
Vol.:(0123456789)1 3

AAPS PharmSciTech          (2023) 24:167  
https://doi.org/10.1208/s12249-023-02628-2

RESEARCH ARTICLE

Application of Design of Experiment in the Optimization 
of Apixaban‑Loaded Solid Lipid Nanoparticles: In Vitro and In Vivo 
Evaluation

Safaa E. Ramadan1  · Sanaa A. El‑Gizawy1 · Mohamed A. Osman1 · Mona F. Arafa1

Received: 28 April 2023 / Accepted: 25 July 2023 
© The Author(s) 2023

Abstract
Solid lipid nanoparticles (SLnPs) are usually utilized as lipid-based formulations for enhancing oral bioavailability of BCS 
class IV drugs. Accordingly, the objective of this work was to investigate the effect of formulation and processing variables 
on the properties of the developed SLnPs for oral delivery of apixaban. Randomized full factorial design  (24) was employed 
for optimization of SLnPs. With two levels for each independent variable, four factors comprising both formulations and 
processing factors were chosen: the GMS content (A), the Tween 80 content (B), the homogenization time (C), and the 
content of poloxamer 188 used (D). The modified hot homogenization and sonication method was employed in the formula-
tion of solid lipid nanoparticles loaded with apixaban (APX-SLnPs). The size of APX-SLnPs formulations was measured to 
lie between 116.7 and 1866 nm, polydispersity index ranged from 0.385 to 1, and zeta potential was discovered to be in the 
range of − 12.6 to − 38.6 mV. The entrapping efficiency of APX-SLnPs formulations was found to be in the range of 22.8 to 
96.7%. The optimized formulation was evaluated in vivo after oral administration to rats. Oral administration of APX-SLnPs 
resulted in significant prolongation in bleeding time compared with both positive and negative control. This indicates the 
ability of this system to enhance drug therapeutic effect either by increasing intestinal absorption or trans-lymphatic transport. 
So, this study highlighted the capability of SLnPs to boost the pharmacological effect of apixaban.
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Introduction

Large number of pharmacologically active drug candidates 
are categorized as class IV drugs according to the biophar-
maceutical categorization system (BCS). Unfortunately, this 
class of drugs has certain obstacles which include poor aque-
ous solubility and limited permeability. In addition, most of 
these drugs are P-glycoprotein efflux transporter substrate 

and substrate for the metabolizing enzyme CYP3A4 which 
limits their systemic absorption and therapeutic potential [1]. 
These characteristics are challenging for pharmaceutical for-
mulators to develop effective oral delivery systems. Hence, 
several formulation approaches were investigated as fruit-
ful BCS class IV drug delivery systems. These approaches 
include polymer-based nanocarriers [2, 3], crystalline struc-
ture modification via nano-crystallization and co-crystal for-
mation [4, 5], liquisolid technique [6], self-emulsification 
and self-microemulsification [7], and systems based on 
lipids [8].

Solid lipid nanoparticles (SLnPs) are one of the utilized 
lipid-based formulations for making the BCS class IV drugs 
orally bioavailable. They serve as an alternative particulate 
nanocarrier system to polymeric nanoparticles, liposomes, 
and emulsions (o/w) [9–13]. SLnPs aqueous dispersions 
comprise lipids (solid at body and room temperatures) 
that are stabilized using an appropriate surfactant. SLnPs 
represent an advantageous approach based on their excep-
tional properties which include the ability to encapsulate 
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hydrophobic and hydrophilic active moieties, the small size, 
and high drug loading capacity which facilitate lymphatic 
uptake escaping first-pass metabolism [14]. In addition, 
they are utilized to improve permeability and palatability 
and achieve controlled or sustained drug release [15–17]. 
Besides, SLnPs reported high physical stability and accept-
able biodegradability.

Many methods can be employed for the production of 
SLnPs. However, homogenization followed by ultrasoni-
cation is the most frequently employed method [18]. It is 
more valuable than the other techniques due to short making 
time, the availability of industrial homogenization lines, the 
adequacy of homogenization tools by different regulatory 
authorities, ease of scaling up, and the feasibility of avoid-
ing the negative impact of organic solvents in the production 
process [19, 20].

Apixaban (APX) is a model of class IV drugs. It is a 
potent anticoagulant that when administered orally inhib-
its the coagulation factor Xa selectively and directly. So, 
apixaban is frequently used as a preventive treatment for 
the avoidance of venous thromboembolism [21]. FDA-
approved apixaban in preventing embolism in non-valvular 
atrial fibrillation patients and for avoiding stroke. Recently, it 
was investigated in several research works for the prevention 
of thrombosis in COVID 19 patients [22]. Unfortunately, 
the water solubility of APX is poor (40–50 μg/mL) [23], 
and the oral bioavailability after administration of a unit 
dose (10 mg) is limited (about 50%). Apixaban’s observed 
low bioavailability was attributed to the drug’s insufficient 
absorption in the digestive system in addition to the effect 
of hepatic and intestinal first-pass metabolism [23]. The for-
mulation of APX as SLnPs may improve the oral bioavail-
ability of the drug and retain it in systemic circulation for a 
sustained period.

Accordingly, the principal goal of this research was to 
produce, optimize, and characterize APX-SLnPs using a full 
factorial design. The aim was to investigate the impact of 
both processing and formulation variables on the proper-
ties of the developed solid lipid nanoparticles. Full factorial 
design was selected as it is the pharmaceutical industry’s 
most practical design that is very beneficial for preliminary 
studies and initial optimization [24, 25]. The developed 
APX-SLnPs were assessed regarding particle size, PDI, 
entrapment efficiency, zeta potential, and apixaban release 
kinetics. The study was extended for in vivo assessment of 
the optimized solid lipid nanoparticles encapsulating apixa-
ban using bleeding model. The results of this in vivo study 
can provide a direct reflection of the therapeutic effect of 
apixaban from solid lipid nanoparticles relative to that of 
the aqueous suspension of apixaban. The in vivo study was 
preferred over the ex vivo study as it takes into its account 
the role of trans lymphatic absorption of the drug which can-
not be reflected in the results of ex vivo permeation studies.

Materials and Methods

Materials

Apixaban (APX) was obtained as a gift from ATCO 
Pharma for pharmaceutical industries, Egypt. Glycerol 
mono stearate (GMS) which is a solid lipid was obtained 
from El Qahera for Pharmaceutical & Chemical Indus-
tries, Egypt. The surfactants that were utilized in this work 
included Tween 80 from El-Nasr Pharmaceutical Chemical 
Co., Egypt, Poloxamer 188 (Pluronic F68) from Amoun 
Pharmaceutical Co., Egypt, and Poloxamer 407 (Pluronic 
F127) from Sigma for Pharmaceutical Industries. Keta-
mine had been received as a gift from EIPICO for Phar-
maceutical Industries. Acetonitrile (HPLC grade) was pur-
chased from SDFCL (S D Fine-Chem Limited, Mumbai, 
India). Disodium hydrogen phosphate was acquired from 
Lanxess AG, India.

Experimental Design and Statistical Analysis

To attain the optimum physicochemical characteristics 
of apixaban solid lipid nanoparticles (APX-SLnPs),  24 
randomized full factorial design was employed. In this 
study, with two levels for each independent variable, four 
factors were chosen: the GMS content (A) at two levels 
(200 mg and 250 mg), the Tween 80 content (B) at two 
levels (50 mg and 100 mg), the homogenization time (C) 
at two levels (3 min and 6 min), and content of polox-
amer 188 used (D) at two levels (mixture of poloxamer 
188 and poloxamer 407 each of 150 mg and poloxamer 
188 (300 mg)). Table I displays the low and high levels 
for each factor.

Table I  Coded Values of  24 Full Factorial Design for Formulation of 
APX-SLnPs

The low level in the content of poloxamer is a mixture of poloxamer 
188 and poloxamer 407; each of 150  mg and high level represents 
poloxamer 188 (300 mg)
GMS, glycerol mono stearate; APX-SLnPs, solid lipid nanoparticles 
loaded with apixaban

Independent variables Levels

Low High

A (GMS content (mg)) 200 250
B (Tween 80 content (mg)) 50 100
C (Homogenization time (min)) 3 6
D (Content of poloxamer188 (mg)) 150 300
Coded values  − 1  + 1
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Preparation of APX‑SLnPs

The modified hot homogenization and sonication method 
was employed in the preparation of APX-SLnPs. This 
approach was already used in numerous research projects 
as an efficient method for the preparation of this nano system 
[26–28]. Briefly, a mixture of apixaban, GMS, and Tween 
80 was dissolved in ethanol (10 mL). This organic solvent 
mixture was allowed to evaporate totally at 70°C leaving 
drug-embedded lipid layer onto the beaker. This layer was 
heated at 10°C over the lipid melting point to allow its melt-
ing. The heated aqueous phase (70°C) comprising polox-
amer dissolved in 40 mL of distilled water was added to 
the melted lipid after that they were homogenized using a 
polytron homogenizer (PT-MR 3100 KINEMATICA AG 
Littau -Switzerland) at 14,000 rpm for either 3 or 6 min. 
This was followed by a 10-min sonication. Different APX-
SLnPs formulations were prepared with their compositions 
being shown in Table II.

MINITAB statistical software (Minitab release 18) was 
manipulated to statistically analyze the derived parame-
ters. ANOVA statistical analysis was used in this, along 
with the creation of model equations and the construction 
of Pareto charts and contour plots for each response. Par-
ticle size (minimize), entrapment efficiency (maximize), 
% apixaban released (minimize), and  T50 (maximize) were 
chosen as the critical quality parameters. The factorial 

design was analyzed statistically using multiple regres-
sion analysis. Equation (1) describes a statistical model 
that was employed to assess the response.

The dependent variable is Y, and the assessed coef-
ficient of factor I is bi. The 16 runs’ arithmetic mean 
response is represented by b0. The main effects (A, B, C, 
and D) show what happens when one factor is changed 
from a low level to a higher level on average. The term 
interaction demonstrates how the response alters once two 
factors are concurrently modified.

In Vitro Characterization of APX‑SLnPs

Particle Size, Polydispersity Index, and Zeta Potential

The particle size, poly dispersibility index, and zeta poten-
tial of the prepared APX-SLnPs were measured using 
Nano Zetasizer series (Nano-ZS, Malvern Instruments, 
UK). The sample manipulation included dilution 15 times 
with distilled water before loading into capillary cells for 

(1)

Y =b0 + b1A + b2B + b3C + b4D + b12AB + b13AC

+ b14AD + b23BC + b24BD + b34CD + b123ABC

+ b124ABD + b234BCD + b1234ABCD

Table II  Full Factorial Design 
with Coded and Actual Values 
Used for the Optimization of 
APX-SLnPs Formulations

* The low level in the content of poloxamer is mixture of poloxamer 188 and poloxamer 407 each of 
150 mg, and high level represents poloxamer 188 (300 mg)
APX-SLnPs, solid lipid nanoparticles loaded with apixaban; GMS, glycerol mono stearate

Formula Coded values Actual value

A B C D GMS 
content 
(mg)

Tween 80 
content 
(mg)

Homogeniza-
tion time 
(min)

Content of 
poloxamer 
188 (mg)*

(A) (B) (C) (D)
F1 - - - - 200 50 3 150
F2  + - - - 250 50 3 150
F3 -  + - - 200 100 3 150
F4  +  + - - 250 100 3 150
F5 - -  + - 200 50 6 150
F6  + -  + - 250 50 6 150
F7 -  +  + - 200 100 6 150
F8  +  +  + - 250 100 6 150
F9 - - -  + 200 50 3 300
F10  + - -  + 250 50 3 300
F11 -  + -  + 200 100 3 300
F12  +  + -  + 250 100 3 300
F13 - -  +  + 200 50 6 300
F14  + -  +  + 250 50 6 300
F15 -  +  +  + 200 100 6 300
F 16  +  +  +  + 250 100 6 300
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assessing the size and zeta potential. Each measurement 
was repeated three times at 25°C.

Determination of Percentage Entrapment Efficiency 
and Apixaban Loading

Percent entrapment efficiency (% EE) was estimated by 
dialysis approach. This method was reported previously 
[29, 30]. The dialysis tubing cellulose membrane (cellu-
lose tube with 14,000 Daltons cut off, Sigma-Aldrich, St. 
Louis, MO) was left in distilled water for the entire day till 
complete hydration to guarantee fixed pore diameter. APX-
SLnPs dispersion (2 ml) was packed within the dialysis 
tube (5.5 cm) that was securely tied from both ends with 
threads. The dialysis bag was freely immersed in a glass 
beaker containing 100 ml disodium hydrogen phosphate 
solution (DSP) (pH 6.8) at ambient temperature. After 6 h, 
samples were withdrawn and analyzed for free apixaban 
concentration by the developed HPLC method. Deduc-
ing the amount of the free unentrapped apixaban from the 
entire drug present in the sample provides the amount of 
the entrapped apixaban. The following equations were uti-
lized for computing the % EE (Eq. 2) and % drug loading 
(Eq. 3) of the prepared APX-SLnPs:

In Vitro Apixaban Release Studies

The study of in vitro apixaban release was conducted to 
determine the release rate and kinetics of apixaban from 
the prepared SLnPs. The release rate from drug suspension 
was determined and taken as a positive control. Franz cells 
(vertical glass diffusion cells) with a receptor volume of 
14.5 ml and a surface area of 2.27  cm2 for diffusion were 
used for this study. This method was frequently employed 
in several research works [26, 31, 32]. Semipermeable 
cellulose membrane (MW cutoff 14,000) was immersed 
in distilled water overnight after being cut into pieces of 
appropriate size. After complete hydration, the membrane 
was positioned between the diffusion cells’ donor and 
receptor parts. The receptor was filled with DSP that was 
chosen as the release media to preserve sink conditions 
during the experiment. The release study was performed 
at 37 ± 1°C to simulate the in vivo temperature. The tested 
formulation (2 ml) was piled into the donor, and sam-
ples (5 ml) from the receptor compartment were taken at 

(2)EE (%) =
The amount of entrapped drug

The total amount of drug
× 100

(3)Drug loading (%) =
The weight of drug in nanoparticles

The total weight of nanoparticles
× 100

definite time intervals and were analyzed for drug concen-
tration by HPLC method. After sample withdrawal, fresh 
media was added to retain constant receptor compartment 
volume. Each experiment was carried out three times.

Apixaban Release Kinetic Studies

The release data of APX from the developed SLnPs was 
analyzed using DDsolver software. The obtained data were 
fitted to several kinetic models which involve zero-order 
model, first-order model, and Higuchi model to explore the 
release mechanism, and the cumulative percentage of drug 
release was charted versus time.

Fourier‑Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of apixaban, glyceryl monostearate, polox-
amer 188, the optimized formula, and the physical mixture 
were collected using an FTIR spectrophotometer (FTIR 
SPECTROMETER 4100 JASCO-JAPAN). The optimized 
formulation was centrifuged using SIGMA 3-30 K (SIGMA 
Laborzentrifugen, Osterode am Harz, Germany) for 2 h at 
a centrifugation speed of 25,000 rpm, and the obtained pre-
cipitate was employed in spectral analysis. Before being 
compressed into flat discs using a hydraulic press, the test 
powders were combined with a spectroscopic grade of KBr. 
The discs were scanned from 4000 to 400  cm−1. JASCO’s 
exclusive Spectra Manager™ II cross-platform software 
was used for data analysis. A DLaTGS detector supports 
the spectrophotometer.

Differential Scanning Calorimetry (DSC)

Thermal analysis was performed for APX powder, GMS, 
Pluronic F68, the physically mixed solid ingredients (at a 
similar ratio as in the formula), and the centrifuged form 
of the optimized SLnPs. The differential scanning calorim-
eter that was employed for thermal analysis was the Dis-
covery DSC 25-TA instrument (Newcastle, DE, USA). The 
accurately weighed amount of each sample was filled into 
a zero alumina pan before being crimped with a pan lid and 
loaded into the equipment. The analysis covered a range of 
25–400°C with a 10°C/min heating rate. The recorded data 
was manipulated using TRIOS software.

Transmission Electron Microscopy (TEM)

Utilizing a transmission electron microscope (JEM-1400 
Plus, Jeol, Tokyo, Japan), the optimized APX-SLnPs’ 
surface morphology and shape were determined. A drop 
of the optimized SLnPs was put on a carbon-coated grid. 
After being adsorbed by the grid, the sample was dyed 
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with uranyl acetate for 5 min. After that, the sample was 
stained with lead citrate for 2 min. The dyed grid was 
observed under TEM, and appropriate magnification was 
selected to take pictures.

High‑Pressure Liquid Chromatography (HPLC)

Using an HPLC system provided by Agilent Technologies 
(1260 Infinity, DE, Germany), apixaban was quantified in 
the experimental samples. This system is equipped with 
a 1260-UV detector and TCC 1260 automatic sampling 
system for sample injection. Drug separation was achieved 
on the C18 column (150 mm × 4.6 mm) with 5 μm par-
ticles being packed in (Inter-sil®, GL Sciences Inc., 
Tokyo, Japan). The mobile phase was a blend of filtered 
distilled water and acetonitrile at a ratio of 60:40 which 
was pumped at a rate of 1 ml/min. Sample with a volume 
of 30 microliter was injected, and the effluent was detected 
at a wavelength of 280 nm. The system was fully com-
puterized and controlled via the software (Agilent Open-
LAB ChemStation). This software was used to modify the 
experimental setup and carry out the data analysis. The 
method of assay was validated with respect to linearity, 
accuracy, precision, and limit of detection and quantifica-
tion (LOD and LOQ).

Investigation of Anticoagulant Effect by Bleeding 
Model

The anticoagulant effect of apixaban formulated in SLnPs 
was studied utilizing bleeding model. This model was pre-
viously employed in several research works [33, 34]. The 
study employed 18 male albino rats with an average weight 
of 200 g. The College of Pharmacy at the University of Tan-
ta’s Ethical Committee approved the methodology which 
involved rats’ manipulation and duration of the study with 
an approval number of PT 00100. Three groups of six rats 
each were created out of the animals. Group I was kept as 
the naïve group (negative control) which did not receive 
pure drug nor drug-loaded SLnPs. Group II was treated 
orally with drug suspension (positive control) with a dose 
of 0.89 mg/kg. Group III was treated orally with apixaban-
loaded SLnPs (test group) with a dose of 0.89 mg/kg.

After 3 h of drug administration, each rat was anesthe-
tized via injection of ketamine (intraperitoneal) with a dose 
of 100 mg/kg. After being anesthetized, the rat was kept in 
a prone position on a platform. The tail of the rat was put 
horizontally on the table, and 5 mm from the tip of the tail 
was cut triggering bleeding. The blood was collected with 
no. 4 filter paper at different time intervals (seconds) till 
ceases to bleed and no blood was detected on the filter paper. 

The time interval passed from the transection of the tail till 
the complete ceasing of bleeding was taken as bleeding time.

Results and Discussion

Particle Size and Zeta Potential

The mean particle size, polydispersity index, and zeta 
potential for APX-SLnPs are presented in Table III. The 
size of APX-SLnPs formulations was found to be ranged 
from 116.7 to 1866 nm. The polydispersity index laid 
in the range from 0.385 to 1 and the zeta potential was 
recorded to be between − 12.6 and − 38.6 mV.

The anticipated regression equation for the size of the 
particles is as follows:

R2 = value was 0.988 and when ANOVA was used, the 
effects of all the investigated factors and interactions were 
significant statistically (p < 0.05) except for factor D (p 
value = 0.561) and interactions AC (p value = 0.134), BC 
(p value = 0.218), and ABD (p value = 0.595).

Conferring to Eq.  (4), the most efficient factor in 
decreasing the particle size of APX- SLnPs formulation 

(4)

size =518.47 + 145.19A + 54.64B − 157.00C

+ 175.53AB + 84.03AD + 133.23BD

− 141.19CD − 41.79ABC − 156.72BCD

− 144.59ACD − 81.17ABCD

Table III  Average Particle Size, Polydispersity Index (PDI), and Zeta 
Potential for the APX-SLnPs formulations

PDI, polydispersity index; APX-SLnPs, solid lipid nanoparticles 
loaded with apixaban

Formula Particle size
(nm)

PDI Zeta potential
(mV)

F1 957 ± 71.79 0.843 ± 0.27  − 24.5 ± 0.38
F2 551.6 ± 79.99 0.98 ± 0.3  − 38.6 ± 0.6
F3 243.8 ± 34.79 0.576 ± 0.17  − 18.5 ± 0.56
F4 365.2 ± 8.25 0.385 ± 0.007  − 18.6 ± 0.46
F5 447.2 ± 46.58 0.518 ± 0.06  − 13.4 ± 0.59
F6 412.9 ± 13.48 0.996 ± 0.006  − 20.5 ± 0.31
F7 161.76 ± 5.4 0.416 ± 0.22  − 14.6 ± .057
F8 969.3 ± 65.04 0.69 ± 0.04  − 19.6 ± 1.25
F9 285.7 ± 17.46 0.686 ± 0.04  − 33.1 ± 0.52
F10 549.9 ± 58.94 1 ± 0  − 23.6 ± 0.37
F11 487.3 ± 19.01 1 ± 0  − 27.3 ± 0.42
F12 1866 ± 144.4 0.925 ± 0.13  − 31.2 ± 0.49
F13 189.2 ± 0.75 0.425 ± 0.01  − 17 ± 1.6
F14 219.5 ± 12.86 0.499 ± 0.05  − 22.5 ± 0.35
F15 116.7 ± 3.05 0.527 ± 0.09  − 12.6 ± 0.79
F16 375.1 ± 46.79 0.8 ± 0.12  − 31.4 ± 3.1
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was − AB (interaction between − A (200 mg GMS) and + B 
(100  mg Tween 80), followed by + C homogenization 
time (6 min) and + BCD (interaction between + B Tween 
80 (100 mg), + C homogenization time (6 min), and + D 
300 mg of poloxamer 188).

The interaction between the lowest amount of lipid 
and the highest amount of Tween 80 was the most effec-
tive factor resulting in nano systems with smaller par-
ticle size.

In general, the high percentage of monoglycerides (the 
primary component of GMS) provides surface tension 
activity, which facilitates emulsification and enhances 
the surfactant film surrounding the nanoparticles, pre-
venting particle aggregation and crystal growth [35]. 
Increasing the quantity of GMS increased the particle 
size. The propensity of lipid to coalesce at elevated lipid 
concentrations can be used to explain why the size of 
the particle increased as the GMS concentration was 
raised. Stake’s law states that the variation in density 
between the interior and external phases can account 
for this behavior. Additionally, according to Schubert et 
al., a rise in the particle size of SLnPs is caused by a 
decrease in the rate of solute molecule diffusion in the 
outer phase because of an increase in the viscosity of the 
lipid-solvent phase [36]. So, decreasing the amount of 
lipids leads to a reduction in particle size. In addition, at 
higher surfactant concentrations, there will be a decrease 
in the interfacial tension and gaps between particles that 
prevent or avoid the aggregation between particles and 
reduces the particle size [37].

The second effective factor is + C (homogenization time 
(6 min)) as the SLnPs particle size decreases with increas-
ing the time of homogenization cycle. This was reported in 
literature [38].

The third effective factor is + BCD which is the inter-
action between higher levels of Tween 80, homogeni-
zation time 6 min, and 300 mg of poloxamer 188. The 
effect of higher levels of Tween 80 and homogenization 
time was discussed previously. The interaction between 
them and the high level of factor D may be explained 
by the higher HLB value for poloxamer 188 (HLB = 29) 
compared with the HLB value of the poloxamer mix-
ture (HLB = 25.5). This significantly affects the sta-
bility of the SN dispersion and consequently the nano 
systems. Many literatures considered the particle size 
as the most critical factor in evaluating the efficacy of 
the developed SLnPs. It was reported that the smaller 
the particle size, the more efficient will be the nano 
system. This can be accredited to its ability to adhere to 
the biological membrane, increasing the residence time 
and hence the oral bioavailability [39]. Accordingly, 
F15 was selected as the optimized formula with respect 
to particle size.

Entrapment Efficiency

The trapping efficiency of APX-SLnPs ranged from 22.8 to 
96.7%. The % apixaban loading was between 0.19 and 0.8%. 
The trapping efficiency and drug loading data are informed 
in Table IV.

The deduced regression equation for entrapping efficiency 
(EE %) is as follows:

R2 value was 0.9936. According to Eq. (5), all the effects 
of factors and the interactions between them were statis-
tically significant (p < 0.05) except interactions ACD (p 
value = 0.407) and ABC (p value = 0.418). The maximum 
coefficient value was for interaction BD with its + sign 
between − B (50 mg Tween 80) and − D (mixture of polox-
amer). The use of − B with − D leads to a significant increase 
in particle size and consequently an increase in the volume 
of entrapped liquid containing the drug. These were dis-
cussed previously for the effect of B and D on increasing 
the size of nano system leading to increasing entrapping 
efficiency.

The second effective factor was − C (homogenization time 
3 min) which leads to an increase in entrapment efficiency 
as the reduction in the homogenization time increases in 
particle size and hence the entrapping efficiency.

(5)

EE =56.862 + 6.834A − 6.257B − 9.742C + 4.246D − 0.769AB

+ 5.663AC + 0.818AD + 2.209BC + 16.104BD

− 5.505CD + 9.178ABD − 1.205BCD + 7.749ABCD

Table IV  The Percentage Entrapment Efficiency (EE) and % Drug 
Loading for All APX-SLnPs Formulations

EE, entrapment efficiency; APX-SLnPs, solid lipid nanoparticles 
loaded with apixaban

Formula EE % Drug loading %

F1 80.1 ± 2.9 0.72 ± 0.03
F2 85.2 ± 1.8 0.7 ± 0.02
F3 32.3 ± 1.8 0.27 ± 0.03
F4 29.8 ± 0.28 0.23 ± 0.002
F5 38 ± 0.9 0.34 ± 0.02
F6 96.7 ± 1.4 0.8 ± 0.01
F7 36.1 ± 0.37 0.3 ± 0.02
F8 22.8 ± 1.4 0.19 ± 0.01
F9 66.8 ± 2 0.6 ± 0.02
F10 68.2 ± 1.4 0.56 ± 0.01
F11 82.5 ± 1.3 0.68 ± 0.01
F12 87.8 ± 2.9 0.67 ± 0.03
F13 37.2 ± 0.29 0.34 ± 0.002
F14 32.8 ± 1.09 0.27 ± 0.009
F15 27.2 ± 0.84 0.23 ± 0.006
F16 86.2 ± 8.1 0.66 ± 0.06
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The third effective factor was + ABD as its ingredients 
were + A (GMS 250 mg), − B Tween 80 (50 mg), and − D 
(mixture of poloxamer). Because of the higher level of 
mono-, di-, and triglycerides, which operate as solubiliz-
ers for highly lipophilic medications, it was declared that 
with increasing the amount of GMS the % EE increases 
[36, 40]. As a result, the use of a high level of GMS and 

a low level of Tween 80 with a poloxamer mixture leads 
to a significant increase in particle size and consequently 
increases entrapment efficacy. As a conclusion, the 
increase in particle size resulted in an increase in entrap-
ment efficiency. Based on these data, the optimum for-
mula with respect to the recorded entrapment efficiency 
values is F6.

Fig. 1  The release profiles of 
apixaban from aqueous drug 
suspension and different solid 
lipid nanoparticle formulations
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Table V  Drug Release Kinetic 
Parameters of APX-SLnPs 
Formulations

APX-SLnPs, solid lipid nanoparticles loaded with apixaban

Formula Kinetic order R2 K T50 (hrs) %Drug 
released after 
4 h

F1 Higuchi 0.98 14 ± 0.65 12.78 ± 1.2 29.96 ± 2.2
F2 Higuchi 0.96 15 ± 0.9 11.13 ± 1.07 32.07 ± 2
F3 Higuchi 0.993 11.4 ± 0.41 19.18 ± 1.4 24.74 ± 0.6
F4 Higuchi 0.9995 10.8 ± 0.55 21.7 ± 2.3 24.26 ± 0.9
F5 Zero 0.998 5.9 ± 0.13 8.49 ± 0.19 22.8 ± 0.5
F6 Zero 1 4.4 ± 0.13 12.2 ± 1.75 17.8 ± 1.3
F7 Zero 0.9994 6.8 ± 0.22 7.36 ± 0.2 25.8 ± 0.88
F8 Zero 0.999 6.7 ± 0.53 7.5 ± 0.61 25.59 ± 2
F9 Zero 1 4.6 ± 0.1 10.9 ± 0.17 18.99 ± 0.68
F10 Higuchi 0.999 15.2 ± 0.68 10.9 ± 0.96 32.97 ± 1.5
F11 Zero 0.9999 5.5 ± 0.34 9.14 ± 0.49 21.85 ± 1.6
F12 Higuchi 0.992 13.4 ± 0.62 14.1 ± 1.3 28.45 ± 0.93
F13 Higuchi 0.99 9.7 ± 0.43 26.7 ± 2 21.4 ± 0.96
F14 Zero 0.998 5.3 ± 0.32 9.5 ± 0.56 20.2 ± 1.3
F15 Higuchi 0.9985 11 ± 0.22 20.4 ± 0.8 24.05 ± 0.5
F16 Zero 1 4.4 ± 3.9 11.4 ± 0.88 17.8 ± 0.87
Drug suspension Zero 0.9978 1.7 ± 0.19 29.4 ± 3.5 6.9 ± 1.1
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In Vitro Apixaban Release

The in vitro apixaban release profiles from drug suspension 
and the developed preparations are shown in Fig. 1. Table V 
lists the correlation coefficient values (R2), 50% release time 
(T50), release rate constants (K) for the release models, and 
% drug released after 4 h.

R2 value was 0.9496. According to Eq.  (6), all the 
effects of factors and the interactions among them were 
statistically significant (p < 0.05) except interactions BD 
(p value = 0.818), ABCD (p value = 0.106), and CD (p 
value = 0.918) and factors B (p value = 0.242).

The maximum coefficient value was for factor C with 
its + sign which is homogenization time of 6  min that 
decreases the % drug released. The high homogeniza-
tion time gives a higher chance for the solid nano system 
to be completely formed and stabilized and consequently 
decreases drug release.

The second effective coefficient value was for interac-
tion + AC which expresses the interaction between + A 
(GMS 250 mg) and + C (homogenization time (6 min)). 
Increasing the concentration of the lipid was accompanied 
by a decrease in the drug release from the SLnPs.

The third effective interaction was − BC which expresses 
the interaction between + C (homogenization time (6 min)), 
and − B (Tween 80 (50 mg)). Increasing the amount of sur-
factant was associated with an increase in the drug release 
from the SLnPs [41]. So, decreasing surfactant concentration 
with the increase of homogenization time gives a significant 
interaction that led to the decreased release. Accordingly, 
the optimized formula corresponding to decreased drug 
release is F6. This selection was based on the calculated % 
drug release after 4 h and 6 h (Table V). After 4 h, F6 and 
F16 showed similar results. However, F6 showed a smaller 
% drug release after 6 h (25.8 ± 1.2) compared with F16 
(26.28 ± 2.44).

The decreased release rate was preferred with SLnPs as 
the mechanism of the action of these systems based on their 
ability to penetrate the biological membrane in intact form 
and being taken with the lymphatic system. Accordingly, 
a lower release rate guarantees a higher level of the drug 
within the vesicles and higher bioavailability.

Fitting the release data to different release kinetic mod-
els revealed that the zero-order kinetic model and Higuchi 
models showed a strong correlation concerning drug release 
from APX-SLnPs. The formulations F5, F6, F7, F8, F9, 

(6)

%Drug released after4h =24.285 + 0.607A − 2.375C

− 1.077D − 0.650AB − 2.171AC

+ 1.035AD + 1.615BC + 0.597ABC

− 0.909ABD − 1.377BCD − 1.334ACD

F11, F14, and F16 showed a zero-order release profile in 
which the release of apixaban is concentration-independ-
ent providing a constant release rate. This was reported in 
research work as the ideal behavior for drug delivery sys-
tems to guarantee a constant level of the drug at its release 
site during the delivery time [42]. The regression analysis 
of the collected data for the other formulations showed the 
greatest fit to the Higuchi diffusion model. This behavior 
indicates that a matrix structure may exist which resulted in 
diffusion-controlled release kinetics. The variability in the 
release pattern from different SLnPs suggests that the under-
researched nano formulation can offer a highly modified 
release profile. The in vitro release of apixaban from drug 
suspension revealed a limited release rate. This was expected 
based on the reported lipophilic nature of the drug which 
made the release process dissolution rate limited. Compar-
ing the release rate from drug suspension with the prepared 
formulations, the results showed a slower release rate from 
an aqueous drug suspension. This can be explained based 
on the ability of SLnPs formulations to improve the release 
of free apixaban compared to aqueous drug suspensions. 
Similar release pattern was reported in literatures [43, 44].

Determination of the Optimized Formula

After the application of the response optimizer and accord-
ing to the previous results, F9 was the optimized formula 
due to its small particle size (285.7 nm), high entrapment 
effectiveness (66.8%), and low % release after 4 h (27.5%). 
This formulation (F9) achieved the preferred size for this 
nano system keeping an acceptable entrapment efficiency 
(to be maximized) and drug release rate (to be minimized). 
The small particle size of F9 was crucial in its selection as 
the optimized formulation as it was reported that the smaller 
the particle size, the more efficient will be the nano system 
[39]. Upon the application of the response optimizer and 
set entrapment efficiency (to be maximized) and size (to 
be minimized), the statistical value for desirability achieved 
for the size and entrapment efficiency was 1. This indicates 
that the variables in F9 achieved favorable particle size and 
% entrapment efficiency compared with other formulations. 
So F9 was chosen as the optimum formula and was subjected 
to subsequent tests for FTIR, DSC, morphology, and in vivo 
evaluation.

Characterizations of the Optimized APX‑SLnPs

Fourier‑Transform Infrared Spectroscopy (FTIR)

The spectral pattern of the prepared APX-SLnPs can be 
confirmed by FT-IR analysis. In Fig. 2, the recorded FTIR 
spectra are displayed. The spectrum of GMS reveals several 
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absorption peaks caused by the existence of its main func-
tional groups. The peaks of C–H stretch in the –CH2 groups 
were observed at 2965 and 2849  cm−1 confirming the pres-
ence of fatty acid acyl chain. The characteristic absorp-
tion peak observed at 1732  cm−1 can be accredited to the 
stretching vibration of C═O group. The stretching vibration 
of C–O–C in the polar head group was noticed at 1179  cm−1. 
The broad absorption band which is seen at 3310  cm−1 can 
be attributed to the presence of O–H, the glycerol moiety. 
Similar spectrum was reported previously for GMS [45]. 
The FTIR spectrum of pure APX revealed absorption bands 
at 3482 and 3310  cm−1 which are assigned for NH asymmet-
ric and primary NH symmetric vibration. The C–H stretch-
ing asymmetric and symmetric of CH3 were noticed at 2974 
and 2832  cm−1. The Bands recorded at 1516–1397  cm−1, 

1255, and 1681  cm−1 were assigned for C = C stretching 
of a benzene ring, N–C and C = O stretching of the amide 
group respectively. This spectrum was reported previously 
for apixaban [46]. According to data in the literature, the 
FTIR spectrum of poloxamer 188 is characterized by main 
absorption peaks at 3437, 2883, 1344, and 1111  cm−1 which 
can be attributed to OH stretching, aliphatic C–H stretch, 
in-plane O–H bend, and C–O stretch, respectively. This 
spectral pattern was reported for poloxamer 188 in several 
research works [47]. The FTIR spectrum of the optimized 
formulation showed the main absorption bands of the lipid 
dominating the spectrum. This was accompanied by the 
disappearance of the characteristic absorption peaks of 
apixaban. In contrast, the FTIR spectrum of the prepared 
physical mixture indicates the presence of the characteristic 

Fig. 2  FTIR spectrum of GMS, 
poloxamer 188, apixaban, the 
optimized APX-SLnPs, and its 
physical mixture
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Fig. 3  DSC thermograms of 
apixaban, GMS, poloxamer 188, 
physical mixture of all solid 
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absorption peaks of apixaban. These include that assigned 
for NH asymmetric and primary NH symmetric vibration in 
addition to C = O stretching of the amide group. This indi-
cated the possibility of drug encapsulation within the core 
of the lipid matrix in the optimized formulation. Similar data 
were reported previously in the literature and were similarly 
explained [48, 49].

Differential Scanning Calorimetry (DSC)

DSC was utilized to monitor the melting behavior of differ-
ent crystalline materials in addition to different nano sys-
tems. The recorded thermal pattern of pure APX, glycerol 
mono stearate, poloxamer 188, physical mixtures, and the 
optimized APX-SLnPs formula (F9) are depicted in Fig. 3. 
The thermogram of apixaban showed a definite endotherm at 
Tm 240.16°C. This melting endotherm confirmed the crys-
talline nature of apixaban and matches with that reported in 
the literature [50]. The thermogram of GMS revealed the 
existence of a distinct melting endotherm at 62.59°C which 
correlates with that stated in different research work [51]. 
Regarding poloxamer 188, the thermogram showed a sharp 
endothermic peak at Tm value of 54.89°C [52–54]. The 
physical mixtures containing these ingredients showed the 
same endothermic peak indicating no interaction and prov-
ing the existence of the drug in its crystalline form. By con-
trast, the thermogram of the prepared formulations revealed 
the absence of the main endothermic peak of apixaban. This 
indicated the solubilization of the drug in the lipids or exist-
ence in an amorphous form. This explanation was informed 
previously by other investigators [55].

Transmission Electron Microscopy

The TEM was employed to assess the morphology and par-
ticle size of the optimized nano system. The captured micro-
graph is presented in Fig. 4. The micrograph revealed the 
spherical nature of the prepared solid lipid nanoparticles. 
These particles are in the nanosized range as revealed by 
the measured particle size values. These values ranged from 
64.13 to 70.91 nm. Similar morphological features were 
reported previously for solid lipid nanoparticles [56]. The 
difference in nominal values of particle size between TEM 
and zetasizer can be due to the principles used in particle 
size determination in both cases. The particle size in TEM 
depends on the size of particles in the selected field while 
in zetasizer, it depends on the mobility of the particles in 
the dispersion. Similar discrepancy between both techniques 
was stated and explained in previous research works [57, 
58].

Evaluation of the Bleeding Effect of Apixaban SLnPs

Bleeding model was employed to probe the in vivo efficacy 
of apixaban-loaded SLnPs. The results of bleeding time 
measurements are shown in Table VI with the data being 
presented in the form of a histogram in Fig. 5. The average 
bleeding time for the naïve (negative control group) was 

Fig. 4  Transmission electron micrograph of the optimum APX-SLnPs

Table VI  The Recorded Bleeding Time Values for Each Experimental 
Group

The values represent the mean ± SEM, n = 6

Formulations Negative 
control

Positive control Solid lipid 
nanoparticles

Bleeding time 
(minutes)

6.67 ± 0.36 10.33 ± 2.86 28.17 ± 2.37

0

5

10

15

20

25

30

35

Negative control Positive control Solid lipid
nanoparticles

)ni
m(

e
mit

gnideelb
egarev

A

Fig. 5  The recorded bleeding time for each group presented as mean 
(mg/dl) ± standard error



AAPS PharmSciTech          (2023) 24:167  

1 3

Page 11 of 13   167 

recorded to be 6.67 ± 0.36 min. These data correlated with 
that reported in the literature [33]. Oral administration of 
apixaban in the form of aqueous drug suspension (posi-
tive control) marginally increased the bleeding time values. 
Comparing the recorded data collected from negative and 
positive control groups using Kruskal–Wallis test multi-
ple comparisons employed post-hoc Tukey’s test revealed 
no significant differences between both groups (p = 0.47). 
These results were expected based on the reported poor 
oral bioavailability of apixaban [23]. Oral administration of 
apixaban-loaded SLnPs resulted in statistically significant 
prolongation in bleeding time (28.17 ± 2.37 min) compared 
with both positive and negative control (p < 0.001). This 
enhancement can be considered as a reflection on the abil-
ity of SLnPs to augment the therapeutic effect of drug. The 
mechanism of this enhancement can be due to the ability 
of SLnPs to encapsulate high concentration of apixaban; 
moreover, their small size can facilitate their entrance to the 
lymphatic system escaping the first-pass metabolism [11]. 
The efficacy of SLnPs in enhancing the efficacy of drugs 
with poor bioavailability was reported in the literature [39].

Conclusion

Apixaban-loaded solid lipid nanoparticles were successfully 
fabricated using homogenization followed by ultrasonication 
technology. The formulations were optimized utilizing the 
full factorial design and the optimum APX-SLnPs regarding 
entrapment efficiency, and controlled particle size was fully 
characterized and evaluated for its in vivo performance. The 
in vivo study using the bleeding time model reflected signifi-
cant prolongation in bleeding time after oral administration 
of the optimum APX-SLnPs compared with both negative 
and positive control. Thus, solid lipid nanoparticles can be 
employed as an efficient delivery system for enhancing the 
therapeutic effect of BCS class IV drugs like apixaban.
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