal 

membrane was seen with SNEDDS than with PEG 400 

solution.

Discussion
Poor dissolution and bioavailability in patients receiving sily-

marin therapy remain clinical issues. This low oral efficiency 

is worsened in patients undergoing gastric bypass surgery. 

Silymarin preparations with improved bioavailability are 

needed. The aim of this work was to develop novel SNEDDS 

that can improve the delivery of oral silymarin and prolong 

its efficacy. The experimental results showed that silymarin 

loading in SNEDDS provided benefits in terms of increased 

GI permeability and oral absorption. The irritating effect of 

SNEDDS at the GI membrane could be tolerated. Most stud-

ies involving self-emulsifying nanosystems have used normal 

animals to examine bioavailability. Nevertheless, the patients 

with some abnormalities are the actual targets for SNEDDS 

administration. We used RYGB rats to evaluate the effect of 

SNEDDS for simulating the actual clinical condition.

 Silibinin is a compound with limited lipophilic charac-

teristics; even its solubility in water is very low.15 Silibinin 

showed high solubility in PEG 400 (304.92 mg/mL), prob-

ably because of the ability of silibinin to form hydrogen bonds 

with polyethylene oxide moieties. Similarly, Cremophor 

composed of polyethylene oxide provided high solubiliza-

tion to silibinin. All additives in SNEDDS contain hydroxyl 

groups, contributing to sufficient solubility for silibinin. The 

droplet size of the nanosystems was 200 nm, indicating 

good self-emulsifying efficiency in an aqueous medium. 

Emulsification with multiple surfactants rather than a single 

surfactant produces systems with smaller and more homo-

geneous globules.16 The nanoemulsions could be defined as 

SNEDDS according to the measured size after spontane-

ous dilution. Silymarin-loaded SNEDDS were negatively 

charged after dilution in water. This was possibly due to the 

presence of monoglycerides and diglycerides in Capmul. 

Free fatty acids derived from hydrolysis of glycerides can 

render the anionic fractions in nanocarriers.17 Various ions 

are present in the physiological environment of the GI tract. 

These ions minimize the surface charge of nanoemulsions 

generated from self-emulsifying systems.18 This is the reason 

that SGF shielded the negative charge of SNEDDS. The zeta 

potential of near 0 results in insufficient repulsion between 

droplets and subsequent aggregation, confirming the larger 

droplets in SGF as compared with water. A previous study19 

also confirmed that the stomach favors nanoparticulate fusion 

because of its acidity and high ionic strength.

RYGB surgery caused a weight loss of 25% in the 

experimental rats by day 11 postoperatively. For rats, 10– 

13 days approximates one human year.20 Weight loss in obese 

patients undergoing gastric bypass surgery was reported to be 

32% of initial body weight after 1–2 years.21 This rate of reduc-

tion was similar to that in the rats used in the present work. 

Reduced food intake and malabsorption led to weight loss. 

Higher energy expenditure after RYGB than after the sham 
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Figure 5 histopathological observation of stomach and intestine of rats after oral administration of Nile red-containing Peg 400 solution and sNeDDs. 
Notes: (A) h&e staining of stomach (40×) after oral administration of Peg 400 and sNeDDs in normal rats. (B) h&e staining of intestine (100×) after oral administration 
of Peg 400 and sNeDDs in normal rats. The triangles indicate the lumens. (C) cOX-2 staining of stomach (40×) after oral administration of Peg 400 and sNeDDs in 
normal rats. (D) cOX-2 staining of intestine (100×) after oral administration of Peg 400 and sNeDDs in normal rats. The triangles and arrows in (A–C) indicate esophagus 
squamous epithelium and columnar epithelium, respectively. 
Abbreviations: cOX-2, cyclooxygenase-2; h&e, hematoxylin and eosin; Peg, polyethylene glycol; sNeDDs, self-nanoemulsifying drug delivery systems.
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operation was another mechanism of weight loss.22 The sham 

operation caused weight loss in the first 2 days, which may have 

been due to the effect of anesthesia and postoperative stress.23

Silymarin in aqueous suspension, PEG 400 solution, and 

SNEDDS were orally administered to RYGB rats in order to 

examine plasma concentrations. The normal rat but not the 

sham rat was employed in this experiment for comparison. 

Previous studies24,25 indicate that the sham surgical procedure 

generally does not influence pharmacokinetic parameters.  

It can be observed that the half-life and MRT of silibinin from 

the suspension and the solution were significantly reduced in 

RYGB rats when compared with normal rats. Clearance was 

increased by RYGB. Bypass surgery also decreased the AUC 

for the suspension and solution, although no significant dif-

ference was found. This decrease in bioavailability and other 

pharmacokinetic parameters was not observed for SNEDDS. 

Because of the lengthened gastric and intestinal bypass, the 

diminished drug or nutrient absorption is anticipated.26 The 

pH of the stomach would be elevated by RYGB due to defi-

cient secretion of gastric juices.27 Silibinin is rapidly absorbed 

in the stomach after oral ingestion.28 This molecule exists 

in a nonionic form in an acidic environment. The percent-

age existing in the ionic form increases with increasing pH. 

Since nonionic molecules are better able to penetrate the GI 

membrane, the more-alkaline stomach by RYGB might lead 

to diminished absorption of silibinin. This phenomenon was 

not significant for SNEDDS since the nanodroplets could 

form a protective shell to avoid direct contact with gastric 

fluid. GI motility is reported to be increased by RYGB,29 so 

there may be adequate time for complete drug dissolution 

and absorption. The drug residence time in the body is thus 

shortened. The MRT profiles confirm such inference.

The high AUC value in the case of SNEDDS confirms 

that that the nanosystems used in this work can improve the 

bioavailability of silibinin. The extent and rate of absorption 

of drugs with poor solubility in water is highly dependent 

upon the formulations selected. The pharmacokinetic study 

of silymarin in powder form indicated a very low silibinin 

plasma concentration.13 The drug should be in a dissolved 

form before GI absorption. SNEDDS rapidly emulsified in 

water after dilution. The drug shows a high dissolution rate 

when solubilized in SNEDDS.30 The nanodroplets provide a 

large total surface area for rapid drug release and absorption, 

resulting in improved bioavailability. Since RYGB limits the 

space available for absorption in the stomach, rapid dissolu-

tion and absorption by SNEDDS to ameliorate bioavailability 

was especially important in the RYGB group. This is why 

SNEDDS were associated with a more favorable AUC in 

RYGB rats than in normal rats. Silymarin was fully solubi-

lized in PEG 400. The complete solubilization by PEG 400 

and SNEDDS suggested that the mechanism for the improve-

ment in bioavailability brought about by the nanocarriers 

involved not only the dissolution rate. PEG 400 has strongly 

hydrophilic characteristics,18 leading to difficulty with regard 

to partitioning into the lipophilic GI membrane. When dis-

solved in oil droplets, the drug can be absorbed directly by the 

membrane via fusion or interaction.31 Enhanced permeability 

is another possibility for the improved bioavailability seen 

with SNEDDS. Some surfactants can penetrate into the GI 

mucosa and disrupt the lipid bilayer, thereby increasing the 

rate of oral absorption. Cremophor and Transcutol used in our 

SNEDDS have been reported to have the ability to enhance 

membrane permeability.32 Monoglycerides and oleic oil are 

also known to increase membrane permeability.33,34 The struc-

ture of Capmul relates to monoglycerides and oleic oil. The 

results of fluorescence microscopy appear to correlate with 

the pharmacokinetic profiles, indicating a deeper and broader 

distribution of SNEDDS than the PEG 400 vehicle.

There was a significant second peak of plasma silibinin 

concentration in the RYGB rats receiving SNEDDS. In fact, 

most of the silymarin formulations tested had a high silibinin 

concentration at a late stage (8–12 hours) after administration. 

This could be attributable to the enterohepatic circulation, an 

important recycling pathway for silymarin.35 Two different 

absorption sites are another occasion of double peaks. Sily-

marin is rapidly absorbed in the stomach after administration, 

and well absorbed in the middle segment of the intestine.28,36 

As compared with PEG 400, the SNEDDS increased the bio-

availability of silibinin, mainly due to the increase of AUC at 

the late stage of administration. Both silymarin and silibinin 

undergo extensive first-pass metabolism in the liver.37 The 

nanodroplets containing oils and emulsifiers can be incor-

porated with lipoproteins and chylomicrons in the intestine. 

Such mixtures are largely taken up via the lymphatics, thus 

minimizing the first-pass effect.38 Previous studies8,39 have 

demonstrated enhanced lymphatic bioavailability by long-

chain fatty acids and glycerides. Capmul may fit this criterion. 

Cremophor RH40 in SNEDDS is also reported to prolong the 

duration of drug absorption, especially in the lower portion of 

the GI tract.40 A well-defined protocol is needed to elucidate 

the effect of lymphatic absorption for SNEDDS further.

The nanodroplets in SNEDDS have bioadhesive properties 

due to the increased viscosity.41 The viscous oil and surfac-

tant system relative to water may contribute to adherence of 

SNEDDS to the mucosa due to the stickiness of the nanodis-

persions. This characteristic allows intimate contact with the 
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membrane, prolonging the residence time in the GI tract and 

enhancing absorption.42 Fluorescence imaging demonstrated 

that the SNEDDS could adhere to the intestinal epithelium to 

a great extent. Bile salts in the GI tract facilitate degradation 

of lipids by enzymes such as lipase.43 This lipolysis digests 

the composition of lipid-based nanosystems, leading to loss of 

efficient delivery by the nanoparticles. The RYGB procedure 

involves construction of a biliopancreatic limb that diverts bile 

and pancreatic fluids from the proximal to the distal gut. This 

bypass significantly delays the interaction between lipolytic 

enzymes and ingested materials.44 This effect might delay the 

breakdown of SNEDDS in the intestine. Thus, the efficient 

dissolution and absorption by SNEDDS could be maintained 

for a longer time. The superior absorption of SNEDDS over 

PEG 400 was observed for RYGB rats but not for normal rats. 

This demonstrates the importance of lipolysis in delivery of 

a nanoemulsion. Efflux of P-glycoprotein and cytochrome 

P450 metabolism play a critical role in limiting GI absorption. 

Some lipids and surfactants in self-emulsifying systems, such 

as monoglycerides, Cremophor, and polysorbates, are known 

to inhibit P-glycoprotein and cytochrome P450.9,45 Most of the 

transporters and efflux pumps are present in the proximal small 

intestine, which is bypassed by RYGB.30 Inhibition of P-gly-

coprotein and cytochrome P450 by SNEDDS for enhanced 

availability may be ruled out as the predominant mechanism.

Another observation of the pharmacokinetic parameters in 

RYGB animals is a higher intersubject variability of aqueous 

suspension compared with silymarin solution and SNEDDS. 

Drugs with poor water solubility in undissolved form always 

undergo erratic absorption and show considerable variation 

in bioavailability.46 The surgery also produced intersubject 

variability in GI physiology. The drugs in their dissolved form 

spread uniformly in the GI tract. More reproducible absorp-

tion could be achieved with less dependence on different 

physiological states. SNEDDS can distribute and release their 

encapsulated drug in a controlled manner for decreasing the 

intersubject variability.47

Large amounts of surfactant and cosurfactant in self-

emulsifying nanosystems can be irritating and toxic to the GI 

mucosa. We selected nonionic surfactants to produce SNEDDS 

since they are considered less toxic than ionic surfactants and 

are less affected by changes in pH and ionic strength.48 The 

histological examination showed greater inflammation of 

the GI membrane in response to PEG 400 than to SNEDDS, 

although the degree of inflammatory was low. GI symptoms 

are the most common adverse effects of administration of 

silymarin, occurring with a frequency of 2%–10%.49 Inclusion 

of silymarin in oil droplets in SNEDDS might decrease the 

extent of direct contact between the drug with the mucosa, 

resulting in less inflammation. However, it should be noted 

that SNEDDS induced more COX-2 expression in the intestine 

than did PEG 400. Levels of COX-2 increase dramatically 

during inflammation. Upregulation of COX-2 plays an impor-

tant role in pathological behavior characterized by increased 

prostaglandin production.50 This suggests that SNEDDS might 

increase prostaglandin levels in intestinal tissue without elicit-

ing inflammatory infiltration as observed on hematoxylin and 

eosin staining. Ingredients in SNEDDS, such as Cremophor 

RH40, might be toxic to biomembranes. Kiss et al51 demon-

strate that Cremophor RH40 is toxic to epithelial cells, although 

this effect is minor compared with the cytotoxicity of Cremo-

phor EL. Further ongoing research is needed to elucidate the 

safety concerns regarding SNEDDS and modification of the 

formulation to guarantee their future application.

Conclusion
We had developed SNEDDS to address the problem of low 

drug bioavailability after RYGB surgery. SNEDDS formed 

nanosized and globular droplets in gastric fluid with a moder-

ately sized distribution. Our pharmacokinetic results indicate 

that SNEDDS increase the bioavailability of silibinin above that 

achieved by suspension and solution formulations of silymarin. 

This may be due to the collective mechanisms of SNEDDS, 

which have a larger surface area, resulting in better dissolution, 

enhanced permeability, and lymphatic absorption, and reduced 

lipid digestion by bile salts in RYGB rats. SNEDDS could 

adhere to the intestinal membrane, enabling easy penetration 

into the mucosa. Preliminary histopathology indicates that the 

GI mucosa can tolerate SNEDDS, although upregulation of 

COX-2 was found. SNEDDS delivered orally potentially allow 

better delivery of silymarin, and may overcome the problem 

of malabsorption caused by bariatric surgery.
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