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ABSTRACT

The presence of large amounts of reactive oxygen species (ROS) leads to oxidative stress that can dam-
age cell membranes, lead to DNA breakage and cause inactivation of free radical scavenger enzymes,
eventually resulting in skin damage. Quercetin is a natural flavonoid that has been shown to have the
highest anti-radical activity, along with the ability to act as a scavenger of free radicals and an inhibitor
of lipid peroxidation. In this research work, a solvent-free solid lipid based nanosystem has been devel-
oped and evaluated for topical delivery of quercetin. Systematic screening of the formulation and process
parameters led to the development of a solid lipid (glyceryl dibehenate) based nanosystem using a probe
ultrasonication method. The selected variant demonstrated good physical stability for up to 8 weeks at
2-8°C. Transmission electron microscopy (TEM) images showed spherical particles in the nanometer
range. In vitro release studies showed biphasic release of quercetin from the SLN formulation, with an
initial burst release followed by prolonged release for up to 24 h. In vitro permeation studies using full
thickness human skin showed higher amounts of quercetin to be localized within the skin compared to
a control formulation with particles in the micrometer range. Such accumulation of quercetin in the skin
is highly desirable since the efficacy of quercetin in delaying ultra-violet radiation mediated cell damage
and eventual necrosis mainly occurs in the epidermis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Quercetin (3,3',4',5,7-pentahydroxyflavone) is classified as a
flavonol, a sub-class of flavonoids, that is commonly found in the
plant kingdom. It is present in numerous edible fruits and vegeta-
bles such as onions, apples, berries and red grapes. Quercetin has
been shown to promote a wide range of pharmacological activi-
ties related to the anti-oxidant systems of the skin, including the
scavenging of oxygen radicals (Bors et al., 1990, 1994), protec-
tion against lipid peroxidation (Laughton et al., 1991) by reducing
the amount of malondialdehyde (Erden Inal et al., 2001) and com-
plexation of transition metal ions to form inert chelate complexes
(Afanas’ev et al., 1989; Cao et al,, 1997). In a comparative study
of three flavonoids, catechin, quercetin and diosmetin, quercetin
was shown to exhibit a higher antiradical activity toward hydroxyl
radicals, peroxyl anions and superoxide anions due to the pres-
ence of three active functional groups in its structure (Morel et al.,
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1993). The expression of matrix metalloproteinase-1, responsible
for skin wrinkling and loss of elasticity in both healthy and pho-
toaged skin, has also been observed to be reduced by quercetin at
both the mRNA and protein levels (Sim et al., 2007). In addition,
quercetin has been shown to be a potent inhibitor of UVB-induced
oxidative skin damage following topical application to the skin
(Casagrande et al., 2006; Gonzalez et al., 2008). These facts coupled
with its safety profile and its natural origin make quercetin a very
attractive candidate for incorporation into formulations intended
for topical delivery to the skin.

The aqueous solubility of quercetin has been reported to be as
low as 0.55 uM (Azuma et al., 2002) with an octanol-water par-
tition coefficient (log P) around 1.82 & 0.32 (Rothwell et al., 2005).
Although the log P of quercetin is theoretically adequate to per-
meate the skin, its rather limited solubility in water is believed
to hinder permeation through the skin and limit bioavailability
(Bonina et al., 1996). This has been confirmed by in vitro skin per-
meation studies where limited permeation of quercetin through
the stratum corneum into the deeper layers of the skin has been
reported (Kitagawa et al., 2009; Tan et al., 2011).

Various strategies have been attempted to improve the
permeability of quercetin through the skin to facilitate topi-
cal/transdermal delivery. These include the use of permeation
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enhancers like dimethylformamide and L-menthol (Olivella et al.,
2007), synthesis of ester prodrugs of quercetin (Montenegro
et al., 2007), microemulsion based approaches (Censi et al., 2012;
Vicentini et al.,2008) and the use of lecithin—chitosan nanoparticles
(Tan et al., 2011). Most of these studies have shown some degree
of quercetin permeation into the skin but no transdermal delivery.
In an in vitro study using a Transcutol® P based microemulsion,
about 0.9% of the administered dose of quercetin was detected in
the receptor compartment of a Franz diffusion cell after 12 h (Censi
et al., 2012). The enhancement in quercetin permeation through
the skin was attributed to the ability of Transcutol® P to easily per-
meate the skin thereby facilitating the diffusion of the solubilized
quercetin.

Occlusion of the skin surface leads to an increased hydration
of the stratum corneum and reduction in the packing of corneo-
cytes, thereby facilitating drug penetration into the deeper layers
of the skin (Cevc, 2004; Zhai and Maibach, 2001). These occlu-
sive effects have been reported to be related to the particle size,
with nanoparticles (~200 nm) showing 15 times higher occlusiv-
ity than microparticles (~4 wm) (Wissing et al., 2001). Lipid based
nanosystems that have been investigated for topical applications
include solid lipid nanoparticles (SLN), nanostructured lipid carri-
ers (NLC) and nanoemulsions (NE) (Schafer-Korting et al., 2007).
SLN are composed of lipids that are solid at ambient temperature
whereas NLC are mixtures of solid and liquid lipids. Some of the
advantages of SLN and NLC include the use of physiological lipids
in the composition, the avoidance of organic solvents, the possibil-
ity to produce concentrated lipid suspensions and the availability
of established scale-up processes (Mehnert and Mader, 2001). Top-
ical application of SLN and NLC based systems have been studied
with various active compounds such as Vitamin E (Dingler et al.,
1999), Vitamin A (Jenning et al., 2000a), clotrimazole (Souto et al.,
2004), triptolide (Mei et al., 2003), retinoic acid (Castro et al., 2009)
and tretinoin (Shah et al., 2007).

SLNs containing quercetin have been previously evaluated for
oral delivery (Li et al., 2009) and brain delivery (Dhawan et al.,
2011). Recently, nanostructured lipid carriers of quercetin have
been developed using a solvent (chloroform/acetone) based emul-
sification technique and evaluated for topical delivery (Chen-yu
et al,, 2012). One of the major disadvantages of a manufacturing
method involving the use of organic solvents can be toxicological
issues arising from solvent residues. The aim of our study was to
develop a solvent free solid lipid based nanosystem of quercetin
using a probe ultrasonication process. The beneficial pharmaco-
logical action of quercetin on the skin coupled with the various
advantages of SLN and NLC systems in delivering drugs topically
make such a system very attractive. Compritol® 888 and Precirol®
ATO 5 were selected as the solid lipids and various non-ionic and
anionic surfactants were evaluated to determine their effect on
SLN stability. Systematic screening of the formulations and process
parameters were carried out for the development of a physically
and chemically stable nanosystem. Characterization of the systems
was performed and included particle size, zeta potential, mor-
phology, crystallinity, physical stability, in vitro release rates of
quercetin and evaluation of the formulation as a topical delivery
system using full thickness human skin. All excipients evaluated
in this study were deemed as safe for human use in skin delivery
systems.

2. Materials and methods
2.1. Materials

Highly pure (>99%) quercetin was obtained from Merck
(Darmstadt, Germany). Compritol® 888 (glyceryl dibehenate)

and Precirol® ATO 5 (glyceryl palmitostearate) were donated
by Gattefossé (Paramus, NJ, USA). Poloxamer 188 and sodium
lauryl sulfate (SLS) were purchased from BASF (Florham Park,
NJ, USA) and TensaChem S.A. (Ougree, Belgium) respectively.
Tween 20 (polyoxyethylene derivative of sorbitan monolaurate),
Tween 80 (polyoxyethylene derivative of sorbitan monooleate)
and dioctyl sodium sulfosuccinate (DOSS) were purchased
from Sigma-Aldrich Corporation (St. Louis, MO, USA). All
other solvents and reagents used were of HPLC or analytical
grade.

2.2. Surface tension measurement of surfactants

The surface tension of various non-ionic (Poloxamer 188, Tween
20 and Tween 80) and anionic (sodium lauryl sulfate (SLS) and
dioctyl sodium sulfosuccinate (DOSS)) surfactants in deionized
water were measured using the pendant drop method (Semmler
and Kohler, 1999) on a contact angle goniometer (Ramé-Hart
Instrument Co., Succasunna, NJ, USA). This method measures the
profile of a drop hanging at the tip of a capillary. The instrument
uses a proprietary edge tracing technology to precisely capture and
analyze the drop dimensions and profile characteristics in order
to accurately calculate the surface tension of the liquid using the
Young-Laplace equation. All measurements were performed in
triplicate at 25°C.

2.3. Preparation of lipid nanoparticles

Quercetin nanoparticles were prepared using the probe ultra-
sonication method, which has been used previously for the
production of lipid nanoparticles (Delmas et al., 2011). 0.5g of
Compritol® 888 ATO (glyceryl dibehenate) or Precirol® ATO 5 (glyc-
eryl palmitostearate) either alone or in combination (3:2 ratio of
compritol:precirol) with 0.025 g of quercetin was melted at 85°C
using a water bath. The heated mixture of solid lipid and quercetin
was then mixed using sonication with 20 mL of pre-heated surfac-
tant solution (compositions discussed in subsequent sections) at a
specific speed for a pre-determined time interval (speed and son-
ication times described in subsequent section) at 85 °C using a Sonic
Dismembrator Model 550 (Fisher Scientific, Pittsburgh, PA, USA).
Since this homogenization step is carried out a temperature that is
atleast 10 °C greater than the melting point of the lipid, the primary
product at this stage was a nanoemulsion due to the liquid state of
the lipid. At the end of sonication, the mixture was dispersed into
30 mL of an ice-cold surfactant solution maintained in an ice bath.
The final mixture was then sonicated at a specific speed for a pre-
determined time interval (speed and sonication times described
in subsequent section) immersed in the ice-bath. This cooling step
promoted the formation of the solid lipid nanoparticles. All bulk
formulations were stored in the refrigerator at 2-8 °C till further
analysis.

2.4. Freeze drying of nanoparticles

In order to evaluate the crystallinity of the quercetin nanoparti-
cles, it was essential to convert the liquid to a dried form. Samples
were dried using a freeze drying process in a Usifroid Freeze Dryer
(Elancourt, France). Pre-cooling from room temperature to —50°C
was achieved at a cooling rate of 1°C/min. The sample was then
maintained at —50°C for 1h, followed by primary and secondary
drying using a cooling rate of 1°C/min. Since the primary purpose
of drying the nanoparticles was to obtain a powder for further solid
state characterization, no matrix formers were added to the solu-
tion prior to freeze drying.



58 S. Bose et al. / International Journal of Pharmaceutics 441 (2013) 56-66

2.5. Characterization of nanoparticles

2.5.1. Particle size determination using photon correlation
spectroscopy

The particle size of nanoparticles was measured using a Delsa
Nano™ C particle size analyzer (Beckman Coulter, Brea, CA, USA).
This instrument uses photon correlation spectroscopy (PCS) to
determine the particle size by measuring the rate of fluctuations in
laser light intensity scattered by particles as they diffuse through
a fluid. The sample (undiluted) was poured into a disposable plas-
tic cuvette, the cuvette manually shaken for about 10s and then
placed inside the sample holder of the particle size analyzer. Once
the intensity of the sample was within the permissible range of
the instrument, analysis was performed to obtain the particle size
and the polydispersity index (PI). All particle size measurements
were performed in triplicate using a scattering angle of 90° and at
25°C.

2.5.2. Zeta potential measurement

In order to quantify the surface charge on the nanoparticles,
the zeta potential was measured using a Delsa Nano™ C (Beck-
man Coulter, Brea, CA, USA). Using electrophoretic light scattering
(ELS), the electrophoretic movement of charged particles under
an applied electric field is measured. The measured value is then
converted into zeta potential using the Helmholtz-Smoluchowski
equation that is built into the software. The zeta potential was mea-
sured using an appropriately diluted nanoparticle solution with an
applied electric field of 16 V/cm. Dilutions were performed with
distilled water adjusted to a conductivity of 50 wS/cm by addition
of 0.9% (m/v) sodium chloride. Reported values are the mean of
three measurements.

2.5.3. Nanoparticle morphology

The morphology of nanoparticles was confirmed using trans-
mission electron microscopy (TEM) using a FEI Tecnai G2 BioTwin
transmission electron microscope fitted with a SIS Morada digi-
tal camera system (Fei Corporation, Hillsboro, OR, USA). 200 mesh
formvar coated copper grids were floated on top of approximately
5-10 nL of liquid sample for around 30 min. The grids were then
rinsed with filtered HPLC grade water and allowed to dry. All steps
were performed at room temperature. Images were captured at
magnifications ranging from 4800x to 150,000 x.

2.5.4. X-ray powder diffraction

X-ray powder diffraction analysis was performed on a Bruker D8
Advance (Bruker-AXS, Karlsruhe, Germany) controlled by Diffrac
plus XRD commander software. Samples were prepared by spread-
ing freeze dried powder samples on PMMA specimen holder rings
from Bruker. All samples were scanned from 2° to 40° 26 at the
rate of 2°/min with 0.02° step size and 0.6 s/step at 40 kV and 40 mA.
The divergence and anti-scattering slits were set to 1° and the stage
rotated at 30 rpm. Data analysis was performed using “EVA Part 11”
version 14.0.0.0.

2.5.5. Drug release studies

Release studies from quercetin lipid nanoparticles were per-
formed using Slide-A-Lyzer® MINI Dialysis devices, 2 mL volume,
10K MWCO (Thermo Scientific, Rockford, IL, USA). The release
medium used was a mixture of doubly distilled water and absolute
alcohol (65:35%, v/v) (Li et al., 2009). The solubility of quercetin
in the release medium was measured at ~0.358 mg/mL, which
ensured sufficient sink conditions throughout the study. 2 mL of the
respective quercetin formulations were added to the donor com-
partment of the dialysis device and 44.5 mL of the release medium
was added to the receptor compartment. The experiment was car-
ried out at 37°C and at a stirring speed of 100 rpm. Sampling was

carried out at 2, 4, 6, 8, 24 and 30 h. At each sampling time point,
1 mL of receptor medium was withdrawn and replaced with fresh
medium. The withdrawn samples were analyzed using the HPLC
based method described in Section 2.5.6. The release from each
formulation was measured in triplicate.

2.5.6. Detection of quercetin by HPLC

Quercetin concentrations were determined using an Agilent
HPLC 1100 (Agilent Technologies Inc., Santa Clara, CA, USA) con-
sisting of a standard quarternary pump, diode array detector, an
autosampler and vacuum degasser (Model G1311A) run by Chem-
station software version B.03.01. Chromatographic separation was
achieved using a Phalanx Cig, 250 mm x 4.6 mm, 5 pm column
(Higgins Analytical, Mountain View, CA, USA). The mobile phase
consisted of a mixture of 80% methanol and 20% water (pH adjusted
to 3.72 with glacial acetic acid). An isocratic method with the fol-
lowing parameters was used: injection volume of 20 L, flow rate
of 1.0 mL/min, column temperature of 30 °C and a detection wave-
length of 370 nm. The total run time was 8 min. External standards
were prepared at the following concentrations in the mobile phase:
0.1,0.5, 1, 5, 10, 25, 50 and 100 p.g/mL. These standards were used
to determine the linearity (R2=0.999) and the limit of detection

(0.5 pg/mL).

2.5.7. Stability study

The selected lipid nanoparticle variant was placed on stability
at 2-8°C. Physical stability of the sample (determined by parti-
cle size measurements) was assessed at 1, 2, 6 and 8 weeks. All
reported particle size data is the mean of three separate measure-
ments.

2.5.8. Invitro skin permeation study

2.5.8.1. Invitro permeation study using human skin. In vitro perme-
ation studies (n = 5-6 for each formulation) were carried out over a
period of 24 h using vertical Franz diffusion cells (PermeGear, Inc.,
Hellertown, PA, USA) with a diffusion area of 0.64 cm? and a recep-
tor compartment volume of 5.1 mL. Full thickness human skin used
in this study was obtained from New York Presbyterian Hospital
(New York, NY, USA). The skin was thawed for 30 min and then
hydrated by immersing in PBS solution for 60 min at 37 °C prior to
the start of each experiment. The skin was then cut into appropri-
ate sized sections and mounted on the Franz diffusion cell, with
the stratum corneum facing the donor compartment (where the
formulation was applied) and the dermis facing the receptor com-
partment. The receptor compartment was filled with PBS solution
(pH 7.4) containing 1% Tween 20 and maintained at a temperature
of 37 £0.1°Cand a stirring speed of 600 rpm throughout the course
of the experiment. 0.5 mL of formulation (SLN or control) was added
to each donor compartment and occluded with Parafilm® to pre-
vent evaporation. For the preliminary experiments, samples were
withdrawn at regular intervals from the receptor compartment. At
2,4,6,8 and 24 h, 300 p.L of sample was withdrawn from the recep-
tor compartment and replaced by an equal volume of fresh receptor
media maintained at 37 °C. The withdrawn samples were stored in
the refrigerator prior to HPLC analysis.

2.5.8.2. Extraction of quercetin from human skin. At the end of 24 h,
the formulation was carefully removed from the donor compart-
ment using a glass transfer pipette. The surface of the skin was
thoroughly washed with distilled water to remove any excess for-
mulation and allowed to dry at ambient temperature. The area of
the skin corresponding to the diffusion area of the Franz cell was
then punched out, weighed accurately and cut into fine pieces. 1 mL
of methanol was added to the skin pieces and homogenized using
a Polytron® PT 10-35 homogenizer (Kinematica, Inc., Bohemia, NY,
USA). The homogenized material was sonicated for 60 min at 37 °C
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using a VWR Ultrasonic B5500A-DTH sonicator (VWR International,
LLC, Radnor, PA, USA). After sonication, the samples were cen-
trifuged for 30 min at 4000 rpm using an Allegra™ 6R centrifuge
(Beckman Coulter, Brea, CA, USA). The supernatant obtained after
centrifugation was collected and analyzed using the HPLC method
described in Section 2.5.6, with an increased injection volume of
50 wL.

2.5.9. Statistical analysis

All particle size, zeta potential and in vitro release rate measure-
ments were performed in triplicate. Means and standard deviations
were calculated using Microsoft® Excel 2010. Mean values were
compared using Student’s t-test, with differences being considered
as significant at a level of p<0.05.

3. Results and discussion
3.1. Selection of surfactant system

The new surfaces generated due to particle size reduction dur-
ing the production of solid lipid nanoparticles leads to an increase
in the attractive forces between the particles, which increases the
surface tension at the interface and destabilizes the system lead-
ing to physical instability. The incorporation of a surfactant in the
formulation imparts a repulsive force between the nanoparticles
and reduces the surface energy and the surface tension of the sys-
tem (Tanvir and Qiao, 2012). Hence, the selection of the type and
concentration of surfactant is important for the long term physical
stability of the nanosystem (Uner et al., 2004).

All classes of surfactants (with respect to charge and molecular
weight) have been reported in the literature to stabilize SLN sys-
tems. For SLN systems intended for skin delivery, the use of both
non-ionic surfactants (Montenegro et al., 2012; Mitri et al., 2011)
and ionic surfactants (Shahetal.,2007; Souto et al., 2005) have been
reported. In this study, we have screened three non-ionic (Polox-
amer 188, Tween 20 and Tween 80) and two anionic (sodium lauryl
sulfate and dioctyl sodium sulfosuccinate) surfactants to determine
the most suitable systems for further evaluation in SLN formu-
lations. Poloxamer 188 (Freitas and Muller, 1999; Siekmann and
Westesen, 1994b), Tween 20 and Tween 80 have been previously
used as non-ionic stabilizers for SLN systems (Goppert and Muller,
2005; Lv et al., 2009; Sanna et al., 2007). In general, non-ionic sur-
factants have been shown to have a minor effect in permeation
enhancement across human skin whereas anionic surfactants can
have a more pronounced effect (Williams and Barry, 2004). Addi-
tionally, micelle forming low molecular weight anionic surfactants
such as sodium lauryl sulfate can rapidly re-distribute and cover the
new surfaces created during particle size reduction in the homog-
enization step of generating nanoparticles (Mehnert and Mader,
2001). This justified the inclusion of the two anionic surfactants,
sodium lauryl sulfate and dioctyl sodium sulfosuccinate, in the list
of surfactants being screened.

The surfactant concentration has a great impact on the parti-
cle size distribution and stability of the lipid nanoparticles (Han
et al., 2008). The adequate coverage of surfactant at the interface
has been reported to influence the stability of SLNs via surface-
mediated crystal growth (Helgason et al., 2009). Hence, in order
to select the optimum surfactant concentration for further eval-
uation in SLN systems, the surface tension of the surfactants was
measured in deionized water in concentrations covering a range of
0.05-5% (w/v). The results are presented in Fig. 1. For the non-ionic
surfactants Tween 20 and Tween 80, the surface tension reached
a plateau in the concentration range of 2.5-5% (w/v). Poloxamer
188 however showed different results, where it was evident that a
plateau in surface tension value had not been attained even at the
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Fig. 1. Surface tension of single surfactant systems determined in water (n=3).

highest concentration (5%, w/v) evaluated in this study. This can
be explained by the higher critical micelle concentration of Polox-
amer 188 which has been reported to be 0.48 mM (Kabanov et al.,
2002) compared to reported values of 0.06 mM for Tween 20 and
0.012 mM for Tween 80 (le Maire et al., 2000) at 25 °C. For the two
anionic surfactants tested, the maximum reduction in surface ten-
sion was observed in the range of 1.25-2.5% (w/v) concentrations
(Fig. 1).

Based on the single surfactant screening data, the three non-
ionic surfactants at 2.5% (w/v) concentrations and the two anionic
surfactantsat0.1% and 2.5% (w/v) concentrations were further eval-
uated in combination systems to observe their synergistic effect on
surface tension reduction. The data is shown in Table 1. Marked
lowering of surface tension was observed for combination surfac-
tant systems. While Poloxamer 188 by itself at 2.5% (w/v) was
able to lower the surface tension to 47.63 +0.09 mN/m, in com-
bination with 0.1% sodium lauryl sulfate or 0.1% dioctyl sodium
sulfosuccinate the surface tension reduced to 28.79 +0.04 mN/m
and 20.11 +0.06 mN/m respectively. Similar results were observed
for all the combination systems evaluated (Table 1). Hence some of
the combination systems of surfactants were selected for further
evaluation in SLN batches as shown in Table 2. Although the anionic
surfactants in combination systems showed better effectiveness
in reduction of surface tension at 2.5% (w/v) concentrations, the
lower levels (0.1%) of these surfactants were selected for further
evaluation since anionic surfactants when used in high concentra-
tions have been reported to cause strong barrier disruption and skin
irritation (Slotosch et al., 2007).

Solid lipid nanoparticles stabilized with surfactant mixtures
have been shown to be more effective in generating nanoparticles
with smaller particle sizes and higher storage stability compared
to formulations with a single surfactant (Siekmann and Westesen,
1994a). Also, the levels of non-ionic surfactants (2.5%, w/v) selected
based on this screening study for further evaluation is in agreement
with literature reports where extensive particle aggregation was
observed within 24 h for tripalmitin based SLN systems containing
less than 2% of Tween 20 (Helgason et al., 2009).

3.2. Effect of formulation variables: selection of solid lipid and
optimum surfactant system

Compritol® 888 (glyceryl dibehenate) and Precirol® ATO 5 (glyc-
eryl palmitostearate), which have been extensively used as solid
lipids in SLN systems (Mehnert and Mader, 2001) were selected for
manufacturing of quercetin solid lipid nanoparticles. Lipids with
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Table 1

Surface tension of combination of surfactant systems in water.
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Surfactant 1/concentration (%, w/v)

Surfactant 2/concentration (%, w/v)

Surface tension (mN/m), mean £S.D. (n=3)

Poloxamer 188/2.5% Sodium lauryl sulfate/0.1% 28.79 + 0.04

Poloxamer 188/2.5% Sodium lauryl sulfate/2.5% 26.06 + 0.07

Poloxamer 188/2.5% Dicotyl sodium sulfosuccinate/0.1% 20.11 £ 0.06

Poloxamer 188/2.5% Dicotyl sodium sulfosuccinate/2.5% 18.97 £ 0.01

Tween 20/2.5% Sodium lauryl sulfate/0.1% 29.40 £ 0.06

Tween 20/2.5% Sodium lauryl sulfate/2.5% 25.95 + 0.08

Tween 20/2.5% Dicotyl sodium sulfosuccinate/0.1% 26.95 + 0.10

Tween 20/2.5% Dicotyl sodium sulfosuccinate/2.5% 19.20 £ 0.16

Tween 80/2.5% Sodium lauryl sulfate/0.1% 27.26 + 0.01

Tween 80/2.5% Sodium lauryl sulfate/2.5% 2791 £ 0.01

Tween 80/2.5% Dicotyl sodium sulfosuccinate/0.1% 27.13 + 0.04

Tween 80/2.5% Dicotyl sodium sulfosuccinate/2.5% 20.39 £+ 0.01

Table 2
Composition and initial particle size of batches from the formulation optimization trials.

Batch code Lipid/ratio (%) Primary surfactant (% Secondary surfactant ( Dso (nm) Dgo (nm) Acceptable

B1 Compritol® 888/100 Poloxamer 188 (2.5) DOSS (0.1) >1000 >1000 No

B2 Compritol® 888/100 Poloxamer 188 (2.5) SLS (0.1) 354.0+63.3 >1000 No

B3 Compritol® 888/100 Tween 20 (2.5) DOSS (0.1) 321.0+£12.2 643.1+£24.0 Yes

B4 Compritol® 888/100 Tween 20 (2.5) SLS (0.1) 355.8+8.8 756.2+34.0 Yes

B5 Compritol® 888/100 Tween 80 (2.5) DOSS (0.1) 290.5+9.8 579.2+35.9 Yes

B6 Compritol® 888/100 Tween 80 (2.5) SLS (0.1) 3242+113 629.4+40.1 Yes

B7 Compritol® 888:Precirol® Poloxamer 188 (2.5) DOSS (0.1) >1000 >1000 No
ATO 5/60:40

B8 Compritol® 888:Precirol® Poloxamer 188 (2.5) SLS (0.1) 710.4+54.6 >1000 No
ATO 5/60:40

B9 Compritol® 888:Precirol® Tween 20 (2.5) DOSS (0.1) 384.1+12.1 865.3+50.3 Yes
ATO 5/60:40

B10 Compritol® 888:Precirol® Tween 20 (2.5) SLS (0.1) 618.4+59.4 >1000 No
ATO 5/60:40

B11 Compritol® 888:Precirol® Tween 80 (2.5) DOSS (0.1) 343.6+7.8 795.94+48.4 Yes
ATO 5/60:40

B12 Compritol® 888:Precirol® Tween 80 (2.5) SLS (0.1) 598.6 +£20.9 >1000 No
ATO 5/60:40

relatively low monoglyceride content were selected for evaluation
since reports in the literature suggested the generation of unsta-
ble SLNs with lipids having high monoglyceride content (Jensen
et al., 2010). The batch composition for the formulation optimiza-
tion trials is shown in Table 2. Two lipid compositions were selected
for preparing the nanoparticles, 100% Compritol® 888 and a mix-
ture of Compritol® 888 and Precirol® ATO 5 in the ratio of 60:40.
These lipid compositions were selected from preliminary solubil-
ity studies of quercetin in lipid mixtures of varying compositions by
visually observing the amount of quercetin that could be dissolved
in molten lipids (data not shown).

The initial particle size of the SLN batches from the formulation
optimization trials is shown in Table 2. For all four batches (B1, B2,
B7 and B8) manufactured using Poloxamer 188 as the primary sur-
factant at 2.5% (w/v) levels, particles in the nanometer range could
not be generated irrespective of the solid lipids or the secondary
surfactant used. This could be because the amount of Poloxamer
188 used in these batches was not adequate to provide sufficient
coverage of the new surfaces generated due to size reduction dur-
ing the homogenization process. This can be further explained by
the redistribution processes of surfactant molecules between parti-
cle surfaces, water-solubilized monomers and micelles which have
been reported to take a longer time for high molecular weight
surfactants such as Poloxamer 188 (Mehnert and Mader, 2001).
The inability to generate nanoparticles with 2.5% (w/v) of the
non-ionic surfactant Poloxamer 188 is consistent with several liter-
ature observations with other non-ionic surfactants (Siekmann and
Westesen, 1994a; Schwarz and Mehnert, 1999). Based on literature

references, there seems to be no indication of chemical incom-
patibility between quercetin and Poloxamer (Kakran et al., 2011;
Parmar et al., 2011).

Nanoparticles could be successfully generated for batches B3,
B4, B5 and B6 manufactured using Compritol® 888 as the solid lipid
(based on Dsg and Dgg measurements, Table 2). This demonstrated
that a combination of a non-ionic surfactant (Tween 20 or Tween
80) at 2.5% (w/v) along with an anionic surfactant (SLS or DOSS)
at 0.1% (w/v) levels was adequate to provide sufficient coverage of
Compritol® 888 based quercetin nanoparticles and prevent aggre-
gation during production. Batches (B9,B10,B11 and B12) composed
of a mixture of solid lipids (3:2 ratio of Compritol® 888:Precirol®
ATO 5) did not perform as well as batches composed of Compritol®
888 as the sole lipid with respect to generation of nanoparticles. For
batches B9 and B11, although nanoparticles could be generated, Dgg
values in the range of 795-865 nm were obtained. For batches B10
and B12, nanoparticles could not be produced. The possible reason
for the inability to generate nanoparticle batches with a mixture of
Compritol® 888:Precirol® ATO 5 is discussed in the next paragraph.

Previous studies have attributed the instability of solidified lipid
nanoparticles to the tendency of lipids to initially crystallize in the
unstable o form due to the lower activation energy followed by
transformation to the more ordered (3-form (Himawan et al., 2006).
Electron microscopy has confirmed that crystals generated with
the a structure are more spherical whereas modification to the 3-
form results in the formation of a platelet-like layered structure
(Bunjes et al., 2007). Consequently the surface-to-volume ratio of
crystals in the layered 3-form is much higher than those crystals in
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the spherical o form. Freshly solidified samples of both Compritol®
and Precirol® (as would apply to a SLN system) have been shown
to exist in a partially amorphous layered structure which tends to
slowly crystallize further with time (Hamdani et al., 2003). This
layered structure indicates the onset of lipid transformation even
in freshly solidified samples. The crystallization of Precirol® is
reported to occur rapidly whereas the crystallization of Compritol®
is a much more gradual process, often occurring over a period of
several months. This difference in the rate of crystallization can
be explained by the longer fatty acid chain in Compritol® (C-22)
compared to Precirol® (C16-C18) which results in the longer crys-
tallization times for Compritol® (Laine et al., 1988). It is suggested
that the lipid nanoparticles composed of mixed lipids (containing
40% Precirol®) underwent a much faster rate of lipid transforma-
tion. In the absence of adequate amounts of surfactant, the new
surfaces created during lipid transformation could not be fully cov-
ered by surfactant molecules leading to physical instability and
aggregation of the solid lipid nanoparticles.

The six batches (B3, B4, B5, B6, B9 and B11) for which nanoparti-
cles could be generated were placed on a short term stability study
for 1 week at 2-8°C to observe their aggregation behavior upon
storage. Batches composed of mixed lipids (B9 and B11) showed
considerable aggregation after 1 week with Dgg values >1 pum. In
comparison, batches composed of only Compritol® (B3, B4, B5 and
B6) were found to be relatively stable, with particle size increases of
30-50 nm and 80-120 nm observed for Dsq and Dgg values respec-
tively between the initial and 1 week stability samples (Fig. 2). For
all batches with Compritol®, the polydispersity index initially and
after 1 week was <0.3. This is indicative of a narrow particle size
distribution and a monodisperse system. The four batches (B3, B4,
B5 and B6) composed of 100% Compritol® as the solid lipid were
selected for further evaluation.

3.3. Effect of drug loading

For batches described in Section 3.2, the loading of quercetin
(based on the amount of solid lipid) had been maintained at 5%. For
the four promising formulations B3, B4, B5 and B6, batches with
a higher loading of 10% quercetin were manufactured. Increasing

the drug loading to 10% led to a distinct increase in the particle
size as shown by the Dsg and Dgg values (Fig. 3). Although Dsq
values <1 wm were observed for all batches with 10% quercetin
loading, the Dggy values were >1 wm. Batches with 10% drug load-
ing also showed an increase in the polydispersity index to values
>0.3, indicating deviation from a monodisperse system. The particle
size data indicated that the incorporation of 10% quercetin led to a
destabilization of the lipid nanoparticles resulting in aggregation.
Similar observations with other Compritol® SLN systems have been
reported, in which increasing the loading of tetracaine and etomi-
date from 5% to 10% led to the formation of a less stable product
with an increase in the mean particle size (Schwarz and Mehnert,
1999).

3.4. Selection of optimum formulation

The optimum nanoparticle formulation was selected based on
physical stability data and batch reproducibility data (replicates).
The physical stability data of formulations B3, B4, B5 and B6 kept for
up to 6 weeks at 2-8 °Cis shown in Figure 2. After 6 weeks of storage
at 2-8°C, the increase in particle size of all formulations was in the
range of 26-155nm (Dsg) and 97-349 nm (Dgg ). Throughout this
study, close attention was paid to the D5q and Dgg values instead of
only the mean particle size since Dgg values are more indicative of
the size of the majority of particles (90%) in the system. All the four
formulations could still be classified as nanoparticles, with majority
of the particles in the sub-micron range, after 6 weeks of storage at
2-8°C. The polydispersity index values obtained were as follows:
0.218, 0.220, 0.220 and 0.211 at the initial timepoint, 0.235, 0.241,
0.216 and 0.210 after 1 week at 2-8°C and 0.227, 0.230, 0.275 and
0.251 after 6 weeks at 2-8 °C for batches B3, B4, B5 and B6 respec-
tively. These polydispersity values of <0.3 indicated a monodisperse
system for all batches with a narrow particle size distribution.

All four formulations were re-manufactured to check the robust-
ness of the process to replicate the batches. The smallest difference
in particle size (52.4 nm for D5 values and 93.7 nm for Dgq values)
was observed for batch B3 which was stabilized with a surfac-
tant system composed of 2.5% Tween 20 and 0.1% DOSS, using a
solid lipid matrix of 100% Compritol®. This formulation had also
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Fig. 2. Selection of optimum formulation: physical stability data (n=3); bars denote standard deviation; bar graphs for each batch (from left to right) denote values of Dsg
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Fig. 3. Effect of drug loading on initial particle size of quercetin lipid nanoparticles (n=3); suffix A and B (on x-axis) denote batches with 5% and 10% loading of quercetin

respectively; numbers on graph indicate the polydispersity index (PI) of each batch.

demonstrated adequate physical stability based on particle size
data for up to 6 weeks at 2-8 °C and was selected for further opti-
mization of processing parameters.

3.5. Optimization of processing parameters

During the formulation optimization trials described in the pre-
vious sections, all batches had been manufactured using a first
sonication step of 5min at 85 °C (homogenization step), followed
by a second sonication step of 10 min in an ice bath (sample cool-
ing step to enable lipid crystallization and generation of solid lipid
nanoparticles). Once a promising formulation had been selected,
optimization of the manufacturing process parameters was carried
out. The investigated parameters are specified in Table 3. The study
involved evaluation of two levels of the sonication time used dur-
ing the first step (5min and 30 min) and two levels of the power
setting used during the second sonication step (power setting of
1 and 4). For the first sonication step, the power setting was kept
constant at 4 so that sufficient energy could be introduced into the
system to break down the micron sized particles. The initial par-
ticle size data from the process optimization batches is shown in
Table 3. The smallest particle size (based on both D5q and Dgq val-
ues)was observed for batches manufactured using a first sonication
step of 30 min. This can be explained by the higher input of energy
into the system during the longer sonication time resulting in more
efficient particle size reduction. Hence this is considered to be a
critical parameter of the manufacturing process and a sonication
time of 30 min during the first step was selected for future batches.
This observation is consistent with another report in the literature,
where sonication times greater than 15 min were required to gen-
erate nanoparticles using a probe sonication method (Siekmann
and Westesen, 1994b). The power level of the second sonication
step (setting of 1 against 4) did not appear to affect the forma-
tion of nanoparticles based on a comparison of batches B3A3 and
B3A4, where all processing parameters except that parameter had
been maintained constant. For the second sonication step, the lower
power level was selected for subsequent batches to prevent the
possible disruption of nanoparticles during the lipid solidification
step by using the higher power level resulting in high energy input
to the system. Such energy input can cause destabilization of the

SLN system by causing damage to the surfactant film covering the
particle surface promoting aggregation (Freitas and Muller, 1999).

The measurement of zeta potential is critical to predict the sta-
bility of colloidal dispersions upon long term storage (Komatsu
et al.,, 1995). In general, particle aggregation upon storage is less
likely to occur for highly charged particles (with high zeta potential
values) because the repulsion forces arising from the surface charge
can overcome the Van der Waals attractive forces between the par-
ticles. Usually an absolute zeta potential value of 20 mV or higher
is indicative of a stable system (Gonzalez-Mira et al., 2011). The
zeta potential of formulations evaluated during the process opti-
mization study ranged from —32.88 +0.86 mV to —35.83 +2.11 mV
(Table 3) which indicated adequate stabilization of the nanoparticle
system. The difference in zeta potential values observed between
the four formulations was not found to be statistically different
(p>0.05).

3.6. Stability data

The solid lipid nanoparticle batch composed of 5% (w/v)
quercetin (relative to the lipid), a surfactant system consisting
of 2.5% Tween 20 and 0.1% DOSS in a solid lipid matrix of 100%
Compritol® was placed on long term stability at 2-8 °C for up to 8
weeks. At pre-determined time intervals, samples were withdrawn
and the particle size was measured to check for any potential aggre-
gation. The polydispersity index values were as follows: 0.245 for
the initial sample, 0.294 for the stability sample kept for 2 weeks at
2-8°Cand 0.293 for the stability sample kept for 8 weeks at 2-8 °C.
The differences in particle size (both Dsg and Dgg values) between
the initial and 2 weeks timepoint were found to be statistically sig-
nificant (p <0.05). However, no statistically significant differences
were found between the Dsg and Dgg values for samples kept on
stability for 2 weeks and 8 weeks (p >0.05). Similar observations
have been reported by Mitri et al. (2011), where increase in par-
ticle size was observed for up to 7 days after production, beyond
which no significant change in particle size was observed between
days 7 and 90.

The increase in particle size between the initial and 2 week
sample can be attributed to some degree of lipid transformation
occurring for the solid lipid (glyceryl dibehenate) used in these
nanoparticles. Triglycerides are known to crystallize in three main
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Fig. 4. TEM of quercetin nanoparticles.

polymorphic forms. The unstable o form is initially formed due to
its lower activation energy, which has been reported to undergo
a monotrophic transformation via 8’ to 3. For mixtures of glyce-
rides, an intermediate form, [3;, between 3’ and 8 has also been
suggested. Due to the high content (>50%) of diglycerides, glyceryl
dibehenate primarily crystallizes in the 3’ modification (Freitas and
Muller,1999). Transition from the metastable (3’ polymorph to the
more stable 3; polymorph occurs over time, which is associated
with a certain degree of aggregation. In the case of glyceryl dibehen-
ate, a further transformation of 3; to 3 has been reported (Jenning
et al., 2000b). It is possible that some amount of lipid transforma-
tion from the metastable 3’ to the more stable 3; occurs between
the initial and 2 weeks timepoint for the glyceryl dibehenate based
quercetin SLNs, leading to an increase in the particle size. However,
the relative stabilization of particle size between 2 weeks and 8
weeks indicates incomplete transformation of the lipid from the 3’
to the 3; configuration. This can also be confirmed by the TEM and
XRD data which will be discussed in the subsequent sections. This
observation is consistent with reports of successful stabilization of
the metastable 3’ polymorph and control of the 8’ to [3; transition
by using a mixture of surfactants in the SLN formulation (Jenning
et al., 2000b). Also, systems containing non-ionic surfactants have
been reported to transform more rapidly into the 8 form compared
to systems containing ionic surfactants (Bunjes et al., 2003). Since
a combination system consisting of a non-ionic (Tween 20) and
an ionic (DOSS) surfactant has been used to stabilize the quercetin
lipid based nanoparticles, it is quite possible that the metastable
3’ polymorph of glyceryl dibehenate could be stabilized to a cer-
tain extent leading to only partial transformation from the 3’ to f3;
polymorph.

3.7. Morphology of nanoparticles
Nanoparticle morphology observed using transmission electron
microscopy (TEM) showed spherical particles in the nanometer

range (Fig. 4). The shape of the particles was consistent with those

Table 3

observed from other quercetin SLN systems evaluated for brain
delivery (Dhawan et al., 2011) and for oral delivery (Li et al., 2009).
The spherical shape of the particles also supported the hypothesis
of partial transformation of glyceryl behenate from the metastable
[’ to the more stable {3; configuration since an alteration in parti-
cle geometry from a round to a polyhedric form is associated with
a complete transformation of glyceryl behenate from (3’ to the f3;
form (Jenning et al., 2000b).

3.8. XRD data

The XRD data of bulk compritol and the freeze dried SLN for-
mulation is shown in Fig. 5. The diffractogram labeled as A shows
the diffraction pattern of neat Compritol® 888 with peaks char-
acteristic of the orthorhombic 3’ form of triglycerides (Chapman,
1962). However in the freeze dried SLN formulation (labeled as
B), an additional peak is observed at 26 values between 18° and
20°. This peak has been previously assigned to the [3; polymorph
(Jenning et al., 2000b). The XRD data supported the theory of par-
tial transformation of glyceryl dibehenate from the metastable
" to the more stable (3; configuration in the quercetin SLN
formulation.

3.9. Drug release studies

Inorder to exert a therapeutic effectin vivo, itis essential that the
active isreleased from the delivery system at the site of application.
Formation of a solid particle matrix is essential to adjust the release
profile of a drug from lipid nanoparticles since rapid release within
a few seconds has been associated with oil-in-water emulsions
(Benita et al., 1986). Depending on the production temperature
used, different release profiles from solid lipid nanoparticles have
been reported. These include rapid release (100% of tetracaine and
etomidate released in less than a minute) from SLN prepared by the
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Fig.5. X-ray diffraction patterns: (A) Compritol® 888 bulk material; (B) freeze dried
quercetin nanoparticles.

Batch details, initial particle size and zeta potential data for process optimization batches.

Batch code First sonication step Second sonication step Particle size, initial, mean +S.D. (n=3) Zeta potential (mV),
Time (min) Power setting Time (min) Power setting Dsp (nm) Dgo (nm) P12 mean+5.D. (n=3)
B3A1 5 4 10 1 3734+ 35 736.7 + 68.6 0.208 —33.35+0.78
B3A2 5 4 10 4 4240 + 5.4 903.0 + 11.1 0.247 —32.88 + 0.86
B3A3 30 4 10 4 311.5+ 5.5 646.8 + 21.9 0.232 -34.24 +£1.29
B3A4 30 4 10 1 351.6 £ 5.3 697.8 + 43.1 0.245 —35.83 £ 2.11

2 Polydispersity index.
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Fig. 6. In vitro release profile of quercetin from SLN and propylene glycol solution determined by a dialysis method (n=3).

hot homogenization technique as well as sustained release (pred-
nisolone released over a period of 5 weeks) from SLN prepared
by the cold homogenization technique (zur Muhlen et al., 1998).
Most researchers have reported a biphasic release profile from solid
lipid nanoparticles manufactured using hot homogenization, with
an initial burst release followed by prolonged release (Zhang et al.,
2010; Rawat et al., 2011). Some of the other factors that influence
release profiles are the surfactant type and concentration in the SLN
formulation (Muller et al., 2002).

The release of quercetin from the selected SLN formulation was
compared using a dialysis based method against a control formula-
tion of quercetin in propylene glycol at the same concentration as
in the SLN formulation. The release profiles are shown in Fig. 6. Sta-
tistically significant differences (p <0.05) were observed between
the rates of release of quercetin from the two formulations at all
the time points except at 24 h where the release rate was not sta-
tistically significant (p > 0.05). The rate of release of quercetin from
the SLN formulation was found to be relatively slower compared
to the propylene glycol solution, with about 70% released from the
SLN formulation compared to 90% released from the propylene gly-
col solution after 8 h. Equilibrium was attained within 24 h. This
was confirmed by running the experiment till 30 h, during which
the release rate was observed to reach a plateau between 24 and
30h indicating attainment of equilibrium. The release profile of
quercetin from the SLN formulation is consistent with reported
release rates of other actives from Compritol® 888 based nanopar-
ticles containing a similar concentration of surfactant (2.5%) as
was used in these quercetin SLN and manufactured using the hot
homogenization technique at a similar production temperature
(Muller et al., 2002). The initial burst release can be explained by a
drug enriched shell model of incorporation of quercetin into SLNs.
During the heating step of the hot homogenization process, the
solubility of the active compound in the aqueous phase increases,
leading to the partitioning of the active compound from the melted
lipid droplet to the water phase. During the subsequent cooling
step, the lipid matrix starts crystallizing with a relatively high
amount of active still concentrated in the aqueous phase. Further
cooling leads to supersaturation of the active compound in the
aqueous phase that then tries to partition back into the lipid phase.
Since a solid core has already started forming, this leaves only the
liquid outer shell for the accumulation of active which leads to the
formation of a drug enriched shell. This enrichment of drug in the
outer shell leads to a short diffusion path of the active, resulting in
a burst release profile.

3.10. Topical delivery of quercetin

Skin permeation studies were carried out with the SLN for-
mulation of quercetin, using the corresponding non-homogenized
formulation with particle size in the micrometer range as the con-
trol. Such studies are also relevant while studying topical drug
delivery to make sure that none of the compound appears to per-
meate transdermally. In our studies, sampling was carried out from
the receptor media at 2, 4, 6, 8 and 24 h to determine if there was
any transdermal delivery of quercetin. However, no quercetin could
be detected in the receptor media, indicating the lack of any trans-
dermal delivery. This observation is consistent with reports from
other skin permeation studies of quercetin (Kitagawa et al., 2009;
Vicentini et al., 2008), including one study from a chitosan-lecithin
based nanoparticle formulation (Tan et al., 2011). The absence of
transdermal delivery of quercetin from the lipid nanoparticles can
be attributed to the structure and physico-chemical properties of
quercetin and the barrier properties of the stratum corneum. One
of the reasons contributing to the inability of quercetin to penetrate
the skin could be its poor lipophilicity (Montenegro et al.,2007) and
rather limited aqueous solubility (Bonina et al., 1996). The chemi-
cal structure has also been shown to have a large influence on the
percutaneous absorption of quercetin and its related compounds
through nude mouse skin (Lin et al., 2012). Lin et al. also demon-
strated the stratum corneum to be the principal barrier for skin
penetration of quercetin and showed a 4.14 times increase in the
flux of quercetin through stratum corneum stripped skin compared
to intact skin.

The amount of quercetin quantified in the skin at the end of 24 h
is shown in Fig. 7. The SLN formulation showed a higher amount of
quercetin retained in the skin at the end of 24 h compared to the
control formulation, with the differences being statistically signifi-
cant (p <0.05). The superior topical delivery of quercetin observed
from the lipid based nanosystem compared to the control formula-
tion (containing the same amount of lipid as in the SLN formulation)
can be explained by the higher occlusive effect and increased
hydration of the stratum corneum commonly associated with lipid
nanoparticles (Muller et al., 2007). The increased hydration of the
stratum corneum influences the percutaneous absorption of active
ingredients contained in the formulation (Zhai and Maibach, 2001).
The improved dermal uptake of quercetin from the lipid nanoparti-
cles could also result from an increased contact surface of the active
compound with the corneocytes. In general, lipid nanoparticles
are not considered to penetrate the horny layer (Schafer-Korting
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Fig. 7. Topical delivery of quercetin from solid lipid based nanosystem (n=5).

et al.,, 2007). However, a follicular uptake by the hair follicles has
been reported for particulate systems (Lademann et al., 2007).
Reduced percutaneous permeation along with increased localiza-
tion in the skin has also been reported for SLN formulations of
diethyltoluamide (Iscan et al., 2005), glucocorticoids (Jensen et al.,
2011) and betamethasone 17-valerate (Zhang and Smith, 2011).
The amount of quercetin accumulated in the skin from the SLN
formulation (2.66 +£0.81 p.g/mL) should be sufficient to exert an
adequate anti-oxidant activity against the reactive oxygen species.
This is based on a SCsg value (concentration to achieve 50% of
free radical scavenging activity) of 1.59 4 0.6 .g/mL reported for
a quercetin nanoparticle system (Wu et al., 2008).

Since this was a preliminary formulation screening study, in vivo
testing which is typically complex and more expensive, was con-
sidered out of scope for this study. However, some form of in vivo
testing would need to be conducted in future to demonstrate the
utility of the delivery system for consideration in clinical applica-
tions.

4. Conclusion

Surface tension measurements of single surfactants (both non-
ionic and ionic) and combinations thereof were carried out to
identify systems with the highest surface tension lowering abil-
ity. Optimization of formulation and process variables led to the
identification of a promising variant composed of 5% quercetin,
2.5% Tween 20 (non-ionic surfactant) and 0.1% DOSS (ionic surfac-
tant), using a solid lipid matrix of 100% Compritol® 888 (glyceryl
behenate) and manufactured using probe sonication. The opti-
mized formulation had a zeta potential of —35.83 +2.11 mV and
demonstrated good physical stability for up to 8 weeks at 2-8°C.
Slight increase in particle size was observed between the initial and
2 week stability samples which was attributed to some degree of
lipid transformation of the solid lipid. The onset of lipid transfor-
mation was confirmed from the morphology of the nanoparticles
visualized using TEM and also from XRD patterns comparing neat
Compritol® 888 to freeze dried SLNs. In vitro release studies showed
an initial burst release followed by prolonged release for up to
24 h from the SLN formulation. Higher amounts of quercetin were
found to be localized within the skin compared to a control for-
mulation containing particles in the micrometer range. This study
demonstrated the feasibility of topical delivery of quercetin from
a solvent-free solid lipid based nanosystem manufactured using
probe sonication. Future studies will focus on the evaluation of
high pressure homogenization, a scalable manufacturing process,
for manufacturing the quercetin loaded SLN systems.
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