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Abstract. Felodipine (FLD), a dihydropyridine calcium channel blocker with excellent
antihypertensive effect, is poorly soluble and undergoes extensive hepatic metabolism, which
lead to poor oral bioavailability (about 15%) and limit its clinic application. The goal of this
study was to develop solid lipid nanoparticles (SLNs) loading FLD to improve the oral
bioavailability. The FLD loaded solid lipid nanoparticles (FLD-SLNs) were prepared by the
effervescent dispersion technique developed by our laboratory, which might have some
advantages over traditional methods. The FLD-SLNs showed desired particle characteristics
with particle size (198.15 ± 1.82 nm), poly dispersity index (0.26 ± 0.02), zeta-potential (−
25.53 ± 0.60 mV), entrapment efficiency (95.65 ± 0.70%), drug loading (2.33 ± 0.10%), and a
spherical appearance. Pharmacokinetic results showed that the FLD-SLNs presented 3.17-
fold increase in area under the curve (AUC(0-t)) compared with free FLD after oral
administration in beagle dogs, which indicated that SLNs prepared using the effervescent
dispersion technique can improve the bioavailability of lipophilic drugs like felodipine by
enhancement of absorption and reduction first-pass metabolism.

KEY WORDS: effervescent dispersion technique; felodipine; oral bioavailability; solid lipid
nanoparticles.

INTRODUCTION

Oral delivery is the most common administration route
for medications but faces with challenges from the poor
aqueous solubility of drug candidates (1). Improving the oral
bioavailability of poorly water-soluble drugs is one of the
main goals of drug development in recent decades (2).
Therefore, particle size reduction, solubilization, salt forma-

tion, and preparation of solid dispersion have been developed
to enhance the oral bioavailability by increasing the dissolu-
tion (3–6). Albeit achieving a big progress, these techniques
are still facing several disadvantages and limitations. The
solubilization techniques are mainly applied to liquid prepa-
ration, which suffers from poor patient’s compliance and
stability (6), precipitation in gastrointestinal tract due to pH
variation seriously impedes the development of salt formation
(6,7), while the size reduction and solid dispersion techniques
are limited to BCS II drugs that are poorly soluble with high
permeability. It is more challenging for drugs that are poorly
soluble with low permeability or with extensive first-pass
metabolism.

Inspired by the enhanced oral absorption from high-fat
diet, lipid-based nanocarriers (LBN) have gained wide
attention and great success in oral drug delivery (8–10). The
underlying mechanisms concern the lipid digestion and
absorption (11). The secondary nanostructures produced
during lipolysis may solubilize the poorly soluble drugs,
transport them across the unstirred water layer, and facilitate
transepithelial permeation of the drug molecules (12–14). In
addition, the lipids may enhance the lymphatic transport,
being advantageous to bypass the hepatic metabolism and
improve oral bioavailability (15). Solid lipid nanoparticles
(SLNs) are colloidal dispersions composed of a solid lipid
phase stabilized by surfactants. Being as one typical LBN,
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SLNs have been successfully applied to enhance the oral
bioavailability of poorly water soluble drugs, such as
nitrendipine (16), nimodipine (17), and ramipril (18). Besides,
SLNs exhibit great potentiality to bypass first-pass metabo-
lism by enhancing lymphatic transportation (19). Although
being invented in 1990s, the industrialization of SLNs is
severely hindered by the preparation technique, i.e., the high-
pressure homogenization (HPH) and solvent emulsification
evaporation technique (20). HPH is the most popular
technique but suffers from energy consuming, heat-induced
drug degradation, super-cooled melt, and a broad size
distribution (21,22). The latter is environmentally unfriendly
due to the evaporation of organic solvents.

We once developed an effervescent dispersion technique
to prepare liposomes (23–25), which combined the solid
dispersion and effervescent. The mechanism of this method
is shown in Fig. 1. In the process, citric acid is dispersed in a
solid lipid film of phospholipids and drugs. Following addition
of NaHCO3 aqueous solution, the lipid films are quickly
dispersed by the effervescent effects and spontaneously form
drug loaded liposomes (23–25). The violent effervescence
throughout the whole film provides powerful forces for its
dispersion, leading to small and uniform liposomes. There-
fore, there is no requirement for the external energy input.
Similarly, the effervescent dispersion technique may be
applied to the preparation of SLNs. Compared with the
current techniques, this technique is rather simple, superior in
size control, energy efficient, and absence of thermal
stressless.

Felodipine (FLD) is a dihydropyridine calcium channel
blocker widely used in the treatment of hypertension with the
advantages of selective dilation of small arteries, no obvious
inhibition of myocardium, no influence on glomerular filtra-
tion rate, and reduction of organ damage (26–28). However,
due to its poor solubility (solubility < 0.5 mg/L) and extensive
hepatic first-pass metabolism, the oral bioavailability of FLD
is very poor of only 15%, and the clinic application is greatly
limited (29–32). Therefore, FLD-loaded SLNs (FLD-SLNs)
were developed by a modified effervescent dispersion tech-
nique in this study to improve the oral bioavailability of FLD.
The applicability of the effervescent dispersion technique to
the preparation of SLNs was also validated.

MATERIALS AND METHODS

Materials

FLD was purchased from Changzhou Ruiming Pharma-
ceutical Co., Ltd. (Jiangsu, China). Glyceryl behenate,
mannitol, citric acid, and Tween-80 were obtained from
Chengdu Jinshan Chemical Reagent Co., Ltd. (Sichuan,
China). Poloxamer 188, Hexadecyltrimethylammonium bro-
mide (HTAB) was obtained from Chengdu Best Reagent Co.,
Ltd. (Sichuan, China). Methanol and acetonitrile (HPLC
grade) and other agents were purchased by Chengdu Kelong
Chemical Reagent Factory (Sichuan, China).

Animals

Beagle dogs were obtained from Chengdu Dashuo
Experimental Animal Co., Ltd. (Sichuan, China, permit

number scxk (chuan) 2013–24). The animals were fed at a
temperature of 20 ± 2°C, with relative humidity of 50–60%
and 12 h light-dark cycles. All the animals were fasted
overnight with free access to water before the experiment.
Animal studies were approved by the Committee on the
Ethics of Animal Experiments of the Southwest Medical
University (No 2015DW040).

METHODS

Preparation of FLD-SLNs

FLD-SLNs were produced by the modified effervescent
dispersion technique as our previous research described
(24,25). In brief, the FLD was mixed with lipid (glyceryl
behenate), surfactant (Tween-80, poloxamer 188), and citric
acid and dissolved in 2 mL of ethanol. The lyophilized
protective agent (mannitol) was added into 10 mL of sodium
bicarbonate aqueous solution (0.75% NaHCO3, w/v) and
stirred for 5 min at 60°C. The main purpose of adding citric
acid and sodium bicarbonate was to produce an effervescent
effect. Then, the ethanol solution was introduced into the
0.75% NaHCO3 solution under stirring. Following removal of
ethanol by evaporation, the temperature of the mixture was
quickly decreased to about 4°C and stirred for further 2 h.
The resulted suspensions was lyophilized by a freeze dry
system (LGJ-18C; Fourth-Ring Science Instrument plant
Beijing Co., Ltd., Beijing, China) to obtain a solid freeze-
dried product.

Optimization of Formulation with Orthogonal Experimental
Design

The effects of the amount of FLD, glyceryl behenate,
Tween-80, and mannitol on particle size (PS), polydispersity
index (PDI), zeta potential (ZP) and entrapment efficiency
(EE) of FLD-SLNs were investigated by single-factor
method. The specific prescription composition was shown in
Table I.

On the basis of single-factor experiment, an orthogonal
experimental design was introduced to optimize the formula-
tion of FLD-SLNs. Four factors of FLD-SLNs formulation,
including the amount of glyceryl behenate (A), mannitol (B),
FLD (C), and Tween-80 (D), and three levels for each factor
were arranged according to a L9 (34) orthogonal experiment
table. The EE was selected as the evaluation index, which was
as high as possible. The result was analyzed by intuitive
analysis and variance analysis methods. SPSS17 software was
used for generation and evaluation of the orthogonal
experiment design.

Confirmatory Test

In order to verify the reproducibility of the preparation
process of FLD-SLNs, three batches of FLD-SLNs samples
(N0.1, NO.2, and NO.3) were prepared by the optimized
prescription. The PS, PDI, ZP, EE, and DL of the three
batches samples were observed.
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CHARACTERIZATION OF FLD-SLNS

Determination of Particle Size (PS), PDI and Zeta-Potential
(ZP)

The PS, PDI, and ZP of FLD-SLNs were determined
using NanoBrook 90Plus Zeta (Brookhaven Instruments,
USA) after the solid freeze-dried nanoparticles were
suspended in ultrapure water (33).

Entrapment Efficiency (EE) and Drug Loading (DL)

The quantification of FLD was carried out by UV-
visible spectrophotometer (UV1700-PC; Shanghai Phenix

Optical Scientific Instrument Co., Ltd., China) at 361 nm.
Good linearity was obtained between 1.000 and 100.000 μg/
mL for methanol samples (A 0 0.0164C-0.0032, R 0 0.9999).
The EE and DL were calculated by subtracting the amount
of free drug from initial amount of drug taken. To separate
the free drug, the prepared SLN was centrifuged at
8000 rpm for 10 min at 4°C temperature using cool
ultracentrifuge (TGL-20 M super centrifuge; Xiangyi Cen-
trifuge Instrument Co., Ltd., Hunan, China). The 2 mL of
supernatant was vortex-mixed with 2 mL of methanol for
10 min, and then the mixture liquid was filtrated through a
0.22 μm hydrophobic millipore membrane to measure the
amount of free drug in SLN. The total drug included in SLN
was also determined by UV-visible spectrophotometer as

Fig. 1. The mechanism of effervescent dispersion technology

Table I. Prescriptions and results of single-factor test (n 0 3)

No Tempera tu re
(°C)

Glyceryl behenate
(g)

Tween -80
(g)

F L D
(g)

M a n n i t o l
(g/100 mL)

PS (nm) PDI ZP (-mV) EE (%)

Optimization of glyceryl behenate
F1 60 0.10 0.60 0.02 5 185.31 ± 3.28 0.27 ± 0.01 26.24 ± 1.87 80.29 ± 0.54
F2 60 0.02 0.60 0.02 5 198.32 ± 0.27 0.32 ± 0.04 24.17 ± 0.31 94.33 ± 0.27
F3 60 0.05 0.60 0.02 5 197.11 ± 2.06 0.28 ± 0.05 25.21 ± 0.26 96.42 ± 0.18
F4 60 0.08 0.60 0.02 5 189.89 ± 0.89 0.27 ± 0.14 25.32 ± 0.23 92.74 ± 0.65
Optimization of FLD
F5 60 0.05 0.60 0.01 5 196.93 ± 1.24 0.21 ± 0.09 25.67 ± 0.39 94.40 ± 0.34
F6 60 0.05 0.60 0.02 5 197.11 ± 2.06 0.28 ± 0.05 25.21 ± 0.26 96.42 ± 0.18
F7 60 0.05 0.60 0.05 5 201.46 ± 1.45 0.31 ± 0.18 24.98 ± 0.65 88.21 ± 0.29
Optimization of Tween-80
F8 60 0.05 0.15 0.02 5 204.13 ± 1.17 0.35 ± 0.01 23.25 ± 0.26 70.05 ± 2.08
F9 60 0.05 0.40 0.02 5 199.24 ± 1.01 0.28 ± 0.05 24.56 ± 0.37 97.01 ± 0.18
F10 60 0.05 0.60 0.02 5 197.11 ± 2.06 0.28 ± 0.05 25.21 ± 0.26 96.42 ± 0.18
Optimization of mannitol
F11 60 0.05 0.40 0.02 0 210.76 ± 2.12 0.31 ± 0.09 25.67 ± 0.39 91.32 ± 1.03
F12 60 0.05 0.40 0.02 5 199.24 ± 1.01 0.28 ± 0.05 24.56 ± 0.37 97.01 ± 0.18
F13 60 0.05 0.40 0.02 10 199.01 ± 2.57 0.29 ± 0.13 25.80 ± 0.12 94.40 ± 0.34

PS, particle size; PDI, poly disperse index; ZP, zeta potential; EE, entrapment efficiency; FLD, felodipine
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described above after dissolved in methanol. The EE and
DL could be calculated by the following equations:

EE %ð Þ0 Wt−Wfð Þ=Wt � 100% ð1Þ

DL %ð Þ0 Wt−Wfð Þ=W0 � 100% ð2Þ

Where Wt is the amount of total drug in SLNs, Wf is the
amount of free drug in SLNs, and W0 is the amount of total
SLNs.

Differential Scanning Calorimetry (DSC)

DSC studies were carried out to study the physical
integrity of the drug in the SLN. The DSC thermograms of
pure drug (FLD), pure lipid (glyceryl behenate), their
physical mixtures, and optimized FLD-SLNs formulation
were obtained by microcalorimeter (NETZSCH TG-DSC
STA-449 F3, Germany). Samples were heated under nitrogen
atmosphere on an aluminum pan at a rate of 10°C/min, with
the temperature ranging from 30 to 400°C (34,35).

X-Ray Diffraction (XRD)

The XRD was done to monitor the changes in crystal-
linity characteristics of the drug loaded into SLN. The XRD
patterns of pure FLD, glyceryl behenate, physical mixtures of
FLD with glyceryl behenate, and optimized FLD-SLNs
formulation were measured using X’ D/MAX-2500/PC dif-
fract meter (Rigaku Corporation, Tokyo, Japan) using a
copper anode (Cu Ka radiation, k 0 0.15405 nm, 40 KV,
40 mA) (35,36).

Transmission Electron Microscopy (TEM)

The morphology of FLD-SLNs was observed by trans-
mission electron microscopy (H-7500; Hitachi Ltd., Tokyo,
Japan). Apply a proper amount of water-diluted solid freeze-
dried nanoparticles suspension on the copper mesh to allow
the liquid to cover the entire copper mesh as much as possible
and stay on the copper network for a few minutes. Then
stained with saturated solution of uranyl acetate, and
observed the morphology of FLD-SLNs under transmission
electron microscopy after dried (37).

IN VITRO DRUG RELEASE

The dialysis membrane diffusion technique was used to
study behavior of in vitro drug release (6,38). Two milliliters
of freshly prepared FLD-SLNs (2.5 mg/mL) and free FLD
suspension dispersed in 0.5% w/v CMC-Na solution as
control were placed into the dialysis bags (molecular weight
cut-off (MWCO) 8000–14,000) and tightly sealed, respec-
tively. The release medium was composed of phosphate
buffer with 0.4% w/v HTAB (pH 6.5) and 1% ethanol. The
test bags were soaked in release medium, and the entire
system was kept at 37°C and continuous magnetic stirring at
the rate of 100 rpm. Samples (5 mL) were withdrawn from

the release medium at predetermined time intervals and
replaced by the same volume of fresh medium with the same
temperature. The concentration of FLD was analyzed by UV-
visible spectrophotometer at 361 nm and calculated with the
standard curve (A 0 0.0164C + 0.016, R 0 0.9997). The follow-
ing equation was used to determine similarity factor (f2) of
FLD-SLNs by the in vitro accumulative release (39).

f 2050� log 1þ 1=nð Þ2
h i

− 0:5� 100
n o

ð3Þ

PHARMACOKINETICS EVALUATIONS

Animal Experiment

Six male beagle dogs weighing 9–10 kg were randomly
divided into two groups, each comprising three beagle dogs.
Food was withdrawn 12 h prior to the in vivo study but
allowed water ad libitum. Group 1 and group 2 were treated
with FLD-SLNs capsules and the raw FLD capsules at a dose
of 30 mg/kg equivalent to FLD, respectively. Blood samples
(2 mL) were collected at the following intervals: 5, 10, 15, 30,
45, 60, 120, 240, 480, 720, and 1440 min after dosing. A
randomized two-stage cross-over trial was adopted in the
experiment with a two-week washout period. The plasma
samples were separated immediately by centrifuging the
blood at 5000 rpm for 3 min and stored at − 20°C for further
analysis.

Sample Extraction

FLD was extracted from the plasma samples by a liquid-
liquid extraction method (24). Briefly, 200 μL of saturated
sodium carbonate (Na2CO3) solution and 2 mL of ethyl
acetate were added to 1 mL of beagle dog plasma samples
successively, which was vortexed for 30 s and 3 min,
respectively. After centrifugation at 10000 rpm for 5 min,
the supernatant was collected. The process was repeated for
twice, while all of the supernatants were mixed together and
evaporated to dryness at 40°C under nitrogen. The residual
was reconstituted with 200 μL of acetonitrile and centrifuged
at 10000 rpm for 10 min, after which 20 μL of the clear
supernatant was injected into the HPLC system for analysis.

Chromatographic Condition

HPLC was used to measure the plasma FLD concentra-
tion. Separation was achieved on a reverse phase C18 column
(Phenomenex C18, 4.6 × 150 mm, 5 μm particle size, USA)
with protect column (Phenomenex C18, 4.0 × 3.0 mm, 5 μm
particle size, USA) at 30°C using a mobile phase of
acetonitrile-deionized water (65:35 v/v) at the flow rate of
1.0 mL/min. The sample was analyzed at the wavelength of
254 nm.

STATISTICAL ANALYSIS

All pharmacokinetic parameters, including the area
under the plasma drug concentration-time curve (AUC0-∞),
the time to reach the maximum plasma drug concentration
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(Tmax), the maximum plasma drug concentration (Cmax), the
elimination half-life (t1/2), and the mean residence time
(MRT) were calculated using DAS 2.0 software.

Student’s t test was used to evaluate the differences
between the pharmacokinetic data of FLD-SLNs and free
FLD suspension. All data was represented as mean ±
standard error of the mean and the level of significance was
at P < 0.05.

RESULTS AND DISCUSSION

Preparation and Optimization

Various factors that may affect the quality of FLD-SLNs
were investigated (Table I), which consisted of the amount of
lipid, surfactants, cryoprotectant, and drug. The ZP of all
formulations was almost unaffected (maintained at 24.17–
26.24 mV). This probably due to composition of the
formulations was not changed. The encapsulation of a
hydrophobic drug is significantly affected by the lipid which
is an important component of SLNs (40). Different amounts
of lipid (glyceryl behenate) were used to prepare the FLD-
SLNs. EE was increased first and then decreased with
increments in the glyceryl behenate concentration (ranged
from 80.29 ± 0.54 to 96.42 ± 0.18). SLNs formulation prepared
with 0.05 g glyceryl behenate resulted in a higher drug
entrapment. Surfactants play a crucial role in stabilization of
SLNs. The formulation F8–F10 showed the particle size was
decreased and the EE was increased from 70.05 ± 2.08 to
97.01 ± 0.18 with the increase of Tween-80. When the dosage
of Tween-80 was 0.4 g, the EE was the largest. This may be
due to the solubilizing capability of Tween-80 (25,41,42). In
addition, the nanoparticles system is instability and the
particle size would increase, when the SLNs are stored in a
water-dispersed system. The freeze-dry method can improve
the stability of SLNs and the cryoprotectant can maintain the
stability of the lipid membrane structure (43). The mannitol
was selected as the cryoprotectant and its proper dosage for
FLD-SLNs was also investigated. The particle size and PDI of
the formulation without mannitol (F11) were 210.76 ± 2.12
and 0.31 ± 0.09, respectively, which were larger than that of
the formulations with mannitol (F12, F13). The 5% (m/v) of
mannitol was found to be optimum for entrapment efficiency,
reached to 97.01 ± 0.18%. Finally, in order to obtain higher
drug loading, while ensuring optimal encapsulation efficiency,
0.02 g of FLD was chosen for the further study.

Based on the results of single factor experiment, it was
found that the EE of FLD-SLNs was a parameter greatly
affected by excipients. And since the oral bioavailability of
insoluble drug was closely related to the encapsulated amount
(44), EE was selected as the evaluation index of orthogonal
experiment. The result of orthogonal design experiments was
shown in Table II. The values of ranged analysis represented
the influence order of the factors. Therefore, the influence
order of the four was D (Tween-80) >A (glyceryl behenate) >
B (mannitol) > C (FLD). K1, K2, and K3 represented the
sum value of each level. Analytical results of three factors
were A: 1 > 2 > 3; B:1 > 2 > 3; C:3 > 2 > 1; D:3 > 2 > 1, so the
best prescription was A1B1C3D3. The analysis of variance
showed that factor A, B, and D had a significant effect on the
EE (the values of p were 0.021, 0.036 and 0.003, respectively),

while C had no significant effect on the result (p 0 0.465),
which was consistent with the results of intuitive analysis.
Therefore, the optimal formulation was composed of FLD
(0.04 g), mannitol 5% (m/v), glyceryl behenate (0.03 g),
Tween-80 (0.4 g), citric acid (0.05 g), poloxamer 188 2%
(m/v), and 10 mL of 0.75% (w/v) sodium bicarbonate. Three
batches of samples were prepared using the optimal formu-
lation for the following characteristic assessment.

Confirmatory Test

The DL, EE, PS, ZP, and PDI of three batches of FLD-
SLNs samples prepared by the optimized formulation were
measured and the results were shown in Table III. The results
showed that the PS of the three batches were 198.30 ±
2.82 nm, 198.06 ± 0.50 nm, and 198.10 ± 1.01 nm, respectively.
The PDIs of the three batches were 0.28 ± 0.01, 0.25 ± 0.01,
and 0.25 ± 0.05, respectively, indicating a homogeneous size
distribution. The ZPs were − 25.90 ± 0.39 mV, − 24.9 ±
0.06 mV, and − 25.8 ± 0.13 mV, respectively. And a higher
ZP (> 15 mV) means a greater electrostatic repulsion
between the particles of FLD-SLNs, which helps to prevent
aggregation and keep stable (23,35,45). The average of the
EE and DL of the three batches samples were 95.65 ± 0.70%
and 2.33 ± 0.10%, respectively. Characteristics of the three
batches were not significantly different (p > 0.05), suggesting
the excellent reproducibility of the optimized formulation.

Characterization of FLD-SLNs

Differential Scanning Calorimetry (DSC)

DSC was used to determine the compatibility status of
the drug and lipid used in the FLD-SLNs formulation. DSC
thermograms of pure FLD, glyceryl behenate, physical
mixture of FLD with glyceryl behenate, and lyophilized
FLD-SLNs formulation were presented in Fig. 2. The pure
FLD displayed a sharp endothermic peak at 148.77°C,
representing the melting point of the crystalline form. The
result is in agreement with a previous report (15). The
thermal curves of glyceryl behenate showed endothermic

Table II. The design and results of orthogonal table (n 0 3)

NO. A (g) B (g/100 mL) C (g) D (g) EE (%)

1 0.03 5 0.02 0.2 69.11 ± 2.52
2 0.03 7.5 0.03 0.3 89.84 ± 1.02
3 0.03 10 0.04 0.4 95.92 ± 0.87
4 0.04 5 0.03 0.4 94.36 ± 0.79
5 0.04 7.5 0.04 0.2 44.99 ± 3.07
6 0.04 10 0.02 0.3 61.08 ± 2.26
7 0.05 5 0.04 0.3 80.76 ± 1.82
8 0.05 7.5 0.02 0.4 75.46 ± 0.75
9 0.05 10 0.03 0.2 25.52 ± 4.61
K1 254.87 244.23 205.65 139.62
K2 200.43 210.29 209.72 231.68
K3 181.74 182.52 221.67 265.74
R 73.13 61.71 16.02 126.12

EE, entrapment efficiency
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peak at 69.66°C and was consistent with earlier reports
(46,47). The physical mixture showed FLD peak at 145.77°C
and endothermic peaks of lipid at 66.33°C, which were
slightly shifted to a lower temperature. These deviations
could be due to the mixing effect of drug and lipid, which
resulted in loss of purity of each component (35). There was
no endothermic peak of FLD in the SLNs formulation
indicated the conversion into amorphous state form native
crystalline state of drug.

X-Ray Diffraction (XRD)

The XRD patterns of pure FLD, glyceryl behenate, their
physical mixtures, and FLD-SLNs formulation were shown in
Fig. 3. The figures indicated the changes in the drug crystal
structure. XRD pattern of FLD have given sharp peak at 2θ
angles of 10.35, 14.46, 18.86, 23.48, 29.55, 38.79, and 44.14
degrees, indicating the crystalline nature of drug. These
characteristic peaks of FLD existed in physical mixtures.
However, the absence of FLD peaks in SLNs formulation was
observed, indicating that FLD did not existed in the
crystalline state. Furthermore, the SLNs samples showed a
decrease in the intensity of lipid peaks. The date of XRD was
in good agreement with the DSC studies. The change in
crystallinity of drug and lipid would influence the release of
FLD from the SLNs, and is expected to improve the solubility
of drug in water resulting in a better bioavailability (35,48).

Transmission Electron Microscopy (TEM)

A transmission electron microscopy was used to observe
the physical properties of the optimized FLD-SLNs. The
result revealed that the morphology of FLD-SLNs was
spherical (Fig. 4a).

In vitro Drug Release

According to the previous research, a phosphate buffer
with 0.4% w/v hexadecyl trimethyl ammonium bromide
(HTAB) was used to simulate intestinal fluid (49). Due to
the low solubility of FLD in the buffer, a small amount of
ethanol was added to meet the sink condition (49). Figure 4b
showed the in vitro release profiles of FLD-SLNs and free
FLD. During the first 12 h, the release rate of FLD from the
SLNs was slightly slower than that of free FLD due to the
inhibition of glyceryl behenate matrix. As summarized by
Kumar et al., the sustained release behavior of SLNs suggests
the drug-enriched core model. In the model, the drug-loaded
core is encapsulated by a lipid shell which is almost drug-free.
This causes an increase in diffusional distance that hinders the
drug release rate and produces sustained release effect
(16,45). The amount of FLD released from the suspension
was only 87.52% after 24 h, while the FLD in SLNs was
almost completely released. This may be due to SLNs had a
smaller particle size and a larger surface area, increased

Table III. Characterization of three batches of FLD-SLNs (n 0 3)

Parameters Batches

NO.1 NO.2 NO.3 Mean

PS (nm) 198.30 ± 2.82 198.06 ± 0.5 198.10 ± 1.01 198.15 ± 1.82
PDI 0.28 ± 0.01 0.25 ± 0.01 0.25 ± 0.05 0.26 ± 0.02
ZP (-mV) 25.90 ± 0.39 24.90 ± 0.06 25.80 ± 0.13 25.53 ± 0.60
EE (%) 95.34 ± 0.69 95.32 ± 0.36 96.28 ± 0.65 95.65 ± 0.70
DL (%) 2.35 ± 0.11 2.25 ± 0.08 2.38 ± 0.07 2.33 ± 0.10

PS, particle size; PDI, poly dispersity index; ZP, zeta potential; EE, entrapment efficiency; DL, drug loading; FLD, felodipine; FLD-SLNs,
felodipine-loaded solid lipid nanoparticles

Fig. 2. The differential scanning calorimetry (DSC) thermograms of
pure FLD, glyceryl behenate, physical mixture of FLD with glyceryl
behenate, and FLD-SLNs
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solubility of FLD (50). In particular, the surfactants were
presented in the SLN dispersion, which could diffuse to the
receiver compartment and influence the permeability of
aqueous boundary layer and the barrier membrane to
increase the drug release (51). And the similarity factors
(f2) of the in vitro release of three batches samples were 90 (1
vs. 2), 95 (2 vs. 3), and 92 (1 vs.3), respectively. The values of
f2 were higher than 50, indicating that the three batches of
samples had similar drug release behavior (32).

Pharmacokinetics

The relative oral bioavailability of FLD-SLNs was
measured with raw FLD as a control. In this study, the HPLC
analysis method was developed and validated to determine
FLD in beagle dog plasma (Fig. 5a, b, c). No significant
interfering peaks at or near the retention time of FLD was
observed, indicating good selectivity of the chromatographic
conditions. Good linearity between the peak area and the

FLD concentration was found over the range of 4.0–200.0 ng/
mL (r≥ 0.999). The intra- and inter-day assay of precision for
plasma samples ranged from 3.59 to 13.67% and the accuracy
was 87.06 to 98.37%. The extraction recoveries ranged from
85.67 to 103.71%. Therefore, this HPLC analysis method of
biosamples could meet the requirement of determination of
FLD in beagle dog plasma.

The plasma drug concentration-time profiles and the
main pharmacokinetic parameters are presented in Fig.5d
and Table IV, respectively. A significant difference between
the pharmacokinetic behavior of FLD-SLNs and free FLD
was observed (Fig. 5d). The plasma drug concentration
curve of SLN showed significant improvement in drug
absorption than the reference. The peak concentration
(Cmax) of FLD from SLNs was 319.42 μg/L, about 9.15
times that of free FLD (34.9 μg/L) (P < 0.05). The AUC(0-t)

value of FLD in beagle dogs treated with FLD-SLNs was
68,779.475 μg/L*min, was increased more than 3.17-fold
than that of free FLD (21,711.2 μg/L*min) (P < 0.05) (15).

Fig. 3. X-ray diffraction (XRD) pattern of FLD, glyceryl behenate,
physical mixture of FLD with glyceryl behenate, and FLD-SLNs

Fig. 4. a Transmission electron microscopy of FLD-SLNs in ultrapure water, b in vitro release curves of FLD-SLNs
and raw FLD suspension (n 0 3)
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The enhancement in oral bioavailability may be related to
the composition and performance of FLD-SLNs (52). On
the one hand, the SLNs can form a hydrophobic core to
encase FLD, which increases the solubility and stability of
FLD. And the small size and large surface area of the SLNs
probably could increase the contact area of the drug with
the intestine, thereby increasing the rate and amount of
intestinal absorption of the drug (53,54). On the other hand,
it may be due to the SLNs was absorbed into the systemic
circulation through the lymphatic pathway, thereby reducing
liver first-pass metabolism (55,56).

CONCLUSION

The modified effervescent dispersion technique is a reliable
and manufacturable method for preparing SLNs. Compared with
the previous method, the new one not only retains the advantages
of foaming, which allows the nanoparticles to be distributed quickly
and evenly in water, and reduces the preparation steps, making the
process easier and more operable. In the present study, a novel
FLD-SLN formulation was successfully obtained by effervescent
dispersion technique and improved the oral bioavailability of FLD.
In conclusion, SLNs was an effective carrier to improve the oral
bioavailability of FLD and exhibited great potential for future
clinical application.
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Fig. 5. Representative HPLC chromatograms of FLD in beagle plasma determined by HPLC method. a Blank beagle dog
plasma, b blank beagle dog plasma spiked with FLD, c plasma beagle dog sample collected after oral administration of
FLD-SLNs, and d plasma concentration-time curves of FLD after oral administration of FLD-SLNs and FLD suspension to
beagle dogs, in a dose corresponding to 30 mg (n 0 6)

Table IV. Main pharmacokinetic parameters of beagle dogs

Parameters Units FLD-SN FLD

AUC(0-t) μg/L*min 68,779.475 21,711.2
Cmax μg/L 319.42 34.9

AUC, area under the plasma drug concentration-time curve; Cmax,
maximum plasma drug concentration; FLD, felodipine; FLD-SLNs,
felodipine-loaded solid lipid nanoparticles
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