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Abstract Praziquantel (PZQ) is the drug of choice for oral

treatment of schistosomiasis and other fluke infections that

affect humans. Its low oral bioavailability demands the

development of innovative strategies to overcome the first

pass metabolism. In this article, solid lipid nanoparticles

loaded with PZQ (PZQ-SLN) were prepared by a modified

oil-in-water microemulsion method selecting stearic acid as

lipid phase after solubility screening studies. The mean

particle size (Z-Ave) and zeta potential (ZP) were 500 nm

and -34.0 mV, respectively. Morphology and shape of

PZQ-SLN were analysed by scanning electron microscopy

revealing the presence of spherical particles with smooth

surface. Differential scanning calorimetry suggested that

SLN comprised a less ordered arrangement of crystals and

the drug was molecularly dispersed in the lipid matrix. No

supercooled melts were detected. The entrapment efficiency

(EE) and loading capacity of PZQ, determined by high per-

formance liquid chromatography, were 99.06 ± 0.3 and

17.48 ± 0.05, respectively. Effective incorporation of PZQ

into the particles was confirmed by small angle X-ray scat-

tering revealing the presence of a lipid lamellar structure.

Stability parameters of PZQ-SLN stored at room tempera-

ture (25 �C) and at 4 �C were checked by analysing Z-Ave,

ZP and the EE for a period of 60 days. Results showed a

relatively long-term physical stability after storage at 4 �C,

without drug expulsion.
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Introduction

Praziquantel (PZQ), [2-cyclohexylcarbonyl-1,2,3,6,711b-

hydropypyrazine {2,1-a} isoquinolin-4-one], is the drug of

choice for the treatment of most human trematode and ces-

tode infections, being widely used in schistosomiasis, as well

as in other fluke infections that are pathogenic to humans [1].

After oral administration, PZQ suffers a rapid and nearly

complete absorption, to a significant first-pass effect, of liver

metabolism and kidney elimination [2]. PZQ short half-life

(0.8–1.5 h), poor solubility in water and low oral bioavail-

ability make PZQ an excellent candidate for encapsulation in

solid lipid nanoparticles (SLN) [3]. The aim of this study was

the development and physicochemical characterization of

PZQ-SLN. SLN have been reported as potential drug carriers

to improve gastrointestinal (GI) absorption and oral bio-

availability of poorly water soluble and/or lipophilic drugs

[4–6]. SLN consist of a matrix composed of a lipid in the

solid state at both room and body temperatures, usually

stabilized with an emulsifying layer in an aqueous disper-

sion, and these particles usually show Z-Ave between 50 and

1000 nm [7]. These carriers are composed of physiological

components and/or excipients of accepted status (e.g., GRAS

status for oral and topical administration). This approach

reduces the risk of acute and chronic toxicity [8]. Interaction

and localization of PZQ into SLN composed of different

types of solid lipids was conducted by differential scanning

calorimetry (DSC) and small angle X-ray scattering (SAXS).

Materials and methods

Materials

PZQ was purchased from Henrifarma� (Brazil). The lipids

and fatty acids used in this study were: stearic acid (SA; a

C18 saturated fatty acid) provided by Acofarma (Portugal),

cetyl palmitate provided by Sigma-Aldrich (USA), glyceryl

behenate (Compritol� 888 ATO) and glyceryl palmitoste-

arate (Precirol� ATO 5) gifted by Gatefossé (France),

glyceryl tristearate (Dynasan� 118), glyceryl monostearate

(Imwitor� 491), glyceryl stearates (Imwitor� 900) and

hydrogenated coco-glycerides (Witepsol� E 75) were

supplied by Sasol Germany GmbH (Germany). The

emulsifier Poloxamer 188 (P-188) (Lutrol� F68) was pro-

vided by BASF ChemTrade GmbH (Germany). All other

chemicals were of high analytical grade. Water used was of

high purity (Milli-Q water with 18.2 MX cm).

Solubility studies of PZQ in solid lipids

The solubility of PZQ in eight different lipids was screened

by mixing the drug at different concentrations (1, 5, 10 and

15%, w/w) with the respective lipid. The mixture was kept

at 90 �C for 1 h for melting. The solubility was determined

by visual parameters, after 30 min at 90 �C.

Preparation of SLN

The aqueous SLN dispersions were produced by a modified

oil-in-water (o/w) microemulsion method using high-shear

homogenization as described by Martins et al. [9]. Particles

were composed of 5% (w/w) of solid lipid stabilized with

1% (w/w) of Poloxamer 188. Briefly, the solid lipid was

melted at about 90 �C, and in parallel, in a separate beaker,

Poloxamer 188 was dissolved in purified water and heated

to approximately the same temperature. The hot lipid phase

was poured into the hot water-phase under high-shear

homogenization at 8000 rpm, for 10 min using Ultra-Tur-

rax� T25 (IKA works). The obtained coarse emulsion was

immediately dispersed in 10 mL of cooled distilled water

(0 �C, in ice bath) followed by homogenization at

3400 rpm for 1 min. Subsequently, the dispersions were

allowed to recrystallize under refrigerated temperature

(about 4 �C, for 5 min) to obtain SLN and then (divided in

two equal portions) stored at 4 �C and at room temperature.

For the production of PZQ-SLN, 0.75% of drug was added

to the melted lipid phase previously to the hot emulsifica-

tion, following the same process as described above.

Preparation of binary mixtures of SLN components

for thermal analysis

Binary mixtures of raw components, in the same ratio as

figuring in SLN composition, were prepared by ground

milling, namely SA and PZQ (SA/PZQ, 85:15); Poloxamer

188 and PZQ (P-188/PZQ, 2:1.5).

Analysis of mean particle size (Z-Ave), polydispersity

index (PdI) and zeta potential (ZP)

The mean particle size (Z-Ave) and the PdI of SLN in the

dispersion were assessed by photon correlation spectros-

copy (PCS, Zetasizer Nano-ZS; Malvern Instrument, UK)

at a fixed angle of 173� and a temperature of 25 �C. The ZP

was measured by laser Doppler anemometry using the

same instrument at the same temperature. The samples

were diluted with distilled water before analysis. Each

reported value was the average of three measurements.

Scanning electron microscopy (SEM) analysis

The morphology of SLN was analysed by SEM (JSM-

7500F, JEOL, Japan), operating at an accelerating voltage

of 2.0 kV, after coating the samples with gold using a

sputter coater (JFC-1200 fine coater, JEOL, Japan). Before
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analysis, the excess of water was left to dry at room tem-

perature (25 �C) and subsequently glued on the stub.

Differential Scanning Calorimetry (DSC) analysis

DSC analysis was carried out in a Mettler DSC 1 apparatus

(Mettler Toledo, Gieben, Switzerland), and the melting

enthalpy, onset and melting temperature were calculated by

the STARe Software. The instrument was calibrated with

indium and zinc. Analysis was performed under a nitrogen

purge (50 mL min-1). An empty standard aluminium pan

(40 lL) was used as reference. About 4.0 mg sample was

taken for analysis. DSC scans were recorded at heating rate

of 10 �C min-1. The samples were heated from 25 �C up

to 160 �C. The crystallinity index (CI, %) of SLN was

calculated applying the following equation, where DH

stands for the melting enthalpy (J g-1):

CI ð%Þ ¼ DHaqueous SLN dispersion

DHbulk material � Concentrationlipid phase

� 100:

ð1Þ

Small Angle X-Ray Scattering (SAXS) analysis

SAXS measurements were performed at the Brazilian

Synchrotron Light Laboratory (LNLS). The incident X-ray

monochromatic beam (k = 1.488 Å) was monitored with a

photomultiplier and detected on a Pilatus detector

(8 9 8 binning). The sample-to-detector distance covered

a scattering vector q ranging from 0.20 to 6.0 nm-1. The

samples were placed in a cell at 25 �C between two Kapton

sheets. The collimated X-ray beam was passed horizontally

through a chamber containing the sample. Each SAXS

pattern corresponds to a data collection time of 5 s. Silver

behenate powder was used as standard to calibrate the

sample-to-detector distance, the detector tilt and the direct

beam position. The SAXS chamber parasitic scattering was

also recorded (with bias and dark-noise subtraction) and

subtracted from the sample pattern after sample attenuation

correction.

Determination of entrapment efficiency (EE)

and loading capacity (LC) by HPLC analysis

PZQ was analysed by a reversed-phase HPLC method

(Dionex UltiMate 3000�, USA). The column was an ACE�

5 C18 (250 9 4.6 mm) with 5 lm particles. A mixture of

5% formic acid–methanol (30:70 v/v) was used as the

mobile phase. The detection was carried out at 262 nm,

with a flow rate of 1.0 mL min-1 and a sample injected

volume of 50 lL. The column temperature was maintained

at 25 �C. The calibration curve for the quantification of

PZQ was linear over the range of standard concentration of

PZQ from 20 to 100 lg mL-1 with a correlation coeffi-

cient of 0.999. The retention time of PZQ was about

6.1 min. Data acquisition was performed using chroma-

tography software Chromeleon Chromatography Manage-

ment System (CMS).

The EE was determined to assess the extent of PZQ

incorporation in the nanoparticles. EE of PZQ-SLN was

obtained by determining the concentration of the free PZQ

against the total PZQ used in the formulation. Briefly,

approximately 1 g of PZQ-SLN was weighted and then

ultracentrifuged for 60 min at 4 �C at 35,000g (3K30,

Sigma, Germany). The amount of PZQ in the supernatant

was determined by HPLC. The EE and LC were calculated

applying the following equations (Eqs. 2 and 3).

EE ð%Þ

¼ Total mass of PZQ � mass of PZQ in aqueous phase

Total mass of PZQ

� 100 ð2Þ

LC ð%Þ

¼ Total mass of PZQ � mass of PZQ in aqueous phase

Total mass of lipid

� 100: ð3Þ

Statistical analysis

Data were expressed as mean ± standard deviation, and

were compared by analysis of variance (ANOVA). Dif-

ferences were considered statistically significant at P value

\0.05.

Results and discussion

The first step in formulating SLN dispersions is always the

assessment of drug solubility in the lipid phase for the

solubility studies. Eight lipids with different physico-

chemical properties were selected, as listed in Table 1. For

the envisaged concentrations of PZQ most of them did not

solubilise PZQ or only solubilise at 1% (w/w). As

observed, the fatty acid SA solubilises the highest amount

of PZQ (Table 1) and therefore it was selected to produce

SLN due to its solubilisation properties and low cost.

The unloaded SLN depicted Z-Ave of 396.8 ± 2.8 nm

and 505.6 ± 27.2 nm when loaded with PZQ. Both

populations provided acceptable homogeneity in the size

distribution, as indicated by the PdI value below 0.3

(Table 2). Regarding the ZP, SLN depicted a negative sur-

face charge and the loading of PZQ did not significantly

change the ZP of the particles. These absolute values were

higher than 30 mV, suggesting a good physical stability

since particle aggregation is not likely to occur owing to
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electrostatic repulsion between SLN [10–12]. Furthermore,

the use of steric stabilizer was also shown to produce stable

formulations [13]. Poloxamer (P-188), a non-ionic emulsi-

fier, is reported to decreases the electrostatic repulsion

between the particles, it sterically stabilizes the nanoparticles

by forming a hydrophilic coat around their surface [14].

The morphology of SLN was investigated by SEM.

Unloaded SLN showed an anisometric shape with a

cylinder-like irregular (Fig. 1). The incorporation of PZQ

into SLN affected the morphology of the systems and

spherical particles were produced, possibly because of the

formation of a more homogenous lipid phase (Fig. 2).

The DSC provides information about the physical state

and the degree of crystallinity of SLN matrices via thermal

behaviour. Since, the advantages of SLN are essentially

due to the solid state of the lipid matrix, the lipid crystal-

lization is an important point for the performance of the

SLN carriers both in vitro and in vivo [10, 15]. However,

when less crystalline lipids are used for SLN production,

the lipid matrix might not necessarily re-crystallize. A

problem associated with the formation of supercooled

melts is usually encountered when the preparation process

is carried out by heat, such as during the preparation

of SLN by melt emulsification or by hot o/w microemul-

sion method [16, 17]. DSC curves for bulk lipid, bulk

Poloxamer-188, pure PZQ and physical mixtures are pre-

sented in Fig. 3.

The DSC analysis of bulk lipid, bulk surfactant and pure

PZQ show a single sharp endothermic peak, with a maxi-

mum at 58.33, 54.00 and 141.17 �C, respectively (Fig. 3).

In the PZQ-SLN, the drug was dissolved in the melted solid

lipid. The physical mixture of PZQ and SA was analysed

by DSC to assess a possible melting point depression of the

lipid and to evaluate the crystalline character of the loaded

drug. The ratios of PZQ to lipid were similar to that of

weight ratios in the final SLN formulation. Since, the

melting endothermic peak of PZQ around 141 �C was not

recorded, the complete solubilisation of PZQ in the lipid

matrix was then confirmed (Fig. 3d).

The DSC analysis of physical mixture P-188/PZQ was

carried out to determine the interaction between the drug

and the emulsifier, where a slight decrease of the melting

peak at 128.50 �C and the reduction of the obtained

enthalpy with respect to the expected value (Fig. 3e).

Table 1 Results of lipid screening of PZQ in different solid lipids

Brand name of solid lipids Chemical composition Melting temperature/�C g PZQ/100 g solid lipid

1% 5% 10% 15%

Precifac� ATO Cetyl palmitate 43–53 - - - -

Compritol� 888 ATO Glyceryl behenate 69–74 - - - -

Dynasan� 118 Glyceryl tristearate 70–73 - - - -

Imwitor� 491 Glyceryl monostearate 66–77 ? - - -

Imwitor� 900 Glyceryl monostearate 54–61 ? - - -

Precirol� ATO 5 Glyceryl distearate 53–57 ? - - -

Stearic acid Stearic acid 69 ? ? ? ?

Witepsol� E 75 Hydrogenated coco-glycerides 38 - - - -

? Soluble; - PZQ crystals

Table 2 Mean particle size, PdI and ZP of unloaded and PZQ-SLN

Formulations Z-Ave/nm PdI ZP/mV

Empty SLN 396.8 ± 2.8 0.156 ± 0.036 -33.5 ± 0.4

PZQ-SLN 505.6 ± 27.2 0.264 ± 0.044 -34.0 ± 1.1

Fig. 1 SEM photomicrograph

of unloaded SLN a 950,000;

b 970,000
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To produce SLN, the lipid is previously melted, fol-

lowing the dispersion in the hot aqueous phase. The

obtained pre-emulsion is then homogenized to produce a

hot o/w microemulsion. Cooling leads to crystallization of

the lipid phase and the formation of SLN. This process

means that, when analysing the SLN by DSC, the lipid has

been melted before (drug dissolution process), i.e., DSC

analysis of the SLN is a second melting process. When

analysing the DSC curves of blank SLN (unloaded) and

PZQ-SLN (Fig. 4a, b, respectively), broadening of the

melting peak was observed with regard to the bulk SA and

of the physical mixture. This result may be due to the

nanometric size of the particles which had a large surface

area besides a certain effect of the emulsifier molecules

[18–20]. Moreover, a small endothermic peak was

observed at 48.3 and 48.7 �C, respectively. This peak could

indicate the presence of P-188 in the form of coating sur-

rounding the particles. Similar result was observed by Aji

Alex et al. [21]. No peak of PZQ at 141 �C was detected in

DSC curves of PZQ-SLN compared with curves of raw

material. No drug melting point may be attributed to the

amorphous or molecularly dispersed structure of the PZQ

in the lipid matrix. Similar results revealing that drug in the

SLN were in amorphous state have also been reported [22,

23].

The melting enthalpy obtained for unloaded and PZQ-

SLN had no significant differences, however, the unloaded

SLN has higher amount of SA than PZQ-SLN. This fact

can be due to the interaction of PZQ with P-188, even that

weak, leading to a more structured particle in the presence

of the drug, which was confirmed by SEM (Fig. 2). CI of

the SLN was measured to eliminate the possibility of for-

mation of supercooled melts [24–26]. The unloaded SLN

showed a CI value of 86.4% whilst PZQ-SLN revealed a CI

of 85.2%. The onset temperature and the melting point

were above 40 �C, being the pre-requisite for SLN to

remain in the solid state at body and room temperatures.

An average EE of 99.06 ± 0.30% and an average LC of

17.48 ± 0.05% were achieved for in the PZQ-SLN. The

high value of EE may be due to the highly lipophilic nature

of this drug and its high solubility in SA. The high EE of

PZQ in the SLN can suggest a less ordered arrangement in

Fig. 2 SEM photomicrograph

of PZQ-loaded SLN a 950,000;

b 980,000

0 30
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Fig. 3 DSC curves of a SA; b P-188; c PZQ; d SA/PZQ; e P-188/

PZQ
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Fig. 4 DSC curves of a PZQ-unloaded SLN; b PZQ-loaded SLN

Loading of praziquantel in the crystal lattice 357

123



the lipid structure and increased imperfections that allow

incorporation of the drug molecules into the lipid matrix.

Figure 5 shows SAXS patterns of unloaded and PZQ-

SLN. The magnitude of the scattering vector q is plotted

against the logarithmic scattering intensity log I(q). The

SAXS pattern of unloaded SLN had three sharp peaks at

1.61, 3.21 and 4.82 nm-1 with same intervals (1.61 nm-1)

as depicted by the black curve. These peaks placed at

periodic positions and with same intervals mean that the

SLN prepared from SA had a lipid lamellar structure.

Similar results were obtained by Lukowski et al. [27] and

Maruyama et al. [28], who demonstrated by SAXS data

that lipids such as cetyl palmitate and SA are arranged in a

lamellar lattice structure.

The same SAXS pattern is observed to PZQ-loaded SLN

(grey curve), however, the presence of the more two

intensity peaks located at 2.1 and 4.2 nm-1 could be

observed. These additional peaks suggest that the PZQ was

incorporated into the lamellar structure of SA and this

loading caused the formation of lamellar structures with

two types of long spacing.

The distance between the lamellae, d could be deter-

mined the Bragg equation. The long spacing of lamellar

structure was 3.90 nm, observed for SLN without PZQ. On

the other hand, two types of long spacing in the PZQ-SLN

were calculated to be 3.90 and 2.99 nm. This decrease in

d values suggests that the PZQ interacted with the lipid

matrix promoting the approach between lamellae which

help understanding the drug effect on the morphology

favouring the formation of spherical nanoparticles as

observed in SEM images (Fig. 2). These observations

confirmed the DSC results where no peak of PZQ at

141 �C was detected and that can be attributed to the

effective incorporation of the PZQ (Figs. 3d, 4b; Table 3),

and consequently increased EE.

It is known that the particle size distribution is one of the

most important characteristic for the evaluation of the

stability of colloidal systems. Optimized SLN formulations

should display a narrow particle size distribution in the

submicron range. Furthermore, particles greater than 1 lm

and the increase of their number with the time can be an

indicator of physical instability [29]. Thus, the particle size

parameters were evaluated after 60 days of storage at 4 �C

or at room temperature. Freshly prepared samples were

1 2 3

Scattering vector q /nm–1

S
ca

tte
rin

g 
in

te
ns

ity
 lo

g 
I(

q)

4

SLN
PZQ-loaded SLN

5 6

Fig. 5 SAXS patterns of (black curve) PZQ-unloaded SLN and (grey
curve) PZQ-loaded SLN. The scattering profile is dominated by

equally spaced Bragg reflections of integral order spacing indicative

of one-dimensional lamella with a periodicity, d

Table 3 DSC results of bulk materials and unloaded and PZQ-SLN

Samples Tpeak/�C Tonset/�C DHobtained/J g-1 DHexpected/J g-1

SA 58.33 54.33 181.04 –

P-188 54.00 51.45 125.01 –

PZQ 141.17 137.69 90.80 –

SA/PZQ 58.67 52.55 140.31 153.88

P-188/PZQ 53.17/128.50 50.23/114.53 66.60/16.5 71.38/38.95

Empty SLN 48.33/58.17 45.91/55.01 125.64 170

PZQ-SLN 48.70/56.17 – 123.94 149

SA stearic acid; P-188 Polaxamer 188; PZQ praziquantel; DH melting enthalpy

Table 4 Effect of storage time and temperature (4 �C or room temperature) on the mean particle size, PdI, ZP and EE dI, ZP of PZQ-SLN

PZQ-SLN Z-Ave/nm PdI ZP/mV EE/%

PZQ-SLN (0 day) 505.6 ± 27.2 0.264 ± 0.044 -34.0 ± 1.1 99.06 ± 0.3

PZQ-SLN 4 �C (60 days) 616.0 ± 26.5 0.335 ± 0.037 -28.9 ± 1.5 99.22 ± 0.1

PZQ-SLN RT (60 days) 1421.3 ± 208.8 0.903 ± 0.110 -28.2 ± 0.9 98.82 ± 0.3
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divided in two batches, one left at room temperature and

the other was placed at 4 �C. PZQ-SLN stored for 60 days

at 4 �C showed a slight but significant increase of particle

size (P \ 0.05), when compared to the formulation

immediately after production (Table 4). When stored at

25 �C for 60 days, the particle size showed a significant

increase, ca. 2.3–2.8-fold, when compared to the initial

formulation. The PdI follows the same variation as the

particle size. Storage temperature did not significantly

affect the ZP values, which were smaller than the measured

on the day of production. The EE was not affected by the

storage time. However, data indicates that storing the

samples at 4 �C, the formulations still remained in their

colloidal particle size range. These results suggest that the

destabilization process was induced by increase of storage

temperature, which increases the kinetic energy of the

systems favouring particles collision [10]. Moreover, the

particle growth generally precedes the gelling step [30]. In

most cases, gel formation is an irreversible process, which

involves the loss of the colloidal particle structure [13]. In

this study, the gel formation was not observed.

During shelf life, rearrangement of the crystal lattice

might occur in favour of thermodynamically stable con-

figurations and this is often connected with expulsion of the

drug molecules [10]. HPLC analyses for measuring the EE

on day 0 and 45 days after preparation of PZQ-SLN

showed no significant differences (P [ 0.05), which

anticipates that less ordered crystalline structures result in

physical stability and little effusion of drug molecules from

particles during storage time. Similar results were recently

reported by Kheradmandnia et al. [31], for SLN containing

beeswax and carnauba wax as lipid matrix for the incor-

poration of ketoprofen.

Conclusions

The SLN were produced using SA as lipid phase and the

PZQ was successfully incorporated into SLN in the con-

centration of 15% in relation to lipid core. PZQ-SLN

showed a mean particle size of 500 nm with narrow size

distribution and high ZP value, indicating good physical

stability. The morphology analysis showed that PZQ-SLN

were of spherical shape. DSC measurements suggested that

the drug was incorporated into SLN as solid solution, i.e.,

in molecularly dispersed form and the crystals of SLN were

less ordered arrangement. Moreover, the PZQ-SLN

remained in solid state. The high EE (99%) indicated a

good compatibility between PZQ and the lipid core of

SLN. SAXS measurements showed that SLN are consisted

of a lipid lamellar structure and confirmed the effective

incorporation of PZQ into SLN.
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