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Abstract To determine the effect of the preparation

method on the physicochemical properties, such as crys-

tallinity, particle size, solubility and dissolution, of the

poorly water-soluble fenofibrate, different samples were

prepared from fenofibrate and hydroxypropyl-b-cyclodex-

trin (HP-b-CD) in a 1:1 molar ratio, by physical mixing,

trituration, kneading, solvent-evaporation and spray-drying

techniques. The corresponding aqueous solubilities and

dissolutions were studied in comparison with that of the

drug powder. Characterization of these samples was

accomplished using particle size determination, powder

x-ray diffraction, differential scanning calorimetry, ther-

mogravimetry, scanning electron microscopy and Fourier

transform infrared spectroscopy. All preparations improved

the solubility and dissolution of the drug, as compared with

that of the drug powder (P \ 0.05), in the following

descending order of techniques utilized: spray-drying[ sol-

vent-evaporation[kneading[ trituration [physical mix-

ing. In particular, the aqueous solubility of fenofibrate from

the spray-dried preparation was 85.93 ± 6.82 lg/ml, and

the dissolution was about 90 % within 20 min. The drug

was present in the crystalline state in the physically mixed,

triturated and kneaded preparations. However, it was con-

verted into the amorphous state in the solvent-evaporated

and spray-dried preparations. The spray-dried preparation

having the smallest particle size of 2.44 ± 0.03 lm gave

discrete particles. Thus, in the development of a preparation

of the poorly water-soluble fenofibrate with HP-b-CD, the

preparation method exhibits a significant effect on the

physicochemical properties of the drug. Among the various

preparations tested in this study, the spray-dried sample,

which provided the highest solubility and dissolution of

fenofibrate, is strongly recommended for possible adminis-

tration via the oral route.

Keywords Fenofibrate � Inclusion � Preparation method �
Solubility � Crystallinity � Particle size � Dissolution

Introduction

Fenofibrate is clinically used to normalize elevated blood

cholesterol and triglycerides [1]. It is a very hydrophobic

drug (log P = 5.24) [2] which is practically insoluble in

water [3, 4]. The chemical entities exhibiting aqueous

solubility \0.1 mg/ml are poorly absorbed from the gas-

trointestinal tract [5]. The BCS Class II includes drugs

which exhibit impaired solubility in aqueous media [6], and

fenofibrate is also placed in this class. Numerous tech-

niques have been utilized to promote the aqueous solubility

and dissolution of hydrophobic drugs, thereby enhancing

their oral bioavailability [7–9]. Such processes encompass

trituration, particle size reduction, micronization, use of

surfactants, salt formation, complex formation, develop-

ment of liposomes and solid dispersions [10–12]. Conver-

sion of the crystalline forms into the amorphous states can

remarkably improve the solubility and dissolution of
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hydrophobic drugs [11, 12]. This can be accomplished by

loading the drug molecule in the inner lipophilic cavity of

amorphous cyclodextrins, such as hydroxypropyl-b-cyclo-

dextrin (HP-b-CD) [13–15]. Cyclodextrins are non-toxic

compounds because of not being absorbed from the gas-

trointestinal tract [16]. The outer surface of a cyclodextrin

molecule is hydrophilic whereas the central cavity is

lipophilic [17]. Accordingly, lipophilic drug molecules can

be housed in the central cavity where an inclusion complex

is formed. Amongst cyclodextrins, HP-b-CD possesses

greater ability to accommodate several lipophilic drug

molecules [18]. During drug/cyclodextrin complex forma-

tion, no making or breaking of covalent linkages takes

place [19, 20]. A number of weak intermolecular interactions

between drug and cyclodextrin attach the lipophilic drug

molecule to the cyclodextrin molecule [21–23]. The present

work is a unique study focusing on the comparison of

physicochemical properties of various fenofibrate/HP-b-CD

preparations obtained via different preparation methods.

In the present research, aimed at determining the effect

of different preparation methods on the physicochemical

characteristics of the drug/HP-b-CD preparations, various

samples were prepared from fenofibrate and HP-b-CD in

1:1 molar ratio [24] via physical mixing [25], trituration

[26], kneading [27], solvent-evaporation [25] and spray-

drying [27] techniques. Spray-drying is known to produce

amorphous material due to rapid solvent evaporation [28].

The physicochemical properties were determined by solu-

bility, dissolution, micromeritics measurements, powder

x-ray diffraction (PXRD), differential scanning calorimetry

(DSC), thermal gravimetric analysis (TGA), scanning

electron microscopy (SEM) and Fourier transform infrared

spectroscopy (FT-IR).

Materials and methods

Materials

Fenofibrate and Hydroxypropyl-b-cyclodextrin (HP-b-CD)

were supplied by Hanmi Pharm. Co. (Suwon, South

Korea). All chemicals were of reagent grade.

Phase solubility study

The phase solubility study was performed in accordance

with the Higuchi and Connors method [24]. Different

concentrations of aqueous HP-b-CD solutions (0.312,

0.625, 1.25, 2.5, 5, 10, 20 and 40 mM) were prepared in

water. An excess amount of fenofibrate was added to 5 ml

of each of these solutions placed in a 15 ml conical tube.

After vortex-mixing for 1 min, the tubes were agitated

(220 rpm) in a water bath (25 �C) for 3 days. Then, the

samples were filtered (0.45 lm). The filtrate (2 ml) was

subjected to UV absorbance measurements at 295 nm

using a UV visible spectrophotometer model Ultrospec

7000 (GE Healthcare Life Sciences; Uppsala, Sweden).

The corresponding blank concentration of HP-b-CD (2 ml)

was used as reference for each sample measured. The

complexation efficiency (CE) and association constant (Kc)

were calculated using Eq. (1) and (2), respectively.

CE ¼ Slope=1� Slope; ð1Þ
Kc = CE / S0; ð2Þ

where S0 is the intrinsic solubility. The slope was obtained

by the straight line of the phase solubility graph.

Preparation of fenofibrate-loaded samples

Physical mixing

The physical blending of drug and cyclodextrin was

achieved simply by mixing fenofibrate and HP-b-CD (1:1

molar ratio) for 5 min to obtain a homogenous mixture.

Subsequently, this mixture was passed through the sieve

no. 60.

Trituration/Co-grinding

The drug and cyclodextrin (1:1 molar ratio) were mechani-

cally ground together for 20 min using pestle and mortar.

The comprehensively triturated blend was then passed

through the sieve no. 60.

Kneading

The HP-b-CD was impregnated with little quantity of 90 %

ethanol. The drug was gradually added to this semi-solid

paste of HP-b-CD and kneaded for 20 min using pestle and

mortar. The thoroughly kneaded mixture was dried in an

oven at 40 �C. The dried mixture was pulverized and

sieved through the sieve no. 60.

Solvent evaporation

The two components were completely dissolved in 90 %

ethanol in a beaker by magnetic stirring. The resultant clear

solution was evaporated in an oven at 40 �C for 48 h. The

dried residue was powdered and passed through sieve no. 60.

Spray drying

Fenofibrate and HP-b-CD (1:1 molar ratio) were com-

pletely dissolved in 95 % ethanol. The resulting clear

solution was spray-dried using Büchi B-290 mini spray
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dryer (Labortechnik AG Co., Meierseggstrasse, Flawil,

Switzerland). The solution was pushed (7 ml/min) to the

pneumatic nozzle (0.7 mm I.D.) by a peristaltic pump. The

spraying air flowed at 4 kg/cm2 pressure. The atomized

droplets were dried by hot air-flow. The inlet temperature

was fixed at 100 �C which resulted in 65 �C outlet tem-

perature. The aspirator setting at 100 % indicated a filter

vessel pressure at -50 mbar. The dried product was

obtained in the collecting vessel.

Determination of drug content

A 1:1 fenofibrate/HP-b-CD preparation having 10 mg fe-

nofibrate, was completely dissolved in 100 ml acetonitrile.

Then, 1 ml solution was filtered through 0.45 lm disc fil-

ter. An aliquot of 50 ll filtrate was analyzed by the HPLC

method as mentioned below. The test was performed in

triplicate. The drug content (%) was calculated according

to the following formula:

% CD ¼ CA

CT
� 100;

where ‘‘CD’’ is the drug content, ‘‘CA’’ is the actual con-

centration (lg/ml) detected by the HPLC and ‘‘CT’’ is the

theoretical concentration (lg/ml).

Aqueous solubility

An excess amount of the drug powder or inclusion prepa-

ration (about 100 mg) was added to 2 ml distilled water in

a conical tube. Following vortex-mixing for 1 min, each

vortex-mixed sample tube was placed in a water bath at

25 �C and agitated at 100 rpm for 7 days. Then, centrifu-

gation was performed at 10,000 g for 10 min (Hanil Sci-

ence Industrial Co., Smart 15; Gangneung, South Korea).

One milliliter of clear supernatant was filtered (0.45 lm)

into the sample vial. An aliquot of 50 ll filtrate was ana-

lyzed by the HPLC system (Agilent 1260 Infinity, Agilent

Technologies, Santa Clara, CA, USA). The HPLC system

was equipped with Capcell Pak C18 column (Shiseido,

4.6 mm I.D. 250 mm9, 5 lm) at 30 �C. The mobile phase

consisting of acetonitrile/0.1 % (v/v) aqueous phosphoric

acid (75/25, volume ratio) was flowed at 2 ml/min. Fe-

nofibrate detection was accomplished at 286 nm wave-

length [29].

Dissolution

USP dissolution apparatus II (Vision� Classic 6TM, Hanson

Research Co., Los Angeles, CA, USA) was used for con-

ducting the dissolution behavior of the drug. The drug

powder or the corresponding preparation having 80 mg

fenofibrate, was enclosed in a hard gelatin capsule and

inserted into the sinker. Dissolution of poorly water-soluble

or water-insoluble chemical substances needs special dis-

solution medium. For such chemical entities, use of only

water as a dissolution medium is highly discouraged.

Therefore, the FDA has suggested the use of a slight

quantity of a surfactant in the dissolution medium [30].

Incorporation of a surface active agent in dissolution

medium improves the efficiency of dissolution of such

APIs. Therefore, the loaded sinker was immersed into

900 ml dissolution medium containing 2 % (w/v) Poly-

sorbate 80 [31]. The temperature of the dissolution medium

vessel was maintained at 37 ± 0.1 �C by the surrounding

water-bath. The paddle rotation was 100 rpm. At prede-

termined time intervals, one milliliter sample of the dis-

solution medium was withdrawn, filtered (0.45 lm) and

quantified for fenofibrate by the HPLC method described

above.

Particle size determination

Particle size analysis was carried out using the HELOS

laser diffraction particle size analyzer (Model H1918,

Sympatec GmbH, System-Partikel-Technik, Clausthal-

Zellerfeld, Germany). The cumulative undersize distribu-

tion was expressed as X10, X50 and X90 (diameters) at the

undersize values of 10, 50 and 90 % of total volume shown

by the cumulative undersize (%) curves, respectively.

Powder x-ray diffraction (PXRD)

The crystalline property of the samples was established

using a Rigaku x-ray diffractometer (D/MAX-2500 PC,

Rigaku Corporation; Tokyo, Japan). The instrument was

equipped with a miniflex goniometer and a Cu Ka1

monochromatic radiation source. The analysis was exe-

cuted in the range of 10–80 �C with a step size of 0.02�/

second, scanning mode of 2h and 5�/min scanning speed

using 40 mA current and 40 kV voltage [32].

Differential scanning calorimetry (DSC)

For determining thermal characteristics, each sample

(about 5 mg) sealed in aluminum pan was subjected to

heating in the range of 30–130 �C at the rate of 10 �C/min

using a nitrogen flow of 25 cm3/minute, using the differ-

ential scanning calorimeter (DSC Q20, TA Instruments;

New Castle, Delaware, USA).

Thermogravimetric analysis (TGA)

TGA analysis was performed using the thermogravimetric

analyzer (TGA Q50, TA Instruments; New Castle, Dela-

ware, USA). The sample (2–10 mg) placed in a platinum
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pan was carried to the furnace by the moving arm. The

weight loss (%) was determined while heating the sample

in the range of 30–140 �C at the rate of 10 �C/min using a

nitrogen flow of 25 cm3/min.

Scanning electron microscopy (SEM)

The shape and surface properties of the samples were

inspected with a scanning electron microscope (S-4800,

Hitachi; Tokyo, Japan). The double adhesive carbon tape

was attached onto the sample loading disc. Then, the

samples were affixed to the open surface of adhered tape.

Subsequently, the samples were coated with platinum for

4 min to facilitate electrical transmission. For this purpose,

EMI Teck Ion Sputter (K575X) was used. The coating was

performed under 7 9 10-3 mbar pressure, 25 mA current

and 100 % turbo speed.

Fourier transform infrared spectroscopy (FT-IR)

An FT-IR spectrophotometer (Nicolet-6700; Nicolet

Instrument Corporation; Madison, Wisconsin, USA) was

used to examine the IR spectra of different samples for

possible drug cyclodextrin interactions. Each powder

sample was directly placed on the sample disc and scanned

in the range of 400–4,000 cm-1. The FT-IR spectra were

obtained using the OMNIC software (Nicolet Instrument

Corporation; Madison, Wisconsin, USA).

Results and discussion

Fenofibrate normalizes abnormally increased concentration

of cholesterol and triglycerides in plasma [1]. It is a BCS

Class II drug [6]. Accordingly, after oral administration it

furnishes poor bioavailability due to insufficient absorption

from the gastrointestinal tract [5]. In this study, HP-b-CD

was used as a carrier because of its greater affinity for

lipophilic molecules [18]. The outer surface of HP-b-CD is

hydrophilic whereas the inner cavity is lipophilic [17].

Therefore, lipophilic fenofibrate can be accommodated into

the central cavity of HP-b-CD, where an inclusion complex

is formed [18].

Before the preparation of a fenofibrate/HP-b-CD sample,

a phase solubility study was performed in accordance with

the Higuchi and Connors phase solubility study method

[24]. The results of the phase solubility study are shown in

Fig. 1. A straight line (r2 = 0.9999) was obtained in the

phase solubility study. The stability constant (Kc) and

complexation efficiency (CE) calculated from the slope of

the line were 3.199 9 103 M-1 and 3.11 9 10-3, respec-

tively. Accordingly, a 1:1 molar ratio of fenofibrate and HP-

b-CD was opted [24] for the preparation of various samples

via the physical mixing, trituration, kneading, solvent-

evaporation and spray-drying techniques. The drug contents

measured in the solid state fenofibrate/HP-b-CD samples

prepared by the physical mixing, trituration, kneading, sol-

vent-evaporation and spray-drying method were 85.49 ±

12.16, 89.12 ± 12.06, 90.26 ± 1.50, 98.07 ± 4.06 and

101.10 ± 5.64 %, respectively. In the solvent-evaporation

and spray-drying methods, the constituents were completely

dissolved in ethanol prior to evaporation. As a result, the

drug content in these formulations was higher as compared

to other formulations.

The aqueous solubilities, at 25 �C, of the drug samples

in the form of a fenofibrate powder, physically mixed,

triturated, kneaded, solvent-evaporated, and spray-dried

samples were found equivalent to 0.35 ± 0.05, 0.49 ±

0.30, 10.25 ± 1.06, 30.66 ± 2.61, 65.89 ± 4.74, and

85.93 ± 6.82 lg/ml, respectively (Fig. 2). In particular,

the aqueous solubility of fenofibrate in the spray-dried

sample was about 250 times that of the parent drug powder.

Similarly, the mass percent dissolution, at 37 �C, of the

drug from the fenofibrate powder, physically mixed, tritu-

rated, kneaded, solvent-evaporated, and spray-dried sam-

ples measured at 40 min were 22.88 ± 1.41, 30.11 ± 1.85,

69.02 ± 1.67, 78.52 ± 1.29, 82.22 ± 1.93 and 95.06 ±

0.30 %, respectively (Fig. 3). In particular, initial dissolu-

tion of the drug from the spray-dried sample was com-

paratively more rapid.

The particle-size cumulative distribution data are listed

in Table 1 and depicted in Fig. 4. The particle size distri-

butions of the physically mixed, triturated, kneaded, sol-

vent-evaporated, and spray-dried samples were recorded as

X10, X50 and X90-values from the cumulative undersize (%)

curves [33, 34]. The corresponding median particle size

(X50) were 34.57 ± 2.81, 11.42 ± 0.08, 17.89 ± 4.08,
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Fig. 1 The fenofibrate/HP-b-CD phase solubility diagram obtained

in water at 25 �C. Each value denotes the mean ± S.D. (n = 3)
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13.30 ± 0.78 and 2.44 ± 0.03 lm, respectively. In par-

ticular, the mean particle surface area of the spray-dried

sample was considerably great (32,105.43 ± 5,021.32 cm2/g).

Moreover, the physically mixed (Fig. 4a), triturated (Fig. 4b),

kneaded (Fig. 4c) and solvent-evaporated (Fig. 4d) samples

exhibited wide particle-size distributions. In contrast, the

particle-size distribution proved narrow in case of the spray-

dried sample (Fig. 4e). As compared to the physically mixed

sample, the median particle sizes (X50) of other samples were

significantly lower (P \0.05). The median particle-size (X50)

of the triturated sample was reduced due to vigorous grinding

and prolonged mixing of constituents for 20 min. The median

particle-size (X50) of the kneaded sample was not very dif-

ferent from that of the solvent-evaporated sample. Their

particle sizes were larger than that of the triturated sample

because of a relatively short time of grinding (1–2 min)

during pulverization of the dried residue. However, the

median particle-size (X50) of the spray-dried sample was

significantly reduced (P \0.05) in comparison with other

samples. The reduced particle size led to enhancement of the

surface area available for dissolution and, hence, the disso-

lution rate was improved [35].

Figure 5 reveals the structural aspects of samples. Fe-

nofibrate powder generated sharp characteristic peaks

confirming the crystalline nature of the drug (Fig. 5a). HP-

b-CD did not produce any peaks suggesting the amorphous

nature of the hydrophilic cyclic polymer (Fig. 5b). The

distinctive peaks associated with fenofibrate crystalline

form also appeared in the PXRD patterns of the physically

mixed (Fig. 5c), triturated (Fig. 5d) and kneaded (Fig. 5e)

preparations. This suggested the presence of the crystalline

drug in these samples. However, no peak was seen in the

PXRD patterns of the solvent-evaporated (Fig. 5f) and

spray-dried (Fig. 5g) samples. This confirmed that the drug

was converted into the amorphous state after inclusion into

the HP-b-CD cavity in both the solvent-evaporation and

spray-dying techniques.

Similarly, the DSC results (Fig. 6) show that the fe-

nofibrate powder (Fig. 6a) produced a deep endotherm

corresponding to its melting point at about 81.5 �C show-

ing its typical crystalline nature. The HP-b-CD showed no

sharp endotherm confirming its amorphous state (Fig. 6b).

However, a broad descending curve was due to loss of

water bound with the HP-b-CD [36]. Furthermore, the

sharp endotherm corresponding to the melting point of

crystalline fenofibrate was also witnessed in case of the

physically mixed (Fig. 6c), triturated (Fig. 6d) and knea-

ded (Fig. 6e) samples. However, no sharp endotherm

appeared for the solvent-evaporated (Fig. 6f) and spray-

dried (Fig. 6g) samples. Like PXRD results, DSC results

also confirmed that the drug was present in the crystalline

state in the physically mixed, triturated and kneaded sam-

ples. On the other hand, it was a clear change to the

amorphous form in the solvent-evaporated and spray-dried

samples. Amorphous drugs are markedly more soluble than

their corresponding crystalline forms [33, 37]. However,

recrystallization might be expected at supersaturation. The

HP-b-CD improved aqueous solubility of the drug by

inhibiting recrystallization [38–40].

Figure 7 shows the results of thermogravimetric analysis

in the range of 30–140 �C. In the case of fenofibrate

powder, a straight line was obtained (Fig. 7a). The HP-b-

CD produced a broad descending curve in the range of
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30–100 �C (Fig. 7b). This curve indicated the loss of

bound water in this temperature range [36]. Likewise, this

behavior was also observed in case of the physically mixed

(Fig. 7c), triturated (Fig. 7d), kneaded (Fig. 7e), solvent-

evaporated (Fig. 7f) and spray-dried (Fig. 7g) samples.

Moreover, the weight losses of fenofibrate powder,

HP-b-CD, physically mixed, triturated, kneaded, solvent-

evaporated and spray-dried samples were 0.27, 4.89, 3.09,

3.06, 3.53, 3.14 and 3.21 %, respectively. The results

Table 1 A list of micromeritic measurements obtained from the

particles of different fenofibrate/HP-b-CD preparations, including the:

Median diameter (X50), sauter mean diameter (SMD), volume mean

diameter (VMD), volume specific surface area (Sv) and mean particle

surface area (Sm)

Fenofibrate/HP-b-CD preparation X50 (lm) SMD (lm) VMD (lm) Sv (m2/cm3) Sm (cm2/g)

Physically mixed 34.57 ± 2.81 8.11 ± 3.35 36.79 ± 1.13 0.81 ± 0.34 10,453.21 ± 1,515.68

Triturated 11.42 ± 0.08 4.66 ± 0.39 17.90 ± 0.36 1.29 ± 0.11 13,632.09 ± 2,112.97

Kneaded 17.89 ± 4.08 5.25 ± 0.47 24.44 ± 2.11 1.14 ± 0.10 10,632.09 ± 1,722.39

Solvent-evaporated 13.30 ± 0.78 4.67 ± 0.30 20.59 ± 1.78 1.29 ± 0.08 13,831.00 ± 2,171.46

Spray-dried 2.44 ± 0.03 1.96 ± 0.08 2.87 ± 0.07 3.06 ± 0.13 32,105.43 ± 5,021.32

Each value represents the Mean ± S.D. (n = 3)
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Fig. 6 DSC thermograms: a fenofibrate powder; b HP-b-CD;
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showed that the losses of weight in case of the physically

mixed, triturated, kneaded, solvent-evaporated and spray-

dried samples were not very much different from one

another. Furthermore, the water of hydration was strongly

bound to HP-b-CD, and did not completely evaporate

during drying processes used in the preparation of solvent-

evaporated and spray-dried samples [36].

The shape and surface features of fenofibrate powder,

physically mixed, triturated, kneaded, solvent-evaporated

and spray-dried samples are shown in Fig. 8. The scanning

electron micrograph of fenofibrate powder showed asym-

metrical crystals (Fig. 8a). The HP-b-CD contained various-

sized larger particles. Therefore, the SEM images of HP-b-

CD (Fig. 8b) and the physically mixed product (Fig. 8c)

were taken at lower magnification. Similarly, the micro-

graphs of the triturated (Fig. 8d), kneaded (Fig. 8e) and

solvent-evaporated (Fig. 8f) samples also showed different-

sized particles with irregular shapes and surfaces. However,

the discrete particles of the spray-dried sample were of

regular shape and size, but irregular surface (Fig. 8g).

The FT-IR spectroscopic results are displayed in Fig. 9.

The distinguishing peaks of fenofibrate were appeared at

923, 1,597, 1,648 and 1,726 cm-1 (Fig. 9a). These peaks

were also observed in the spectra of the physically mixed,

triturated, kneaded, solvent-evaporated and spray-dried

samples. Moreover, the physically mixed (Fig. 9c), tritu-

rated (Fig. 9d), kneaded (Fig. 9e), solvent-evaporated

(Fig. 9f) and spray-dried (Fig. 9g) samples exhibited sim-

ilar spectral patterns. There was no apparent shift of peaks

or emergence of new peaks, confirming the absence of

making or breaking of new chemical bonds between the

drug and cyclodextrin [19, 20, 41].

As compared with the fenofibrate powder, the physically

mixed sample improved the aqueous solubility and disso-

lution of the drug due to the presence of the hydrophilic

polymer, which enhanced wettability [42, 43]. The solu-

bility and dissolution of the drug from the triturated sample

was better than that of the physically mixed sample

because of decrease in particle size [44, 45]. Irrespective of

a relatively larger particle size, the solubility and dissolu-

tion of the drug from the kneaded sample was better than

that from the triturated sample. In the preparation of the

kneaded sample, the hydrophilic polymer was impregnated

with ethanol first, then the drug was let to gradually mixed

with HP-b-CD on continuous kneading. Accordingly, the

enhanced solubility and dissolution can be ascribed to

comparatively closer contact between the drug and the

hydrophilic polymer in the kneaded sample [33]. The

PXRD and DSC results showed that the drug was present in

the amorphous form in the solvent-evaporated and spray-

dried samples. The solubility of the drug with the solvent-

evaporated sample was greater than those of the triturated

and kneaded samples. This enhanced solubility was due to

the amorphous state of the drug [12]. However, the initial

dissolution rate of the solvent-evaporated sample was not

significantly different (P [ 0.05) from those of the tritu-

rated and the kneaded samples. This might be due to their

similar particle-size distributions (P \ 0.05). As particles

dissolve slowly, the loaded drug would also dissolve

slowly [46]. The spray-dried sample demonstrated the

highest solubility and dissolution of the drug owing to a

combination of factors including the conversion into the

amorphous state [47], reduction in particle size with a

narrow size distribution [45], enhanced surface area

available for dissolution [35] and improved wetting due to

more homogeneity of the constituents and closeness of the

hydrophilic polymer with the amorphous drug [11, 42, 43].

Thus, all sample preparation methods improved the sol-

ubility and dissolution of the drug in comparison with the

drug powder (P \ 0.05) in the decreasing order of spray-

dried [ solvent-evaporated [ kneaded [ tritu-

rated [ physically mixed samples. The drug was in the

crystalline state in the physically mixed, triturated and

kneaded samples. However, it was changed into the amor-

phous form in the solvent-evaporated and spray-dried sam-

ples. In particular, the discrete microparticles (X50 =

2.44 ± 0.03 lm) of the spray-dried sample containing the

amorphous drug (drug content = 101.10 ± 5.64 %) exhib-

ited the highest drug solubility (85.93 ± 6.83 lg/ml) and

dissolution (about 80 % within 10 min). Thus, the fenofi-

brate/HP-b-CD inclusion sample (1:1 molar ratio) prepared

by the spray-drying technique could be used to remarkably

enhance the aqueous solubility and dissolution of poorly

water-soluble fenofibrate.
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Fig. 7 TGA thermograms: a fenofibrate powder; b HP-b-CD;

c physically mixed preparation; d triturated preparation; e kneaded

preparation; f solvent-evaporated preparation; g spray-dried prepara-

tion. Each preparation contained fenofibrate and HP-b-CD in a 1:1

molar ratio
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Conclusion

All preparations exhibited better aqueous drug solubility

and dissolution than that of the drug powder. The enhanced

drug dissolution rate can be attributed to (i) an improved

solubility of the drug as a result of its amorphous state or

small particle size (Kelvin’s law) [44, 45, 47], (ii) an

increased surface area available for drug dissolution

because of a relatively smaller size of the drug particle [48,

49], (iii) an improved wetting of the drug by the

hydrophilic carrier [42, 43] and (iv) the presence of

hydrophobic methyl groups which extend the hydrophobic

cavity of the cyclodextrin molecule [41]. This work

emphasized that in the development of an inclusion prep-

aration of the poorly water-soluble drugs with HP-b-CD,

the preparation method plays profound role on the drug

physicochemical characteristics, such as crystallinity, par-

ticle size, solubility and dissolution. Among the various

preparations examined in this work, including physical

mixing, trituration, kneading, solvent-evaporation, spray-

Fig. 8 SEM images:

a fenofibrate powder (92000);

b HP-b-CD (9200);

c physically mixed preparation

(9200); d triturated preparation

(92000); e kneaded preparation

(92000); f solvent-evaporated

preparation (92000); g spray-

dried preparation (92000). Each

preparation contained

fenofibrate and HP-b-CD in a

1:1 molar ratio

354 J Incl Phenom Macrocycl Chem (2015) 81:347–356

123



drying, the latter technique of spray-drying a 1:1 fenofi-

brate and HP-b-CD solution of fenofibrate/HP-b-CD in

95 % aqueous ethanol exhibited the best enhanced drug

solubility and dissolution, and is thus strongly recom-

mended for enhanced fenofibrate delivery.
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