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ABSTRACT 

Objective: The primary objective of this study was to enhance drug delivery efficiency through the design and optimization of guggulsterone-
pyrosomes, employing a 3-factor, 3-level box-behnken design. 

Methods: The methodology involved a solvent evaporation technique utilizing guggulsterone and soy lecithin, with a systematic variation and 
optimization of critical factors such as soy lecithin and guggulsterone concentration, alongside temperature adjustments to refine the phytosome 
formulations. The characterizations of these formulations were extensive, with a particular emphasis on key quality attributes, notably percentage 
entrapment efficacy and drug release. 

Results: The optimized guggulsterone-pyrosomes demonstrated impressive outcomes, showcasing a remarkable entrapment efficiency of 92.64% 
and a noteworthy drug release rate of 91.69% at 24 h. These formulations displayed heightened viability in selected cell lines, exhibiting cellular 
toxic c concentrations ranging from 253.39 to 330.44 µg/ml. Moreover, they exhibited stability under stressed conditions from a physicochemical 
perspective. The particle size was measured at 137.8 nm, with a zeta potential of-25.3 mV. 

Conclusion: Significantly, the extended drug release from guggulsterone-pyrosomes adhered to first-order kinetics with Fickian diffusion. In 
summary, this study underscores the efficacy of the box-behnken design in crafting optimized guggulsterone-pyrosomes, showcasing their potential 
as promising drug delivery carriers. The enhanced drug delivery platform exhibits significant promise in amplifying antihyperlipidemic effects, 
attributed to the improved performance and stability of these innovative phytosomes 
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INTRODUCTION 

The engineering of particulate matter into nano dimensions 
promises advantageous drug delivery over conventional systems. 
Site-specific, targeted, and controlled delivery of drugs over time 
with nanoparticles as the carriers enhances the efficacy and reduces 
the toxicity of drugs. Since its conceptualization by Dr. Richard P. 
Feynman in the late 1950s, nanotechnology has been gaining 
momentum and revolutionizing the day-to-day aspects of life, 
thereby simultaneously uplifting the global standards of living and 
economy [1]. The positive impacts are noticeable in 
pharmacokinetic properties and targeted delivery of drugs at the 
selected site for the choice of action in the treatment of chronic 
diseases like diabetes, cancer, etc. [2]. Big-sized particles may be a 
barrier to drug delivery, which might result in poor solubility, low 
bioavailability, instability, a diminished absorption rate, altered 
target-specific delivery, tonic effectiveness, and adverse effects of 
drugs. Phytosomes, also known as phyto-phospholipid complexes, 
have emerged as particularly promising carriers for enhancing the 
bioavailability of active phyto-constituents, as demonstrated in 
research [3, 4] Phytosomes serve as vesicular carriers for drug 
delivery, effectively augmenting the absorption and bioavailability of 
poorly water-soluble drugs, as evidenced by various studies [5, 6]. 
The process involves the complexation of natural active phyto-
constituents with phospholipids. Phytosomes excel in various 
aspects, including greater drug encapsulation, faster absorption 
rates, heightened bioavailability, and enhanced stability, positioning 
them as superior lipid carriers compared to alternatives, as 
demonstrated by research [7, 8]. These innovative drug delivery 
carriers, known as phytosomes, have demonstrated their ability to 
enhance the therapeutic effects of numerous pharmaceuticals and 
herbal extracts. Examples include apigenin, silymarin, rutin, 
quercetin, curcumin, cuscuta extract, thymoquinone, and silybin]. 
Hyperlipidemia is a multifaceted disorder characterized by elevated 

lipid levels within the human body. It precipitates a multitude of 
repercussions, including cardiovascular ailments, diabetes mellitus, 
and fatty liver disease, which collectively accounted for one-third of 
global fatalities by the year 2020. This condition is recognized as a 
prominent global health concern [9-16]. 

The utilization of various chemical and synthetic compounds, such 
as statins, fibrates, bile acid sequestrants, lipase inhibitors, and 
others in the management of hyperlipidemia is curtailed due to the 
emergence of severe side effects, encompassing myopathy, 
rhabdomyolysis, flatulence, bloating, and renal impairment [17]. 
Current research endeavors are predominantly directed towards the 
development of alternative, naturally-derived agents like allicin, 
guggul lipid, citrus flavonoids, curcumin, green tea, epigallocatechin 
gallate, resveratrol, and various plant extracts for the safe and 
efficacious management of hyperlipidemia. Notably, these natural 
compounds offer advantages over their chemical counterparts by 
being safe and associated with minimal or no adverse effects [18]. 
Among these options, guggulipid stands out as a noteworthy choice. 
Derived from the gum resin of the Ayurvedic plant known as 
Commiphora mukul (referred to as "Guggulu" in Sanskrit), it has 
enjoyed a long history of use in Ayurvedic medicine in India for 
addressing a diverse array of health conditions. These include 
arthritis, obesity, hyperlipidemia, and various lipid disorders [19, 
20]. The active components within guggulipid, namely E and Z-
guggulsterone, operate by competitively binding to the Farnesoid X 
Receptor (FXR). This binding action impedes the enzymatic 
transformation of cholesterol mediated by Cholesterol 7 alpha-
hydroxylase (CYP7A1), in addition to interacting with nuclear 
hormone receptors responsible for bile acid regulation and 
cholesterol metabolism, known as Bile Acid Regulation (BAR). 
Consequently, these interactions lead to a direct reduction in hepatic 
cholesterol levels in humans [21]. Besides that, its efficacy is often 
compromised by low solubility and bioavailability and rapid first-
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pass metabolism. Owing to the above-mentioned drawbacks, there is 
a need to explore new delivery systems with improved solubility 
and permeation bioavailability. 

Employing a systematic approach utilizing a three-factor, three-level 
Box-behnken design. (BBD) with five center points, this study aims 
to optimize guggulipid phytosomes for extended drug delivery. 
Through the judicious utilization of the Design of Experiments 
(DoE), our objective is to unlock the complete therapeutic potential 
inherent in guggulipid, thereby offering fresh insights into its 
pharmacological and therapeutic effects. This marks the 
commencement of a journey to harness the potent forces of nature 
for the management of hyperlipidemia, promising a safer and more 
efficacious route to well-being. In the ensuing sections, we delve 
comprehensively into the methodologies, outcomes, and 
ramifications of our research, illuminating the path toward a more 
promising and natural future in the management of hyperlipidemia. 

MATERIALS AND METHODS 

Guggulsterones was acquired from M/s. Chemilloids, located in 
Vijayawada, India, and soy lecithin from Sigma-Aldrich in Bangalore, 
India. Milli Q water was employed consistently throughout this 
research. Furthermore, essential materials such as Fetal Bovine 
Serum (FBS), Dulbecco's Modified Eagle’s Medium (DMEM), trypsin, 
dimethyl sulfoxide (DMSO), 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium (MTT), and an antibiotic-antimycotic mixture 
were procured from Himedia, based in Mumbai, India. It is 
noteworthy that all other chemicals and reagents employed in this 
study adhered to analytical grade standards and were generally 
recognized as safe. 

Drug-excipient compatibility studies 

Compatibility studies between pure guggulsterones and excipients 
were conducted using Fourier Transform Infrared (FTIR) 
spectroscopy (Shimadzu 8300E, Japan). The FTIR spectra of 
guggulsterones and the physical mixture were examined by using the 
potassium bromide (KBr) pellet method. Each sample's spectra were 
generated from 32 single-average scans, employing a resolution of 4 
cm-1 within the absorption range of 400–4000 cm-1. The acquired 
infrared spectra were subsequently analyzed to identify functional 
groups at their respective wavenumbers (cm-1) [22] 

Preparation of phytosomes 

Precisely measured quantities of guggulsterones and soy lecithin 
were introduced into a 250 ml round-bottom flask and dissolved in 
50 ml of methanol. Subsequently, this mixture was refluxed using a 
rotary evaporator, maintaining temperatures at 40/50/60 °C for 3.5 
h, adhering to the requisite parameters. The resulting solution was 
then concentrated until complete solvent evaporation occurred. The 
resulting guggulsterone-soya lecithin complexes (phytosomes) were 
continuously stirred with n-hexane for 2 h at 40 °C. Subsequently, 
the hexane was eliminated through filtration, and the formed 
phytosomes were dried under a vacuum to eliminate any residual 
solvents. Finally, the Guggulsterone-Phytosomes (GPs), appearing as 
a thin film, were stored in an air-tight amber-colored bottle at a 
temperature range of 2-8 °C for further studies [19]. 

Design of experiment 

To explore the primary, interactive, and quadratic factors, a 3-factor, 
3-level BBD was employed in this study, utilizing Design Expert® 
(Version 13, Stat-Ease Inc., Minneapolis, USA). Quadratic response 
surface model and second-order polynomial models were employed 
to evaluate and optimize the GPs. Based on preliminary 
investigations, the quantities of guggulsterone (X1), soy lecithin 
(X2), and temperature (X3) were selected as independent variables, 
each examined at three distinct levels: low (-1), medium (0), and 
high (+1). As for the responses, percentage Entrapment Efficiency 
(EE, Y1) and percentage Drug Release (DR, Y2) were chosen with 
specific constraints. The Design Expert software facilitated the 
creation of seventeen experimental runs, all executed in a 
randomized fashion to mitigate potential sources of bias. The non-
linear quadratic model generated by the BBD is as follows:  

Y= bo+b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3+b11X12+b22X22+b33X32 (1) 

In this context, Y denotes the recorded response corresponding to each 
combination of factor levels, with b0 serving as the intercept. The 
coefficients b1 to b33 are determined based on the observed experimental 
values of Y. Furthermore, X1, X2, and X3 represent the coded levels of the 
independent variables. The terms X1X2 represent the interaction terms to 
study the response to the simultaneous change of three factors and 
quadratic terms to investigate the non-linearity, respectively. To assess 
the significance and influence of each factor, as well as their interactions, 
on the response variables, employed statistically significant coefficients, 
R-square values, as well as two-dimensional (2D) contour and three-
dimensional (3D) response surface plots. The quadratic polynomial 
equation, utilized for statistical validation, was derived through Analysis 
of Variance (ANOVA). For the optimization of GPs, a numerical 
optimization technique was employed, coupled with a desirability 
approach [12, 19]. 

Drug product (GPs) characterization 

Morphology, particle size, and electrokinetic potential 

The morphology and structural characteristics of the optimized GPs 
were meticulously examined using a Transmission Electron 
Microscope (TEM-100S Microscope). Samples were diluted with 
ethanol in a ratio of 1:20 and sonicated for 10 min. A drop of 
phytosome was fixed onto a carbon-glazed grid and left to form a 
thin film. The phytosome pictures were taken using TEM. [19, 20]. 
Furthermore, the particle size and electrokinetic potential of the GPs 
in the optimized formulation were evaluated employing a Zetasizer 
(Horiba SZ-100). These measurements were conducted through the 
dynamic light scattering technique, with a scattering angle of 90° 
and a constant temperature of 25±0.5 °C [19]. 

Determination of entrapment efficiency 

A precisely measured quantity of 25 mg of phytosomes was 
dissolved in methanol and subsequently diluted. The absorbance of 
the solution was then recorded at 254 nm to ascertain the 
concentration of guggulsterones within the solution [23]. Based on 
this determination, the total yield of guggulsterones was calculated, 
and the Entrapment Efficiency (EE) was subsequently determined 
using the following formula, 

EE(%) =
Amount of guggul in phytosomes

Total amount of guggul taken
x100……. (2) 

Solid state characterization (XRD and DSC) 

X-ray Diffraction (XRD) patterns were obtained for guggulsterones, 
soy lecithin, and the optimized GPs using an X-ray diffractometer 
(Horizon, Chennai). These measurements were conducted at room 
temperature, applying a voltage of 30 kV, a current of 5 mA, and a 
scanning speed of 4°/min. The samples were subjected to scanning 
within the 5 to 50° (2θ) range, with a step size of 0.01° and an interval 
of 0.1 sec [20]. Additionally, thermograms of guggulsterones, soy 
lecithin, and the optimized GPs were recorded utilizing a Differential 
Scanning Calorimeter (DSC-60, Shimadzu). The thermal behaviour was 
investigated by heating 2 mg of each sample at a rate of 10 °C per 
minute, ranging from 25 °C to 400 °C, within a covered sample pan 
while maintaining a nitrogen purge at a rate of 60 ml/min [24]. 

In vitro drug release study 

The in vitro release of guggulsterone from GPs was evaluated employing 
a dynamic dialysis method characterized by a Molecular Weight Cut-Off 
(MWCO) in the range of 12,000–14,000 g/mol and pore size of 2.4 
nanometers. Subsequently, these bags were immersed in a 500 ml buffer 
solution with a pH of 7.4, maintained at a temperature of 37±1 °C, while 
a paddle rotation speed of 50 rpm was maintained. At predetermined 
intervals, 5 ml aliquots were withdrawn and promptly replaced with an 
equal volume of buffer solution. The concentration of guggulsterone in 
these aliquots was measured at 254 nm using a Shimadzu UV-1800 
spectrophotometer. Each experiment was conducted in triplicate, and 
the percentage of drug release was subsequently calculated. Moreover, 
the release kinetics from GPs were investigated by fitting the data to 
several kinetic models [21]. 

Optimization  

The formulation variables were optimized through a numerical 
optimization technique to achieve the desired outcomes. To gauge 
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the reliability of these optimized conditions, additional experiments 
were replicated in triplicate. The percentage of error was computed 
by comparing the mean values of the experimental data with the 
predicted values. The acquired data were scrutinized to assess the 
precision and appropriateness of the conditions employed in the GPs 
preparation process. 

Stability studies 

The stability of the optimized GPs formulations was assessed 
through a rigorous testing regimen involving their storage at 
controlled temperatures of 4.0±1 °C within a refrigerator and 40±2 
°C within a stability testing chamberover a duration spanning three 
months. At intervals of 0, 30, 60, and 90 days, the samples 
underwent thorough evaluation for various physical attributes, 
including appearance, consistency, the presence of clogs, or any 
phase separation. Additionally, critical chemical parameters such as 
EE and drug content were diligently monitored. It is important to 
note that accelerated stability studies for the optimized GPs were 
conducted according to the guidelines set forth by the International 
Conference on Harmonization (ICH) [21]. 

In vitro cell line studies 

The compatibility and viability of the optimized GPs with cells were 
assessed through in vitro cell line studies (Cell culture and stimulation 
and MTT assay). The selected cell lines for this study comprised mouse 
fibroblasts (3T3-L1), mouse motor neuron-like cells (NSC-34), and 
kidney epithelial cells (Vero cells), which were procured from the 
National Center for Cell Sciences, Pune, India. These cells were 
cultured in DMEM supplemented with 10% (v/v) Bovine Calf Serum 
(BCS) and 1% (v/v) penicillin-streptomycin. Following two days of 
reaching confluence, the cells were induced to differentiate using 
DMEM containing 10% Fetal Bovine Serum (FBS), 0.5 mmol 3-
isobutyl-1-methylxanthine (IBMX), and insulin (10 μg/ml) for an 
additional two days. Subsequently, the cells were maintained in a 
medium consisting of 10% DMEM/FBS with insulin (10 μg/ml) for 
another two days, followed by culturing in a 10% FBS/DMEM medium 
for an additional four days, resulting in over 90% of the cells 
differentiating into 3T3-L1 adipocytes with accumulated lipid 
droplets. The differentiated 3T3-L1NSC-34 and Vero cells were then 
exposed to the optimized GPs. These cells were incubated at 37 °C 
with 5% CO2 throughout the experiments and were initially grown and 
seeded at a density of 1×104 cells per well in 96-well plates. 
Subsequently, the cells were treated with GPs and incubated with MTT 
solution for 3 h at 37 °C. After the incubation period, the supernatants 
were removed, DMSO was added to each well, and the plates were 
agitated to dissolve the crystal product. The absorbance was then 
measured at 540 nm using a microplate reader (Tecan M200) [25]. 

Apparent water solubility  

The apparent solubility was determined by treating drugs, physical 
mixtures, and complexes to 5 ml of water-sealed glass containers at 
ambient temperature. The solution was circulated for 24 h and then 

centrifuged for 20 min at 1,000 rpm to eliminate the residues of the 
drug and complexes. Before measuring the 254 nm absorption with 
a UV spectrometer, 1 ml of filter material was diluted in 9 ml of 
distilled water and filtered through a membrane filter (0.45 µm). 

Apparent octanol-water partition coefficient  

The GPs were dissolved into n-octanol at a concentration of 
200g/ml. The solution was mixed in a conical flask with 5 ml 
distilled water (pH 5.6), HCl (0.1 M, pH 1.2), or a phosphate buffer 
saturated with n-octanol (pH 6.8, 7.4, and 7.4) of 45 ml, each. The 
prepared sample was shaken in a conical container at 300 rpm and 
37 °C for 24 h to achieve saturation and equilibrium. Then separate 
the sample into an aqueous phase and an octanol phase by 
separation funnel. To calculate the concentration of the drug, 1 ml of 
octanol phase contains GP and is taken and diluted with 9 ml of 
methanol. This was done by measuring the solution with UV 
spectrometers at 254 nm. 

Statistical analysis 

All experiments were conducted in triplicate, ensuring the 
robustness and reliability of the results. The outcomes were 
presented in the form of mean values accompanied by their 
respective standard deviations (SD). Statistical comparisons of the 
data were executed through both ANOVA and independent Student 
t-tests. The significance threshold was set at p<0.05, indicating a 
statistically significant level for the observed differences. 

RESULTS AND DISCUSSION 

Drug-excipient compatibility studies 

The FTIR spectra of guggulsterone, soy lecithin, and their physical 
mixtures areillustrated in 1. The FTIR spectrum of guggulsterone 
displayed distinctive absorption peaks at specific wavenumbers: 
1455.05 cm-1 (C=C aromatic stretching), 1700.78 cm-1 (C=O 
stretching), 2869.39 cm-1 (CH stretching), 2955.18 cm-1 (C-H 
vibration), 3443.70 cm-1 (combined peaks associated with-NH2 and-
OH), 1737.58 cm-1 (C=O stretching), 1671.98 cm-1 (C=C stretching), 
1409.31 cm-1 (CH2 bending), as well as 1383.07, 1340.77, and 
1260.96 cm-1 (O-H bending). Furthermore, the spectrum exhibited 
peaks at 1095.11 and 1026.82 cm-1 (C-F bending), 1169.51 cm-1 (C-O 
stretch), 884.52 cm-1 attributed to the distribution of aromatic 
protons, and 759 cm-1 associated with CH2 rocking. On the other 
hand, the FTIR spectrum of soy lecithin (SL) revealed peaks at 
3421.92 cm-1 (O-H stretching), 1620.38 cm-1 (C=O stretching), and 
vibrational peaks at 1170.28 cm-1 and 1098.87 cm-1 attributable to 
the presence of C=O and C=C bonds [25]. Notably, the characteristic 
peaks observed in the FTIR spectra of guggulsterone and soy lecithin 
were conserved in the spectrum of the GPs. There were no abnormal 
peaks observed in the IR spectra of guggulsterone. This observation 
suggests the absence of any chemical interaction between the drug 
and its carrier constituents. The results suggested that there was no 
interaction among the excipients and between the drug-excipients. 

 

 

Fig. 1: FTIR of (a) Guggulsterone, (b) soy lecithin and (c) GPs 
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Preparation of phytosomes 

The production of guggulsterone-loaded phytosomes using the 
solvent evaporation technique was executed successfully. The 
application of DoE principles, specifically a 3-factor 3-level BBD, 
proved to be a highly effective logistic tool for designing and 
optimizing promising GPs that met the desired criteria. These 
results provided valuable insights into the impacts of formulation 
variables and process parameters, facilitating the development of 
these promising GPs. This method is chosen for its inherent 
simplicity and proven effectiveness in yielding phytosomal 
formulations that possess the desired attributes [3]. Seventeen 

formulations were prepared as per the BBD mentioned in 1. A drug-
phosphatidylcholine complex refers to the association of a drug with 
phosphatidylcholine without dispersion. This complex exists in a 
non-dispersed form, where the drug is bound to the phospholipid. 
On the other hand, a phytosome is characterized by a dispersed 
drug-phospholipid complex in a dispersion medium. In this case, the 
complex is not only formed but is also dispersed within a medium, 
contributing to the unique properties of a phytosome as a lipid 
nanocarrier. In summary, the key distinction lies in the dispersal 
state: a drug-phosphatidylcholine complex is non-dispersed, while a 
phytosome involves the dispersion of the complex in a medium [26, 
27].

 

Table 1: BBD generated formulation runs and their results 

Run Guggul (X1, mg) Soya lecithin (X2,mg) Temp (X3, °C) EE (Y1, %)* DR (Y2, %)* 
1 150 400 50 90.07±0.25 91.05±0.68 
2 100 400 40 80.72±0.91 82.45±0.36 
3 150 400 50 90.79±0.74 90.88±0.43 
4 150 200 40 85.12±0.11 86.03±0.80 
5 200 200 50 88.51±0.86 86.84±0.94 
6 200 400 60 86.73±0.38 87.63±0.43 
7 150 400 50 90.56±0.07 90.56±0.90 
8 100 400 60 86.44±0.46 88.26±0.48 
9 100 200 50 78.28±0.83 85.08±0.33 
10 150 200 60 86.57±0.71 88.23±0.61 
11 150 400 50 89.65±0.59 91.39±0.73 
12 150 600 40 91.74±0.60 90.18±0.51 
13 150 400 50 91.02±0.27 91.47±0.77 
14 200 600 50 90.0 ±0.33 91.52±0.68 
15 100 600 50 87.86±0.82 88.0±0.12 
16 200 400 40 91.45±0.16 88.13±0.47 
17 150 600 60 92.84±0.04 92.07±0.83 

*Data presented are means±SD of triplicate experiment (n=3). 

 

Morphology, particle size, and electrokinetic potential 

The optimized GPs exhibited a spherical shape, even distribution, 
and a slightly rough and porous texture. Furthermore, the particle 
size and zeta potential of these optimized GPs were measured at 
137.8±1.87 nm and-25.3±0.63 mV, respectively (fig. 2). The zeta 
potential of Guggulsterone formulation was found to be more 
negative-25.3±0.63 than the pure guggulsterone, it may occur due to 
the net charge of the polymer and protein used for the formulations. 
Zeta potential, which is the surface charge, contributed to the 
stability of the formulation. The low value of surface charge provides 
stability as well as prevents the aggregation of the particles due to 
strong electrostatic repulsion interaction. Normally, the value of the 
zeta potential of − 30 mV to+30 mV is considered a sufficient 
repulsive force to achieve better physical colloidal stability [28]. 

Entrapment efficiency 

The optimized guggulsterone phytosomes witnessed enhanced EE 
and extended drug release following first-order kinetics with Fickian 
diffusion. The percentage EE of GPs ranged from 78.28±0.83% (F9) 
to 92.8±0.04 % (F17). The BBD-generated polynomial equation for 
EE is as follows- 

Y1 = 90.42+2.92 X1+2.99 X2+0.44 X3-2.02 X1X2-2.61 X1X3-0.087 X2X3 – 
3.49 X12-0.76 X22-0.58 X32 …. (3) 

The quadratic model exhibited highly significant statistical values, 
with p-values of less than 0.0001 and an F ratio of 62.32, indicating 
the model's significance in predicting EE. The polynomial equation 
associated with this model achieved an R-squared (R2) value of 
0.9911, signifying a strong goodness of fit [28]. Consequently, this 
robust model was utilized for navigating the design space. 
Furthermore, the influence of all independent variables (X1, X2, and 
X3) on %EE was elucidated through comprehensive analysis, as 
depicted in the 3D response surface plots and 2D contour plots 
showcased in fig 6. It was found that the entrapment efficiency is 
increasing linearly as the concentration of Guggulsterone and Soya 

lecithin increases; because the medication is easily available for 
encapsulation, and this might be due to the increasing concentration 
of polymer will make the phytosomes membrane less permeable 
and hence promotes entrapment efficiency [29]. The temperature 
has a direct positive effect on the entrapment efficiency of prepared 
guggulsterone phytosomesan increase in temperature increases the 
entrapment efficacy. Fig. 6e displays the fitted polynomial equations 
connecting the response (entrapment efficiency, % w/w) to the 
altered components. Conclusions could be reached by using the 
polynomial equations after taking into account the coefficient's 
magnitude and associated mathematical sign (positive). 
Additionally, according to fig. 2e's results, every coefficient was 
statistically significant (p<0.05). The quadratic model was found to 
have an excellent match with a correlation coefficient (R2) of 
0.9522. The positive coefficients were shown by the multiple 
regression analysis. This suggested that as X3 were was raised, the 
entrapment efficiency increased as well also increased. Based on the 
central composite design and response,surface plots depicting the 
changes in the entrapment efficiency (%) as a function of X3. The 
response surface plots and contour plots (fig. 6e) indicated a strong 
influence of the studied factors on entrapment efficiency. Increasing 
levels of X3 found to be favorable conditions for obtaining higher 
entrapment efficiency. Since the active ingredient in the formulation 
is phytoactive, an increase in entrapment efficiency was seen [30]. 

Solid state characterization (XRD and DSC) 

The XRD analysis of guggulsterones revealed a series of distinct 
peaks within the 2θ range of 10 to 40°, as illustrated 3. Additionally, 
the DSC thermograms of both Guggulsterone and the GPs are 
presented in 4. 

The XRD studies unveiled a noteworthy shift in the characteristic peak 
of guggulsterone, originally occurring at 13.899°, which was 
subsequently displaced to 19.676° within the optimized GPs 
formulation. This shift in peak position strongly indicated the presence 
of guggulsterone in an amorphous state [30]. Additionally, in DSC 
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studies, an endothermic peak corresponding to guggulsterone was 
observed at 92.89°, and this characteristic peak remained unaltered in 

the thermogram of the GPs. This observation suggested the 
preservation of guggulsterone's structural integrity within the GPs. 

 

 

Fig. 2: Particle size (a), electrokinetic potential (b), and morphology (c) TEM of optimized 

 

 

Fig. 3: XRD of (a) Guggulsterone and (b)GPs 
 

 

Fig. 4: DSC thermograms of guggulsterone and GPs 
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Drug release studies 

The optimized GPs demonstrated a guggulsterone release rate 
91.56±0.67% after a 24 h study. The drug released from GPs was 
found to be slower than the pure drug because conjugation may 
offer double barriers on the drug released from the phytosomal 
formulation. To better comprehend the release kinetics of 
guggulsterone from the GPs, the release data were subjected to 
fitting with various kinetic models. The in vitro release data 
indicated that the drug release from the phytosomal formulation 

adhered to first-order kinetics, with a Fickian model suggesting that 
the release process was diffusion-controlled fig. 5 [31]. 

The in vitro drug release from GPs exhibited a range spanning from 
82.45±0.36% to 92.07±0.83% for formulations F2 through F17, 
respectively. The polynomial equation generated through the BBD 
for DR is as follows:  

Y2 = 91.07+1.29 X1+1.95 X2+1.17 X3+0.44 X1X2 – 1.58 X1X3-0.07 X2X3 – 
2.86 X12-0.35 X22– 1.59 X32 ……. (4) 

  

 

Fig. 5: Release pattern of GPs and pure guggulsterone, data presented are means±SD of triplicate experiment (n=3) 

 

The p-value for drug release was found to be less than 0.0001, and 
the F ratio, which stood at 115.35, signified the model's significant 
relevance. Moreover, the R-squared (R2) value of 0.9933 
demonstrated an excellent fit of the model to the data. It's worth 
noting that the percentage of DR exhibited only a modest 
susceptibility to the variations in the independent variables. The 
influence of these factors on DR is visually represented through the 
utilization of three-dimensional response surface plots and two-
dimensional contour plots, as presented in fig. 6. 

Optimization 

The effects of factors on desired responses (EE and DR) of 17 
formulations are shown in table 1. The utilization of BBD for the 
design and optimization of GPs represented an effective and 

systematic approach. It allowed for a comprehensive understanding of 
the influence of independent variables or factors on the selected 
responses (table 2). In the quadratic polynomial equations (Equations 
3 and 4), the coefficients (X1, X2, and X3) associated with a single factor 
were indicative of the primary effect (either Entrapment Efficiency or 
Drug Release) of that specific factor. Conversely, coefficients involving 
more than one factor were indicative of the interactions between 
those variables. A positive coefficient factor signified a direct 
relationship between the factor and the response, whereas a negative 
coefficient indicated the opposite effect. The two-dimensional and 
three-dimensional response surface graphs generated by the 
polynomial equations provided a visual representation of the 
concurrent impact of two variables on response parameters while 
maintaining one variable at a constant level [32, 33]. 

 

 

Fig. 6: 2D contour plots and 3D response surface plots of EE as a function of (a) and (d) guggulsterone and soy lecithin; (b) and (e) 
guggulsterone and temperature, and (c) and (f) soy lecithin and temperature 
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Table 2: Design of experiment factors, responses, and their levels 

Factors Coded levels of variables  

Low (-1) Medium (0) High (+1) 

Independent variables    
X1= Guggul (mg) 100 150 200 
X2= Soy lecithin (mg) 200 400 600 
X3= Temperature (ºC)  40 50 60 
Dependent variables (Responses)    
Y1= % Entrapment Efficiency (%EE) 
Y2= % Drug Release (%DR) 

 Maximize 
Maximize 

 

 

A linear increase in EE (Y1) was observed as the concentration or 
dosage of guggulsterone (X1) and soy lecithin (X2) increased. This 
increase indicated that a higher amount of the drug was available for 
encapsulation. Furthermore, higher temperatures (X3) favored 
greater EE, as depicted in fig. 7. In contrast to other lipid-based 
vesicular systems, this enhanced EE could be attributed to the fact 
that the bioactive phyto-constituents are an integral part of the 
vesicular membrane. They are anchored to the polar head of the 
phospholipid through a chemical (hydrogen) bond, rather than 
being simply entrapped within the aqueous core or phospholipid 
bilayers of the vesicular membrane [30]. A curvilinear increase in 
drug release (Y2) was observed in response to factors X1 and X3, 
while a linear increase was evident with soy lecithin (X2). During the 
checkpoint analysis, there was an outstanding agreement between 
the measured responses and the predicted values for both EE and 
DR. The experimental values closely aligned with the predicted 
values, displaying minimal percentage bias, which underscored the 
reliability of the employed mathematical model. Consequently, a 
numerical optimization technique utilizing a desirability approach 
was employed to optimize the GPs. The optimal concentrations of 
guggulsterone, soy lecithin, and temperature (X1, X2, and X3) were 
determined to be 169.62 mg, 600 mg, and 42.63 ºC, respectively. 
These values yielded promising and optimized phytosomes with an 
EE of 92.64% and a DR of 91.69% (over 24 h), achieving an overall 
desirability score of 0.986. The percentage probability plots, as 
depicted in fig. 7 (a and b) provide evidence that errors conform to a 
normal distribution and are devoid of interdependence while 
exhibiting uniform error variance. Additionally, the residual plots, 
presented in fig. 7 (c and d) reveal a random distribution of 
residuals without discernible trends, further affirming the model's 
ability to make accurate predictions with consistent variance. Lastly, 
the parity plots shown in fig. 7 (e and f) establish a correlation 
between the observed responses and the predictions generated by 
the models. A numerical optimization technique employing a 
desirability approach was implemented to optimize the GPs to 
maximize both the percentage of EE and DR. The optimized GPs 
were composed of specific quantities, specifically 169.62 mg of X1, 
600 mg of X2, and a temperature of 42.63 ºC for X3, yielding the 

desired responses of 92.64% for Y1 and 91.69% for Y2, with an 
overall desirability score of 0.986 Curved rise was seen in 
guggulsterone and temperature graph in terms of drug release, 
whereas the linear increase was seen in soya lecithin. The 
mathematical model was found to be reliable due to the high level of 
agreement between measured and anticipated values of EE and drug 
release. Promising phytosomes with high EE and DR % were 
resulted due to ideal concentration of guggulsterone, 2D contour 
plots, 3D response surface plots, % probability plots, residual plots, 
and parity plots was visualised and validated for data, which showed 
a link between observed responses and model predictions. Overall, 
the GPs were successfully adjusted to optimise both DR and EE, 
resulting in high desirability scores and demonstrating the 
effectiveness of BBD in pharmaceutical formulation design and 
optimization [34]. 

Stability studies  

During stability studies, the optimized GPs demonstrated stability 
and retained their structural integrity under various stress 
conditions, as corroborated by the FTIR spectral analysis. This 
improved stability could potentially be attributed to the formation of 
chemical bonds between the polar head of the amphiphile molecule 
and the phytoconstituent. Furthermore, the optimized GPs exhibited 
a faster absorption rate, which could potentially lead to a reduced 
required dosage of the drug to achieve the desired pharmacological 
effect. The physical appearance of GPs formulation stored at 4 °C and 
24 °C for 1, 2, and 3 mo was evaluated. At the end of 1, 2, and 3 mo, 
GPs stored at 4 °C and 24 °C were stable. The data from stability 
studies indicated that there were no observable physicochemical 
alterations in the GPs, and there was no discernible shift in the 
primary functional groups of guggulsterone, as evidenced by the 
FTIR spectra presented in fig. 8. Furthermore, the optimized 
formulations, when subjected to various stress conditions, did not 
manifest any changes in terms of their physicochemical integrity, 
drug content (maintaining a level of 92.54%), or drug release (which 
ranged from 88.61% to 90.38% over 24 h). Consequently, it can be 
concluded that the optimized GPs remained physicochemically 
stable throughout the stability assessment. 

 

 

Fig. 7: (a, b) Normal percentage probability, (c, d) residual plots, and (e, f) parity charts of predicted versus actual responses for EE and DR 
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Fig. 8: FTIR of optimized GPs at (a) 30th d, (b) 60th d, and (c) 90th d 

 

Apparent water solubility 

A drug's solubility is one of the main variables affecting its 
bioavailability following oral administration. Since solubility 
restricts the amount of drug that can pass through the stomach-
intestinal barrier during oral absorption, it is essential to measure 
and verify that the appropriate dosage of medication is being taken. 
Water makes up a large portion of all body fluids. Any medication 
administered to the body needs to have the highest possible water 
solubility in order to be therapeutically effective. Substances that are 

somewhat insoluble therefore, exhibit insufficient absorption. In the 
current study, the solubility of guggulsterone (GS), guggulsterone 
phytosomes (GPs), and the soy lecithin (GS-SL) combination in an 
aqueous medium were evaluated. Table 3 shows that GPs solubility 
(84.3±0.065μg/ml) was significantly higher than that of GS (12.2 
±0.061μg/ml) and the GS-SL physical mixture (36.7±0.073 μg/ml). It 
can be inferred that the phytosome complex approach improved the 
solubility of weakly water-soluble guggulsterone due to the 
complex's amorphous nature and soyalecithin's ability to form 
micelles in aqueous solution [11]. 

  

Table 3: Solubility of GS, mixture of GS and SL, and GPs in distilled water 

S. No. Sample Aqueous solubility μg/ml 
1 Guggulsterone (GS) 12.2 ±0.061 
2 Guggulsterone-Soy lecithin mixture (GS-SL) 36.7±0.073 
3 Guggulsterone Phytosomes (GPs) 84.3±0.065 

*Data presented are means±SD of triplicate experiment (n=3). 

 

Apparent octanol-water partition coefficient  

The apparent division coefficient (Log P) measures the 
hydrophilicity/lipophilicity and absorption capacity of a compound 
[35]. The Log P values mainly affect biological characteristics such as 
bioaccumulation and toxicity. An important factor in membrane 
permeability is the partition coefficient. Drugs with high partition 

coefficients can easily pass through the biological membrane. Many 
studies show that drugs with P logs between 1 and 2 are easy to 
absorb [36]. In the phosphate buffers with different pH values, the 
log P of GS was less than 1, showing a low absorption and 
permeability. In table 4, the log P values generated by the GPs in 
various buffers compared to GS are shown. This improvement could 
be attributed to the polar groups [11]. 

 

Table 4: Apparent octanol–water partition coefficient (Log P Value) of GS and GPs complex 

Solvent Log P value* 
GS  GPs 

pH 1.2 hydrochloric acid 0.8155±0.02  1.706±0.01 
Distilled water (pH 5.6) 0.6922±0.01 1.602±0.01 
pH 6.8 phosphate buffer 0.5070±0.009 1.564±0.002 
pH 7.5 phosphate buffer 0.3422±0.004 1.311±0.004 

*Data presented are means±SD of triplicate experiment (n=3). 
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In vitro cell line study (MTT assay) 

The optimized GPs exhibited a superior level of cell viability when 
assessed across three selected cell lines. Specifically, the cell viability 
function, denoted by CTC50 values, for GPs was determined to be 251.18 
µg/ml, 206.35 µg/ml, and 311.61 µg/ml for the MF 3T3-L1, MCF-12A, 
and NSC-34 cells, respectively. In comparison, pure guggulsterone 
demonstrated CTC50 values of 264.70 µg/ml, 253.39 µg/ml, and 330.44 
µg/ml for the same cell lines, namely MF 3T3-L1, MCF-12A, and NSC-34 
cells, respectively. Notably, the optimized GPs were found to be 
compatible and viable when assessed against 3T3-L1 mouse fibroblasts, 
mice motor neuron-like cells, and Vero cells, performing comparably to 
the pure form of guggulsterone. Importantly, these GPs did not exhibit 
any interfering or inhibitory effects on the reduction of MTT, further 
emphasizing their compatibility and safety profile [37].  

CONCLUSION 

The solvent evaporation technique is employed in the preparation of 
GPs. BBD is practiced to achieve desired experimental runs for 
optimization to cut short the wide range of experimental runs. The 
regression coefficients established by the second-order polynomial 
equations of all the responses indicated that the model is significant. 
Counter plots showed that the quadratic model generated was well-
matched to all aspects of the experimental design. The optimized 
formulation showcased a remarkable entrapment efficiency of 
92.64% and a drug release rate of 91.69% at 24 h FTIR studies 
revealed compatibility among the drug and excipients; XRD studies 
stated the preservation of guggulsterone's structural integrity 
within the GPs. The particle size of the optimized formulation was 
measured to be 137.8 nm, substantiating that the nanoparticles are 
in the nano range. Zeta potential recorded at-25.3 mV inferred the 
superlative stability of the optimized formulation. TEM analyses 
illustrated that optimized are spherical and homogeneous with 
minimum aggregation. Accelerated stability studies performed on 
the optimized formulation stated that there was no substantial 
variation in appearance and % DR. The optimized formulation 
displayed heightened viability in selected cell lines, exhibiting CTC 
with CTC50 ranging from 253.39 to 330.44 µg/ml. GPs hold great 
potential as an innovative drug delivery carrier for delivering 
natural bioactive compounds, thereby enhancing their 
antihyperlipidemic properties. These formulations hold great 
promise as novel drug delivery carriers. They offer significant 
potential for improving the treatment of obesity and hyperlipidemia. 
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