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ABSTRACT

The present study explores the potential of nanoemulsion, a

lipid drug delivery system, to improve solubility and oral ab-

sorption of Silybum marianum extract. The optimized formula-

tion contained 40mg/mL of commercial extract (4% w/w) and

it was composed of 2.5 g labrasol (20%) as the oil phase, 1.5 g

cremophor EL as the surfactant, and 1 g labrafil as the cosur-

factant (mixture surfactant/cosurfactant, 20%).

The system was characterized by dynamic light scattering,

transmission electron microscopy, and HPLC‑DAD analyses in

order to evaluate size, homogeneity, morphology, and encap-

sulation efficiency. Physical and chemical stabilities were as-

sessed during 40 days at 4 °C and 3 months at 25 °C. Stability

in simulated gastric fluid followed by simulated intestinal con-

ditions was also considered.

In vitro permeation studies were performed to determine the

suitability of the prepared nanoemulsion for oral delivery. Dif-

ferent models such as the parallel artificial membrane perme-

ability assay and Caco-2 cell lines were applied.

The nanoemulsion showed a good solubilizing effect of the

extract, with a pronounced action also on its permeability, in

respect to a saturated aqueous solution. The Caco-2 test con-

firmed the parallel artificial membrane permeability assay re-

sults and they revealed the suitability of the prepared nano-

emulsion for oral delivery.

Prediction of Permeation and Cellular Transport
of Silybum marianum Extract Formulated in a Nanoemulsion
by Using PAMPA and Caco-2 Cell Models*

* Dedicated to Professor Dr. Max Wichtl in recognition of his outstanding

contribution to pharmacognosy research.
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Introduction

SM (milk thistle) is annual or biennial plant of the Asteracee fam-
ily. Historically, it was used to treat disorders of the liver, spleen,
and gallbladder. The main group of active constituents of SM
seeds, known as silymarin, consists of flavonolignans (silybin, iso-
sylbin, silycristin, and silydianin) (▶ Fig. 1) [1]. They have a broad
spectrum of bioactivities and pharmacological activities. Well
known as a hepatoprotector, silymarin is effective clinically to
treat a variety of liver disorders [2–4] and certain cancers, such
as breast, prostate, and skin cancers [5, 6].

Silymarin has been found to be beneficial in type 2 diabetes pa-
tients and a number of articles demonstrated decreases in both
1184
fasting and mean daily glucose, triglyceride, and total cholesterol
levels [7–9]. However, the effectiveness of silymarin was dis-
counted by its poor water solubility and low bioavailability after
oral administration [2]. Orally administered silymarin is absorbed
rapidly with a tmax of about 2–4 h and a t1/2 of 6 h [2]. Only 20–
50% of the extract is absorbed after oral administration and
undergoes extensive enterohepatic circulation [10,11].

Our main purpose is to search for technological strategies to
overcome all the disadvantages associated with conventional for-
Piazzini V et al. Prediction of Permeation… Planta Med 2017; 83: 1184–1193



ABBREVIATIONS

AP apical

BL basolateral

DLS dynamic light scattering

HBSS Hankʼs balanced salt solution

HEPES 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic

acid

LOD detection limit

LOQ quantitation limit

LY lucifer yellow

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-

methoxyphenyl)-2-(4sulfophenyl)-2H-tetra-

zolium

NE nanoemulsion

PAMPA parallel artificial membrane permeation assay

PDI polydispersity index

PVDF polyvinylidene fluoride

RT room temperature

SGF simulated gastric fluid

SIF simulated intestinal fluid

SM Silybum marianum L. Gaertn.

Smix mixture surfactant/cosurfactant

TEM transmission electron microscopy
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mulations, in particular to improve bioavailability after oral ad-
ministration and consequently the therapeutic efficacy.

Many approaches were employed, such as β-cyclodextrin inclu-
sion complexes [12], solid dispersion pellets [13], proliposomes
[14], self-microemulsifying drug delivery systems [15,16], nano-
emulsions [17], and phospholipid complexes [18], in order to im-
prove the efficacy and bioavailability of silymarin or silybin.

This study is aimed at developing a new oral formulation that
can overcome the limited oral bioavailability, increasing the ther-
apeutic efficacy of a commercial extract. The oil-in-water NE was
formulated with food-acceptable components to increase solubil-
ity, stability, and ameliorate intestinal permeability of the ex-
tractʼs constituents.

In recent years, lipid-based formulations have been used to im-
prove the oral bioavailability of poorly water-soluble compounds.
Lipid carriers promote absorption by presenting the drug to the
gastrointestinal tract in a solubilized form, increasing the solubili-
zation capacity of the gastrointestinal fluids and in many cases,
generating transiently supersaturated drug concentrations [19,
20]. NEs have attracted much interest since they are highly dis-
persed, stable, and transparent systems and easy to prepare. Fur-
thermore, their nanoscopic dimensions allow for better absorp-
tion by the cell membranes. Finally, NEs show the ability to solve
the problems of solubility and stability of many phytotherapeu-
tics, nutraceuticals, and food additives [21,22] because they
avoid the dissolution step.

After qualitative and quantitative HPLC‑DAD characterization
of a commercial SM extract, it was incorporated into a selected
oil-in-water NE, and its physical/chemical stabilities and release
Piazzini V et al. Prediction of Permeation… Planta Med 2017; 83: 1184–1193
properties were investigated. NE was physically and chemically
characterized with DLS, TEM, and HPLC‑DAD analyses in order to
evaluate size, homogeneity, morphology, and encapsulation effi-
ciency. Stability in SGF, followed by simulated intestinal condi-
tions, was also considered.

In vitro permeation or transport studies using different models
such as the PAMPA [23] and Caco-2 cell line were also evaluated to
determine the suitability of the prepared NE for oral delivery.
Based on the characteristics of these two methods, these assays
can be synergistically applied to an efficient and rapid investiga-
tion of permeation mechanisms in preformulation studies, not on-
ly in the case of single molecules, but also for complex matrices,
such as extracts and their formulations, as reported in this study.
Results and Discussion

An HPLC‑DAD method was developed to quali-quantitative char-
acterization of the SM commercial extract. The wavelengths of
210, 280, and 350 nm were selected for acquiring the main con-
stituents of the extract. In order to achieve better chromato-
graphic separation, various linear gradients of a binary or ternary
mixture of acetonitrile, water, and methanol were investigated at
different flow rates by using various RP-18 columns. Finally, the
gradient program described in the experimental part was selected
for its separative efficiency. The chromatographic profile of the
methanolic extract at 280 nm is reported in Fig. S1, Supporting
Information. The identification of compounds was carried out by
UV absorption spectra and by comparison with standard com-
pounds and literature data [24–26]. The chromatographic condi-
tions allowed for a good separation of two diastereoismers of sily-
bin and sylichristin and the peaks related to taxifolin and isosilybin
(Fig. S1, Supporting Information). The dried commercial extract
contained 55.24% w/w of silymarin and 1.88% w/w of taxifolin,
according to the literature [1].

Nest, the solubility of the extract was determined in various
oils, surfactants, and cosurfactants to ascertain the appropriate
components of the NE (▶ Table 1). Selected vehicles show a dif-
ferent influence on the solubility of the constituents compared
to water. All vehicles increased the solubility of both silymarin
and taxifolin. Based on the solubility results, good lipophilic
phases resulted for transcutol HP and labrasol. These were mixed
in different ratios with pairs of surfactant/cosurfactants (Smix).
The solubilizing effect of transcutol is well known. It was used in
several dosage forms because of its ability to solubilize many
drugs including silybin [27]. Therefore, labrasol was preferred in
the preparation of our NE to evaluate a new formulation.

The optimized NE was assessed for clarity and transparency by
visual inspection. The best system was obtained by using labrasol
as the oil and cremophor EL/labrafil as the surfactant/cosurfactant
system (Smix) in a 1.5 : 1 ratio. The selection of the ingredients was
driven by consideration of their toxicity and by knowledge of their
mechanism of action on permeability through the gastrointestinal
tract. Labrasol and, to a lesser extent, cremophor were shown to
open tight junctions [28].

The existing region of each NE was obtained by phase diagram.
The pseudo-ternary phase diagram was built using a water titra-
1185



▶ Fig. 1 Structure of main constituents of SM extract.
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tion method. Each sample was visually checked after equilibrium,
and determined as being a clear nanoemulsion, emulsion, or gel.
▶ Fig. 2 (dark grey area) shows the pseudo-ternary diagram with a
field of existence of a selected NE (1 :1 O/Smix and Smix 1.5 : 1).
Finally, the composition resulted as 2.5 g of labrasol (20%) as the
oil phase, 1.5 g of cremophor EL as the surfactant, 1 g of labrafil as
the cosurfactant (Smix, 20%), respectively. Deionized water was
added drop by drop, under gentle agitation, to each oily mixture.
Its final volume was 7.0mL (60%).

The solubility of the extract into the NE was also determined by
adding increasing amounts of SM into the NE. The samples were
analyzed by HPLC after 48 h under magnetic stirring at RT. The re-
sults were compared with data obtained with the saturated aque-
ous solution. The NE considerably improved the solubility of the
SM extract compared to water. The extract was completely solubi-
lized at the dosage of 40mg/mL in respect to its aqueous solubil-
ity, which results in less than 0.3mg/mL. The amounts of constit-
uents solubilized into the NE are reported in ▶ Table 2. A high
increase of solubility was obtained for all constituents and the sol-
ubility of silymarin was ameliorated about 60 times.

Physical characterization of an empty and extract-loaded NE
(4% w/w) confirmed the presence of a homogeneous system, with
a narrow size distribution and low values of the PDI and mean di-
ameter (▶ Table 3). These data were compared with those ob-
tained by TEM analysis, which confirmed the presence of droplets
with a size less than 40 nm (Fig. S2, Supporting Information).

The developed NE represents a successful tool to incorporate
SM commercial extract and to significantly ameliorate its solubil-
ity. It was suitable for oral administration in terms of physical char-
acteristics and safety of constituents.

Empty and extract-loaded formulations were stored away from
light at 4 °C for 40 days in order to define their stability. Physical
1186
stability was assessed by monitoring the size of the dispersed
phase by DLS. The extract-loaded NE result was stable: no phase
separation occurred, the size of the droplets remained constant,
the zeta potential ranged from − 5.1 to − 6.6mV, and the PDI from
0.114 to 0.179. TEM results confirmed the data obtained by DLS
analyses: sizes ranged between 30 and 40 nm.

Chemical stability was obtained by quantifying the residual
amount of the main constituents (silybin, isosilybin, silychristin,
and taxifolin) of the extract by using the HPLC‑DAD method re-
ported in the experimental part.

As evidenced in ▶ Fig. 3, the concentration of silybin, isosily-
bin, silychristin, and taxifolin remained constant during the whole
period of the test. The developed formulation showed excellent
physical and chemical stability, as the size and polydispersity were
unaffected and no degradation of active constituents was ob-
served during 40 days.

The NE stability was also considered at RT (25 °C) during
3 months. No phase separation, creaming, or cracking occurred,
and the technological characteristic of the disperse phase was un-
modified (size 20.09 ± 0.04 nm, PDI 0.059 ± 0.014, zeta potential
− 6.63 ± 1.73mV). The residual percentages of the constituents
remained unchanged (taxifolin: 0.31 ± 0.01mg/mL; silybin:
5.73 ± 0.07mg/mL; isosilybin: 1.23 ± 0.01mg/mL; silychristin:
0.80 ± 0.05mg/mL).

An in vitro lipid digestion assay in simulated gastrointestinal
medium was also performed to evidence if the NE could protect
active constituents of the extract from degradation during transit
through an unfavorable environment in the gastrointestinal tract
until the intestine. To evaluate the suitability of the NE for this pur-
pose, intragastric stability was tested in SGF (pH 2) in the pres-
ence of pepsin for 2 h, followed by treatment with SIF (pH 7) in
the presence of the pancreatin-lipase-bile extract mixture for 2 h.
Samples were collected and analyzed by DLS analysis to check
their physical stability. The analyses confirmed the physical stabil-
ity of the systems in terms of size and homogeneity. NE was stable
and no aggregation or degradation phenomena occurred. Sizes of
the dispersed phase of NE in SGF (23.3 ± 3.5 nm) and SIF
(23.0 ± 1.5 nm) media remained around 20 nm.

An in vitro release study allowed us to understand the kinetics
of the release of the extract loaded in NE during 24 h. The dissolu-
tion medium was a mixture of CaCl2 750mM:EtOH 60 :40.
▶ Fig. 4 shows the release profile. A gradual release was found
and the maximum percentage of silymarin obtained resulted in
58.5 ± 2.69% after 24 h. In this case, any released constituent is
greatly diluted once it leaves the bag. Perhaps due to the large
volume of the dissolution medium (200mL) and the poor solubil-
ity of taxifolin in water, only silymarin can be quantified. Further-
more, this kind of kinetic was studied and the correlation coeffi-
cient (R2 0.984) is in agreement with the kinetics of release of
the Hixson model [29].

PAMPA is an in vitro method for predicting passive intestinal
absorption. In the last decades, it has gathered considerable inter-
est in pharmaceutical research as a helpful complement and alter-
native to the Caco-2 assay.

The experiment was carried out measuring the ability of the
saturated aqueous solution of the SM extract and extract-loaded
NE to diffuse from the donor to acceptor compartment, through a
Piazzini V et al. Prediction of Permeation… Planta Med 2017; 83: 1184–1193



▶ Table 1 Solubility of the constituents of SM extract in different vehicles. Data displayed as the mean ± SD, n = 3.

Taxifolin
(mg/mL)

Silychristin
(mg/mL)

Silybin
(mg/mL)

Isosylibin
(mg/mL)

Triacetin 0.19 ± 0.05 0.35 ± 0.01 2.61 ± 0.08 0.52 ± 0.01

Labrafil 0.19 ± 0.04 0.27 ± 0.09 2.33 ± 0.51 0.42 ± 0.07

Oleic acid 0.080 ± 0.005 0.19 ± 0.02 1.98 ± 0.11 0.33 ± 0.04

Capryol 90 0.69 ± 0.02 1.66 ± 0.04 8.21 ± 0.14 2.02 ± 0.03

Labrasol ECH 2.86 ± 0.17 17.43 ± 0.21 37.87 ± 1.83 8.00 ± 0.23

Transcutol HP 5.95 ± 0.27 25.12 ± 0.93 79.29 ± 2.74 17.60 ± 0.64

Cremophor EL 0.92 ± 0.25 2.3 ± 0.95 12.09 ± 2.86 2.53 ± 0.61

Water 0.047 ± 0.01 0.095 ± 0.037 0.025 ± 0.010 0.009 ± 0.002

▶ Fig. 2 Pseudo-ternary phase diagram of microemulsion (Smix:
1 :1, labrasol and cremophor EL). Light gray: gel; dark gray: nano-
emulsion; white: turbidity.
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membrane, to evaluate the influence of the formulation on the
permeability of the extract. By comparison of quantities perme-
ated at different incubation times, we observed an increase of
the amount of extract constituents permeated in comparison with
a saturated aqueous solution of the extract used as a control
(▶ Table 4). After 30min, the quantity of components permeated
was negligible for both samples. After 6 h, the permeation in-
creased for the extract formulated into NE. This agrees with the
fact that the NE ameliorates the solubility of flavolignans much
less than that of taxifolin, probably due to different polarities and
oil solubility of the constituents. In this case, the volume of the
acceptor compartment was 250 mcceptotaxifolin was more easily
quantifiable in this low volume in respect to the dissolution test,
and the effective permeability (Pe) values confirmed the increase
of permeation of the extract in respect to the extract alone in
water.

The Pe of silymarin and taxifolin were calculated as reported in
the literature [30,31]. Pe was 93.5 ± × 10− 6 cm/sec for silymarin
and 6.16 ± × 4.8 10− 6 cm/sec for taxifolin. In the case of the aque-
ous solution, Pe was 44.74 ± × 10− 6 cm/sec for silymarin and
21.0 ± 3.7 × 10− 6 cm/sec for taxifolin. A required recovery > 80%
for an acceptable in vitro prediction was obtained. The values (da-
ta displayed as the mean ± SD; n = 3) confirmed that the NE also
increased the permeability of the extract compared to the aque-
ous solution.

Caco-2, a human intestinal epithelial cell line, was used as a
model to study drug absorption across the intestinal epithelium.
Caco-2 cells are the most widely and successfully used permea-
tion models, which are employed to study passive diffusion, active
transport, paracellular permeability, and active efflux [32].

The potential cytotoxicity of SM-loaded NE for Caco-2 cells was
tested to find the highest non/low toxic concentrations to be used
in transport experiments. After exposure for 4 h to a solution of
NE diluted 40 times, the percentage of cell death was negligible
compared to the control (untreated cells), therefore this dilution
was considered acceptable for transport experiments.

In the case of the aqueous solution, silymarin and taxifolin
were not detected in the BL chamber (▶ Table 5). On the contrary,
in the case of the NE, these molecules penetrated the BL chamber
(A→B), 61.2% (4.63mg) for silymarin and 79.5% (0.27mg) for
taxifolin, after 4 h of incubation. Papp values are reported in
Piazzini V et al. Prediction of Permeation… Planta Med 2017; 83: 1184–1193
▶ Table 5. A recovery > 80% was obtained. Therefore, the formu-
lations provided enhanced intestinal permeability of the SM ex-
tract. This fact is certainly due to the presence of surfactant used
as a stabilizer of the internal phase. As previously reported, the
surfactants enhance drug permeability in many ways, such as by
increasing transcellular permeability and by inhibiting the efflux
transport systems [33,34]. Labrasol and labrafil are nonaqueous
excipients used as solvents or cosolvents for absorption enhanc-
ing of oral and/or topical drug formulations [35,36]. They contain
mono-, di- and triglycerides with mono- and diesters of polyethyl-
ene glycol and fatty acids, and they are applied as solubilizers, sur-
factants, and absorption promoters [37]. Labrasol showed a high
tolerance and low toxicity in rats [38]. According to the results of
Delongeas et al., 5 mL/kg/day was an acceptable and nontoxic vol-
ume for use of a labrasol/labrafil/transcutol mixture as a vehicle
for poorly water-soluble drugs [39]. Furthermore, labrasol and,
to a lesser extent, cremophor were shown to open tight junctions
1187



▶ Table 2 Solubility of the SM extract into NE vs. water. Data are displayed as the mean ± SD, n = 3.

Taxifolin (mg/mL) Silychristin (mg/mL) Silybin (mg/mL) Isosylibin (mg/mL) Silymarin (mg/mL)

Water 0.047 ± 0.010 0.095 ± 0.037 0.025 ± 0.010 0.009 ± 0.001 0.13 ± 0.01

NE 0.34 ± 0.06 0.77 ± 0.03 5.71 ± 0.14 1.12 ± 0.05 7.60 ± 0.07

▶ Table 3 Technological characterization of empty and SM extract-
loaded NE. Data are the mean ± SD, n = 3.

Sample Size Polydisperison Z‑D)dpotential

Empty NE 22.27 ± 1.08 0.106 ± 0.06 − 1.1 ± 0.31mV

NE (40mg/
mL of SM)

21.29 ± 0.41 0.114 ± 0.07 − 5.1 ± 0.71mV
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[28]. The safety of the components selected for our NE is another
important aspect for oral administration.

To elucidate the possible mechanism to penetrate Caco-2
membranes, other studies were carried out by evaluating the per-
meability in the opposite direction (B→A) and by using verapamil
as a P‑gp inhibitor to obtain, on indication, the involvement of an
active process [40]. The results are reported in ▶ Table 5. The ef-
flux ratio was 0.82 for silymarin and 1 for taxifolin. No difference
in permeation was observed and the transport result was mainly
passive [41]. The Caco-2 results confirmed the ability of the NE
to increase the permeation of the extract, as follows from the
PAMPA test.

In vitro transport studies using PAMPA and Caco-2 models pro-
vided useful information about dissolution and permeation/ab-
sorption aspects, which could be correlated further to in vivo bio-
availability studies. They proved that the NE successfully enhances
the permeation of the extract compared to the aqueous solution
by suggesting that the developed formulation will increase the
therapeutic effects of the SM extract.
T
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do

cu
m

e

Materials and Methods

Materials

The SM dry extract was supplied by Bionorica. The dry extract
complies with the monograph Silybi mariani extractum siccum
raffinatum et normatum (Ph. Eur. 8.0/2071) of the European
Pharmacopoeia. The DER was 24–27 :1 and the extraction solvent
was acetone. Storage conditions: tightly closed, dry, protected
from light, 15–25 °C. Voucher specimen: 1007–2014.

Taxifolin (purity ≥ 99%) was from Extrasynthese and silycristin
(purity ≥ 95%) and silybin (purity ≥ 98%) were from Sigma-Al-
drich. Cremophor EL, triacetin, ethanol analytical reagent, HPLC
grade acetonitrile and methanol, formic acid (≥ 98%), cholesterol,
lecithin, dichloromethane, DMSO, 1,7-Octadiene (≥ 98%), PBS
bioperformance certified, lipase from porcine pancreas, pepsin
from porcine gastric mucose, bile salts, and HCl were purchased
1188
from Sigma-Aldrich. Oleic acid was from Farmitalia, Carlo Erba
SpA. Labrasol ECH, capryol 90, and transcutol HP were kindly pro-
vided by Gattefossé. Water was purified by a Milli-Qplus system
from Millipore. Phosphotungstic acid (PTA) was from Electron
Microscopy Sciences.

Methods
Preparation of Silybum marianum extract sample
for HPLC‑DAD analysis

A commercial extract (500mg accurately weight) was suspended
in 20mL of methanol, ultrasonicated for 30min, and filtered. The
extraction was repeated three times. The filtrate was evaporated
until dryness. Then, the residue was dissolved in methanol to pre-
pare the sample for HPLC‑DAD analysis. Aqueous solubility was
determined by dissolving the extract in deionized water until sat-
uration at RT. The undissolved solid was eliminated by centrifuga-
tion and the solution was analyzed by HPLC.

Preparation of standard solutions

Standard solutions were freshly prepared by dissolution of stan-
dard compounds in methanol to obtain a final concentration of
0.5mg/mL. The linearity range of response was determined for
taxifolin, silycristin, and silybin. All the calibration curves had co-
efficients of linear correlation R2 ≥ 0.999.

LOD and LOQ were determined by calculation of the signal-to-
noise ratio. LOD resulted in 5.05 ng for taxifolin, 6.9 ng for silycris-
tin, and 7.5 ng for silybin. LOQ resulted in 12.2 ng for taxifolin,
11.7 ng for silycristin, and 10 ng for silybin.

HPLC‑DAD analysis

The separation of SM extract constituents was carried out using
an HP 1100 liquid chromatograph equipped with a DAD detector.
A 150mm× 4.6mm i.d., 5 m Zorbax Eclipse XDB, RP18 column
was used. The mobile phases were (A) formic acid/water pH 3.2,
(B) CH3CN, and (C) CH3OH. The flow rate was 0.6mL/min and
the temperature was set to 26 °C. The injection volume was
20 µL. The UV/vis spectra were recorded in the range of 200–
700 nm and the chromatograms were acquired at 210, 280, and
350 nm.

The following mobile phase was applied: 0–10min, 63–58% A,
15–20% B, 22–22% C; 10–15min, 58–30% A, 20–30% B, 22–40%
C; 15–20min 30–30% A, 30–30% B, 40–40% C; 20–25min, 30–
63% A, 30–15% B, 40–22% C with an equilibration time of 5min.

Solubility studies

The extractʼs solubility in different vehicles was measured to find
an appropriate medium with a good solubilizing capacity of the
SM extract and useful either as a lipophilic phase or (co)surfac-
Piazzini V et al. Prediction of Permeation… Planta Med 2017; 83: 1184–1193



▶ Table 4 Quantity (mg) of silymarin and taxifolin permeated in
the PAMPA test. Data are the mean ± SD, n = 3.

Incubation
time

Constituents NE Aqueous
solution

2 h Silymarin 0.220 ± 0.006 0.023 ± 0.002

Taxifolin 6.37 × 10− 3 0.4 × 10− 3

4 h Silymarin 0.570 ± 0.041 0.079 ± 0.002

Taxifolin 0.028 ± 0.005 0.002 ± 0.001

6 h Silymarin 0.665 ± 0.012 0.112 ± 0.003

Taxifolin 0.034 ± 0.005 0.004 ± 0.001

▶ Fig. 3 Chemical stability of the main constituents of the extract in the stability test at 4 °C (data are the mean ± SD, n = 3).

▶ Fig. 4 In vitro release profile of silymarin (data are the mean ± SD,
n = 3).
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tant. An excess amount of SM extract was added to 5mL of each
selected solvent (triacetin, tocopherol acetate, oleic acid, labrafil,
capryol 90 cremophor EL, labrasol ECH, transcutol HP, and labra-
fac PG ECH, water). Each mixture was shaken at 25 °C for 24 h, and
then was centrifugated at 13148 × g for 10min. The concentra-
tion of the components of the extract was determined by HPLC
after dilution with methanol/dichloromethane (3 :2). The analyses
were performed in triplicate.

Construction of ternary phase diagram

Pseudo-ternary phase diagrams were constructed using Chemix
School version 3.60 software to obtain the concentration range
of all components in which they form NE. The pseudo-ternary
phase diagrams were constructed using the water titration meth-
od. Surfactant and cosurfactant were mixed at different weight
ratios (Smix). For each Smix ratio, a pseudo-ternary phase diagram
was elaborated by testing the weight ratio of oil/Smix of 0 : 100,
5 :95, 10 :90, 20 :80, 30 :70, 40 :60, 50 :50, 60 :40, 70 :30,
80 :20, and 90 :10. Each oil-Smix mixture was diluted under vigor-
ous stirring dropwise with water. After equilibrium, each sample
was visually checked and the phase boundary was determined by
observing the changes in the sample appearance from turbid to
transparent or from transparent to turbid, and by evaluating if
NE, emulsion, or gel was present.

Solubility of Silybum marianum extract into nanoemulsion

The ability of NE to solubilize the extract was investigated and
compared with the respective aqueous, micellar solution of sur-
factant or oil solution. In order to determine the maximum load-
ing capacity of the NE, an extract-loaded formulation was pre-
pared by dissolving increasing amounts of extract into the NE.
The solution was stirred for 24 h at 25 °C and protected from light.

The final NE was obtained by dissolving the extract into the NE
(40mg/mL) and stirring to form a clear and transparent disper-
sion. The resulting formulation was tightly sealed and stored at
4 °C temperature. The quantity of constituents solubilized was de-
fined by HPLC‑DAD analysis at 280 nm after dilution with metha-
nol/dichloromethane (3 :2). The analyses were performed in trip-
licate.
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Particle size analysis and zeta potential

Droplet sizes of the developed NE were measured by a DLS, Ζsizer
Nano series ZS90 (Malvern Instruments) equipped with a JDS Uni-
phase 22mW He-Ne laser operating at 632.8mm, an optical fi-
ber-based detector, a digital LV/LSE-5003 correlator, and a tem-
perature controller (Julabo water bath) set at 25 °C. Time correla-
tion functions were analyzed to obtain the hydrodynamic diame-
ter of the particles (Zh) and the particle size distribution (PDI) us-
1189



▶ Table 5 Papp values (cm/s) of silymarin and taxifolin in the Caco-2
test, after 4 h; A→B: from AP to BL compartment; B→A from BL to
AP compartment. NE: nanoemulsion (data are the mean ± SD,
n = 3).

Sample Silymarin Taxifolin

Extract (A→B) n.d. n. d.

NE (A→B) 51.50 × 10− 6 66.93 × 10− 6

NE (A→B) with verapamile 53.50 × 10− 6 65.92 × 10− 6

NE (B→A) 42.19 × 10− 6 61.36 × 10− 6
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ing ALV-60X0 software V.3.X provided by Malvern. Autocorrela-
tion functions were analyzed by the Cumulants method, fitting a
single exponential to the correlation function to obtain particle
size distribution. Scattering was measured in an optical quality
4mL borosilicate cell at a 90° angle, diluting the samples in dis-
tilled water. Zeta potentials were measured using the same instru-
ment for all samples, and an average of three measurements at a
stationary level were taken. The temperature was kept constant at
25 °C by a Haake temperature controller. The zeta potential was
calculated from the electrophoretic mobility using the Henry cor-
rection to Smoluchowskiʼs equation.

Morphological characterization

Morphology and structure of the NE were studied using a TEM
(Jeol Jem 1010). Ten mL of NE after appropriate dilution were ap-
plied to a carbon film-covered copper grid. Most of the dispersion
was blotted from the grid with filter paper to form a thin film
specimen, which was stained with a phosphotungstic acid solu-
tion (1% w/v in sterile water). The samples were dried for 3min
and then were examined under a JEOL 1010 electron microscope
and photographed at an accelerating voltage of 64 kV.

In vitro release studies

The dialysis bag method was applied to study the extract release
from the NE using a mixture of CaCl2 750mM (pH 7): EtOH 60 :40
as a dissolution medium. Release was monitored for 24 h. The di-
alysis bags were hydrated before use. The bag containing 1mL of
NE was placed in a beaker containing 200mL of dissolution me-
dium maintained at 37 ± 0.5 °C under magnetic stirring. At differ-
ent time intervals, aliquots of the dissolution medium were with-
drawn and replaced with the same volume of fresh medium to
maintain the sink conditions. The samples were suitably diluted
and analyzed by HPLC‑DAD for quantification of the constituents
of the SM extract. All of the operations were carried out in tripli-
cate.

The percentage of silymarin released in the medium at pH 7 at
each point time was calculated by applying the following formula:

% Silymarin releasedt ¼ mg silymarint
mg silymarintot

� 100
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where mg silymarint =mg compound released for each time
point t and mg silymarintot = total mg of silymarin loaded in the
NE.

Stability studies

In order to evaluate the stability of empty and extract-loaded NEs,
the samples were inserted into sealed glass vials and stored at 4 °C
for 40 days and at RT (25 °C) for three months. Chemical and phys-
ical stabilities were studied by monitoring the occurrence of phase
separation, dispersed phase size, and drug content at predeter-
mined intervals by DLS and HPLC‑DAD analyses.

Furthermore, the samples were diluted 10-, 20-, and 30-fold
with distilled water to mimic the physiological dilution process
after oral administration. The dilutions were followed by gentle
vortexing for 2min at RT. The intragastric stability was tested in
SGF as described earlier [42]. Briefly, 5 mL of NE were suspended
in 5mL SGF (0.32% w/v pepsin, 2 g of sodium chloride, and 7mL
HCl dissolved in 1 L water and pH adjusted to 1.8 using 1M HCl)
and incubated in a water bath at 37 °C under a shaking speed of
100 strokes/min. After 2 h, the sample was collected to analyze
the size and PDI.

After digestion in simulated stomach conditions, a previous
sample was subjected to digestion under simulated intestinal con-
ditions containing an intestinal enzyme complex (lipase 0.4mg/
mL, bile salts 0.7mg/mL, and pancreatin 0.5mg/mL) and calcium
chloride solution 750mM at pH 7.0, 37 °C under a shaking speed
of 100 strokes/min. After 2 h digestion in SIF, the sample was col-
lected and its physical stability was checked by DLS analysis.

In vitro parallel artificial membrane permeability assay

The assay was carried out in a 96-well, MultiScreen-IP PAMPA
(Millipore corporation) filter plate. The ability of compounds to
diffuse from a donor compartment, through a PVDF membrane
filter pretreated with a lipid-containing organic solvent, into an
acceptor compartment was evaluated. Five µL of lecithin (10 g/L)
and cholesterol (8 g/L) in 1,7-octadiene solution were added to
the filter of each well. Immediately after the application of the ar-
tificial membrane, 250 µL of drug-containing donor solutions (sat-
urated solution of the extract in water and SM-loaded NE, 40mg/
mL) were added to each well of the donor plate. Next, 250 µL of
buffer (0.05mL/mL DMSO/PBS, pH 7.4) were added to each well
of the acceptor plate. The donor plate was then placed into ac-
ceptor the plate, ensuring that the underside of the membrane
was in contact with the buffer. The plate was covered and incu-
bated at RT under shaking for 6 h and permeation was evaluated
at 0.5, 2, 4, and 6 h.

After incubation for 6 h, the contents silymarin and taxifolin in-
to the donor and receptor compartments were analyzed by
HPLC‑DAD. The experiment was performed in triplicate and the
mean of three samples was used in the data analysis.

Permeability of the compounds was calculated using the fol-
lowing formula [43]:

Pe = − ln [1 − CA(t)/Cequilibrium]/A × (1/VD + 1/VA) × t

where Pe is the permeability in the unit of cm/s. A = effective filter
area = f × 0.3 cm2, where f = apparent porosity of the filter, VD =
Piazzini V et al. Prediction of Permeation… Planta Med 2017; 83: 1184–1193
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donor well volume = 0.3ml, VA = receptor well volume = 0.2ml,
t = incubation time (s), CA(t) = compound concentration in the re-
ceptor well at time t, CD(t) = compound concentration in donor
well at time t, and

Cequilibrium = [CD(t) × VD + CA(t) × VA]/(VD + VA).

Cell culture

The human colon carcinoma cell line Caco-2 was kindly provided
by Prof. Masini (University of Florence). Cells were cultured in
DMEM supplemented with 20% heat-inactivated fetal calf serum,
1% L-glutamine, and 1% penicillin/streptomycin. Caco-2 cells
were incubated at 37 °C in a humidified atmosphere containing
5% CO2. Upon reaching 80% confluence, cells were subcultured
weekly at a split ratio of 1 :3 by trypsinization.

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4sulfophenyl)-2H-tetrazolium assay for cell viability

Viability analysis was performed using a Cell Titer 96 Aqueous One
Solution Cell Proliferation MTS Assay Kit (Promega Madison). In
brief, Caco-2 cells were transferred to flat bottom 96-well tissue
culture plates (Corning) at a seeding density of 5 × 103 cells/well
and allowed to grow for 24 h under the conditions detailed above.
For the MTS assay, the culture medium was removed and replaced
with fresh medium containing SM-loaded NE (5mg/mL; 1 :100–
1 :300 dilution) and the cells were incubated for a further 4 or
24 h. The cells were then exposed to MTS solution and allowed to
incubate for 2 h at 37 °C. The product of the reaction was mea-
sured at 490 nm using a spectrophotometer (Multilabel Counter
1240 Victor 3, Perkin Elmer). Cell death was expressed as a per-
centage of values obtained from the control (untreated cells cal-
culated from three replicates of each NE dilution).

Cell culture for transport studies

For transport studies, cells were seeded at 50000 cells/well in cell
culture inserts with PET (polyethylene terephthalate) membranes
(0.4 µm pore size, 0.33 cm2 growth surface area; BRAND). Culture
medium (DMEM) was added to AP (0.5mL) and BL (1.5mL) sides,
and was replaced every other day for the first week and daily
thereafter. Cells were let to differentiate for 18–21 days.

Monolayer integrity

The integrity of the layer was evaluated with the LY permeability
assay according to Iacomino et al. [44]. LY was diluted in transport
buffer (HBSS with Ca2+, Mg2+, 25mM HEPES, pH 7.4) and added to
the AP compartment at a final concentration of 100 µM. After in-
cubation at 37 °C for 1 h, the HBSS in the BL chamber was col-
lected, and the concentration of LY was determined by using
485 nm excitation and 530 nm emission on a fluorescence plate
reader (Multilabel Counter 1240 Victor 3, Perkin Elmer). The per-
centage of AP to BL permeability was calculated according to the
following equation:

% Permeability ¼ fluorescence in the BL − blank
fluorescence LY − blank

� 100
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The critical maximum flux of LY to identify leaky monolayers was
estimated to be less than 3% of the starting concentration.

Transport experiments

Transport study was performed according to Hubatsch et al. [41].
Before the transport study, the culture medium (DMEM) was re-
placed with preheated (37 °C) transport HBSS medium supple-
mented with 25mM HEPES (pH 7.4). After the cell monolayer
was equilibrated for 30min at 37 °C, Caco-2 cells were treated
for 4 h with different dilutions of SM-loaded NE in HBSS in the AP
chamber, while the BL chamber contained only HBSS.

For the test, 0.5mL of aqueous saturated solution of te extract
or NE diluted 40-fold with culture medium was added to the AP
side, while the BL side was filled with culture medium. At prede-
termined intervals (30min, 1, 2, 4 h), 0.3mL of medium in the BL
side was taken for HPLC analyses and replaced with the same vol-
ume of fresh HBSS. At the end of the experiments, the integrity of
the layer was reevaluated with the LY permeability assay as de-
scribed above.

Apparent permeability coefficients (Papp) were calculated ac-
cording to the following formula:

Papp ¼ �Q=�t
C0 � A

where ΔQ/Δt indicates the linear appearance rate of mass in the
basolateral side, C0 = initial concentration in the Ap side, and A =
surface area (i.e., 0.33 cm2).

Recovery in the parallel artificial membrane permeation
assay and Caco-2 tests

The recovery (mass balance) is defined as the sum of the drug re-
covered from the acceptor chamber and the drug remaining in
the donor chamber at the end of the experiment, divided by the
initial donor amount. Recovery for silymarin and taxifolin was cal-
culated according to the following equation:

Recovery ð%Þ ¼ CDfVD þ CRfVR

CD0VD
� 100

where CDf and CRf are the final concentrations of the compound in
the donor and receiver compartments, respectively, CD0 is the ini-
tial concentration in the donor compartment, and VD and VR are
the volumes in the donor and receiver compartments, respective-
ly. All results are expressed as mean ± SD.

Statistical analysis

Experiments were repeated three times and the results are ex-
pressed as the mean ± standard deviation. Statistical significance
was calculated by Studentʼs t-test with a statistical significance
level set at p < 0.05.

Supporting information

An HPLC profile of SM extract and TEM images of empty and ex-
tract loaded NE are available as Supporting Information.
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