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Background: The intention of this research was to prepare and compare various 

solubility-enhancing nanoparticulated systems in order to select a nanoparticulated formulation 

with the most improved oral bioavailability of poorly water-soluble fenofibrate.

Methods: The most appropriate excipients for different nanoparticulated preparations were 

selected by determining the drug solubility in 1% (w/v) aqueous solutions of each carrier. 

The polyvinylpyrrolidone (PVP) nanospheres, hydroxypropyl-β-cyclodextrin (HP-β-CD) nano-

corpuscles, and gelatin nanocapsules were formulated as fenofibrate/PVP/sodium lauryl sulfate 

(SLS), fenofibrate/HP-β-CD, and fenofibrate/gelatin at the optimized weight ratios of 2.5:4.5:1, 

1:4, and 1:8, respectively. The three solid-state products were achieved using the solvent-

evaporation method through the spray-drying technique. The physicochemical characterization 

of these nanoparticles was accomplished by powder X-ray diffraction, differential scanning 

calorimetry, scanning electron microscopy, and Fourier-transform infrared spectroscopy. Their 

physicochemical properties, aqueous solubility, dissolution rate, and pharmacokinetics in rats 

were investigated in comparison with the drug powder.

Results: Among the tested carriers, PVP, HP-β-CD, gelatin, and SLS showed better solubility 

and were selected as the most appropriate constituents for various nanoparticulated systems. 

All of the formulations significantly improved the aqueous solubility, dissolution rate, and oral 

bioavailability of fenofibrate compared to the drug powder. The drug was present in the amorphous 

form in HP-β-CD nanocorpuscles; however, in other formulations, it existed in the crystalline 

state with a reduced intensity. The aqueous solubility and dissolution rates of the nanoparticles 

(after 30 minutes) were not significantly different from one another. Among the nanoparticulated 

systems tested in this study, the initial dissolution rates (up to 10 minutes) were higher with the 

PVP nanospheres and HP-β-CD nanocorpuscles; however, neither of them resulted in the high-

est oral bioavailability. Irrespective of relatively retarded dissolution rate, gelatin nanocapsules 

showed the highest apparent aqueous solubility and furnished the most improved oral bioavail-

ability of the drug (~5.5-fold), owing to better wetting and diminution in crystallinity.

Conclusion: Fenofibrate-loaded gelatin nanocapsules prepared using the solvent-evaporation 

method through the spray-drying technique could be a potential oral pharmaceutical product for 

administering the poorly water-soluble fenofibrate with an enhanced bioavailability.

Keywords: gelatin nanocapsules, hydrophilic polymeric matrix, crystallinity, ameliorated oral 

bioavailability

Introduction
Fenofibrate is clinically used to normalize the abnormally elevated plasma titer of 

low-density lipoproteins and cholesterol in patients with hypercholesterolemia and 
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hypertriglyceridemia.1,2 Fenofibrate, a Biopharmaceutics 

Classification System (BCS) class II drug, is very lipophilic 

(log P=5.24)3 and virtually insoluble in water.4 An orally 

administered agent possessing aqueous solubility 0.1 mg/

mL usually demonstrates very poor absorption, owing to 

impaired aqueous solubility and dissolution rate.5 Similarly, 

fenofibrate furnishes poor oral bioavailability, owing to insuf-

ficient absorption from the aqueous environment of the gas-

trointestinal tract.1 Thus, the oral bioavailability of fenofibrate 

can be raised by increasing its aqueous solubility. Several 

conventional formulation techniques, such as salt formation, 

the use of surface-active agents, pH modification, complex 

formation, micronization, formation of liposomes, and solid 

dispersion formulations, have been employed to enhance the 

oral bioavailability of various hydrophobic drugs by promot-

ing their aqueous solubility and dissolution rates.6–11

Nanoparticle formation is a promising strategy to amelio-

rate the aqueous solubility, dissolution rate, and absorption of 

poorly water-soluble entities.12 In pharmaceutical nanotechnol-

ogy, either the drug itself is converted to nano-sized particles 

or the nanoparticles are formed from carriers, for example, 

polymers.12 Natural polymeric carriers possess unique benefits 

in nanoparticulated drug delivery because of their excellent 

safety, efficacy, biocompatibility, and biodegradation.13 

Pharmaceutical polymeric nanoparticles, a class of popular 

drug carriers in pharmaceutical nanotechnology,14 are drug-

loaded particles with diameters 1,000 nm.15,16 Depending 

upon the nanoparticle matrix and method of preparation, 

the drug can be entrapped, encapsulated, or attached to the 

polymeric material to develop nanospheres, nanocapsules, 

or nanocorpuscles, respectively.16 In drug delivery, nanopar-

ticulated systems are preferred over micro-sized particles, 

owing to their smaller size and larger surface area, which 

improve dissolution rate, absorption, and bioavailability.17 

Pharmaceutical nanoparticulated systems can be developed 

using a variety of techniques, such as solvent evaporation, 

emulsification, spray drying, phase inversion, self-assembly, 

and solvent displacement.18,19 Spray drying is one of the most 

frequently employed techniques in the preparation of a dry 

powder from a liquid phase,20 because of the simple operation, 

good yield, and the fact that it is easy to scale up.21,22 In the 

process of nanoparticle manufacture, all of the components, 

completely dissolved in suitable solvents, are sprayed into a 

stream of hot air to evaporate the solvent.23

A polymeric nanosphere is a nano-sized, round-shaped 

structure in which the drug is uniformly distributed in the 

matrix.14,15 Nanoparticulated solid dispersion is a promising 

way to overcome the problems pertaining to poor aqueous 

solubility, impaired dissolution rate, and low bioavailability 

of BCS class II drugs.10,24,25 Solid dispersion consists of an 

amorphous or crystalline hydrophobic drug dispersed in a 

hydrophilic polymeric matrix.24 It enormously improves the 

aqueous solubility, dissolution rate, and oral bioavailability 

of hydrophobic drugs. Nanospheres of solid dispersions 

can be prepared by spray drying a clear solution formed by 

completely dissolving all components in suitable solvents.23 

The term “nanocorpuscle” can be given to a nanoparticle 

having an irregular shape and/or surface.

A polymeric nanocapsule is a vesicular system in which 

the drug-loaded reservoir (core material) is enwrapped 

in a polymeric coating (wall material), forming a typical 

core–shell structure.14,16 Pharmaceutical nanoencapsulation 

facilitates the bioavailability of various hydrophobic drugs.26 

Gelatin, a heterogeneous mixture of polypeptides,27 can pro-

mote the aqueous solubility, dissolution, and bioavailability 

of numerous water-insoluble drugs.28 In the preparation of 

gelatin nanocapsules, hydroalcoholic solutions containing 

dissolved lipophilic drugs and gelatin can be converted to 

dry powders through the spray-drying technique, in which 

water is evaporated considerably and drug-loaded ethanol 

is encapsulated within a water-soluble gelatin shell.29,30 

Encapsulated drugs can exist in the amorphous state28 or in 

the crystalline form.31

The present work is a unique study, which involves the 

physicochemical characterization and in vivo assessment 

of various solubility-enhancing polymeric nanoparticulated 

systems, prepared with optimized ratios of fenofibrate/

polyvinylpyrrolidone (PVP)/sodium lauryl sulfate (SLS), 

fenofibrate/hydroxypropyl-β-cyclodextrin (HP-β-CD), and 

fenofibrate/gelatin, in order to determine a nanoparticulated 

formulation with the most improved oral bioavailability of 

the poorly water-soluble fenofibrate. The selection of the 

most appropriate hydrophilic excipients for the prepara-

tion of various polymeric nanoparticulated drug-delivery 

systems was performed after the appropriate screening of 

numerous hydrophilic polymers and surfactants in terms 

of drug solubility. Thus, PVP, HP-β-CD, gelatin, and SLS 

were chosen as the most suitable hydrophilic components 

for different nanoparticulated formulations. Physicochemi-

cal physiognomies of the nanoparticles were perused using 

powder X-ray diffraction (PXRD), differential scanning 

calorimetry (DSC), scanning electron microscopy (SEM), 

and Fourier-transform infrared (FTIR) spectroscopy. 

Moreover, their aqueous solubility, dissolution rates, and 
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pharmacokinetics in rats were studied in comparison with 

the drug powder.

Materials and methods
Materials
Fenofibrate was supplied by Hanmi Pharm. Co. (Suwon, South 

Korea). Hydroxypropyl methylcellulose, hydroxypropyl cel-

lulose, and polyvinyl alcohol were procured from Shin-Etsu 

Co. (Tokyo, Japan). Carboxymethylcellulose sodium and dex-

tran were obtained from Duksan Chemical Co. (Ansan, South 

Korea) and Sigma-Aldrich (St Louis, MO, USA), respec-

tively. PVP K30, Solutol HS15, poloxamer 407, cremophore 

A25, cremophore RH40, cremophore EL, and cremophore 

ELP were purchased from BASF (Ludwigshafen, Germany). 

Polyethylene glycol (400 and 6000) was acquired from 

Duksan Chemical Co. Gelatin, polysorbate 80 (Tween 80),  

and sorbitan monooleate 80 (Span 80) were supplied by 

Daejung Chemical Co. (Siheung, South Korea). Fenofibric 

acid, HP-β-CD, SLS, and docusate sodium were obtained 

from Hanmi Pharm. Co. Clofibric acid was purchased from 

Sigma-Aldrich. All other solvents and chemical substances 

were of reagent grade.

Selection of suitable carriers for various 
nanoparticulated formulations
For selecting the different components appropriate for the 

development of various nanoparticulated systems, the satu-

ration solubility of fenofibrate was determined in 1% (w/v) 

aqueous solution of each candidate. An excess amount of 

fenofibrate powder was transferred to 3 mL of 1% (w/v) aque-

ous solution of each carrier in a 15 mL conical tube. After mix-

ing with a vortex, the tubes were held on a shaker in a water 

bath (25°C) and agitated at 100 rpm for 7 days. Then, 1 mL 

of each sample was centrifuged at 10,000× g for 10 minutes 

(Smart 15; Hanil Science Industrial Co., Gangneung, South 

Korea). The supernatant was diluted with acetonitrile and 

filtered (0.45 µm). The concentration of fenofibrate in the 

filtrate (50 µL) was quantified by high-performance liquid 

chromatography (HPLC) (Agilent 1260 Infinity; Agilent 

Technologies, Santa Clara, CA, USA), which was equipped 

with a Capcell Pak C18 column (4.6 mm ID ×250 mm, 5 µm; 

Shiseido, Tokyo, Japan). The column temperature was set at 

30°C. The mobile phase, consisting of acetonitrile and 0.1% 

(v/v) aqueous phosphoric acid at a volume ratio of 75:25, was 

eluted at a flow rate of 2 mL/min. The pH value of 0.1% (v/v) 

aqueous phosphoric acid was 2.1. The eluent was monitored 

at 286 nm for the quantification of fenofibrate.32

Preparation of various nanoparticulated 
systems
A Büchi B-290 nozzle-type mini spray dryer (Büchi Co., 

Flawil, Switzerland) was used for the development of 

different nanoparticulated formulations. Each transparent 

solution, containing completely dissolved components in 

an optimal ratio, was sprayed into the drying chamber at a 

flow rate of 3 mL/min. The pressure of the spraying air was 

4 kg/cm2. The flow of the drying air was maintained at the 

aspirator setting of 100%.

The PVP nanospheres and HP-β-CD nanocorpuscles 

were prepared with fenofibrate/PVP/SLS at a weight ratio 

of 2.5:4.5:1 (w/w/w) and fenofibrate/HP-β-CD at the weight 

ratio of 1:4. The constituents, completely dissolved in 95% 

ethanol, were spray dried at an inlet temperature of 100°C 

and an outlet temperature of 60°C–65°C. Likewise, gelatin 

nanocorpuscles were developed with fenofibrate/gelatin at 

the weight ratio of 1:8. The components were dissolved in 

40% ethanol at 50°C. The final clear solution was sprayed 

into the drying chamber. The inlet and outlet temperatures 

were 120°C and 65°C, respectively.

Aqueous solubility
An excess amount of each nanoparticulated formulation 

(about 10 mg) was poured into a 15 mL conical tube con-

taining 3  mL of distilled water, separately. After vortex 

mixing, the tubes were shaken (100  rpm) in a water bath 

(37°C) for 7 days. Then, 1 mL of sample was centrifuged at 

10,000× g for 10 minutes (Smart 15; Hanil Science Indus-

trial Co.). The supernatant was diluted with acetonitrile 

and filtered (0.45 µm). The concentration of fenofibrate in 

the filtrate (50 µL) was quantified using the HPLC method 

described above.32 The test was performed in triplicate for 

each formulation.

Dissolution
The dissolution test was carried out using USP dissolu-

tion apparatus II (paddle apparatus) (Vision® Classic 6™; 

Hanson Research Co., Los Angeles, CA, USA). Each 

fenofibrate-loaded nanoparticulated formulation or drug 

powder equivalent to 80 mg of fenofibrate was placed in an 

empty, hard gelatin capsule. The filled capsule was inserted 

into the sinker and immersed in the dissolution medium. 

The dissolution medium consisted of 900 mL of 2% (w/v) 

Tween 80.33,34 The dissolution test was accomplished at 

37°C±0.5°C using a paddle rotation of 100 rpm. The dis-

solution medium-containing vessel was surrounded by an 
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outer water bath in order to maintain a specific temperature. 

At predetermined time intervals, 1  mL of the dissolution 

medium was withdrawn, filtered (0.45  µm), and assayed 

using the HPLC method described above.32

Structural aspects
The crystallinity of the samples was assessed using a Rigaku 

X-ray diffractometer (D/MAX-2500 PC; Rigaku Corpora-

tion, Tokyo, Japan) equipped with a miniflex goniometer. The 

PXRD analysis was performed at room temperature using a 

Cu Kα
1
 monochromatic radiation source with 40 mA of cur-

rent and 40 kV voltage. The X-ray diffraction patterns were 

obtained in the range of 10°C–80°C with a 2θ scanning mode, 

a step size of 0.02°/sec, and a scan speed of 5°/min.35

Thermal characteristics
The thermal features of fenofibrate powder and fenofibrate-

loaded nanoparticulated preparations were examined using a 

differential scanning calorimeter (DSC Q20; TA Instruments, 

New Castle, DE, USA). Approximately 5 mg of each sample, 

enclosed in an aluminum pan, was scanned over a range of 

30°C–130°C at a heating rate of 10°C/min and a nitrogen 

flow of 25 mL/min.

FTIR spectroscopic analysis
In the prepared nanoparticulated formulations, possible 

chemical interactions between the drug and the carriers were 

investigated by FTIR spectroscopic analysis. A Nicolet-6700 

spectrophotometer (Thermo Fisher Scientific, Waltham, 

MA, USA) was used for scanning the samples in the range 

of 400–4,000  cm-1. Infrared spectra of the drug powder 

and fenofibrate-loaded nanoparticles were obtained using 

OMNIC software. The infrared spectrum of each nano-

particulated formulation was compared with that of the 

corresponding physical mixture.

Morphological physiognomies
The morphological features of the drug powder and 

fenofibrate-loaded nanoparticles were inspected using a 

scanning electron microscope (S-4800; Hitachi, Tokyo, 

Japan). The samples were attached to the open side of a 

double-sided adhesive carbon tape fixed on a brass disk. 

Subsequently, the samples were coated in platinum for 

4 minutes using the EMI Teck Ion Sputter (K575K) in order 

to make them electrically conductive for imaging. Coating 

was performed under conditions of 8×10-3 mbar pressure, 

15 mA current, and 100% turbo speed.36

Pharmacokinetics
Care of experimental organisms
The experimental organisms, male Sprague-Dawley rats 

(250–310  g), were freely provided with regular standard 

laboratory food and water. They were retained in cages 

under maintained environmental conditions of temperature 

(20°C–25°C) and relative humidity (45%–60%). Food was 

removed about 24 hours before the commencement of phar-

macokinetic experimentations; however, they had free access 

to drinking water.37 The use of experimental organisms in 

pharmacokinetic studies was performed in accordance with 

the Guiding Principles in the Use of Animals in Toxicology,38 

which were approved by the Institutional Animal Care and 

Use Committee and adopted by the Institute of Laboratory 

Animal Resources of Hanyang University.

Oral administration and blood sampling
A polyethylene tube was surgically introduced into the 

right carotid artery of each anesthetized rat. Then, each rat, 

appropriately held with an infusion harness, was placed in 

a separate chamber. The rats were free to move within their 

chambers and drink water. Twenty-four rats, cannulized in 

the right carotid artery, were trialed in this investigation. 

Each drug powder or fenofibrate-loaded nanoparticulated 

formulation, at a drug dose of 20 mg/kg, was filled in small, 

hard gelatin capsules (#9, Suheung Capsule Co., Seoul, 

South Korea) for oral administration.37 Six rats were given 

the drug powder via the oral route. Similarly, six rats were 

used for the pharmacokinetic evaluation of each formulation. 

Four hundred microliters of blood was sampled through the 

cannula tube with heparinized syringes at the following speci-

fied time points:15 minutes, 30 minutes, 1 hour, 1.5 hours, 

2 hours, 4 hours, 6 hours, 10 hours, 14 hours, 24 hours, and 

40 hours.39 Plasma was immediately separated from blood 

samples by centrifugation (Smart 15, Hanil Science Industrial 

Co.) at 10,000× g for 10 minutes. Thereafter, these plasma 

samples were stored at -20°C until HPLC analysis.39

Sample preparation and HPLC analysis
Fenofibrate is a prodrug that is bio-transformed by tissue 

and plasma esterases to the active metabolite fenofibric 

acid; therefore, there is essentially no fenofibrate detectable 

in the plasma after oral administration. Accordingly, the 

pharmacokinetic evaluation of fenofibrate is based on the 

quantification of fenofibric acid in the plasma.40–42 Fenofibric 

acid in rat plasma samples was extracted by liquid–liquid 

extraction. Two hundred microliters of each plasma sample 
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was acidified with 200 µL of 1 M HCl in a 2 mL microtube. 

Then, 40 µL of an internal standard solution (clofibric acid, 

400 µg/mL in acetonitrile) was added and vortex mixed for 

1 minute. Subsequently, the sample mixture was extracted 

twice with 2  mL of diethyl ether by vortex mixing for 

5  minutes and centrifuging at 10,000×  g for 10  minutes 

(Smart 15; Hanil Science Industrial Co.). The supernatant 

organic layer was transferred to another clean microtube 

and evaporated at 40°C. After evaporation, the residue was 

reconstituted with 200 µL of acetonitrile by vortex mixing 

and centrifuged at 10,000× g for 10 minutes (Smart 15, Hanil 

Science Industrial Co.). One hundred and fifty microliters 

of supernatant was carefully withdrawn using a pipette and 

poured into a small-volume HPLC vial. A 100 µL of aliquot 

was assayed for fenofibric acid quantification. The HPLC 

system (Agilent 1260 Infinity; Agilent Technologies) used 

in this study was equipped with a Capcell Pak C18 column 

(4.6 mm ID ×250 mm, 5 µm; Shiseido). The column tem-

perature was set at 30°C. The mobile phase, consisting of 

acetonitrile and 0.1% (v/v) aqueous solution of phosphoric 

acid at a volume ratio of 54:46, was eluted at a flow rate of 

2 mL/min. The eluent was monitored at 285 nm for fenofibric 

acid detection. The inter- and intraday variances were within 

the acceptable limits (R2=0.999).

Results
The results of the saturation solubility of fenofibrate in 1% 

(w/v) hydrophilic polymer solutions and 1% (w/v) surfactant 

solutions are shown in Figure 1A and B, respectively. Among 

the tested hydrophilic polymers, HP-β-CD, gelatin, and PVP 

exhibited better solubility of fenofibrate; thus, they were 

selected for the preparation of various polymeric nanopar-

ticulated formulations. Among the surfactants tested in this 

study, SLS showed the highest solubility of fenofibrate and 

was selected for the production of nanospheres of ternary 

solid dispersion in conjunction with PVP. The solubility of 

fenofibrate in each 1% (w/v) solution of HP-β-CD, PVP, 

gelatin, and SLS was 6.45±0.64 µg/mL, 1.96±0.12 µg/mL, 

3.33±1.09 µg/mL, and 338.25±10.62 µg/mL, respectively. 

For each formulation, the optimized ratio of the correspond-

ing components, which demonstrated the highest aqueous 

solubility and dissolution rate of fenofibrate, was selected for 

the preparation of the nanoparticulated formulations. Thus, 

the optimized ratios of constituents for PVP nanospheres, 

HP-β-CD nanocorpuscles, and gelatin nanocapsules were 

2.5:4.5:1, 1:4, and 1:8, respectively.

The influence of different nanoparticulated systems on 

the aqueous solubility and dissolution rate of fenofibrate is 

displayed in Figures 2 and 3, respectively. All formulations 

demonstrated remarkably improved solubility and dissolution 

rates of the drug compared to the fenofibrate powder (P0.05). 

The gelatin nanocapsules produced the highest drug solubility 

(390.39±88.01 µg/mL); however, it was not significantly dif-

ferent (P0.05) from the solubility outcomes of the HP-β-CD 

nanocorpuscles and PVP nanospheres (247.00±63.01 µg/mL 

and 272.26±58.84 µg/mL, respectively). The initial dissolu-

tion rates (up to 10 minutes) of the nanoparticulated formula-

tions were significantly different (P0.05) from one another; 

however, they were not significantly different (P0.05) 

beyond 30 minutes. The initial dissolution rate was faster 

β

Figure 1 Solubility of fenofibrate in aqueous solutions of various hydrophilic carriers.
Notes: Each value denotes the mean ± SD (n=3): (A) 1% (w/v) polymers and (B) 1% (w/v) surfactants.
Abbreviations: PVP, polyvinylpyrrolidone; HP-β-CD, hydroxypropyl-β-cyclodextrin; SD, standard deviation; HPC, hydroxypropyl cellulose; PVA, polyvinyl alcohol; 
HPMC, hydroxypropyl methylcellulose; CMC, carboxymethylcellulose; PEG, polyethylene glycol.
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Figure 2 Effect of various nanoparticulated formulations on the aqueous solubility 
of fenofibrate.
Notes: Each value represents the mean ± SD (n=3): (a) fenofibrate powder, (b) PVP 
nanospheres, (c) HP-β-CD nanocorpuscles, and (d) gelatin nanocapsules. P0.05 for 
each formulation compared to the drug powder.
Abbreviations: SD, standard deviation; PVP, polyvinylpyrrolidone; HP-β-CD, 
hydroxypropyl-β-cyclodextrin.

in the decreasing order of HP-β-CD nanocorpuscles  PVP 

nanospheres  gelatin nanocapsules. After 40 minutes, the dis-

solutions of the drug with the fenofibrate powder, PVP nano-

spheres, HP-β-CD nanocorpuscles, and gelatin nanocapsule 

formulations were 54.07%±1.72%, 88.19%±4.32%, 

95.06%±5.25%, and 90.75%±6.40%, respectively. Thus, all 

of the nanoparticulated formulations significantly enhanced 

drug dissolution (about 80%–95%) compared to the drug 

powder; however, they were not significantly different from 

one another after 30 minutes.

Figure 4A shows the X-ray diffraction patterns of the drug 

with fenofibrate powder and various nanoparticulated systems. 

Fenofibrate furnished sharp characteristic peaks at diffrac-

tion angles suggestive of the typical crystalline nature of the 

drug (Figure 4A, a). In the PVP nanospheres, the intensity of 

Figure 3 Effect of various nanoparticulated formulations on the dissolution of 
fenofibrate.
Notes: Each value shows the mean ± SD (n=6): (a) fenofibrate powder, (b) PVP 
nanospheres, (c) HP-β-CD nanocorpuscles, and (d) gelatin nanocapsules. P0.05 
for each formulation compared to the drug powder.
Abbreviations: SD, standard deviation; PVP, polyvinylpyrrolidone; HP-β-CD, 
hydroxypropyl-β-cyclodextrin.

fenofibrate crystallinity was diminished (Figure 4A, b). How-

ever, crystalline fenofibrate peaks did not appear in the pattern 

obtained with HP-β-CD nanocorpuscles (Figure 4A, c). This 

suggested that the drug was changed into the amorphous state 

in the HP-β-CD nanocorpuscles. Furthermore, after nanoen-

capsulation with gelatin, the intensity of drug crystallinity 

was diminished remarkably (Figure 4A, d).

Thermal characteristics of fenofibrate powder and dif-

ferent nanoparticles are displayed in Figure 4B. Fenofibrate 

powder generated a deep endotherm, corresponding to its 

melting point at approximately 82°C, confirming its char-

acteristic crystalline nature (Figure 4B, a). Similarly, PVP 

nanospheres (Figure 4B, b) also produced a sharp endotherm 

at the melting point of fenofibrate, confirming that the drug 

was present in the crystalline state in the PVP nanospheres. 

Conversely, the HP-β-CD nanocorpuscles (Figure 4B, c) did 

not show an endotherm, meaning that the drug was present 

in an amorphous state in them. A very small endotherm 

was observed in case of the gelatin nanocapsules; there-

fore, the nanoencapsulated drug was in the crystalline state 

(Figure 4B, d).

The FTIR spectra of fenofibrate powder and various nano-

particles are shown in Figure 4C. Fenofibrate produced major 

distinguishing peaks at 1,729 cm-1, 1,086 cm-1, 925 cm-1, 

860 cm-1, 843 cm-1, and 763 cm-1 (Figure 4C). These specific 

peaks also appeared in the FTIR patterns of the PVP nano-

sphere (Figure 4C, b), HP-β-CD nanocorpuscle (Figure 4C, c), 

and gelatin nanocapsule (Figure 4C, d) formulations.

The SEM images of the drug powder and the fenofibrate-

loaded nanoparticulated formulations are displayed in 

Figure 5. The micrograph of the drug powder (Figure 5A) 

exhibited the presence of a crystalline solid. Figure 5B shows 

very small, round-shaped particles of the PVP nanospheres. 

However, HP-β-CD nanocorpuscles had irregular shapes 

and surfaces (Figure 5C). The fenofibrate-loaded gelatin 

nanocapsules (Figure 5D) appeared as smooth-surfaced 

spherical particles.

The mean plasma concentration–time profiles of fenofibric 

acid with various nanoparticles, equivalent to a 20 mg/kg 

fenofibrate dose, are shown in Figure 6. At all time points, 

each fenofibrate-loaded nanoparticulated formulation 

showed a significantly higher plasma titer of fenofibric 

acid than the drug powder (P0.05). The pharmacokinetic 

parameters are shown in Table 1. The area under the curve 

(AUC) and C
max

 of each formulation were significantly 

enhanced compared to those of the drug powder (P0.05). 

In addition, the gelatin nanocapsule formulation showed 

significantly higher AUC and C
max

 values compared to 
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θ 

°

Figure 4 Solid state characterization.
Notes: (A) PXRD patterns, (B) DSC thermograms, and (C) FTIR spectrograms: (a) fenofibrate powder, (b) PVP nanospheres, (c) HP-β-CD nanocorpuscles, and (d) gelatin 
nanocapsules.
Abbreviations: PXRD, powder X-ray diffraction; DSC, differential scanning calorimetry; FTIR, Fourier-transform infrared; PVP, polyvinylpyrrolidone; HP-β-CD, hydroxypropyl-
β-cyclodextrin.
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the other formulations (P0.05); however, AUC and C
max

 

values of PVP nanospheres and HP-β-CD nanocorpuscles 

were not significantly different from each other (P0.05). 

The AUC values of the drug powder, PVP nanospheres, 

HP-β-CD nanocorpuscles, and gelatin nanocapsules were 

17.72±1.52 h µg/mL, 61.01±14.66 h µg/mL, 42.59±11.55 h µg/

mL, and 96.80±15.42 h µg/mL, respectively, whereas the C
max

 

values were 2.36±0.34, 6.73±1.75, 6.46±1.83, and 9.14±2.47, 

respectively. Furthermore, the half-life (t
1/2

), elimination rate 

constant (K
el
), and mean residence time (MRT) were not 

significantly different (P0.05) from one another.

Discussion
Fenofibrate is highly lipophilic (log  P=5.24)3 and practi-

cally insoluble in water;4 therefore, it is poorly absorbed 

from the gastrointestinal tract, resulting in impaired oral 

bioavailability.5 Nanoparticle formation is a promising way 

to ameliorate the aqueous solubility, dissolution rate, and 

absorption of poorly water-soluble drugs.12 In this study, the 

purpose was to determine a nanoparticulated formulation with 

the most improved oral bioavailability of poorly water-soluble 

fenofibrate among the tested nanoparticulated systems.

At first, to choose the appropriate carriers for the prepa-

ration of various nanoparticulated systems, the saturation 

solubility of fenofibrate in 1% (w/v) aqueous solutions of 

various hydrophilic polymers and surfactants was determined. 

×

×

× ×

×

× ×

Figure 5 Scanning electron micrographs.
Notes: (A) Fenofibrate powder (×2,000), (B) PVP nanospheres (×20,000), (C) HP-β-CD nanocorpuscles (×20,000), and (D) gelatin nanocapsules (×20,000).
Abbreviations: PVP, polyvinylpyrrolidone; HP-β-CD, hydroxypropyl-β-cyclodextrin.

Figure 6 Mean plasma level–time profiles of fenofibric acid in rats after the oral 
administration of various formulations.
Notes: (a) Fenofibrate powder, (b) PVP nanospheres, (c) HP-β-CD nanocorpuscles, 
and (d) gelatin nanocapsules. Each dose was equivalent to 20 mg/kg fenofibrate. Each 
value designates the mean ± SD (n=6). At all of the time points, each fenofibrate-
loaded nanoparticulated formulation showed P0.05 compared to the drug powder. 
*P0.05 for gelatin nanocapsules compared with the other formulations.
Abbreviations: PVP, polyvinylpyrrolidone; HP-β-CD, hydroxypropyl-β-cyclodextrin; 
SD, standard deviation.
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Table 1 Pharmacokinetic parameters

Parameter Fenofibrate powder PVP nanospheres HP-β-CD nanocorpuscles Gelatin nanocapsules

AUC (h µg/mL) 17.72±1.52 61.01±14.66* 42.59±11.55* 96.80±15.42*,#

Cmax (µg/mL) 2.36±0.34 6.73±1.75* 6.46±1.83* 9.14±2.47*
Tmax (hours) 1.58±0.20 2.67±1.03 1.25±0.27* 1.75±0.27
t1/2 (hours) 6.08±0.92 6.70±0.28 5.29±0.78 6.17±0.58
Kel (hour-1) 0.12±0.02 0.10±0.004 0.13±0.02 0.11±0.01
MRT (hours) 7.41±0.50 7.95±0.08 6.65±0.31 7.91±0.21

Notes: Each value indicates the mean ± SD (n=6). *P0.05 compared with fenofibrate powder. #P0.05 compared with other nanoparticulated formulations.
Abbreviations: PVP, polyvinylpyrrolidone; HP-β-CD, hydroxypropyl-β-cyclodextrin; SD, standard deviation; AUC, area under the curve; t1/2, half-life; Kel, elimination rate 
constant; MRT, mean residence time.

Among the tested polymers, HP-β-CD, gelatin, and PVP 

demonstrated better solubility of fenofibrate (Figure 1A). 

Likewise, SLS exhibited the highest solubility of the drug 

among the surfactants tested in this study (Figure 1B).  

In the past, the concomitant use of PVP and SLS, as carriers 

in various formulations, has improved the aqueous solubil-

ity of several poorly water-soluble drugs;43–47 therefore, they 

were preferred as carriers for preparing nanospheres of a 

ternary solid dispersion in our study. Moreover, changing to 

the amorphous state can be a useful approach to remarkably 

improve the dissolution rate and bioavailability of poorly 

water-soluble active pharmaceutical ingredients.10,48 This can 

be accomplished by use of cyclodextrins (CDs).49–51 All previ-

ous toxicity studies have proven that orally administered CDs 

are practically nontoxic, owing to the lack of absorption from 

the gastrointestinal tract.50,52 HP-β-CD was selected for mak-

ing fenofibrate/HP-β-CD nanocorpuscles because of its better 

solubilization ability for many lipophilic molecules.53 Further-

more, gelatin, a heterogeneous mixture of polypeptides,27 can 

promote the aqueous solubility, dissolution, and bioavailability 

of numerous water-insoluble drugs;28 thus, it was chosen for 

the preparation of fenofibrate/gelatin nanocapsules.

For the identification of the optimal ratio of selected 

constituents for the PVP nanospheres, a number of formu-

lations were prepared with a constant ratio of drug/carriers 

(1:1) and varying polymer/surfactant quantities. Then, 

these nanosphere formulations were tested for the aqueous 

solubility and dissolution rate of the loaded drug (data not 

shown). Among the tested PVP nanosphere formulations, 

the nanospheres prepared with fenofibrate/PVP/SLS at the 

weight ratio of 2.5:4.5:1 exhibited the highest solubility and 

dissolution; therefore, this ratio was chosen for further inves-

tigation. Similarly, HP-β-CD nanocorpuscles and gelatin 

nanocapsules were prepared with the optimized drug/carrier 

(w/w) ratios of 1:4 and 1:8, respectively.

The hydrophilic carriers present in the nanoparticulated 

preparations improved the aqueous solubility and dissolution 

rate of the loaded drug compared with the drug powder. 

In particular, gelatin nanocapsules ameliorated solubil-

ity by about 1,100 times the solubility of the drug powder 

(390.39±88.01 µg/mL vs 0.35±0.04 µg/mL; Figure 2). How-

ever, the solubility results of the formulations were not sig-

nificantly different from one another (P0.05). The Food and 

Drug Administration discourages the use of only water as a 

dissolution medium for highly lipophilic agents, and recom-

mends the use of a slight quantity of a surfactant in the dis-

solution medium to improve the dissolution efficiency of such 

chemical entities.34 Therefore, 900 mL of 2% (w/v) polysor-

bate 80 was used as a dissolution medium in our study.33 

The reduction in the degree of crystallinity might be caused 

by improvements in the aqueous solubility and dissolution rate 

of the drug.54 HP-β-CD nanocorpuscles furnished the highest 

initial dissolution (up to 10 minutes; Figure 3C), owing to the 

conversion of the crystalline drug into the amorphous state. 

However, the initial dissolution rates of PVP nanospheres 

(Figure 3B) and gelatin nanocapsules (Figure 3D) were 

improved through the diminution of the crystalline intensity 

of the drug to the nanocrystalline state. The relatively retarded 

dissolution rate of the gelatin nanocapsules was attributed to 

the delayed rupture of the gelatin coat before release of the 

drug into the dissolution medium. Gelatin is soluble in water 

at temperatures of approximately 40°C and above,55,56 but the 

dissolution test was performed at 37°C.

The characteristic crystalline peaks in the PXRD pattern 

(Figure 4A, a) and deep endotherm corresponding to drug’s 

melting point (~82°C) in the DSC thermograms (Figure 4B, 

a) suggested that the drug was typically crystalline in nature. 

Moreover, the SEM image of the fenofibrate powder revealed 

crystals with irregular shapes and surfaces (Figure 5A).

During the preparation of the PVP nanospheres, all 

ingredients were dissolved completely prior to spray drying. 

The spray-dried PVP nanosphere formulation was expected 

to contain the amorphous form of the drug;22 however, 

the PXRD pattern showed that only the intensity of the 
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crystallinity was decreased (Figure 4A, b). Furthermore, the 

DSC trace confirmed that the drug did not change into the 

amorphous state completely (Figure 4B, b). This suggested 

that the drug was recrystallized during the spray-drying pro-

cess. The PVP suppressed the recrystallization of the drug 

from solution, thereby reducing the degree of crystallinity.57–60 

The PXRD, DSC, and SEM (Figure 5B) results collectively 

advocate that the drug was present in the nanocrystalline state 

in the smooth-surfaced spherical nanoparticles. Thus, the 

remarkable enhancement in the solubility and dissolution rate 

of the drug loaded in the PVP nanospheres might be ascribed 

to the reduced degree of crystallinity and particle size.

On the other hand, the HP-β-CD nanocorpuscles pre-

sented the highest initial dissolution rate among the tested 

formulations. The PXRD and DSC results showed that the 

drug was present in the amorphous state in the HP-β-CD 

nanocorpuscles (Figure 4A, c and B, c).49–51 Moreover, the 

SEM image showed the reduced particle size of the for-

mulation (Figure 5C). Thus, the improvement in solubility 

and dissolution rate was attributed to the conversion of the 

crystalline drug into the amorphous state.10,48

Gelatin is soluble in water 40°C.55,56 Moreover, it 

precipitates from the aqueous ethanol solution at concentra-

tions of about 50% or above. Therefore, in the preparation 

of the gelatin nanocapsules, all of the components were 

completely dissolved in 40% ethanol at 50°C. Subsequently, 

a clear resultant solution was spray dried. The PXRD and 

DSC results depicted that the encapsulated drug was present 

in the crystalline form (Figure 4A, d and B, d). Thus, as with 

the PVP nanospheres, recrystallization also occurred during 

the spray-drying process of gelatin nanocapsules. The SEM 

results revealed that the gelatin nanocapsules were smooth-

surfaced round nanoparticles (Figure 5D). The amelioration 

in the aqueous solubility and dissolution can be attributed 

to improved wetting, owing to the hydrophilic gelatin and a 

reduction in the degree of crystallinity.28,31

The FTIR spectrum of fenofibrate showed main distinc-

tive peaks at 1,729 cm-1, 1,086 cm-1, 925 cm-1, 860 cm-1, 

843 cm-1, and 763 cm-1 (Figure 4C). These particular peaks 

were also seen in the FTIR spectra of all formulations 

(Figure 4C). Furthermore, the FTIR spectrum of each 

formulation and its corresponding physical mixture (data 

not shown) was exactly the same; accordingly, the drug had 

no strong interaction with the excipients.

All of the fenofibrate-loaded nanoparticulated systems 

exhibited significantly higher plasma levels of fenofibric acid 

compared to the drug powder (Figure 6 and Table 1). The 

improvement in bioavailability was attributed to enhanced 

solubility and dissolution rates. The bioavailability of the 

PVP nanospheres compared to the HP-β-CD nanocorpuscles 

was not significantly different (P0.05). As compared with 

the HP-β-CD nanocorpuscles, the PVP nanospheres posi-

tively influenced the oral bioavailability (AUC and C
max

) of 

fenofibrate, owing to the presence of SLS in the formula-

tion. SLS is a permeation enhancer;61 therefore, it enhanced 

drug absorption through the gastrointestinal tract of rats.62,63 

The bioavailability of gelatin nanocapsules was higher than 

those of the other formulations (P0.05). The bioavail-

ability enhancement through gelatin nanoencapsulation was 

approximately 5.5-fold compared to the drug powder. This 

might be credited to the slightly higher apparent aqueous 

solubility of the gelatin nanocapsules.

Conclusion
All of the developed polymeric nanoparticulated systems 

presented improved aqueous solubility, dissolution rate, and 

oral bioavailability of fenofibrate compared to that of the 

plain drug powder (P0.05). The accelerated dissolution 

rates of the nanoparticles can be attributed to the following: 

(a) an ameliorated solubility of fenofibrate, owing to its 

conversion into the amorphous form or nanocrystalline 

state (Kelvin’s law);64–66 (b) a comparatively large surface 

area available for dissolution;67,68 (c) facilitated wetting of 

fenofibrate, owing to the presence of hydrophilic polymeric 

matrix in the formulation;69,70 and (d) reduction in the crystal-

line intensity.54 Among the different nanoparticles studied in 

this research, including PVP nanospheres, HP-β-CD nano-

corpuscles, and gelatin nanocapsules, the latter technique of 

nanoencapsulation of fenofibrate with gelatin at a ratio of 1:8 

(w/w) showed the most improved apparent solubility and 

oral bioavailability in rats. Accordingly, gelatin nanocapsule 

might be a promising device to deliver poorly water-soluble 

fenofibrate with enhanced oral bioavailability.
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