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Available online 19-05-2022 Materials and Methods: The SLNs were prepared by temperature modulated solidification technique. The

glyceryl monostearate (GMS) was selected as lipid, tween 80 as surfactant and mannitol as cryoprotectant.
The SM-SLNs were characterized for particle size, polydispersity index (PDI), zeta potential (ZP),
entrapment efficiency (EE), thermal behavior, and crystallinity. Further, the formulation was elucidated
by MTT assay for cytotoxicity assessment.

Results: The particle size and PDI of the optimized formulation was found to be 178.6 + 4.32 nm and
0.146, respectively. ZP (-36.4 mV) with a negative surface charge confirmed the physical stability of SLNs.
Differential scanning calorimetry (DSC), X-ray diffraction (XRD) confirmed the transformation of lipid
into SLNs through polymorphic transition of lipid crystallinity from [3’-modification to @-modification and
conversion of crystallinity of drug to amorphous state. The optimized formulation had an EE of 79.86%.
The in-vitro drug release depicted a burst release for 1 h followed by fast release for 6 h and then sustained
release over a duration of 24 h. SM-SLNs significantly reduced the growth of MCF-7 cells compared to
silymarin.

Conclusion: SM-SLNs exhibited small size in nanometer with narrow distribution, physically stable, and
high entrapment efficiency. The developed nanoformulation could be used as a suitable drug delivery
system for silymarin that has low water solubility, and a promising candidate for development of effective
formulation in cancer therapy.
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1. Introduction ingredient of Silybum marianum has chemosensitizing,
antioxidant and anti-inflammatory properties. It also
exhibits antineoplastic and cell-transporter altering, free
radical scavenging, lipid peroxidation inhibitory, cellular
membrane integrity enhancing, and steroid like effects as
a phytochemical.*® Recently, compounds from natural
sources have been reported to suppress hyperproliferation,
neoplastic transformation, and carcinogenesis.” Cancer
research is focusing on phytochemicals as natural resource
compounds and their potential for cancer prevention
and/or treatment.® The antioxidant, anti-inflammatory

Breast cancer is the most common and leading
cause of death among females in less developed
countries. ! Chemotherapy ~ alone has been proven
unsuccessful in the treatment of cancer due to the
development of resistance in many cancer cell types.>> As
a result, novel agents with adequate therapeutic efficacy are
needed. Silymarin (SM), a flavonolignan that is a bioactive
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and proapoptotic properties are implying their anticancer
efficacy.’

Solid lipid nanoparticles (SLNs) have emerged as a
potential colloidal drug delivery system that combines the
advantages of various traditional colloidal drug delivery
systems while avoiding major shortcomings.'® SLNs are
formulated using solid lipids which are comparatively
inexpensive and also physiologically safe as they fall under
the generally recognized as safe (GRAS) category. Also,
they possess better physical stability, good reproducibility
and can be produced at comparatively lower costs. !! In the
present study, SLNs were formulated to successfully carry
and deliver silymarin to the desired site with a sustained
delivery. The feasibility of SLNs as a potential drug delivery
system for silymarin was demonstrated through extensive
characterization of various properties such as particle size,
polydispersity index (PDI), zeta potential (ZP), entrapment
efficiency (EE), differential scanning calorimetry (DSC), X-
ray diffraction (XRD), drug release, and cytotoxic potential.

2. Materials and Methods

Silymarin was kindly donated as a gift sample from
Ranbaxy, Gurgaon, India. Tween 80 was purchased from
Merck India Ltd. Glyceryl monostearate (GSM) was
generously provided by Gattefosse, France. Mannitol was
supplied as a gift sample from Sigma Aldrich, Inc.,
USA. Dialysis membrane (MWCO:1200 g/mole) was
purchased from HiMedia, Mumbai, India. Human breast
adenocarcinoma cell line (MCF-7) purchased from the
American Type Culture Collection. The other chemicals
were of analytical reagent grade.

2.1. Solubility study for lipid selection

Solubility of silymarin in different lipids (dynasan 114,
cetostearyl alcohol, glyceryl monostearate, palmitic acid,
and stearic acid) were performed to select appropriate
lipids by measuring the drug partitioning behavior
between an aqueous and lipid phase. Briefly, 5 mg
of the drug was weighed accurately and added to 10
ml of a water/lipid mixture in a glass bottle screw
capped vial. All the vials were kept in a water bath
maintained at 70°C for 1 h followed by cooling and
centrifugation at 15,000 rpm for 15 min. The absorbance
was taken using UV spectrophotometer (Ultrospec 210 pro,
Amersham Biosciences, NJ) at 288 nm wavelength and
the concentration of silymarin was determined utilizing
standard plot. The lipid solubility of silymarin was
calculated by subtraction of the aqueous layer concentration
from the total amount of added drug and was expressed as a
percentage.

2.2. Selection of surfactant

For the selection of appropriate surfactant in the formulation
of SLNs, a fixed quantity of lipid (5%) was mixed with
surfactant (3%) in aqueous solution at 70°C in a 10 ml
volumetric flask. The mixture was vortexed for 5 min
followed by sonication for 2 min and cooling in an ice bath
and the resultant dispersion was examined for particle size,
PDI, and ZP. Further, the preparation was left overnight at
room temperature and observed for any precipitation under
sufficient illuminated condition.

2.3. Preparation of silymarin loaded solid lipid
nanoparticles

Silymarin loaded solid lipid nanoparticles (SM-SLNs)
were prepared by temperature-modulated solidification
method.!! An appropriate amount of silymarin was added
in a glass test tube previously kept in 1 g molten GMS
and placed on a water bath shaker (Clifton, Nickel-Electro
Ltd., North Somerset, UK) with temperature controlled at
75°C and speed at 1500 rpm for 48 h. Then, 2 g of tween
80 was added to it. The molten mixture was continuously
heated in a water bath at a temperature not exceeding 80°C
with intermittent vortexing every 5 min of heating for 20 s.
The molten mixture was then added to the heated deionized
water (80°C). The dispersion obtained was placed in an ice
bath and homogenized at a speed of 4000 rpm for 45 min
and then kept undisturbed on a bench top for 30 s. The

dispersion was filtered using Amicon” Ultra Centrifugal

filters (Ultracel®—lOOK) by subjecting it to centrifugation
for 20 min. The residue obtained was re-suspended using
40 ml of deionized water. Suitable amount of mannitol was
added to the dispersion obtained above and subjected for
lyophilization for 72 h and used for further analysis.

2.4. Particle size analysis and polydispersity index

The particle size was determined by dynamic light
scattering (Nicomp 380 ZLS, CA, USA) equipped with
a 100mW He-Ne laser of wavelength 658 nm and a
photodiode array detector. 1 mg of the lyophilized samples
were re-dispersed in 10 ml of deionized water and vortexed
at 3000 rpm for 5 min prior to measurement. The samples
were then transferred to standard plastic cuvettes and
analyzed at 23°C at an angle of 14.06° in the electrophoretic
light scattering mode. Nicomp software was used for data
acquisition and analysis. The particle size was obtained as
z-average diameter and the PDI, a parameter for assessing
the particle size distribution.

2.5. Measurement of zeta potential

Zeta potential measurement is important to assess the degree
of charge present on suspended particles in dispersion
which indicates the physical stability of the colloidal
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disperse system. Sample for analysis was prepared by
dispersing 1 mg of lyophilized product in 10 ml of
deionized water and vortexed. The electrophoretic mobility
of nanoparticles measured using a Malvern Zetasizer 4
(Malvern Instruments, UK) at a field strength of 20 V.ecm™!

2.6. Differential scanning calorimetry

The drug silymarin, solid lipid GMS, and SM-SLNs were
studied for the thermal behavior using differential scanning
calorimeter (DSC 131EVO, Setaram, Calories, France). 5
mg of samples were placed in 100 wul aluminum pans
and crimped. An empty pan served as a reference. While
recording the thermograms, heating rate of 5°C/min and
a scanning range of 10 to 200°C were employed under
nitrogen purging rate of 20 ml/min.

2.7. Powder x-ray diffraction

X-ray scattering measurements were performed on GMS
alone, silymarin pure, and SM-SLNs, with a PANanlytical’s
X-ray diffractometer (PANanlytical’s X’pert Pro Tokyo,
Japan) equipped with X’Celerator high speed detector and
Cu-Ka source with a voltage of 45 kV, and a current of
40 mA. The samples were crushed, placed in an aluminum
sample holder, and packed smoothly using a glass slide.
The instrument was operated in the continuous scanning
speed of 4°/min over a 26 range of 5° to 40° and the results
were evaluated using the X-Pert data collector version 2.1
software.

2.8. Drug entrapment efficiency

Approximately 5 mg of lyophilized SM-SLNs were
solubilized in 10 ml of acetonitrile by vortexing at 3000 rpm
for 2 min. The solution was then filtered through 2 ym non-
sterile membrane filter (Millipore, Ireland). The filtrate was
analyzed for drug content spectrophotometrically at 288 nm
wavelength using acetonitrile as blank. The EE of the drug
was calculated using the following formula:

% EE of silymarin =
Practical silymarin content
Theoretical Silymarin content

X 100

2.9. Invitro drug release study

The dialysis bag method was used to analyze the release
of silymarin from lyophilized SM-SLNs. The dialysis
bag was pretreated with dissolution media for 24 h. The
lyophilized SM-SLNs equivalent to 140 mg silymarin
were accurately weighed and placed in a sealed dialysis
membrane (MWCO:1200 g/mole) with a molecular size cut
off of 2500 Daltons. The dialysis membrane was placed
in a dissolution apparatus II containing 900 ml simulated
intestinal fluid and maintained at 37°C + 0.5°C. Rotation of
the paddle was set to 50 rpm. 1 ml of samples were collected

at regular time intervals i.e. 0.5, 1, 2, 4, 6, 8, 12 and 24 h,
and replaced with fresh dissolution media. The amount of
silymarin released was quantified spectrophotometrically at
288 nm.

2.10. Cytotoxicity study

The effect of silymarin on the viability of breast cancer
cells was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. A stock solution
of silymarin was prepared in dimethyl sulfoxide (DMSO)
with 1% final concentration. The free silymarin and SM-
SLNs were suspended in fresh culture media and applied
in different concentrations ranging from (2uM-150uM) on
MCEF-7 cells plated into 96-well plates (1 x 10° cells per
well). The cells were incubated at 37°C in a humidified
atmosphere of 5% CO; in air and allowed to grow for 24
h. For MTT assay, the media was removed from all the
wells, 20 uL of 5 mg/ml MTT reagent was added to each
well and the plates were kept in incubator for 4 h. After the
incubation, the medium from each well was aspired and the
blue formazan crystals were solubilized in 200 ul of DMSO,
mixed thoroughly and kept at room temperature for 10 min.
Plates were read on an ELISA reader at a wavelength of
570 nm. The value of absorbance is a measure of number
of live cells. The corresponding values for optical density of
different control, free drug and optimized formulation were
recorded. The samples were run in triplicate (n=3).

2.11. Stability study

The stability of lyophilized SM-SLNs were investigated at
accelerated storage condition (40°C + 2°C/75% RH =+ 5%
RH) for 6 months. The sample was kept in amber colored
glass container and placed in stability chamber. The sample
was withdrawn at predetermined time interval and analyzed
for particle size, PDI, ZP, EE and drug content.

3. Results and Discussion

3.1. Lipid and surfactant selection

In order to achieve maximum drug loading and entrapment
efficiency, the solubility of silymarin in different lipids
was evaluated. Glyceryl monostearate showed highest
drug solubilizing ability with percent drug partitioned
values of 72.43% followed by dynasan 114 (63.73%),
cetostearyl alcohol (55.45%), palmitic acid (43.65%), and
stearic acid (38.39%). Figure 1 depicts the solubility of
silymarin in different lipids. For surfactant selection, SLN
formulations alone were prepared using different surfactants
and evaluated for particle size, PDI, ZP, and precipitation.
As shown in Table 1, the tween 80-based SLNs had the
smallest particle size (112.4 + 2.65 nm) and PDI (0.138),
an optimum ZP (-35.6 mV). Moreover, the formulation did
not show any signs of precipitation after the storage of 24 h.
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Fig. 1: Solubility of silymarin in various lipids.
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Fig. 2: DSC thermogram for silymarin, GMS, and SM-SLNs (A),
and (B) XRD pattern of silymarin, GMS, and SM-SLNs.
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Hence, tween 80 was selected as suitable surfactant for
SLN formulation.

3.2. Preparation of silymarin loaded solid lipid
nanoparticles

Temperature modulated solidification technique involves
the temperature of the surrounding environment
with concurrent solidification and formation of lipid
nanodispersion. The method is simple, free of any organic
solvent and easy scale-up. GMS was used as lipid excipient
and tween 80 as surfactant. Shear forces applied by
high-speed homogenization followed by sudden cooling
lead to formation of the SLN. Tween 80 reduces the
interfacial tension between the molten lipid and the aqueous
phase. The temperature was reduced with simultaneous
homogenization leading to the formation of SLN. The
formulation was optimized by varying drug/lipid ratio,
surfactant concentration and the emulsification time. With
increase in lipid concentration, the particle size increases.
The increase in particle size was observed after reaching
the threshold value of lipid in the formulation. !> To limit
the surfactant-based toxicity in cell cultures and animal
tissues, a minimum possible amount of surfactant was used
in the optimized formulation with a lipid/surfactant ratio
of 1:2. Aqueous dispersions have poor stability making it
necessary to utilize special handling and storage conditions.
Lyophilization is good solution to transform aqueous
dispersions into solid forms to enhance the stability. '3
Freeze drying causes aggregation and irreversible fusion
of nanoparticles leading to destabilization. Hence,
cryoprotectants are added before freezing, protects the
formulation from freezing stress. ' Mannitol was selected
as the cryoprotectant after trying sucrose, mannitol and
trehalose in the formulation and subsequently evaluating
the particle size of the lyophilized SLNs. Optimized
formulation composed of lipid to mannitol ration 1:1.

3.3. PFarticle size analysis and polydispersity index

The particle size of SLNs was analyzed before and
after lyophilization. An increase in average particle size
was observed after lyophilization process. Despite use
of cryoprotectants, an increase in particle diameter has
been observed after lyophilization. ! Particle size increase
after lyophilization may be attributed to the use of lesser
volume of redispersion media compared to that used during
preparation leading to an increase in SLN concentration
and interparticulate interaction favoring aggregation to form
larger structures. In addition, cryoprotectant may deposit
on the surface of the SLNs further increasing the overall
particle diameter.!! The average particle size of SM-SLNs
measured before and after lyophilization was found to be
112.4 £ 2.65 nm and 178.6 + 4.32 nm, respectively.

3.4. Zeta potential measurement

The ZP measurements were performed for lyophilized SM-
SLNs. All the obtained ZP values were negative in charge
because of the presence of glyceryl monostearate which
is a fatty acid ester.!® ZP is a major factor to evaluate
the stability of any colloidal dispersion.!” Stable dispersion
of particles is possible when the absolute value of ZP is
above 30 mV (both negative and positive) because of the
repulsions produced by the surface electric charge of the
particles in the dispersion.'® Lower ZP values may lead
to interparticulate interaction resulting in flocculation and
coagulation. As the obtained ZP values for SM-SLNs were
over negative 30 mV, the SLNs were found to be physically
stable.

3.5. Differential scanning calorimetry

The DSC gives information about the melting and
recrystallization behavior of crystalline material and is
therefore used to evaluate the polymorphism and/or
interactions between the lipid and the drug. The GMS
exhibited a sharp endothermic peak of 71°C and glass
transition temperature of 67°C. The SLNs melted at
comparable temperature and exhibited melting peaks
approximately 8 degrees lower than that of the pure lipid
(Figure 2A). This indicates a transformation of the lipid
into nanoparticles through polymorphic transition of lipid
crystallinity from B’-modification to a-modification. -2
The degree of crystallinity is reduced and also the melting
enthalpy is decreased with the formation of nanoparticles.
A wide endothermic peak was observed in the DSC
thermogram of pure silymarin at about 90°C, and a glass
transition temperature of 70°C.%! The DSC thermo gram
of SM-SLNs did not exhibit a peak at or around 90°C
indicating either the successful conversion of crystalline
silymarin into amorphous form in the SLNs or drug being
successfully dispersed into the melted matrix of GMS.??

3.6. Powder x-ray diffraction

Powder X-ray diffraction patterns were analyzed to study
the solid-state nature of the SLNs. The diffraction patterns
of the lyophilized SM-SLNs were compared with that of
the pure silymarin and pure GMS, respectively (Figure 2B).
Silymarin diffractogram exhibited sharp and high intensity
peaks. These peaks were either of very low intensity,
less sharp, or completely absent in the diffractogram of
SM-SLNs. This indicates that silymarin is present in its
amorphous form in the SLNs. Broad and high intensity
peaks were displayed at 26 equals 19.54 and 23.46° by
pure GMS. These two characteristic peaks of GMS were
not prominently observed in the XRD patterns of SM-SLNs
indicating decreased crystallinity of GMS in SLNs.?? The
XRD results support data obtained from DSC.
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Table 1: Preparation of preliminary SLNs for selection of surfactant.

Lipid Surfactant Particle size (nm) PDI ZP (mV) Precipitation (after 24 h ).
Pluronic F 68 193.8 +4.63 0.375 -26.3 No precipitation
Transcutol P 168.2 +£3.18 0.296 -27.5 Slight precipitation
Glyceryl Solutol HS15 175.3 £ 4.08 0.249 -28.7 No precipitation
monostearate Tween 80 112.4 + 2.65 0.138 -35.6 No precipitation
Labrasol 157.8 +2.94 0.274 -31.2 Slight precipitation
Cremophor RH 40 145.6 +3.24 0.286 -30.5 Slight precipitation

Table 2: IC5q % death of MCF-7 cells at minimum and maximum concentration of silymarin.

Test sample Conc. (min) % Death Conc. (max) % Death ICsg.
Silymarin S5uM 13.46 + 0.37 50uM 78.37 £2.26 27.23 £ 1.76
SM-loaded SLNs S5uM 28.86 + 1.56 50uM 78.53 £3.14 1645 + 1.62
Table 3: Results of stability study.

Months Particle size (nm) PDI ZP (mV) EE (%) Drug content (%)
0 178.6 + 4.32 0.146 -36.4 79.86 + 3.56 100.0

1 178.8 +£2.55 0.146 -36.2 80.23 £ 3.56 99.87

2 179.0 £3.18 0.148 -35.6 80.86 + 3.56 99.42

3 181.4 +5.06 0.152 -343 82.18 £3.56 99.11

4 181.7 £ 3.78 0.156 -34.1 84.15 £3.56 99.00

5 183.9 +£5.03 0.156 -34.1 84.26 + 3.56 98.75

6 186.2 £ 4.17 0.159 -33.8 87.21 £3.56 98.32

3.7. Drug entrapment efficiency

The entrapment efficiency of SLNs before and after
lyophilization were 72.42 + 2.43 and 79.86 + 3.56%,
respectively. High-encapsulation efficiency observed
advocates the lipophilic nature of silymarin. Cryoprotectant
plays an important role in EE of SLNs and a remarkable
effect has been observed in the result. Addition of mannitol
during lyophilization causes slight increase in EE. GMS was
the lipid used in this formulation. GMS is a monoglyceride
that creates an ordered solid lipid matrix leading to reduced
number of imperfections in the SLN structure. This leads
to reduced space to accommodate drug molecules in the
crystal lattice. !!

3.8. Invitro release

The in-vitro drug release profile of SM-SLNs is shown in
(Figure 3). The SLNs showed a biphasic release pattern
with an initial burst release in the first 1 h releasing
approximately 23% of drug followed by fast release up
to 6 hrs and subsequent sustained release for a period of
24 h. A maximum of approximately 97% of drug release
was obtained from the SLNs. This release profile may be
explained based on the partition effects of the drug between
molten lipid and water phase during the homogenization
step in the formulation procedure. During this step, hot
water is used which is gradually cooled in an ice bath
with simultaneous homogenization. As the temperature of
the water gradually drops, the solubility of drug in water
decreases which leads to re-partitioning of the drug into the

lipid phase. As the recrystallization temperature of the lipid
is reached, a solid core starts forming including the drug
present in lipid phase at this temperature. Further decrease
in the temperature imposes more pressure on the drug to re-
partition into the lipid phase as its aqueous solubility further
decreases. However, the already formed lipid core cannot
take up anymore drug consequently leading to increased
concentration of drug in the outer shell or surface of the
SLNs. The sustained release of silymarin can be utilized
to prolong the drug release subsequently reducing the
frequency of drug administration.

3.9. Cytotoxicity study

Cancer therapy by using the classical chemotherapeutics
has too many side effects also exhibit high level of toxicity
for patients. Novel approaches on cancer therapy imply the
use of phytochemicals and/or other nanoscale sized natural
products that offer low toxicity and fewer side effects. These
nano formulations are more effective in low doses than the
normal sized agents in cancer treatment. The treatment with
nanoparticles led to the inhibition of the growth of MCF-
7 cells. It was observed that after 24 h of MTT assay,
silymarin in suspension form were cytotoxic, showing
linear relationship between concentrations of drugs vs cell
death. A cell death of 13.46 + 0.37% and 78.37 + 2.26%
were observed at the lowest and highest concentration of
silymarin, respectively (Table 2). The ICsy values were
calculated by interpolating the graph between % cell
survival and concentration of drugs at 50% cell survival.
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The ICsy value for silymarin was calculated to be 27.23
+ 1.76 uM (Figure 4A). While, a maximum cell death of
78.53 + 3.14% and minimum cell death of 28.86 + 1.56%
was observed at 50 and 5 uM concentration of silymarin
from SLNs (Table 2). The ICsy value was calculated to be
16.45 + 1.62 uM (Figure 4B). Over all, the SM-SLNs was
observed more effective at lower doses in causing cell death
and exhibited maximum cytotoxicity. The ICsy of SLN
was less than the pure silymarin. The results demonstrated
that silymarin carried by SLNs to the cells is much more
effective than free silymarin. This may be attributed to the
fact that small size of the nanoparticles facilitates their
uptake by the cells.

3.10. Stability study

The results of stability studies are mentioned in Table 3.
After 6 months of storage, there was insignificant variation
in the particle size, PDI, ZP, and EE of SLNs. Further, less
than 2% variation in the content uniformity of the silymarin
from SM-SLNs demonstrated the stability of developed
formulation.

4. Conclusion

Silymarin loaded SLNs were successfully developed by cost
effective temperature modulated solidification technique.
The nanoparticles demonstrated the particle size in
nanometer, narrow size distribution, sufficiently stable and
high entrapment efficiency of silymarin. SLNs developed
was considered as a solution for eliminating the limitations
of silymarin. Research findings suggest that both silymarin
and SM-SLNs have been cytotoxic under breast cancer cells
in dose dependent manner, latter being more effective. The
results suggest that the developed nanoparticles may be used
as a potential medication for anticancer therapy.

5. Source of Funding

None.

6. Conflicts of Interest

None.
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