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Safflower (Carthamus tinctorius L.) has been explored as a source of natural antioxidant. However, quercetin 7-O-
beta-D-glucopyranoside and luteolin 7-O-beta-D-glucopyranoside, as its bioactive compounds, possessed poor
aqueous solubility, limiting its efficacy. Here, we developed solid lipid nanoparticles (SLNs) decorated with
hydroxypropyl beta-cyclodextrin (HPBCD) incorporated into dry floating gel in situ systems to control the release
of both compounds. Using Geleol® as a lipid matrix, SLNs were <200 nm in size with >80 % of encapsulation
efficiency. Importantly, following the decoration using HPBCD, the stability of SLNs in gastric environment was
significantly improved. Furthermore, the solubility of both compounds was also enhanced. The incorporation of
SLNs into gellan gum-based floating gel in situ provided desired flow and floating properties, with <30 s gelation
time. The floating gel in situ system could control the release of bioactive compounds in FaSSGF (Fasted-State
Simulated Gastric Fluid). Furthermore, to assess the effect of food intake on release behavior, we found that the
formulation could show a sustained release pattern in FeSSGF (Fed-State Simulated Gastric Fluid) for 24 h after
being released in FaSGGF for 2 h. This indicated that this combination approach could be a promising oral

delivery for bioactive compounds in safflower.

1. Introduction

Recently, oxidative stress, caused by free radicals, has been reported
to be the main foremost reason for numerous chronic diseases [1,2],
including autoimmune diseases [3], chronic kidney disease [4], neuro-
degenerative diseases [5], cardiovascular diseases [6], cancer [7] and
liver diseases [8]. Normally, as free radical, reactive oxygen species
(ROS) are regularly generated in human cells. To neutralize the unde-
sired effects of ROS, cells continuously produce endogen antioxidant
systems consisting of enzymes and non-enzymatic compounds [9,10].
These endogen antioxidants are able to inhibit the reaction of ROS.
Nevertheless, in some disease conditions, there is a decrease in the
generation of endogen antioxidants, resulting in the increment of the
ratio of antioxidant and ROS [11]. Despite the fact that the synthetic
antioxidants have been extensively explored, the natural antioxidants

from plants, vegetables, and fruits have been found to be a significant
resource of antioxidants [12]. Accordingly, a plethora of studies have
investigated different sources of natural plants for their potential as
antioxidant agents [13-15]. The main reason for this was mainly due to
several advantages of natural antioxidants over synthetic antioxidants,
namely less adverse effects and fewer economic costs.

Safflower (Carthamus tinctorius. L), belonging to from Asteraceae
family, has been widely explored for its antioxidant compounds. Saf-
flower is mainly cultivated exclusively for its flowers, which are applied
in the therapy of several diseases. The antioxidant properties of saf-
flower are mainly due to several compounds, namely flavonoid and
phenolic compounds [16-18]. Specifically, the glycosides form of the
flavonoid compounds in safflower, namely quercetin 7-O-beta-D-gluco-
pyranoside and luteolin 7-O-beta-D-glucopyranoside have been found to
possess strong antioxidant properties which can potentially protect the
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body from stress oxidative [16,19,20]. However, although those com-
pounds possess adequate antioxidant activities, they have poor aqueous
solubility, limiting their bioavailability and efficacy as antioxidant in the
human body. Accordingly, there is a necessity to develop a delivery
system to improve the solubility of these compounds.

Among several delivery systems, the interest of researchers in solid
lipid nanoparticles (SLNs) has increased significantly. This system has
shown significant benefits, namely high entrapment efficiency,
enhancement of solubility profiles and control release manner in com-
parison with other lipid-based delivery system [21]. SLNs are consisted
of physiological lipids, making this system to be considered safe for the
administration. Importantly, SLNs have been extensively applied to
enhance the solubility and control the release of numerous hydrophobic
compounds [22-24]. With respect to the administration route, the oral
route has been considered the most convenient and acceptable route for
drug administration [25]. However, the poor stability and high pro-
pensity to aggregate in acid conditions limited their application through
the oral route [26]. Several studies have shown that the oral adminis-
tration of SLNs could results in instability of the particles in the gastric
environment [27,28]. Accordingly, it is crucial to investigate suitable
approach to protect the SLNs from the gastric environment during oral
administration. Previously, hydroxypropyl beta-cyclodextrin (HPBCD)
has been found to improve the stability of SLNs administered orally
[29]. The decoration of SLNs containing amphotericin B, paramomycin
and paclitaxel using HPBCD could improve their efficacies for their
respective pharmacological effects [29,30]. Therefore, the incorpora-
tion of bioactive compounds of safflower into SLNs decorated with
HPPBCD could be an appropriate strategy for improved solubility.

To facilitate the oral administration of the SLNs, it was important to
develop a suitable system. One of delivery systems to control and sustain
the release of drugs through oral administration is gastroretentive drug
delivery system (GRDDS). In this formulation, 100 % of drugs would
stay in the stomach for a long period [31-33]. As one of GRDDS, in situ
forming gel system has attracted the interest in drug delivery due to the
transformation of the formulation from solution into a floating gel when
administered orally and reaching the gastric environment [34-36].
Numerous studies have explored the effectiveness of this system to
control the release some drugs administered orally [32,37,38]. As one of
macromolecules compounds, gellan gum has been widely used to
develop GRDDS preparations, showing the controlled release pattern of
the bioactive compounds [32,39-41].

In this study, we extracted the bioactive compounds from safflower
and formulated the extract into SLNs. The SLNs were decorated using
HPPBCD to improve its gastric stability. Several characterizations were
carried out to optimize the SLNs. Afterwards, the SLNs were further
incorporated into floating gel in situ system using gellan-gum as a main
matrix molecule in the dry form which would be dispersed in water prior
to the oral administration. The floating gel in situ was evaluated for their
properties and release behavior of quercetin 7-O-beta-D-glucopyrano-
side and luteolin 7-O-beta-D-glucopyranoside as the interest com-
pounds. The effect of food intake on the dissolution profile was further
investigated as a proof of concept study in biorelevant media. The main
finding of this investigation showed the potential of using natural
product as antioxidant sources in sustain release formulation for po-
tential treatment of oxidative stress induced diseases.

2. Materials and methods
2.1. Materials

The safflower samples were collected from Bone, South Sulawesi,
Indonesia. Geleol® was kindly gifted by Gattefosse Pvt. Ltd., France.
Hydroxypropyl beta-cyclodextrin was kindly gifted by Cyclolab Ltd.,
Budapest, Hungary. Gellan gum, sodium citrate, calcium chloride, poly
(vinyl alcohol) PVA (9-10 kDa), Tween80 and sodium dihydrogen
phosphate were obtained from Sigma-Aldrich (Dorset, UK). Other
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chemicals utilized in this study were analytical grade and applied
without purification process.

2.2. Extraction of safflower

The safflower flowers were dried and grounded. Afterward, the
samples (500 g) were extracted using three different solvents, namely
absolute ethanol (Et100), 75 % ethanol (Et75), 50 % ethanol (Et50), 25
% ethanol (Et25) and water (Wat). Percolation method was used to
extract the bioactive compounds at room temperature [42]. The mix-
tures were then filtered, and the filtrate was subjected to a rotary
evaporator (Biichi Rotavapor R-114, Biichi, Switzerland) and freeze
drying (Christ, Osterode am Harz, Germany), obtaining a dry extract of
Et100, Et75, Et50, Et25 and Wat.

2.3. Determination of extraction yields of safflower

The yield of the extraction process using different solvents was
calculated using the following equation [43]:

Mass of dried extract

Extraction yield (%) = x 100%

Mass of initial samples

2.4. Determination of total flavonoid and phenolic contents

The total flavonoid content (TFC) of safflower extract was measured
by colorimetry utilizing AICI3 [43], with minor modification. Briefly,
the methanolic solution of safflower extract was mixed with 10 % w/v
AICI3 (0.25 mL) and potassium acetate solution (0.5 mL). The solution
was incubated for 25 min in the dark. The absorbance of the solution was
detected using a spectrophotometer (Shimadzu, Kyoto, Japan) at 415
nm. Quercetin was used as a standard compound. The amount of TFC
was reported as milligrams of quercetin equivalent per gram of extract
(mg Qu/g).

The determination of total phenolic content (TPC) of safflower
extract was carried out utilizing the Folin-Ciocalteu method [43], with a
slight modification. The extract was initially solubilized in methanol.
Afterwards, 250 pL of the extract solution was mixed with 1 N Folin-
Ciocalteu reagent (0.5 mL) and distilled water (5 mL). The solution
was incubated for 10 min at room temperature, followed by the addition
of 5 % w/v sodium carbonate solution (0.5 mL) and methanol (up to 10
mL) in the volumetric flask. The solution was incubated at room tem-
perature for 25 min in dark condition. Finally, the absorbance of the
solution was detected using a spectrophotometer at a wavelength of 760
nm. Gallic acid was used as the standard compound. The concentration
of TPC was reported as milligrams of gallic acid equivalent per gram of
extract (mg GAE/g).

2.5. Evaluation of antioxidant activity assay using DPPH scavenging
capacity

The antioxidant properties of various extracts were evaluated using
2,2-diphenyl-1-picrylhydrozyl (DPPH) radical [43]. Briefly, the mixture
of methanolic solution of DPPH (2.5 mL), methanolic solution of extract
in various concentrations (0.25 mL) and methanol (2.5 mL) was incu-
bated for 25 min in the dark at room temperature. The absorbance of the
solution was detected using a spectrophotometer at 520 nm. The
absorbance of the DPPH solution with the absence of extract solution
was used as a control. The extraction solvents were utilized as blank. The
antioxidant properties were determined using the following calculation:

Absorbance of control — Absorbance of samples

%Inhibition = x 100%

Absorbance of samples
Moreover, the concentration inhibiting 50 % of DPPH free radical
(IC50) was determined using linear regression in GraphPad Prism®
version 6 (GraphPad Software, San Diego, California, USA).
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Table 1
Condition of gradient analysis of HPLC method.

Time TFA in water Acetonitrile Flow (mL/min)

0 90 10 0.5

3 70 30 0.5

6 40 60 0.6

9 30 70 0.6

12 75 25 0.5

15 90 10 0.5

Table 2
The formulation parameters of SLNs.
Geleol Extract Tween PVA Sonication time

F1 100 100 1% - 5 min
F2 150 100 1% - 5 min
F3 200 100 1% - 5 min
F4 250 100 1% - 5 min
F5 100 100 - 1% 5 min
Fo6 150 100 - 1% 5 min
F7 200 100 - 1% 5 min
F8 250 100 - 1% 5 min
Fo 100 100 1% - 10 min
F10 150 100 1% - 10 min
F11 200 100 1% - 10 min
F12 250 100 1% - 10 min
F13 100 100 - 1% 10 min
F14 150 100 - 1% 10 min
F15 200 100 - 1% 10 min
F16 250 100 - 1% 10 min

2.6. Evaluation of antioxidant activity using lipid peroxidation method

The lipid peroxidation antioxidant properties of the extract were
assessed using thiocyanate, with slight modification [43]. Initially,
linoleic acid (0.25 g), Tween-80 (0.25 g), and 20 mM phosphate buffer
pH 7.0 (20 mL) were used to prepare linoleic emulsion. All compositions
were mixed using an Ultra-Turrax® homogeniser (IKA, model T25,
impeller 10 G, Germany). To perform the evaluation, the emulsion (2.5
mL) was mixed with methanolic solution of extract in various concen-
tration levels. The mixture was incubated at 37 °C for 6 h. Afterward, the
mixture (0.1 mL) was mixed with 75 % ethanol (5 mL), 20 mM of ferrous
chloride in 100 mM HCI (0.1 mL) and 30 % w/v ammonium thiocyanate
(0.2 mL). Then, the mixture was incubated at room temperature for 5
min. The absorbance of the solution was detected using a spectropho-
tometer at 500 nm. As per control, the absorbance of the mixture
without the addition of extract was measured. The lipid peroxidation
inhibition percentage was determined using the following calculation:

Absorbance of samples

%Inhibition = 100 — x 100%

Absorbance of control

Similarly, the concentration inhibiting 50 % of lipid peroxidation
(IC50) was determined using linear regression in GraphPad Prism®
version 6 (GraphPad Software, San Diego, California, USA).

2.7. HPLC assay of bioactive compounds in safflower extract

Compounds in formulation — unencapsulated compound
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v/v trifluoro acetic acid (TFA) in water and acetonitrile was used to
separate the compounds with a reversed-phase column C18 (150 x 4.6
mm, 5 pm) (Phenomenex, Inc., CA, USA). The samples were analyzed at
255 nm with injection volume of 25 pL. All the analysis process were
carried at25°C. Quercetin 7-O-beta-D-glucopyranoside and Luteolin 7-
O-beta-D-glucopyranoside were used as analytes of interest of the
extract. The chromatogram analysis was carried out using Shimadzu LC
solution software (ver. 1.21 SP1). The HPLC method applied to analyze
both compounds was validated according to the International Commit-
tee on Harmonisation (ICH) 2005. The limit of detections of quercetin 7-
O-beta-D-glucopyranoside and luteolin 7-O-beta-D-glucopyranoside
were 0.15 pg/mL and 0.21 pg/mL with limit of quantifications of
0.35 pg/mL and 0.44 pg/mlL, respectively. Importantly, the method was
found to be precise and selective following inter-day and intraday
measurements with R values > 0.999.

2.8. Solid lipid nanoparticles (SLNs) formulation

The SLNs were prepared using the emulsion-solvent evaporation
technique [29]. The composition of the formulation is depicted in
Table 2. Briefly, Geleol and extract were dissolved in 5 mL of mixture of
chloroform and methanol (1:1). The organic phase was emulsified into
15 mL of stabilizer solutions under probe sonication (an amplitude of 75
% with 20 s pulse on and 10 s pulse off).

To modify the surface of SLNs using HPBCD, the SLNs dispersion was
mixed with the same volume of HPB-CD solution 1 % for 4 h at 100 rpm
at 4 °C. In order to concentrate the SLNs and remove free compounds,
the dispersion was spun for 30 min at 7500 rpm at 4 °C using an Ami-
con® Ultra Centrifugal Device (Millipore Inc., molecular weight cut-off
(MWCO) of 12 kDa).

2.9. Determination of particle size, PDI and zeta potential

Particle size analyzer, Zetasizer (Malvern Zeta Sizer, Malvern In-
struments, Malvern, UK) was utilized to evaluate the particle size, PDI
and zeta potential of all the SLN formulations [21]. The measurements
were carried out at a scattering angle of 90° at 25 °C. Prior to analysis,
the SLNs was diluted in water accordingly to achieve a suitable count
rate. In the determination of the particle size, Z-average (d.nm) with
intensity (%) was used.

2.10. Encapsulation efficiency and drug loading determination

Indirect method was applied to determine the encapsulation effi-
ciency of the compounds, by quantifying the free compounds [21]. Due
to the low solubility of the compounds in water, the insoluble free
compounds were initially collected by centrifugation at 7500 rpm for 30
min. The precipitate materials were dissolved in methanol and analyzed
using HPLC. The free-dissolved compounds were quantified by deter-
mining the compounds from the filtrate from the purification step to
concentrate the SLNs using HPLC. The encapsulation efficiency and drug
loading of both compounds were calculated using the following equa-
tion:

Encapsulation efficiency (%) = Compounds n formulation

The quantification of bioactive compounds of safflower extract was
performed using reverse phase HPLC (Shimadzu Prominence, Shimadzu,
Kyoto, Japan). The gradient method (Table 1) using the mixture of 0.1 %

x 100%

Amount of encapsulated compound

Drug loading (%) = x 100%

Total weight of final formualtion
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2.11. FTIR study

To evaluate the possible intervention between the compounds in
extract and excipients used to prepare SLNs, FTIR spectrophotometer
(Shimadzu® FTIR-8400) was used [21]. In this study, extract, lipid, the
physical mixture, and SLNs were scanned between 4000 and 600 cm ™!
wavenumbers. Specifically, the measurements were carried out with a
mirror speed of 0.05 cm/s and a resolution of 8 cm ™. The FTIR spectrum
was obtained from an average of 64 scans.

2.12. DSC evaluation

The thermal properties of the compounds in extract, as well as in
SLNs formulation were evaluated using differential scanning calorim-
etry (DSC) (DSC 2920 (TA Instruments)) [21]. Extract, lipid, the physical
mixture, and SLNs were weighed of around 5 mg and were closed in
aluminum pan. The evaluation was performed from 25 to 300 °C with a
flow rate of 10 °C/min under N2 flow (40 mL/min).

2.13. XRD study

X-Ray diffractometer (Rigaku Corporation, England) was used to
analyze the solid-state of the compounds in extract, as well as in SLNs
formulation [37]. Extract, lipid, the physical mixture, and SLNs were
scanned from 5° to 50° (20) with a step scan speed of 5°/min. All sam-
ples were measured at a sampling width of 0.02°.

2.14. SEM evaluation

In this study, the morphologies of SLNs were detected using a scan-
ning electron microscope (SEM) (JEM-1400Plus; JEOL, Tokyo, Japan)
[44].

2.15. Solubility analysis

In order to investigate the solubility of both compounds in extract
and SLN preparations, two different solvents, namely water and n-
octanol were used [12]. Briefly, extract and SLNs were added in an
excess amount to 5 mL of solvents. The mixture was stirred for 1 h at
room temperature at 500 rpm. The supernatant was collected by
centrifugation at 3000 rpm for 15 min and analyzed using HPLC.

2.16. In vitro drug release and mathematic models

The release of the compounds from the lipid matrix was carried out
using the dialysis method was used [45-48]. Both HPBCD-modified and
non-modified SLNs were used in this study. Additionally, the release of
the compounds from the pure extract was also conducted. In this study,
phosphate buffer saline (PBS) (pH 7.4) containing 1 % w/v of Tween 80
was used as a release medium to achieve sink condition during the
release. Initially, the formulations were sealed inside the dialysis
membrane (Spectra-Por®, 12,000-14,000 MWCO, Spectrum Medical
Industries, CA, USA). The membrane was placed in 100 mL of release
medium. The study was conducted at 37 °C at 100 rpm for 24 h. At each
interval time, 1 mL of medium was withdrawn and replaced with similar
volume of fresh media. The concentration of both compounds was
analyzed using HPLC.

To further analyze the mathematic model kinetic, the release profiles
were fitted to various models, including zero order, first order, Higuchi,
Korsmeyer-Peppas and Hixson-Crowell. The calculation was performed
using DDsolver (China Pharmaceutical University, Nanjing, China).

2.17. Stability evaluation in gastric environment

The stability of both HPBCD-modified and non-modified SLNs was
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Table 3

Formulation chart of SLNs loaded dry floating in-situ gel system (%w/w).
Composition FF1 FF2 FF3 FF4 FF5
SLNs 25 25 25 25 25
Gellan gum 5 5 5 5 5
Pluronic F127 2.5 5 7.5 10 15
Sodium citrate 1.5 1.5 1.5 1.5 1.5
Calcium carbonate 2.5 2.5 2.5 2.5 2.5
Microcrystalline cellulose 61 56 51 46 41

assessed in FaSSGF media [12]. The formulations were mixed with 10
mL of FaSSGF and incubated at 37 °C. At 2 h, 4 h, 6 h and 8 h, the particle
size, PDI and zeta potential of all formulations were determined.

2.18. Hemolytic evaluation

To assess the possibility of the formulation to cause any toxicity, in
vitro hemolytic assay was conducted [49,50]. A fresh red blood cells
(RBC) from Wistar rats was used in this study after three times washing
steps. The RBS was prepared in a concentration of 10 % v/v in PBS.
Briefly, 900 pL of RBC was mixed with 100 pL of samples. The mixture
was incubated for 1 h. at 37 °C and spun for 10 min at 7000 rpm. The
supernatant was collected, and the absorbance was detected using
UV-Vis Spectrophotometer at 540 nm. The percentage of hemolysis was
calculated using the following equation.

Ab. les — Ab ti trol
s samples S negative contro % 100%

Hemolysis (%) =
ysis (%) Abs positive control — Abs negative control

In this evaluation, PBS (7.4) and water were used as positive and
negative control, respectively.

2.19. Formulation of SLNs loaded dry floating gel in-situ

Prior to the preparations, the concentrated SLNs were initially freeze
dried with the addition of 2.5 % w/v trehalose as a cryoprotectant. Dry
floating gel in situ was prepared using the composition depicted in
Table 3. All formulations contained lyophilized SLNs, gellan gum,
Pluronic F127, sodium citrate, calcium carbonate and microcrystalline
cellulose. All the components were mixed using dry blender and further
evaluated for their characterizations.

2.20. Angle of repose determination

The assessment of angle of repose of the dry formulation was carried
out using funnel method [32]. The funnel was initially fixed on a stand.
Briefly, the powder was placed in the powder funnel until all the powder
passed the funnel. Afterwards, the diameter of the height of the dry
formulation under the funnel were measured. The angle of repose was
calculated using the following calculation:

Height
Angle of repose = tan ' ——— -
Diameter

2.21. In vitro gelation study

The gelation properties of the formulations were carried out by
dispersing the dry powder into distilled water in a ratio 1:5. Following
this, the dispersion (5 mL) was carefully added into FaSGGF media (100
mL) inside the glass Beaker under the stirring at 50 rpm at 37 + 0.5 °C.
The time required by the liquid formulation to form a gel was observed
and recorded as gelation time [51].

2.22. In vitro floating study

The formulation was evaluated for the floating study using USP
Dissolution Apparatus. Firstly, the dispersion of the formulation (10 mL)
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Fig. 1. Extraction yield (A), TFC (B), TPC (C), IC50 values against DPPH (D) and IC50 values against lipid peroxidation (E) of safflower extract obtained from

different solvents (mean + SD, n = 3).

was put into opened Petri dish. Afterwards, the dish was put into
FaSGGF media (100 mL) inside the dissolution vessel at 37 + 0.5 °C. The
floating lag time was recorded by observing the time required by the gel
formed to float on the surface. Furthermore, the floating duration time
was also recorded by observing the time required by the gel to stop
floating [51].

2.23. Measurement of viscosity and gel strength

Prior to the evaluations, the formulation was dispersed in 100 mL,
and 10 mL of the formulation was placed in the 100 mL of FaSGGF
media, forming gel structure. The viscosity of the formulation was
assessed using a rheometer (AR-2000ex rheometer, TA Instruments,
UK). The determination was conducted using the oscillatory method
with 0.5 mm trim gap and parallel plate of 50 mm. Initially, the
formulation was placed into the bottom part of the instrument and the
sample sharing was decreased using the trim gap. The determination
was carried out at 25 °C at 1 Hz frequency. Furthermore, to assess the gel
strength, the frequency sweep was carried out using 1 % strain at 37 °C.
The analysis was performed between 0.05 and 10 Hz of frequency. The
gel strength was indicated by the value of the ratio of the modulus of
storage (G’) and the modulus of loss (G”) (G'/G” value) [52,53].

2.24. Preparation of dissolution media

Two different types of dissolution media were used, namely FaSSGF
(Fasted-State Simulated Gastric Fluid) and FeSSGF (Fed-State Simulated
Gastric Fluid). The preparation of FaSSGF was carried out by solubiliz-
ing 1.999 g of NaCl in 1000 mL of purified water. The pH of the solution
was adjusted to 1.5 using HC1 1 M [12]. Meanwhile, the preparation of
FeSSGFF was carried out by mixing skimmed milk and acetate buffer pH
5.0 at aratio of 1:1. To mimic the pH of fed state in the gastric, the pH of
the mixture was adjusted to pH 5 using 1 M HCl [54].

2.25. In vitro drug dissolution study

The dissolution study of both compounds in safflower extract from
the formulation was carried out using USP Dissolution Apparatus II
(paddle). Initially, the dissolution vessel was filled with 900 mL of
FaSSGF. Then, following the dispersion of the dry formulation in water,
the formulation (10 mL) was put into dissolution media. At pre-
determined interval times, 5 mL of the media was taken, replaced with
the fresh media and the amount of both compounds was analyzed using
HPLC. The study was carried out at 50 rpm at 37 + 0.5 °C. Additionally,
the dissolution of both compounds in three different conditions was
performed, as previously reported in our study, namely the FeSSGF and
FeSSGF after being released in 2 h in FaSSGF [37]. The release profiles of
both compounds from crude extract-loaded dry floating gel in situ and
non-decorated SLNs were also investigated.

2.26. Statistical analysis

The statistical analysis of all results was carried out using GraphPad
Prism® version 6 (GraphPad Software, San Diego, California, USA).
Statistically different was denoted when p < 0.05. Where appropriate,
an independent and an unpaired t-test was used to compare two groups.
Specifically, The Kruskal-Wallis test with post-hoc Dunn's test was
applied to compare data from multiple groups.

3. Results and discussion
3.1. Extraction yield, TFC and TPC of safflower extract

Safflower has been found to show strong antioxidant properties
against free radicals. This is related to the rich flavonoid and phenolic
compounds in safflower [17,19,20]. It has been previously reported that
both compounds and their glycoside forms can protect the damage
caused by an oxidative reaction from free radicals [16-20]. In our study,
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Fig. 2. HPLC chromatogram of quercetin 7-O-beta-D-glucopyranoside (1) and luteolin 7-O-beta-D-glucopyranoside (2) in safflower extract (A). Concentration of both
compounds safflower extract obtained from different solvents (B) (mean + SD, n = 3).

initially, we extracted safflower using different solvents, mainly con-
taining ethanol and water. The yield of the extraction, TFC, TPC, and
antioxidant properties of all extract are depicted in Fig. 1. It was found
that the high concentration of ethanol was able to increase the extrac-
tion yield, TFC and TPC. The highest values were achieved by the use of
Et100 as extraction solvent. The extraction yield, TFC and TPC of Et100
were found to be 23.12 + 1.87 % w/w, 187.37 + 13.87 mg/g extract
(equal to quercetin) and 198.43 + 12.87 mg/g extract (equal to gallic
acid), respectively. The difference in solvent type could significantly
affect the extract yield, TFC and TPC (p < 0.05). Accordingly, the
bioactive compounds, including flavonoid and phenolic contained in

safflower possessed low solubility in water which could further limit its
application.

3.2. Antioxidant activity using DPPH

Furthermore, as the main purpose of this study was related to anti-
oxidant properties, the antioxidant activities of all extract were assessed.

Antioxidant could have various benefits in medical applications,
particularly the condition triggered by oxidative stress from free radical.
In our study, the antioxidant activities of safflower extract were in good
agreement with the results from TFC and TPC determination. Using
DPPH as free radical, in comparison with other extracts, Et100 pos-
sessing the highest TFC and TPC showed the lowest IC50 value, implying
its strongest antioxidant behavior. This could be explicated that both
flavonoid and phenolic compounds in safflower could act as antioxidant
agents. The IC50 values of Et100, Et75, Et50, Et25 and Wat are depicted
in Fig. 1D, showing the values of 36.87 + 2.81 pg/mL, 52.91 + 4.69 pg/
mL, 81.98 + 7.53 pg/mL, 378.28 + 21.17 pg/mL and 698.43 + 54.93
pg/mL, respectively. Analyzed statistically, there was a statistical dif-
ference in IC50 values of all extracts (p < 0.05).

3.3. Antioxidant activity using lipid peroxidation

The antioxidant properties of all extracts were also investigated
using the lipid peroxidation method. As lipids are the major component



A.D. Permana et al.

A

1500+

Particle size (nm)

ST ECE RPN OO0

C

s
0 >
Q
s g
£ -10 °
o= £
s w
- S
g2 §
° 5
o 2
S .30 o
N ]
&

'40 T 1 1 1 L ] T T T 1 1 L) ] L] L] T

Q\
SR ELEL QRN 0N

E

Drug Loading (%)

Q(»

Q\

D

QW

C e E R

International Journal of Biological Macromolecules 237 (2023) 124084

S REERE QRPN N5 E

D > DA RO R N
© A O L P g

<

EE Quercetin 7-O-beta-D-glucopyranoside
E=3 Luteolin 7-O-beta-D-glucopyranoside

DTN RN N I\

Q
PR AR AR A AR A

EE Quercetin 7-O-beta-D-glucopyranoside
E=3 Luteolin 7-O-beta-D-glucopyranoside

Fig. 3. Particle size (A), PDI (B), zeta potential (C), encapsulation efficiency (D) and drug loading (E) results of SLNs prepared from safflower extract (mean + SD, n

=3).

of the cell membrane, this method represents the ability of the com-
pounds to protect the damage of the cell membrane caused produced by
peroxyl radicals [43]. In this evaluation, it was found that the IC50 of
Et100, Et75, Et50, Et25 and Wat against lipid peroxidation were 48.75
+ 3.42 pg/mL, 89.04 + 6.56 pg/mL, 98.97 + 8.91 pg/mL, 409.51 +
31.67 pg/mL and 577.43 + 43.87 pg/mL, respectively (Fig. 1E). Similar
to the DPPH test, the difference in solvent type significantly influenced
the IC50 values in lipid peroxidation method (p < 0.05).

3.4. HPLC analysis of active compounds

The investigation was intended to encapsulate the safflower extract
into SLNs delivery system for further incorporation into floating in situ
system. It was important to analyze the interest compound in safflower
extract. In this study, quercetin 7-O-beta-D-glucopyranoside and luteo-
lin 7-O-beta-D-glucopyranoside were used as the interest compounds,
analyzed using HPLC. The chromatogram of both compounds and the
concentration in all extracts are depicted in Fig. 2A. The concentrations
of quercetin 7-O-beta-D-glucopyranoside in safflower extract were 7.65
+ 0.63 mg/g for Et100, 4.32 + 0.32 mg/g for Et75, 2.97 + 0.19 mg/g

for Et50, 0.74 + 0.05 mg/g for Et25 and 0.02 + 0.001 mg/g for Wat.
Moreover, the concentrations of luteolin 7-O-beta-D-glucopyranoside of
Et100, Et75, Et50, Et25 and Wat were 2.32 + 0.21 mg/g, 1.92 + 0.15
mg/g, 0.67 + 0.05 mg/g, 0.29 + 0.03 mg/g and 0.01 + 0.001 mg/g,
respectively. From these results, it was shown that the concentrations of
both compounds were very low in Wat (Fig. 2B), due to the non-polar
properties. Importantly, Et100 produced the highest concentrations of
both interest compounds. Taking into consideration of the results from
extraction yield, TFC, TPC and antioxidant activity evaluations, this
extract was used for further experiments.

3.5. Solid lipid nanoparticles preparation and characterizations

In an attempt to enhance the solubility and bioavailability of the
compounds in safflower extract, it was incorporated into SLNs formu-
lation decorated with HPBCD. In this study, Geleol® was selected as lipid
matrix. In our preliminary study (data not shown), we previously
screened different types of lipids, namely, Compritol® 888 ATO, Pre-
cirol® ATO 5 and stearic acid. According to the particle size and
encapsulation efficiency values, other lipids were not able to produce
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Fig. 4. The results of FTIR (A), DSC (B), XRD (C) and SEM (D) evaluations.

desire particle sizes and encapsulation efficiencies. With respect to the
size, compared to other lipids, Geleol®, produce the smallest particle
sizes. This might be due to the lowest melting point of Geleol®, causing
the low viscosity in the solvent and when mixed with stabilizer solution.
In our preliminary study, we found that the viscosity of the dispersion of
Compritol® 888 ATO, Precirol® ATO 5 and stearic acid were 198.54
mPa.s, 243.18 mPa.s and 319 mPa.s, respectively. The low viscosity
could improve the sonication effectiveness, resulting in smaller particle

sizes compared to other lipids [43]. Regarding the encapsulation effi-
ciency, the higher encapsulation of SLNs prepared from Geleol® might
be caused by the ability of hydroxyl group of glyceryls as hydrogen bond
donor functional groups contained in Geleol® to form hydrogen bonds
with hydrogen bond receiver functional groups of Quercetin 7-O-beta-D-
glucopyranoside and Luteolin 7-O-beta-D-glucopyranoside. This for-
mation could generate a molecular complex, resulting in improved
solubilization of both compounds in Geleol® [55]. Therefore, this
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increased the encapsulation efficiency of both compounds in lipid
matrix.

In this study, several parameters were evaluated to achieve SLNs
with desired characteristics. The particle size, PDI, and zeta potential
values of all formulations are shown in Fig. 3A-C. Moreover, the
encapsulation efficiencies of quercetin 7-O-beta-D-glucopyranoside and
Luteolin 7-O-beta-D-glucopyranoside are depicted in Fig. 3D. Initially,
we evaluated the effect of lipid matrix concentration. It was found that
the increment of lipid concentration could increase the particle size and
encapsulation efficiency. However, the increase of lipid from 200 mg
(F3) t0o250 mg (F4) did not improve the encapsulation efficiency (p >
0.05) while increasing the particle size significantly (p < 0.05). The
effect of different types of stabilizers, namely Tween80 and PVA, was
also observed. The results showed that Tween80 could produce smaller
particle size and higher encapsulation efficiency compared to PVA. It
might be due to the difference in HLB values. It has been previously
described that the HLB values of between 12 and 16 could form a stable a
stable oil-in-water (O/W) emulsion, leading to smaller droplet of
nanoparticles formed [56]. As the HLB of Tween80 and PVA were >24
and 15, respectively, SLNs prepared Tween80 were smaller in size. The
effect of sonication time was also studied, showing that the increase of
sonication time could reduce the particle size of nanoparticles. However,
this could reduce the encapsulation efficiency and drug loading of both
compounds in SLNs matrix. This might be caused by the increase of the
small droplet number and the separation of the generation of the core-
shell of the nanoparticles. This could result in escape of the encapsu-
lated compounds during the emulsification process, decreasing the
encapsulation efficiency and drug loading of both compounds in lipid
matrix [43]. Additionally, it was found that all SLNs produced zeta
potential of around —30 mV, indicating the high stability of SLNs. The
negative charge of SLNs might be due to the anionic nature of the lipid
[21]. Following the optimization process, F3 prepared from 200 mg of
Geleol® and 100 mg of extract, stabilized with 1 % of Tween80 and
sonicated for 10 min was selected as the optimum formulations. The SLN
possessed particle size, PDI, and zeta potential of 178.97 + 16.57 nm,
0.102 + 0.01, —31.24 + 2.87 mV, respectively. The encapsulation effi-
ciency values of quercetin 7-O-beta-D-glucopyranoside and luteolin 7-O-
beta-D-glucopyranoside were found to be 87.31 £+ 7.65 % and 91.36 +
8.61 %. Moreover, the drug loading values of quercetin 7-O-beta-D-glu-
copyranoside and luteolin 7-O-beta-D-glucopyranoside were found to be
30.65 + 2.19 % and 31.34 + 2.86 %. This formulation was further
decorated using HPPCD. As previously explained, was used to decorate
the SLNs to improve the stability especially in the gastrointestinal tract
[26,29]. Using similar preparation process, the decorated SLNs
possessed particle size of 187.36 + 12.02 nm, PDI of 0.114 + 0.01 and
zeta potential of —30.25 + 2.14 mV. The encapsulation efficiencies were
86.98 + 7.12 % for Quercetin 7-O-beta-D-glucopyranoside and 90.78 +
7.83 % for Luteolin 7-O-beta-D-glucopyranoside. Furthermore, the drug
loading capacities were 29.54 + 2.16 % for Quercetin 7-O-beta-D-gluco-
pyranoside and 29.88 + 2.54 % for Luteolin 7-O-beta-D-glucopyrano-
side. It was found that following the incorporation of HPCD,
importantly, the properties of SLNs did not change significantly (p >
0.05).

3.6. FTIR study

FTIR study was conducted to investigate the possible interaction
between interest compounds and all the excipients used in the formu-
lation. As shown in Fig. 4A, safflower extract showed at 3239 cm ™! due
to the vibration of -OH functional groups of the phenolic parts of both
compounds. Additionally, another peak was detected at 1684 cm™!
which might be due to the presence of C=0 stretching of the ketone
carbonyl. Distinct peak was observed at 1614 cm™! due to -C-O
stretching of quercetin 7-O-beta-D-glucopyranoside and central hetero-
cyclic ring of luteolin 7-O-beta-D-glucopyranoside. Other peaks were
found at 1519 cm™!, 1363 cm ' and 1237 cm™! due to C-C=C
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Table 4
The solubilities of interest compounds in water and n-octanol from extract, SLNs
and HPBCD-SLNs (mean + SD, n = 3).

Compound Samples Aqueous n-Octanol
solubility (ug/ solubility (pg/mL)
mL)
Quercetin 7-O-beta-D- Extract 18.32 + 1.32 408.45 + 29.34
glucopyranoside SLNs 278.43 £+ 20.31 411.23 £ 31.72
HPBCD- 301.21 + 26.32 415.87 + 33.67
SLNs
Luteolin 7-O-beta-D- Extract 16.54 + 1.36 434.73 £ 39.42
glucopyranoside SLNs 201.23 +£17.44 454.31 + 40.38
HPBCD- 243.12 + 21.27 461.21 + 38.17
SLNs

asymmetric stretch, C-OH stretch and C-O-C bond, respectively. All the
peaks were also detected in both physical mixture and SLN formulations.
Interestingly, the peak at 3239 cm™! was found to be broader, which
might be due to the formation of hydrogen bonding between lipid matrix
and interest compounds. It should be noted that the spectrums observed
in the extract between 1100 and 1200 cm™! were not identified in the
SLNs following the purification step. This indicated that the method
could remove unencapsulated compounds, while maintaining the pres-
ence of the interest compounds inside the lipid matrix.

3.7. DSC analysis

Fig. 4B shows the DSC thermograms of safflower extract, the physical
mixture, and both SLN formulations. As shown in the thermogram,
safflower extract showed a sharp peak at 252 °C due to the melting point
of quercetin 7-O-beta-D-glucopyranoside and luteolin 7-O-beta-D-gluco-
pyranoside which also showed the crystalline form of the compounds. In
the case of Geleol, broad peak was observed at 61 °C, representing the
melting point of the lipid. Following the observation in the physical
mixture, the peaks were still identified, showing that all compounds did
not change when mixed physically. In the SLN formulations, the sharp
peak was not observed, showing the formation of the crystalline com-
pounds to amorph. Additionally, this could also show that all com-
pounds were successfully entrapped inside the lipid matrix [21]. The
transformation of the crystalline form to amorphous could be beneficial
in the enhancement of the solubility of the hydrophobic compounds.

3.8. XRD analysis

In good agreement with DSC thermograms, XRD evaluations showed
distinguishable peaks around 20-35 °260 regions (Fig. 4C), showing the
crystallinity of the compounds. Furthermore, these peaks were not found
in SLN formulations, indicating the amorphous state of the system
developed in this study. In the XRD pattern of Geleol, the small peaks
were observed between 20 and 25°, demonstrating the low crystallinity
of the lipid. The XRD analysis data was in a good agreement with the
DSC analysis, showing that the presence of the peaks in the physical
mixture and the absence of the peaks in the SLNs, showing the formation
of amorphous SLNs.

3.9. Solubility analysis

The formulation of hydrophobic compounds into SLNs has been
widely reported to improve the solubility of the compounds. Table 4
showed the comparison of the inherent solubility values in water and n-
octanol of quercetin 7-O-beta-D-glucopyranoside and luteolin 7-O-beta-
D-glucopyranoside in safflower extract and SLN formulations. As
depicted, due to their hydrophobicity, the water solubility values of both
compounds were 18.23 £+ 1.32 pg/mL and 16.54 + 1.36 pg/mL for
quercetin 7-O-beta-D-glucopyranoside and luteolin 7-O-beta-D-gluco-
pyranoside, respectively. On the other hand, significant higher (p <
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0.05) solubility values were found in n-octanol, namely 408.45 + 29.34
pg/mL and 434.31 + 39.31 pg/mL. Following the incorporation into
SLNs, the water solubility increased significantly (p < 0.05) up to
approximately 15-fold for both compounds. Furthermore, the solubil-
ities of these compounds were also enhanced in n-octanol, despite non-
significant (p > 0.05) increment. Furthermore, following the decoration
using HPBCD, due to the solubilization enhancement ability of HPRCD
[57], the solubility of both compounds in decorated SLNs was higher
compared to non-decorated SLNS. However, there was no significant
different (p > 0.05) in the solubility values.

This evaluation confirmed that the formulation of SLNs was able to
enhance the solubility of hydrophobic compounds in safflower extract.
Numerous studies have shown that the reduction of the size in nano-
particles could potentially enhance the solubility of hydrophobic drugs
in many cases [58-62].

3.10. Invitro drug release and mathematic models

In this study, dynamic dialysis using dialysis membrane was applied
to evaluate the release of both compounds from SLNs. Fig. 5 depicts the
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cumulative release of quercetin 7-O-beta-D-glucopyranoside and luteo-
lin 7-O-beta-D-glucopyranoside from non-decorated SLNs and HPBCD-
decorated SLNs. Overall, it was found that the incorporation of safflower
extract into SLNs could improve and sustain the release patterns of both
compounds. For Quercetin 7-O-beta-D-glucopyranoside, only 0.43 +
0.03 % of compound were released from extract after 3 h. No compound
was detected in the first 2 h. After 24 h, the release percentage was found
to be 20.35 4 1.87 %. In the SLN formulations, after 3h, 10.69 & 1.19 %
and 12.98 + 1.21 % of compound were released from non-decorated
SLNs and HPBCD-decorated SLNs, respectively. The releases were sus-
tained over 24 h, reaching the final release percentages of 88.63 + 7.87
% and 93.76 + 8.18 %, respectively. In terms of the release profile of
luteolin 7-O-beta-D-glucopyranoside, the release was found after 4 h
from the extract, which was only 0.65 £ 0.05 %. In case of SLN for-
mulations, the release percentages were 11.36 + 1.27 % for non-
decorated SLNs and 14.32 + 1.29 % for HPBCD-decorated SLNs.
Similar to another compound, sustained release behavior was also
observed after 24 h, showing that 81.06 + 7.65 % and 88.69 =+ 8.01 % of
the compound were released from both SLNs, respectively. Specifically,
it was observed that during the first 3 h, there was a fast release pattern
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Table 5
The particle size (nm) of non-decorated SLNs and HPPCD-decorated SLNs
following several incubation times in FaSGGF (mean + SD, n = 3).

Samples Oh 2h 4h 6h 8h
SLNs 178.97 + 193.83 + 234.56 + 382.28 + 476.12 +
16.57 12.12 20.18 21.82 38.89
HPPBCD- 187.36 + 189.32 + 190.31 + 191.27 + 204.87 +
SLNs 12.02 13.71 12.73 17.29 15.34

of both compounds from SLNs. This might be caused by the low per-
centage of compounds in the outer layer of lipid matrix, leading to the
quick diffusion of both compounds into the release medium [63].
Following this, the slow-release pattern was observed. In an attempt to
understand the release kinetic and mechanism of both compounds from
SLNs matrix, the release profiles were fitted into release kinetic models.
It was found that the release kinetic of both compounds followed
Higuchi model with R values of >0.98. Therefore, it could be explained
that both compounds released from lipids due to the diffusion and the
erosion process [21,49].

3.11. Stability evaluation in gastric environment

In order to investigate the stability of SLNs in the gastrointestinal
tract, the characteristics of non-decorated SLNs were compared to
HPBCD-decorated SLNs. The particle sizes, PDIs, zeta potentials of both
formulations during the incubation in FaSGGF media are depicted in
Table 5. It was shown that without the addition of HPBCD, there were
significant improvements (p < 0.05) of the particle size during 8 h. On
the other hand, following the decoration using HPBCD, the particle size
did not change significantly (p > 0.05), indicating the improvement of
the stability of SLNs following the decoration using HPBCD.

3.12. Hemolytic evaluation

Initial potential toxicity of nanoformulations could be assessed using
in vitro hemolytic assay. This study was performed to investigate the
ability of SLNs to lyse erythrocytes, indicating the toxicity. The results of
this evaluation are depicted in Fig. 6 As shown, the hemolysis percent-
age values of both SLNs were below 5 %. Accordingly, it can be

Positive control  Negative control

1000 pg/mL

500 pg/mL 250 pg/mL
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hypothesized that the SLNs developed in this study are considerably safe
at the evaluated concentrations [47,48].

3.13. Formulation of SLNs loaded dry floating gel in-situ

In this study, we incorporated HPPCD-decorated SLNs into dry
floating in situ gel using gellan gum. The dry formulation should be
initially dispersed in water before the oral administration. The principle
of in situ gelation formation is due to the reaction of gellan gum and
divalent ions. Categorized as anionic polysaccharide, gellan gum solu-
tion forms gel in the existence of Ca2+ [32]. In this formulation,
following contact with the acidic condition in the gastric juice, calcium
carbonate would be solubilized and release Ca2+ which are further
complexed by sodium citrate [37]. Additionally, the release of free Ca2+
from the complex has been found to be slow, resulting in gelation of
gellan gum. Additionally, following the release of Ca2+ from calcium
carbonate, carbon dioxide (CO2) would be released and entrapped in-
side the gel network, decreasing the density of the system and causing
the floating system in the gastric environment [64]. Additionally,
Pluronic F127 was also used as thermogelling system which would also
control the release of the compounds [65,66]. As a diluent of the dry
formulation, microcrystalline cellulose was used, due to its ability to
enhance the flow property of the system.

3.14. Angle of repose determination

As the main form of the system developed in this study was dry
powder, it was crucial to evaluate its flowability. Here, repose angle was
assessed to represent the flowability of the powder. As shown in Fig. 7A,
all repose angles were above 25°, indicating the excellent flowability of
dry powder formulation. Specifically, the angle of repose values was
35.76 + 2.98, 35.09 + 3.02, 33.82 + 3.21, 33.12 + 2.78 and 32.19 +
3.29 for FF1, FF2, FF3, FF4 and FF5, respectively. It was important to
note that there was no significant difference (p > 0.05) in the values of
the repose angles of all formulations.

3.15. Viscosity and gel strength determination

Furthermore, the viscosity of the pre-gelation dispersion was deter-
mined. The result is shown in Fig. 7B. The rheogram showed that all the
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Representative images of floating gel in situ (F).

formulations exhibited non-Newtonian behavior. Analyzed statistically,
there was a significant difference (p < 0.05) in the viscosity value in all
formulations. The difference in viscosity was caused by the use of
Pluronic F127 as thermogelling agent. Several studies have explored the
use of Pluronic F127 as gelling agent, causing the increase in viscosity
with the increase of the concentrations [65,66].

The strength values of the gel formulation are shown in Fig. 7C. The
value of G'G” represented the strength of the gels. It was found that the
increase of Pluronic F127 concentration from 2.5 % to 10 % could
significantly improve (p < 0.05) the gel strength of the formulation.
However, the increase from 10 % to 15 % (p > 0.05) did show any
significant improvement in the gel strength. This was in a good agree-
ment with the viscosity determination, showing that the higher viscosity
resulted in stronger gel strength. It was necessary to maintain rigid gel
assembly in floating gel formulation. The drug loaded into the gel matrix
would release to gastric environment depending on the strength of the
complex 3D structure of the gel network [64]. Accordingly, the gel
should be strong enough to maintain its integrity. The strength values of
the gel were similar to the values reported previously, showing the
ability of the formulation in maintaining the gel form in the gastric
environment.

12

3.16. Gelation time

Gelation time is one of critical parameters in in situ gel formulation.
In order to control the release of drugs, the formulation should be able to
form gel before the release of the drugs from the gel matrix. Fig. 7D
exhibits the time required by the formulation to form a gel structure,
showing that all formulation were able to form a gel in FaSGGF media at
body temperature <30 s. As explained in previous section, gellan gum
could form gel following the presence of Ca2+ release from calcium
carbonate. Importantly, it was found that the concentration of Pluronic
F127 could affect the gelation time of the formulation. The increase in
Pluronic concentration (p < 0.05) could significantly decrease the
gelation time of the formulation. Pluronics are water soluble nonionic
triblock copolymers with polar and non-polar region, namely poly-
ethylene oxide and poly propylene oxide, respectively. This polymer can
undergo sol-to-gel conversion following the change of the temperature
[49].

3.17. Floating lag time and duration of floating

Following the gel formation of the in situ formulation, to further
sustain the release based on its gastroretentive characteristics, the
formulation should be able to float in the gastric environment. Floating
lag time represent this parameter and Fig. 7E depicts the floating lag
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times of the formulations. Following the concentration of Pluronics, the
time required of the gelled formulation to float also increased. This
might be associated with the increase of the viscosity of the formulation
when the concentration of Pluronics increased. As a result, the pene-
tration of the gastric fluid would decrease, retarding the reaction be-
tween the calcium carbonate with acid which affected the release of CO2
[67]. A previous study has shown the same phenomenon showing that
the floating lag time increased following the increase of the polymeric
material in the system [68]. It should be noted that all formulations
remained floating after 24 h (Fig. 7F).

3.18. Invitro drug dissolution study

The dissolution profile of quercetin 7-O-beta-D-glucopyranoside and
luteolin 7-O-beta-D-glucopyranoside from SLNs incorporated into
floating in situ formulation was investigated in three different condi-
tions. To ensure that the formulation could control the dissolution of
both compounds, the burst release should be avoided [69]. In this study,
initially we evaluated the dissolution profile of Quercetin 7-O-beta-D-
glucopyranoside and Luteolin 7-O-beta-D-glucopyranoside in FaSSGF.
The dissolution profiles of both compounds in FaSGGF for 24 h are
depicted in Fig. 8. The results showed that the incorporation of SLNs into
floating gel in situ could potentially control the dissolution profile of
active compounds from safflower extract. Without the SLNs formulation,
the dissolution percentages were found to be significant lower (p < 0.05)
in all cases. Specifically, the difference in Pluronic concentrations
resulted in various control release patterns. As shown in Fig. 8A and B,
below 7.5 % of Pluronics (FF1 and FF2), the sustained release patterns
were only observed for 6 h. On the other hand, formulations containing
7.5 % (FF3), 10 % (FF4) and 15 % (FF5) of Pluronics were capable of
controlling the release of the compounds over 24 h.

In FeSGGF, all formulations were not able to control the release of
active compounds. As shown in Fig. 8C and D, all compounds were
released <6 h. It was caused by the inability of gellan gum to form gel in
the FeSGGF pH. Accordingly, this confirmed that the formulation should
be taken in fast state. However, it was important to evaluate the effect of
the release of active compounds from the developed formulations after
food intake. In this investigation, only FF3, FF4 and FF5 were selected
due to their ability to control the dissolution behavior for 24 h (Fig. 9A
and B). After 2 h in FaSGGF, it was found that F3 with 7.5 % of Pluronic
were not able to control the dissolution behavior of both compounds. On
the other hand, FF4 and FF5 could potentially maintain and control the
release of the active compounds encapsulated into SLNs. This could be
related the difference in the gel strengths between the formulations. As
the gel strength of FF3 was significantly lower (p < 0.05) than FF4 and
FF5, the ability to maintain its rigid gel decreased when the formulation
was moved into FaSGGF. Importantly, in this study, we also evaluated
the dissolution profile of both compounds in the floating gel from the
non-decorated SLNs. As shown in Fig. 9C the non-decorated SLNs were
not able to control the release of both compounds. From 4 h onwards,
there was no significant improvement of the dissolution percentages of
both compounds. This could be the aggregation of the non-decorated
SLNs following 4 h contact with the gastric environment (Table 5).
Accordingly, this showed that it is crucial to decorate the SLNs using
HPBCD to maintain the stability during the oral administration of this
approach.

Overall, this study showed the possibility to improve the solubility of
bioactive compounds in safflower using SLNs and further control the
release using floating gel in situ system. As the data presented in our
study is a proof of concept study in the biorelevant media, to further
evaluate its efficacy, in vivo studies should now be conducted using
appropriate animal model. The pharmacokinetic study is critical to
investigate the effectiveness of this approach to improve the bioavail-
ability of quercetin 7-O-beta-D-glucopyranoside and luteolin 7-O-beta-
D-glucopyranoside in Safflower extract.
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4. Conclusions

In this study, safflower extract with antioxidant activity was ob-
tained using ethanol as extraction solvent. The extract showed antioxi-
dant activity, expressed as IC50 values of 36.87 + 2.81 pg/mL against
DPPH and 48.75 + 4.52 pg/mL against lipid peroxidation. Specifically,
the extract contained 7.65 + 0.63 mg/g extract of quercetin 7-O-beta-D-
glucopyranoside and 2.32 + 0.21 mg/g extract of luteolin 7-O-beta-D-
glucopyranoside. To improve the solubility, the extract was formu-
lated into solid lipid nanoparticles (SLNs) decorated with hydroxypropyl
beta-cyclodextrin (HPPCD) with particle size of 178.97 + 16.57 nm,
showing the improvement of 15-fold of solubility in water. The SLNs
possessed gastric solubility with no particle size improvement after 8 h.
The SLNs were further formulated into floating gel in situ delivery sys-
tem using gellan gum as gelling agent. With desired gelation and floating
properties, the formulation could control the release of quercetin 7-O-
beta-D-glucopyranoside and luteolin 7-O-beta-D-glucopyranoside in
biorelevant media. Furthermore, in vivo studies should be carried to
explore the effectiveness of this approach in a suitable animal model.
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