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HIGHLIGHTS

¢ Nanocontainers were made with silymarin, PVP and SDS via the electrospraying
method.

e They were tested for solubility, dissolution, PXRD, DSC, FTIR, SEM and particle
size.

e The drug solubility and dissolution were improved as compared to plain drug
powder.

e The drug was in the amorphous state in spherical particles of the optimized
sample.

Abstract: The aim of the present research was to develop a silymarin-laden
PVP-nanocontainer providing ameliorated aqueous solubility and dissolution of the drug.
Several silymarin-laden formulations were formed with varying quantities of PVP and SDS
via the solvent evaporation method using the electrospraying technigue. The influence of
the hydrophilic carriers on solubility and dissolution was explored. The solid-state
characterization was carried out by particle-size analysis, PXRD, DSC, FTIR and SEM. All
of the formulations demonstrated better solubility and dissolution than did silymarin plain
powder. Both the SDS and PVP had positive effects on solubility and dissolution of
silymarin in the aqueous media. An increased solubility was attained as the drug/PVP ratio
was 1/4; however, further increase in PVP did not provide significant improvement. In
particular, a nanocontainer formulation prepared with silymarin, PVP and SDS (1/4/0.5,
w/w/w) exhibited the best solubility (26432.76 + 1749.00 pg/mL) and an excellent
dissolution (~92 % in 20 min) than did silymarin plain powder. Also, it demonstrated similar
dissolution profiles compared to a commercial product; therefore, might be bioequivalent to
the commercial product (f; = 3 and f, = 69). Moreover, cumulative undersize distribution
values as represented by Xiq, Xs50 and Xgo were 201 + 21.01 nm, 488 + 36.05 nm and 392 +
48.10 nm, respectively. The drug existed in the amorphous state in the
PVP-nanocontainers with no strong chemical bonding with other excipients. Thus, this
formulation might be used for more effective administration of silymarin via the oral route.

Keywords: silymarin; electrospraying; PVP-nanocontainers; aqueous solubility;
dissolution.

GRAPHICAL ABSTRACT

Electrospraying PVP-nanocontainers Solubility and Dissolution
Enhancement
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INTRODUCTION

Silymarin, a mixture containing flavonolignans such as silybin, silychristin, isosilybin and
silydianin, is extracted from milk thistle plant (Silybum marianum). Silybin is the main active
pharmaceutical entity amongst these flavonolignans [1]. Silymarin exerts remarkable
hepatoprotective effects [2]; therefore, it has been successfully playing its role in the
supportive treatment of hepatic morbidities and adversities [3]. Solubility in the agqueous
gastrointestinal fluid and permeation across cell membranes are essential for absorption of
a drug through the GIT. The drugs whose absorption is impaired owing to low or no solubility
are placed in class Il of Biopharmaceutics Classification System (BCS). The oral
bioavailability of silymarin is extremely poor owing to its insufficient aqueous solubility [4].
Several solubility enhancing approaches, such as self-emulsifying drug delivery systems [5],
formulation with phosphatidylcholine [6], formulation with cyclodextrins [7], formulation with
lecithin [8] and solid dispersion formation [9], have been effectively employed for improving
the aqueous solubility of silymarin.

Nanotechnology has performed a significant role in the amelioration of the agueous
solubility and dissolution of numerous very slightly soluble or practically insoluble drugs [10].
Natural hydrophilic polymeric matrices are popular excipients in pharmaceutical
nanotechnology owing to their excellent safety, biocompatibility and biodegradation [11]. A
pharmaceutical nano-sized patrticle is a drug-loaded object possessing a diameter of about 1
pm or less [12,13]. Development of nano-sized solid dispersions can cope with the low
agueous solubility and dissolution related problems of a number of very slightly soluble or
practically insoluble substances [14,15]. A solid dispersion is a drug delivery tool which
contains a very slightly soluble or water-insoluble active pharmaceutical ingredient
dispersed in a hydrophilic polymeric matrix [15]. It may be developed with or without a
solubilizing agent. A ternary solid dispersion is a three component system which consists of
a drug, a solubilizing agent and a hydrophilic polymeric excipient (Figure 1) while a binary
solid dispersion is a two component system containing a drug and a hydrophilic polymeric
matrix [16]. Ternary solid dispersions are more effective in resolving the aqueous solubility
problems of a number of water-insoluble drugs than binary solid dispersions [16]. Amongst
the solid dispersion preparation methods, the solvent evaporation method has augmented
the aqueous solubility, dissolution and oral bioavailability of poorly water-soluble drugs the
most [17].
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Figure 1. lllustration showing distribution of drug and surfactant in a PVP-nanocontainer.

Moreover, the electrospraying technique of nanoparticle formation has successfully
worked for numerous drug groups, such as antihyperlipidemics [10], antibiotics [18,19],
anti-inflammatories [20,21] and hormones [22,23]. Accordingly, the solvent evaporation
method in conjunction with the electrospraying technique is the best strategy to achieve
nanoparticles of ternary solid dispersions [10,24]. In this technique, the drug, hydrophilic
polymeric material and solubilizing agent are entirely dissolved in an appropriate solvent or
solvent mixture. The resultant transparent solution is then electrosprayed (Figure 2) [10]. An
electrosprayed nano-sized particle of a ternary solid dispersion is a spherical solid particle
consisting of uniformly dispersed molecules of a drug and a solubilizing agent in a
hydrophilic polymeric matrix (Figure 1) [11].
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Figure 2. Schematic illustration of the electrospraying equipment.

In the present study, a number of ternary solid dispersions were fabricated with
silymarin, polyvinylpyrrolidone (PVP) and sodium dodecyl sulphate (SDS) via the solvent
evaporation method using the electrospraying technique. The influence of PVP and SDS
guantities on solubility and dissolution of silymarin in the solid dispersions was investigated.
The optimized silymarin-laden PVP-nanocontainer, exhibiting the highest aqueous solubility
and dissolution, was subjected to solid state characterization by particle-size analysis,
powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC), Fourier-transform
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Moreover, the
dissolution profiles of the optimized formulation were compared with those of a commercial
product.

MATERIAL AND METHODS

Materials

Silymarin (Purity 2 95%) was from Xi'an Xin Sheng Bio-Chem Co. (Xi'an, Shaanxi,
China). Polyvinylpyrrolidone (PVP K30) and Sodium dodecyl sulphate (SDS) were from
Sigma-Aldrich Co. (St. Louis, MO, USA). Legalon capsules (Bukwang, Seoul, South Korea)
were used as the commercial product. All other chemicals were of reagent grade.

Preparation of silymarin-laden PVP-nanocontainers

All the formulations were electrosprayed using ESR 100 NanoNC electrospinning
instrument (Seoul, South Korea). The compositions of formulations are shown in Table 1.
For each formulation, silymarin, PVP and SDS were comprehensively dissolved in ethanol
to obtain an absolutely transparent solution. Subsequently, the solution was filled in a glass
syringe (Hamilton Co., Reno, NV, USA) and the syringe was mounted on the instrument.
The solution was sprayed at a flow rate of 0.3 mL/hr and under the influence of an optimum
voltage of 9.5-10.5 kV. The nanopatrticles collecting plate was 20 cm apart from the spraying
nozzle. The dried formulation was preserved in a clean, dry and air-tight conical tube placed
at room temperature.
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Table 1. Compositions of silymarin-laden PVP-nanocontainers.

Constituents (g) I I I v Y \ i VI
Silymarin 1 1 1 1 1 1 1 1
PVP 3 3 3 3 3 4 6 10
SDS 0.1 0.2 0.3 0.4 0.5 0.5 0.5 0.5

Aqueous solubility test

For each formulation, about 20 mg quantity was poured into a 300 uL of distilled water
placed in a 2 mL microtube. After vortex-mixing, the tubes were placed in a water-bath at
25°C and shaken at 100 rpm for 5 days. Subsequently, the samples were vortex-mixed
again and centrifuged at 5,000 x g for 5 min (Hanil Science Industrial Co., Smart 15,
Gangneung, South Korea). One hundred fifty microliter of supernatant was poured in
another clean microtube and diluted with 150 yL of the mobile phase. The diluent was
passed through a syringe filter (0.45 um) [10]. Fifty microliter filtrate was analyzed by the
HPLC (Agilent 1260 Infinity, Agilent Technologies, Santa Clara, CA, USA). A Capcell Pak
ACR 5 yum C18 column having dimensions of 4.6 mm I.D. x 150 mm (Shiseido, Tokyo, Japan)
was used for quantification of silymarin. The mobile phase was consisted of components A
and B at the volume ratio of 95/5 respectively. The component A was comprised of methanol,
acetic acid and phosphate buffer (pH 3.0) at the volume ratio of 34/6/60 respectively.
Acetonitrile was used as component B. The mobile phase, eluting at a flow rate of 1 mL/min,
was monitored at 285 nm for determination of silymarin titre [2].

Estimation of the entrapment efficiency and silymarin content in
PVP-nanocontainers

In this method of PVP-nanocontainers formation, all the constituents were entirely
dissolved in ethanol to get a clear solution before electrospraying; thus, it was assumed that
the entrapment efficiency was equivalent to the drug content. For each formulation, an
accurately weighed sample equivalent to 10 mg silymarin was completely dissolved in 100
mL of ethanol. The expected strength of the solution was 100 pug/mL. The clear solution was
filtered (0.45 ym) and analyzed for silymarin content employing the HPLC method as
explained above. For each formulation, the test was carried out in triplicate. The drug
content was calculated by the following formula: S, = S,/S; * 100. Where, S is the silymarin
content, S, is actual concentration quantified by the HPLC, and S; is the theoretical strength.

Dissolution studies

The dissolution study was accomplished using the USP dissolution tester Il (Vision®
Classic 6TM, Hanson Research Co., Los Angeles, CA, USA). Each formulation, equivalent
to 30 mg of silymarin, was sealed in a dialysis bag (Spectra/Por® dialysis membrane,
MWCO 3500, Spectrum Laboratories, Rancho Dominguez, CA, USA) and enclosed in the
sinker. Then, the sinker was dropped in 500 mL of 2% (w/v) aqueous Tween 80 [25] placed
in the dissolution vessel and maintained at 37 £ 0.1°C. The paddle rotated at an intentional
speed of 75 rpm [26]. At fixed time points, 1 mL of the dissolution medium was taken with the
help of a sampler and filtered (0.45 pym). One milliliter of fresh dissolution medium was
poured into to the dissolution vessel after each sampling. Fifty microliter filtrate was assayed
by the HPLC method as elucidated above. The same procedure was adopted to obtain the
dissolution profiles of the commercial product.

Particle-size analysis

The selected PVP-nanocontainer formulation was perused using a laser diffraction
particle-size analysis equipment (HELOS H1918, Sympatec GmbH,
System-Partikel-Technik, Clausthal-Zellerfeld, Germany) for determining cumulative
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undersize distribution. The values of X1, X5 and were recorded at the undersize of 10%, 50%
and 90% of total volume, respectively.

Powder X-ray diffractometry

For examining the crystalline property of the samples, they were subjected to scanning
using a Rigaku X-ray diffractometer (D/MAX-2500 PC, Rigaku Corporation, Tokyo, Japan).
The perusal was accomplished using a Cu Ka1 monochromatic radiation (A = 1.54178 °A)
source with 30 mA current and 40 kV voltage. The diffraction spikes were transcribed in the
range of 10-70°C with a 208 scanning mode, an angular increment of 0.02°/second and a
scan rate of 10°/minute.

Differential scanning calorimetry

The thermal physiognomies of the samples were determined using a differential
scanning calorimeter (DSC Q20, TA Instruments, New Castle, Delaware, USA). About 2-5
mg of each sample was enclosed in an aluminium pan and heated at the rate of 10°C/min
over a range of 30-120°C. The scanning was conducted in the presence of a nitrogen flow of
25 mL/min.

Fourier transform infrared spectroscopy

The FTIR spectra of silymarin powder, PVP, SDS, physical mixture and
PVP-nanocontainers were recorded. Each sample was perused over a range of 600-4000
cm™ with 2 cm™ resolution using a Nicolet-6700 FTIR spectophotometer (Pittsburgh, PA,
USA). The physical mixture was a combination of triturated silymarin, PVP and SDS at the
optimized ratio of 1/4/0.5 (w/w/w).

Scanning electron microscopy

The morphological features of particles of silymarin plain powder and selected
PVP-nanocontainer formulation were observed using a scanning electron microscope
(5-4800, Hitachi, Tokyo, Japan). A carbon tape was clung on a metallic disc using its one
adhesive side while the other exposed adhesive side of the tape was used as a platform for
adhering the samples. Subsequently, the adhered samples were subjected to platinum
coating (EMI Teck lon Sputter - K575K) for 5 min under 8 x 10-3 mbar pressure using 15 mA
current and 100% turbo speed. The purpose of the coating was to make the samples
electrically conductive for subsequent scanning by the electron microscope for imaging.

Statistical methods

For solubility testing, analysis of three samples was performed for each formulation or
plain drug powder (n = 3). The mean value and standard deviation were calculated using MS
Excel. Release test was carried out in sextuplicate (n = 6). The mean and standard deviation
of six values were determined using MS Excel. Furthermore, six values of percent drug
released achieved at a particular time point for the optimized formulation were compared
with the corresponding values of each formulation separately using t-test, and p-value was
calculated. Likewise, comparison of release rates of the optimized formulation with those of
the commercial product was done.

RESULTS AND DISCUSSION

Nanoparticles can resolve the aqueous solubility, dissolution rate and oral bioavailability
related problems of various BCS class Il drugs [27]. Electrospraying technique is a
promising strategy to fabricate pharmaceutical polymeric nanoparticles [28]. Ternary solid
dispersions remarkably optimize the aqueous solubility, dissolution rate and bioavailability of
several low water-soluble or water-insoluble chemical entities [16]. The solvent evaporation
method is considered as the best method for the preparation of solid dispersions as far as
enhancement in the aqueous solubility, dissolution rate and oral bioavailability are
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concerned [17]. The concomitant use of PVP and SDS as hydrophilic carriers in the
formation of ternary solid dispersions has enormously ameliorated the aqueous solubility
and dissolution of numerous drugs [29-32]. Accordingly, in the present research,
silymarin-laden PVP-nanocontainers of ternary solid dispersions were prepared with PVP
and SDS via the solvent evaporation method using the electrospraying technique.

In the solvent evaporation method of solid dispersion formation, relatively higher
guantities of excipients are required [33]; therefore, three times higher quantity of PVP was
used against that of silymarin initially. The compositions of all the formulations are shown in
Table 1. In order to determine the influence of SDS concentration on the aqueous solubility
and dissolution rate of silymarin, formulations |-V were prepared with different quantities of
SDS while keeping silymarin/PVP quantity constant at 1/3 (w/w). A significant enhancement
in solubility and dissolution was observed with increasing quantities of SDS owing to its
solubilizing property. In particular, amongst the formulations |-V, formulation V consisting of
silymarin, PVP and SDS (1/3/0.5, w/w/w) exhibited the most optimized solubility (17555.78 +
1424.25 pg/mL) and dissolution rate (84.98 = 2.59 % in 20 min) of the drug (Figure 3A and
Figure 3B). Thus, this formulation was chosen for further testing the effect of PVP
concentration on the aqueous solubility and dissolution rate of the drug. Formulations VI-VIII
were formed with different concentrations of PVP while keeping the drug/SDS quantity
constant at 1/0.5 (w/w). The increase in the quantity of PVP in formulations VI-VIII
significantly improved the aqueous solubility and dissolution rate of the drug as compared to
formulation V (P < 0.05). On the other hand, an apparent decrease in the aqueous solubility
was witnessed with increasing quantity of PVP in formulations VI-VIII; however, their
solubility and dissolution results were not significantly different (P > 0.05) from one another
(Figure 3A and Figure 3B). This apparent decrease in solubility with increasing
concentration of PVP in formulations VI-VIII was owing to higher quantity of PVP against the
guantity of loaded drug which resulted in supersaturation [10,34]. As a result, further
dissolution of PVP-nanocontainers, and thereby solubility of the loaded silymarin, was
ceased. In short, amongst all the formulations, the nanocontainer formulation VI containing
silymarin, PVP and SDS (1/4/0.5, w/w/w) showed apparently the most optimized solubility
(26432.76 £ 1749.00 pg/mL) and dissolution rate (92.69 + 2.69 % in 20 min) of the drug. The
enhancement in the aqueous solubility of silymarin was ~1100-fold (26432.76 + 1749.00 vs.
22.76 = 7.89 pg/mL) and dissolution rate (92.69 + 2.69 vs. 25.18 + 2.59 % in 20 min)
compared to plain drug powder; therefore, this formulation was selected for solid state
characterization by particle-size analysis, PXRD, DSC, FTIR and SEM.
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Figure 3. Effect of SDS (I-V) and PVP (VI-VIII) on the agueous solubility (A) and the dissolution rate
(B) of silymarin in the electrosprayed nanocontainers. Each value of solubility and dissolution rate

denotes the mean = S.D. (n = 3 and 6, respectively). *p < 0.05 compared with the silymarin plain
powder and formulations I-V.

Prior to the dissolution rate determination, the drug content in all the formulations was
investigated. All the formulations showed drug content in the range of 99-101 %. This
suggested that during the preparation of PVP-nanocontainers via the solvent evaporation
method using the electrospraying technique neither of the components was lost and the
product contained uniformly intermingled constituents. In the solvent evaporation method of
PVP-nanocontainers formation, all the constituents were entirely dissolved in ethanol to get
a clear solution before electrospraying. Also, higher quantity of PVP was used against the
guantity of drug in each PVP-nanocontainer formulation. Accordingly, it was assumed that
all the drug remained entrapped in the polymeric matrix in the dried PVP-nanocontainer after
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electrospraying. Thus, entrapment efficiency was considered equivalent to drug content in
the present study.

The dissolution profiles of PVP-nanocontainer formulation VI and the commercial
product were compared using similarity factor (f,) and difference factor (f;) as recommended
by the Food and Drug Administration (FDA) [35]. As a general rule, f; value should be < 15
while f, value should be = 50 for a dissolution profile of a product similar to that of a reference
standard [35]. The silymarin-laden PVP-nanocontainer formulation VI furnished f; and f,
value of 3 and 69, respectively. This suggested that the dissolution profiles exhibited by
PVP-nanaocontainer formulation VI were similar to those of the commercial product (Figure
3B). Thus, our optimized formulation might be bioequivalent to the commercial product.

The particle-size cumulative distribution data of PVP-nanocontainer formulation VI is
shown in Figure 4. The values of X9, X50 and Xgo were 201 £ 21.01 nm, 488 + 36.05 nm and
392 + 48.10 nm, respectively. Moreover, polydispersity index (PDI) calculated for this
sample was 0.405. This confirmed that the particles were the ‘nanoparticles’ as the
particle-size was < 1000 nm [12,13].

550
500 - - X 10 Il
[/ X350
50 A B X 90
00 1
350 -
300 -
250 -
200 -
150 -
100 -
50 -

0 .

B o

Particle size diameter (nm)

PVP-nanocontainer formulation VI
Figure 4. Cumulative undersize distribution data (X9, Xso and Xgg).

In the PXRD analysis, silymarin plain drug powder showed some minute peaks
suggesting the presence of some crystalline entity in it (Figure 5A, a). PVP did not show any
peak suggesting its amorphous nature (Figure 5A, b). SDS generated some sharp peaks
reflecting its crystalline nature (Figure 5A, c). The physical mixture also exhibited some
minute peaks corresponding to silymarin and SDS (Figure 5A, d). The physical mixture was
prepared by mixing silymarin, PVP and SDS (1/4/0.5, w/w/w) using a pestle and mortar. The
PVP-nanaocontainer formulation VI did not reveal any peak suggesting that all the crystalline
components were converted to the amorphous state (Figure 5A, e). In essence, PVP
blocked recrystallization during electrospraying process [10]. In the solvent evaporation
method of solid dispersion preparation, the crystalline constituents are converted to the
amorphous state which also enhances the aqueous solubility and dissolution rate of the
drugs [17].
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Figure 5. PXRD patterns (A); DSC thermograms (B); FTIR spectra (C): (a), silymarin plain powder;
(b), PVP; (c), SDS; (d), physical mixture; (e) silymarin-laden PVP-nanocontainer formulation VI.

In the DSC analysis, silymarin (Figure 5B, a) and PVP (Figure 5B, b) showed broad
endotherms suggesting that they retain moisture as these broad endotherms are
characteristics of escape of moisture from the samples [2]. SDS was crystalline in nature
(Figure 5B, c). The physical mixture also showed the broad endotherm which was owing to
the presence of moisture in silymarin and PVP (Figure 5B, d). On the other hand, in case of
PVP-nanacontainer formulation VI, no endotherm was witnessed (Figure 5B, ). Thus, in the
preparation of PVP-nanocontainers via the solvent evaporation method using the
electrospraying technique, all the crystalline components were converted to the amorphous
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form [10]. Moreover, considerable moisture was evaporated during the preparation process
which might improve stability by preventing any possible hydrolysis of the product [36].

The FTIR spectra are shown in Figure 5C. The physical mixture was a blend of triturated
silymarin, PVP and SDS at the optimized ratio of 1/4/0.5 (w/w/w). Silymarin plain powder
produced sharp peaks at 643, 737, 782, 823, 996, 1024, 1083, 1127, 1164, 1269, 1364,
1463, 1513, 1632 cm™ (Figure 5C, a). Both the PVP (Figure 5C, b) and SDS (Figure 5C, c)
furnished high-pitched peaks at the same points; accordingly, the peaks of silymarin were
overlaid by them. Therefore, there was no differentiating peak of silymarin in the spectrum of
physical mixture (Figure 5C, d). However, the spectrum generated by the
PVP-nanaocontainer formulation VI (Figure 5C, e) was very similar to that produced by the
physical mixture (Figure 5C, d) and there was no major shift of peaks; this suggested
non-existence of covalent interactions amongst components of the formulation.

The scanning electron micrographs of silymarin plain drug powder and silymarin-laden
PVP-nanocontainer formulation VI are shown in Figure 6A and Figure 6B, respectively.
Silymarin powder was consisted of irregular-shaped particles with uneven surfaces (Figure
6A). On the other hand, PVP-nanocontainers were smooth-surfaced round-shaped particles
with a dimple on one side (Figure 6B). Furthermore, a pharmaceutical hanocontainer is a
round-shaped drug-loaded particle possessing a diameter of about 1 um or less [12,13]. In
addition to the abovementioned results of particle-size analysis, Figure 6B also revealed that
all the particles were nano-sized having diameter less than 1 pm.

15,00V 20.6mm K200 SEM)
Figure 6. SEM: (A) silymarin plain powder (x 200), (B) silymarin-laden PVP-nanocontainer
formulation VI (x 15,000).

CONCLUSION

All the formulations demonstrated ameliorated aqueous solubility and dissolution rate of
the drug in the order of VI=VII=VII>V>IV>III>1>I>Silymarin powder. In particular, the
PVP-nanocontainer formulation VI composed of silymarin, PVP and SDS (1/4/0.5, w/w/w)
had a particle-size of <1000 nm. All the components were present in the amorphous state in
this formulation. It considerably ameliorated silymarin solubility (26432.76 + 1749.00 ug/mL)
and dissolution (~92% in 20 min) compared to plain drug powder. The enhancement in
solubility and dissolution rate might be attributed to the hydrophilic matrices in the
formulation which improved wettability and solubilization, complete conversion of all the
components to the amorphous state and decreased patrticle-size of the formulation which
resulted in greater surface area available for rapid dissolution. Moreover, the optimized
formulation might be bioequivalent to the commercial product; accordingly, it can be a useful
candidate to administer silymarin with improved bioavailability. Nevertheless, in vivo
experimentation in animal models will be conducted in our next studies to further establish
the influence of this PVP-nanocontainer formulation on the oral bioavailability and
hepatoprotective efficacy of silymarin.

Funding: This research received no external funding.

Acknowledgments: The authors are thankful to University of Central Punjab, COMSATS University
Islamabad (Lahore Campus) and University of the Punjab for providing all the materials and lab
facility for this research.

Brazilian Archives of Biology and Technology. Vol. 62: €19170754, 2019 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

12

Yousaf, A.M.; et al.

Conflicts of Interest: The authors declare no conflict of interest.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lu C, Lu Y, Chen J, Zzhang W, Wu W. Synchronized and sustained release of multiple
components in silymarin from erodible glyceryl monostearate matrix system. Eur J Pharm
Biopharm. 2007;66:210-9.

Yang KY, Hwang DH, Yousaf AM, Kim DW, Shin Y-J, Bae O-N, Kim Y-I, Kim JO, Yong CS, Choi
H-G. Silymarin-loaded solid nanoparticles provide excellent hepatic protection: physicochemical
characterization and in vivo evaluation. Int J Nanomedicine 2013;8:3333-43.

Flora K, Hahn M, Rosen H, Benner K. Milk thistle (Silybum marianum) for the therapy of liver
disease. Am J Gastroenterol. 1998;93:139-43.

Provinciali M, Papalini F, Orlando F, Pierpaoli S, Donnini A, Morazzoni P, Riva A, Smorlesi A.
Effect of the silybin-phosphatidylcholine complex (IdB 1016) on the development of mammary
tumors in HER-2/neu transgenic mice. Cancer Res. 2007;67:2022-9.

Woo JS, Kim T-S, Park J-H, Chi S-C. Formulation and biopharmaceutical evaluation of silymarin
using SMEDDS. Arch Pharm Res. 2007;30:82-9.

Barzaghi N, Crema F, Gatti G, Pifferi G, Perucca E. Pharmacokinetic studies on IdB 1016, a
silybin-phosphatidylcholine complex, in healthy human subjects. Eur J Drug Metab
Pharmacokinet. 1990;15:333-8.

Arcari M, Brambilla A, Brandt A, Caponi R, Corsi G, Di Rella M, Solinas F, Wachter W. [A new
inclusion complex of silibinin and beta-cyclodextrins: in vitro dissolution kinetics and in vivo
absorption in comparison with traditional formulations]. Boll Chim Farm. 1992;131:205-9.
Morazzoni P, Magistretti M, Giachetti C, Zanolo G. Comparative bioavailability of silipide, a new
flavanolignan complex, in rats. Eur J Drug Metab Pharmacokinet. 1992;17:39-44.

Sun N, Wei X, Wu B, Chen J, Lu Y, Wu W. Enhanced dissolution of
silymarin/polyvinylpyrrolidone solid dispersion pellets prepared by a one-step fluid-bed coating
technique. Powder Technol. 2008;182:72-80.

Yousaf AM, Mustapha O, Kim DW, Kim DS, Kim KS, Jin SG, Yong CS, Youn YS, Oh Y-K, Kim
JO, Choi H-G. Novel electrosprayed nanospherules for enhanced aqueous solubility and oral
bioavailability of poorly water-soluble fenofibrate. Int J Nanomedicine 2016;11:213-21.
Mora-Huertas C, Fessi H, Elaissari A. Polymer-based nanocapsules for drug delivery. Int J
Pharm. 2010;385:113-42.

Reis CP, Neufeld RJ, Ribeiro AJ, Veiga F. Nanoencapsulation |. Methods for preparation of
drug-loaded polymeric nanoparticles. Nanomedicine 2006;2:8-21.

Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski WE. Biodegradable polymeric
nanoparticles as drug delivery devices. J Control Release. 2001;70:1-20.

Chiou WL, Riegelman S. Pharmaceutical applications of solid dispersion systems. J Pharm Sci.
1971;60:1281-302.

Van Drooge D, Hinrichs W, Visser M, Frijlink H. Characterization of the molecular distribution of
drugs in glassy solid dispersions at the nano-meter scale, using differential scanning calorimetry
and gravimetric water vapour sorption techniques. Int J Pharm. 2006;310:220-9.

Vasconcelos T, Sarmento B, Costa P. Solid dispersions as strategy to improve oral
bioavailability of poor water soluble drugs. Drug Discov Today. 2007;12:1068-75.

Joe JH, Lee WM, Park Y-J, Joe KH, Oh DH, Seo YG, Woo0 JS, Yong CS, Choi H-G. Effect of the
solid-dispersion method on the solubility and crystalline property of tacrolimus. Int J Pharm.
2010;395:161-6.

Arya N, Chakraborty S, Dube N, Katti DS. Electrospraying: A facile technique for synthesis of
chitosan-based micro/nanospheres for drug delivery applications. J Biomed Mater Res Part B
Appl Biomater. 2009;88:17-31.

Hong Y, Li Y, Yin Y, Li D, Zou G. Electrohydrodynamic atomization of quasi-monodisperse
drug-loaded spherical/wrinkled microparticles. J Aerosol Sci. 2008;39:525-36.

Bohr A, Kristensen J, Stride E, Dyas M, Edirisinghe M. Preparation of microspheres containing
low solubility drug compound by electrohydrodynamic spraying. Int J Pharm. 2011;412:59-67.

Brazilian Archives of Biology and Technology. Vol. 62: €19170754, 2019 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Silymarin-laden PVP-nanocontainers 13

Yu D-G, Wiliams GR, Yang J-H, Wang X, Yang J-M, Li X-Y. Solid lipid nanoparticles
self-assembled from electrosprayed polymer-based microparticles. J Mater Chem.
2011;21:15957-61.

Cavalli R, Bisazza A, Bussano R, Trotta M, Civra A, Lembo D, Ranucci E, Ferruti P. Poly
(amidoamine)-cholesterol conjugate nanoparticles obtained by electrospraying as novel
tamoxifen delivery system. J Drug Deliv. 2011; doi:10.1155/2011/587604.

Trotta M, Cavalli R, Trotta C, Bussano R, Costa L. Electrospray technique for solid lipid-based
particle production. Drug Dev Ind Pharm. 2010;36:431-8.

Luo C-F, Yuan M, Chen M-S, Liu S-M, Zhu L, Huang B-Y, Liu X-W, Xiong W. Pharmacokinetics,
tissue distribution and relative bioavailability of puerarin solid lipid nanoparticles following oral
administration. Int J Pharm. 2011;410:138-44.

Jia Z, Lin P, Xiang Y, Wang X, Wang J, Zhang X, Zhang Q. A novel nanomatrix system consisted
of colloidal silica and pH-sensitive polymethylacrylate improves the oral bioavailability of
fenofibrate. Eur J Pharm Biopharm. 2011;79:126-34.

Bock N, Dargaville TR, Woodruff MA. Electrospraying of polymers with therapeutic molecules:
state of the art. Prog Polym Sci. 2012;37:1510-51.

Yousaf AM, Kim DW, Oh Y-K, Yong CS, Kim JO, Choi H-G. Enhanced oral bioavailability of
fenofibrate using polymeric nanoparticulated systems: physicochemical characterization and in
vivo investigation. Int J Nanomedicine. 2015;10:1819-30.

Leane MM, Sinclair W, Qian F, Haddadin R, Brown A, Tobyn M, Dennis AB. Formulation and
process design for a solid dosage form containing a spray-dried amorphous dispersion of
ibipinabant. Pharm Dev Technol. 2013;18:359-66.

Moes J, Koolen S, Huitema A, Schellens J, Beijnen J, Nuijen B. Pharmaceutical development
and preliminary clinical testing of an oral solid dispersion formulation of docetaxel. Int J Pharm.
2011;420:244-50.

Giri TK, Badwaik H, Alexander A, Tripathi DK. Solubility enhancement of ibuprofen in the
presence of hydrophilic polymer and surfactant. Int J Appl Biol Pharm Technol. 2010;1:793-800.
Oh DH, Park Y-J, Kang JH, Yong CS, Choi H-G. Physicochemical characterization and in vivo
evaluation of flurbiprofen-loaded solid dispersion without crystalline change. Drug Deliv.
2011;18:46-53.

Yousaf AM, Kim DW, Kim DS, Kim JO, Youn YS, Cho KH, Yong CS, Choi H-G. Influence of
polyvinylpyrrolidone quantity on the solubility, crystallinity and oral bioavailability of fenofibrate in
solvent-evaporated microspheres. J Microencapsul. 2016;33:365-71.

Moore JW, Flanner HH. Mathematical comparison of dissolution profiles. Pharm Technol.
1996;20:64-74.

Ahlneck C, Zografi G. The molecular basis of moisture effects on the physical and chemical
stability of drugs in the solid state. Int J Pharm. 1990;62:87-95.

Shah VP, Noory A, Noory C, McCullough B, Clarke S, Everett R, Naviasky H, Srinivasan B,
Fortman D, Skelly JP. In vitro dissolution of sparingly water-soluble drug dosage forms. Int J
Pharm. 1995;125:99-106.

Shah V, Konecny J, Everett R, McCullough B, Noorizadeh AC, Skelly J. In Vitro Dissolution
Profile of Water-Insoluble Drug Dosage Forms in the Presence of Surfactants. Pharm Res.
1989;6:612-8.

@ @ © 2018 by the authors. Submitted for possible open access publication under
‘@ \the terms and conditions of the Creative Commons Attribution (CC BY NC)

license (https://creativecommons.org/licenses/by-nc/4.0/).

Brazilian Archives of Biology and Technology. Vol. 62: €19170754, 2019 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

