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The aim of this work was to develop solid lipid nanoparticles (SLNs) loaded

with clofazimine (CLZ) (SLNs-CLZ) to overcome its intrinsic toxicity and

low water solubility, for oral drug delivery. A Box–Behnken design was con-

structed to unravel the relations between the independent variables in the

selected responses. The optimized SLNs-CLZ exhibited the following proper-

ties: particle size ca 230 nm, zeta potential of 234.28 mV, association efficiency

of 72% and drug loading of 2.4%, which are suitable for oral delivery. Further

characterization included Fourier transformed infrared spectroscopy that

confirmed the presence of the drug and the absence of chemical interactions.

By differential scanning calorimetry was verified the amorphous state of

CLZ. The storage stability studies ensured the stability of the systems over a

period of 12 weeks at 48C. In vitro cytotoxicity studies evidenced no effect

of both drug-loaded and unloaded SLNs on MKN-28 gastric cells and on intes-

tinal cells, namely Caco-2 and HT29-MTX cells up to 25 mg ml21 in CLZ. Free

CLZ solutions exhibited IC50 values of 16 and 20 mg ml21 for Caco-2 and

HT29-MTX cells, respectively. It can be concluded that the optimized

system, designed considering important variables for the formulation of

poorly soluble drugs, represents a promising platform for oral CLZ delivery.
1. Introduction
Clofazimine (CLZ) is an antibiotic and an anti-inflammatory drug, classified as a

riminophenazine agent [1,2]. For decades, it has been recommended by the World

Health Organization for the therapy of multibacillary leprosy. In addition, recent

studies have revised its application in the treatment of multidrug-resistant

tuberculosis [1,2].

Despite its clinical approval, it is a highly hydrophobic drug (log p . 7) [1],

virtually insoluble in water [2]. This particular feature of CLZ results in limited

absorption, associated with a large volume of distribution and, an elimination

half-life of more than 70 days, since cells act as drug reservoirs [3]. After long-

term administration, the consequent bioaccumulation of CLZ results in yellowish

and reddish skin pigmentation, abdominal pain and cardiotoxicity [1].

CLZ has three amine groups, which may be protonated and charged at acidic

pH, increasing its solubility. Therefore, in the gastrointestinal tract, CLZ may form

supersaturated solutions, as it passes from the stomach (pH 1–3) [4] to more

alkaline environment of the intestine leading to in vivo drug precipitation [2]. In

fact, it is already reported that CLZ can form complexes with intracellular

membranes, and precipitate as crystal aggregates, being phagocytized by the

mononuclear phagocyte system [2]. This phenomenon may be correlated with
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Table 1. Formulation composition and obtained responses of 15 different formulation obtained from Box – Behnken design. X1 ¼ amount of lipid, X2 ¼

amount of surfactant, X3 ¼ amount of drug, Y1 ¼ particle size, Y2 ¼ PDI, Y3 ¼ zeta potential, Y4 ¼ AE and Y5 ¼ DL.

formulation

independent variables dependent variables

X1 (mg) X2 (mg) X3 (mg) Y1 (nm) Y2 Y3 (mV) Y4 (%) Y5 (%)

F1 250 60 7 208.0 0.127 228.04 67.8 1.88

F2 350 60 7 236.5 0.158 232.31 61.9 1.26

F3 250 100 7 169.0 0.174 223.17 67.0 1.85

F4 350 100 7 195.0 0.158 223.62 62.4 1.57

F5 250 80 4 198.1 0.164 230.88 70.8 1.10

F6 350 80 4 227.1 0.169 229.08 83.0 0.94

F7 250 80 10 204.3 0.165 225.73 62.4 2.26

F8 350 80 10 221.2 0.156 221.78 81.7 2.02

F9 300 60 4 203.3 0.193 227.18 62.7 0.81

F10 300 100 4 187.0 0.168 238.28 77.4 0.97

F11 300 60 10 220.7 0.154 229.61 75.0 2.39

F12 300 100 10 177.5 0.154 224.65 69.5 2.24

F13 300 80 7 227.2 0.155 232.09 71.2 1.63

F14 300 80 7 219.7 0.194 229.93 80.6 1.87

F15 300 80 7 219.7 0.147 228.52 74.7 1.61
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undesired and toxicological effects, often resulting in patients’

non-compliance with treatment [5].

Several strategies are commonly applied to improve poorly

soluble drugs solubility namely prodrug formation, salt

formation [6], complexation with cyclodextrins [3] or other

macromolecules [1,7], formulation of amorphous dispersions

[8], use of co-solvents or surfactants [9], formulation of lipo-

somes [10] and nanosuspensions [11]. Although many types

of nanoparticles are available for oral delivery, lipid nanoparti-

cles and especially solid lipid nanoparticles (SLNs), have

shown to be one of the most promising delivery systems to

improve the oral bioavailability of hydrophobic drugs [12].

SLNs consist of a physiological compatible solid lipid core

and of an amphiphilic surfactant shell. The main characteristic

of the lipid phase is that they remain in solid state at room

temperature [13,14]. The mechanism by which SLNs can

improve the solubility of poorly soluble drugs is based on the

formation of a fine lipid dispersion, at the same time that

entraps the drug, providing a large surface area of absorption

in the gastrointestinal tract [15]. Besides the traditional advan-

tages of colloidal systems such as improved physical stability,

protection of drug from in vivo degradation, controlled drug

release, and specific targeting, SLNs are feasible to scale-up

with an associated low cost [12,13].

Despite the great number of works applying different tech-

nologies to improve CLZ solubility, the encapsulation into

SLNs has not yet been described. The aim of this work was

to develop SLNs loaded with CLZ (SLNs-CLZ) to improve

CLZ solubility, and to decrease its associated toxicity, using a

rational development. The design of the SLNs-CLZ was carried

out by the application of a Box–Behnken design (BBD) aiming

to better unravel the influence of different factors on selected

responses. The optimized formulations were physicochem-

ically characterized by dynamic light scattering, Fourier

transformed infrared spectroscopy, differential scattering
calorimetry. The storage stability and the in vitro cytotoxicity

were also assessed.
2. Material and methods
2.1. Materials
CLZ was purchased from Hangzhou Heta Pharm & Chem Co. The

solid lipids Precirol ATO 5 cetyl palmitate, Compritol 888 ATO,

Precirol ATO 5, Gelucire 43/01, were kindly provided by Gatte-

fossé (Saint-Priest, France). Softisan 142 was purchased from

Cremer Care (Hamburg, Germany); Witepsol E85 from Sasol

(Johannesburg, South Africa), and stearic acid was from Merck &

Co., Inc. (Whitehouse Station, NJ, USA). Tweenw 80 was pur-

chased from Sigma-Aldrich Co. (St Louis, MO, USA). All other

chemicals used in the study were of analytical grade. Caco-2 and

MKN28 cell lines were acquired from the Shanghai Institute of

Cell Biology (Shanghai, China) (passage number 35–55); while

the HT29-MTX cell line was kindly provided by Dr T. Lesuffleur

(INSERM U178, Villejuif, France). Dulbecco’s modified Eagle’s

medium (DMEM), Roswell Park Memorial Institute (RPMI), fetal

bovine serum (FBS), Pen-Strep (penicillin, streptomycin) and

trypsin-EDTA were all obtained from Gibco (Paisley, UK).

Thiazolyl blue tetrazolium bromide (MTT) was obtained from

Sigma-Aldrich (St Louis, MO, USA).

2.2. Methods
2.2.1. Preparation of SLNs
All the formulations of the experimental design were prepared by

hot homogenization followed by ultrasonication, as previously

described [14]. Briefly, the selected amounts of Precirol ATO 5

and CLZ (table 1) were both heated to 758C to solubilize the

drug in the lipid matrix. Further, the aqueous phase containing

the established amount of surfactant (Tweenw 80) (table 1) was

pre-heated in water bath at the same temperature. The 6 ml of aqu-

eous phase were added into the lipid phase and homogenized
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using a probe sonicator (VCX130; Sonics & Materials, Inc., New-

town, CT, USA), at 70% of amplitude for 5 min. The colloidal

dispersion obtained was rapidly cooled down in an ice bath. Pla-

cebo SLNs were prepared similarly, without the addition of

CLZ. When appropriate, the formulation was freeze-dried for

48 h, under vacuum (0.5 mBar), and 2558C using a LyoQuest 85

plus v.407 Telstar freeze dryer (Telstarw Life Science Solutions,

Terrassa, Spain).

2.2.2. Experimental design
In order to assess the correlation between the responses and the

factors during the development of SLNs-CLZ, maximizing

the experimental efficiency with the minimum number of

experiments, a three-level, three-factor BBD was applied.

The selected independent variables were (X1) the amount of

lipid, (X2) the amount of surfactant and (X3) the amount of drug.

These parameters and their lower (21), medium (0) and higher

(þ1) values were selected based on previous screening studies

for each variable. Other parameters were set as fixed levels. The

studied responses were: Y1 ¼mean particle diameter, Y2 ¼ poly-

dispersity index (PDI), Y3 ¼ zeta potential (ZP), Y4 ¼ association

efficiency (AE) and Y5 ¼ drug loading (DL). The results were

studied using analysis of variance (ANOVA). Multiple linear

regression analysis of the BBD was carried out to generate

polynomial equations

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b12X1X2 þ b13X1X3 þ b23X2X3

þ b11X12 þ b22X22 þ b33X32 ,

where Yn is response b0 is the arithmetic mean of all the runs, X1– 3

are the coded levels of independent variables, and b1–b33 are the

estimated coefficient from the observed experimental values of

the respective response (Yn); the terms XiXj and Xi2 (i ¼ 1, 2 or

3) represent the interaction and quadratic terms, respectively.

A positive sign of the terms indicates synergic effects of the factors,

while negative signs indicate antagonistic effect.

The best-fitting experimental model (linear, two-factor inter-

action, quadratic, and cubic models) was statistically evaluated

according to multiple correlation coefficient (R2) provided by

STATISTICA 10 software (StatSoftw, Dell Software, Round Rock,

TX, USA). The effects of the obtained models were assessed by ana-

lysing the statistical significance of the coefficients using ANOVA

( p-value 0.05).

2.2.3. Optimization and validation assays
The optimization of the formulation was performed assuming

the values obtained after studying the desirability profile tool of

STATISTICA 10 software. The constraints parameters were to:

reach particles with 250 nm in diameter, minimize PDI, obtain a

charge around 230 mV, and maximize AE and DL, all simul-

taneously. Three-dimensional response surface plots were

obtained for each response in order to better understand the

correlation between the factors.

To evaluate the reliability of the models, the optimized nano-

particle was used as check point for the validation, in which the
predicted values of each response were compared to the exper-

imental by calculating the % bias. The linear correlation

and residual plots between observed and predicted responses

were obtained. The optimized nanoparticles were used for the

subsequent characterization.
2.2.4. Characterization of the optimized SLNs-CLZ

2.2.4.1. Mean particle size, polydispersity index and

zeta potential
The mean particle size as well as the PDI were analysed by

dynamic light scattering (DLS) using a ZetaPALS, Zeta Potential

Analyzer (Brookhaven Instrument Corps, Holtsville, NY, USA),

at 258C with a light incidence angle of 908.
Before measurement, the formulation was filtered with a

nitrocellulose 3 mm pore size filter (Merck Millipore, Billerica,

MA, USA), aiming to exclude the unentrapped precipitated

drug. Further, the filtrated nanoparticles were properly diluted

with ultrapure water until reaching a suitable concentration for

the measurement, that is, Kcps around 500. The obtained

values of particle size and PDI were representative of the mean

of six runs. The zeta potential of the samples was analysed by

electrophoretic light scattering (ELS) using the Smoluchowski

mathematical model. The filtered nanoparticles were measured

in a folded capillary electrophoresis cell, at 258. The obtained

value represents the mean of multiple runs (n ¼ 10).
2.2.4.2. Association efficiency and drug loading
The quantification of entrapped drug within the SLNs was carried

out based on methodologies already reported [16]. Briefly, fresh

optimized formulation was filtered through a 3 mm nitrocellulose

membrane filter (Merck Millipore, Billerica, MA, USA) to retain

unentrapped drug crystals which were undissolved. The drug

retained in the filter was recovered with HCl 1 M, and the

amount of free CLZ was measured by UV-Vis spectrophotometer

(Jasco V-660, Easton, MD, USA) at 528 nm. The method for CLZ

quantification in nanoparticles formulations was previously devel-

oped and validated (electronic supplementary material, figure S1

and supplementary material). The amount of soluble drug in the

aqueous phase was determined by the ultrafiltration method.

Briefly, SLNs-CLZ was properly diluted in ultrapure water, then

transferred into Amiconw Ultra-4 Centrifugal Filter Devices (Milli-

pore, Billerica, MA, USA) (molecular weight cut-off 50 K), and

centrifuged using an Allegra X-15R centrifuge (Beckman Coulter,

Brea, CA, USA) at 4000g for 10 min. After centrifugation, the

samples were acidified with HCl until reaching the concentration

of 1 M, and the free CLZ was detected by spectrophotometer at

528 nm. Standard curves were obtained in HCL 1 M and the super-

natant of the aqueous phase solution obtained after Amicon filter

centrifugation, used to determine the CLZ concentration. The

results are expressed as mean+ standard deviation (n ¼ 3).

Association efficiency (AE) was calculated following the equation:
AE ¼ initial amount of drug � ðdrug retained in filter 3 mmþ drug soluble in aqueous phaseÞ
initial amount of drug

� 100:
Drug loading (DL) expresses the per cent of drug entrapped

in relation to the total lipids and excipients.

DL ¼ initial amount of drug� recovered drug

total weight of nanoparticles
� 100:
2.2.4.3. Freeze-drying of optimized SLNs-CLZ
Optimized SLNs-CLZ underwent freeze-dried filtration using a

3 mm nitrocellulose membrane filter (Merck Millipore, Billerica,

MA, USA) to retain unentrapped drug crystals. The samples were

freeze-dried (Lyoquest ECO, Telstar) with no cryoprotector, using
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a condenser temperature of 2658C and pressure of 0.5 mbar, during

48 h. The samples were stored in desiccator until further use.

2.2.4.4. Transmission electron microscopy to assess morphology
The morphology of the freeze-dried SLNs-CLZ was observed by

TEM (TEM Jeol JEM-1400; JEOL Ltd, Tokyo, Japan) analysis.

After nanoparticles hydration with double-deionized water,

one drop of nanoparticle suspension was added to a copper

grid. The images were obtained after negative staining with

uranyl acetate and under an accelerating voltage of 60 kV.

2.2.4.5. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) spectra of CLZ,

Precirol ATO 5 and CLZ physical mixture (PM), and freeze-dried

SLNs and SLNs-CLZ were using a PerkinElmerw Spectrum 400

(Waltham, MA, USA) equipped with an attenuated total reflec-

tance (ATR) device and zinc selenite crystals. The samples were

transferred directly to the ATR compartment, and the result was

obtained by combining the 16 scans. The spectra were recorded

between 4000 and 600 cm21 with a resolution of 4 cm21.

2.2.4.6. Differential scanning calorimetry
Differential scanning calorimetry (DSC) thermal analyses of CLZ,

Precirol ATO 5, PM, freeze-dried SLNs and SLNs-CLZ were per-

formed using a DSC 200 F3 Maia (Netzsch, Selb, Germany).

Briefly, accurately weighted samples (1–2 mg) were poured into

aluminium pans and hermetically sealed. An empty pan was

used as reference. The samples were scanned from 30 to 3008C,

at 108C min21 of flow rate. Nitrogen gas was used as purge gas,

at 40 ml min21. The melting point (peak maximum), was calcu-

lated using the (NETZSCH Proteusw Software—Thermal

Analysis—Version 6.1) software provided for the DSC equipment.

2.2.5. Storage stability studies
The storage stability of the SLNs-CLZ nanoparticles was assessed

by conducting a study for a period of 12 weeks, at 48C. At each

time point, the formulation was characterized regarding particle

size, PDI, zeta potential, AE and DL. The results were compared

to the first day of production.

2.2.6. Cell-SLNs interaction studies
Intestinal Caco-2 and HT29-MTX cells were cultured in DMEM

supplemented with 10% (v/v) of FBS and 1% (v/v) of penicil-

lin–streptomycin. Gastric MKN-28 cells were cultured in RPMI

1640 culture medium, with 10% (v/v) FBS and 1% (v/v) of peni-

cillin–streptomycin. Cells were grown in a humidified incubator

at 378C and 5% CO2 atmosphere and 95% relative humidity. To

detached the cells, a 0.25% (w/v) trypsin–EDTA solution was

used when cells’ confluence reached 80%

The potential cell cytotoxicity of SLNs, SLNs-CLZ and

CLZ pure drug was evaluated against Caco-2, HT29-MTX and

MKN-28 cells lines using the 3-(4, 5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. Separ-

ately, each cell line was transferred into 96-well plates, at a density

of 5 � 104 cells per well for Caco-2 and HT29-MTX and 105 cells

per well for MKN-28 cells. The plates were incubated for

18–24 h for cell attachment. Further, the culture media was

removed and the wells were incubated with 100 ml of culture

media containing different concentrations of SLNs, SLNs-CLZ

and CLZ (6.25–50 mg ml21 equivalent of CLZ). For CLZ pure

drug, the samples were prepared from a stock solution in

DMSO, and appropriate dilutions were done to reach maximum

of 4% (v/v) of DMSO in the well, immediately before the begin-

ning of the assay. Each sample was incubated during 24 h for

Caco-2 and HT29-MTX cell lines; and during 4 h for MKN-28.
After the incubation period, the samples were removed and

replaced by 100 ml of MTT solution (0.5 mg ml21), and incubated

for additional 2 h. Further, the MTT solution was removed and

100 ml of DMSO was added into each well to solubilize the forma-

zan crystals. The optical density of the solution was measured at

570 and 630 nm wavelengths using SynergyTM HT Multi-mode

microplate reader (BioTek Instruments Inc., Winooski, VT, USA).

Untreated cells were taken as positive control with 100% viability

and cells incubated with 4% (v/v) DMSO used as control for free

CLZ. The MTT test was performed in triplicate and results were

expressed as mean values + standard deviation (s.d.). The cell

viability (%) in relation to control cells (untreated cells) as follows:

cell viability (%) ¼ OD570� 630 treated cells

OD570� 630 untreated cells
� 100:
2.2.7. Statistical analysis
All results were expressed as mean+ s.d. (n ¼ 3). The method vali-

dation was carried out using ANOVA, regression analysis, and

Student’s t-test. Data obtained from the experimental design

were analysed by ANOVA and multiple correlation coefficient

using STATISTICA 10 (StatSoftw) software. GraphPad Prism soft-

ware (version 6, GraphPad Software, USA) was used for

statistical comparisons of the results to control for the cytotoxicity,

through Student’s (unpaired) t-test and one-way ANOVA test. The

differences were assumed statistical significant when p , 0.05

(95% confidence level).
3. Results and discussion
3.1. Experimental design
The significance of the screened factors was assessed and then an

experimental design was constructed with the identified vari-

ables that may influence the critical attributes of the SLNs. In

this context, (X1) amount of lipid, (X2) amount of surfactant

and (X3) amount of drug were used to explore individual and

synergic effects on the particle size, polydispersity index (PDI),

zeta potential, association efficiency (AE) and drug loading (DL).

The lower (21), medium (0) and higher values (þ1) for

the factors were set out according to preliminary studies

and literature research. A three-level, three-factor BBD was

applied to optimize SLNs, allowing maximizing the exper-

imental efficiency, with a minimum number of experiments.

Fifteen formulations were prepared and analysed regarding

the adopted responses. The experimental design included

three replicates of the central point aiming to estimate the

experimental error and accurately test the fit of the model.

The data obtained are expressed in table 1.

The effects of the factors coefficients were evaluated via

regression analysis for each independent variable, which were

considered statistically significant when p values were less

than 0.05, with 95% of confidence level. Because all the PDI

values were below 0.2, which is considered to be a homogeneous

dispersion, this response was not statistically evaluated.

The polynomial equation generated after fitting in second-

order quadratic models showed good correlations (R2) after

multiple linear regression analysis for all the responses

(table 2), with insignificant lack of fit. Moreover, the signifi-

cance of the obtained models was tested by ANOVA, and

tested by evaluating p values. All the mathematical models

were considered precise in the prediction of the respective

response as all the p values where 0.05.



Table 2. Summary of the regression analysis of the independent variables Y1 – Y4. X1 ¼ amount of lipid, X2 ¼ amount of surfactant, X3 ¼ amount of drug,
b0 ¼ arithmetic mean of all runs. Bold values represent coefficients with p , 0.05.

particle size (Y1) zeta potential (Y2) EE (Y3) DL (Y4)

coefficient p-value coefficient p-value coefficient p-value coefficient p-value

b0 203.975 0.000 227.861 0.000 70.121 0.000 1.681 0.000

X1 12.908 0.015 20.308 0.691 0.868 0.671 20.190 0.044

X 2
1 1.131 0.421 21.614 0.075 1.860 0.269 0.015 0.653

X2 218.375 0.008 1.748 0.121 0.723 0.721 0.053 0.327

X 2
2 8.906 0.016 20.083 0.875 3.513 0.104 0.043 0.270

X3 0.708 0.704 3.008 0.046 21.238 0.555 0.704 0.003

X 2
3 3.631 0.084 20.042 0.937 21.341 0.389 0.002 0.953

X1.X2 20.625 0.800 0.955 0.399 0.337 0.900 0.089 0.248

X1.X3 21.075 0.555 1.309 0.176 5.236 0.088 0.077 0.187

X2.X3 2.625 0.229 22.463 0.061 1.187 0.551 20.037 0.441

R2 ¼ 0.993 R2 ¼ 0.975 R2 ¼ 0.940 R2 ¼ 0.995
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3.1.1. Effect on mean particle size
The size of the nanoparticles is an important parameter to

control during the nanoparticle formulation as it seems to

influence in vivo distribution, biological fate, toxicity and

drug loading capacity [17].

The obtained values of particle size from the formulations

generated by the BBD ranged from 169.0 nm (F3) to 236.5 nm

(F2), with a mean size (b0) of 204.0 nm (table 1). According to

the regression analysis (table 2), the amount of lipid (X1) and

the amount of surfactant (X2) seemed to statistically influence

SLN particle size, as they presented p values , 0.05, with 95%

of confidence level. The positive sign of the X1 coefficient

reveals that the size increases with increasing amounts of

lipid. On the contrary, the negative sign before the coefficients

shows that higher amounts of surfactant (X2) result in smaller

particles. Also, the significance of the X2 quadratic coefficient

evidences a nonlinear relation of the response (particle size)

with the changing of the values.
3.1.2. Effect on zeta potential
The zeta potential measures the electric charge present on the

surface of the particles. This parameter is associated with

colloidal stability so that generally, the greater the zeta poten-

tial the more likely the suspension is to be stable as the

charged particles repel one another, overcoming the tendency

to aggregate. It is currently admitted that zeta potentials of

j30jmV are required for full electrostatic stabilization [18].

The zeta potential measured from the 15 formulations

ranged from 221.78 mV (F8) to 238.28 mV (F10) (table 1).

Only the amount of drug (X3) seemed to affect the surface

charge of the nanoparticles ( p value 0.046), with 95% of confi-

dence level (table 2). The positive sign of the coefficient means

that the zeta potential increases with the augment of the

amount of CLZ. The zeta potential is expressed as negative

values, so that the higher the value, the closer it is to neutral.

In this case, it seems that the excess of CLZ may neutral-

ize the surface charge of the nanoparticles, as it may be

localized in the outer portion of the nanoparticle, thus

influencing the surface charge.
3.1.3. Effect on drug association efficiency
The association efficiency (AE) is one of the most critical attri-

bute when designing nanoformulations as high values of AE

improves formulation yield. This fact is even more important

when the drug presents severe adverse side effect, as is the

case of CLZ. Drug entrapment inside nanoparticles depends

on the solubility of the drug in the solid lipid and on the

O/W partition of the drug.

The AE values of all the 15 formulations are shown in

table 1. In general, all the formulations presented satisfactory

AE values, ranging from 61.9% (F2) to 83.0% (F6), with a

mean value (b0) of 70.121% (table 1). The regression analyses

evidenced that none of the variables influenced statistically

the percentages of drug AE (table 2). Considering the high

values and narrow range of AE percentages, this result may

not be considered as negative as the selected levels used

for all the variables originated suitable formulations in terms

of AE.
3.1.4. Effect on drug loading
During the development of any nanoformulations, high

values for drug loading (DL) are preferred as it means less

carrier materials and excipients will enter the patient’s

body, leading to lower risks of toxicity [12].

The DL obtained from the 15 formulations ranged from

0.81% (F9) to 2.39% (F11) (table 1). The regression analysis of

the model showed that the DL statistically alters with the chan-

ging of (X1) the amount of lipid, and (X3) the amount of drug,

with 95% of confidence level (table 2). The negative sign of the

X1 coefficient demonstrates the inverse relation between the

amount of lipid and DL, i.e. DL decreased with increasing

amounts of lipid. The opposite is observed with increasing

amounts of drug, as the sign is positive. The result is in accord-

ance with the mathematical equation for the calculation of DL

(§2.2.4.2).

Although this result seems to be obvious, it is not a rule,

mainly in the case of very poorly water soluble drugs such as

CLZ. The DL is a parameter related to the distribution of

the drug between the lipid and aqueous phases, which is
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Table 3. Summary of the coded levels of the Box – Behnken design; the levels of the optimized formulation, the desirable parameters used for the
optimization, and the comparison between predicted and observed values for the considered responses.

factors coded levels

optimizedindependent variables low level (21) medium level (0) high level (11)

X1 ¼ amount of lipid (mg) 250 300 350 300 mg

X2 ¼ amount surfactant (mg) 60 80 100 60 mg

X3 ¼ amount of drug (mg) 4 7 70 10 mg

dependent variables constraints predicted observed bias a

Y1 ¼ particle size (nm) optimum (250 nm) 233 230 1.45

Y2 ¼ zeta potential (mV) ,230 232.59 234.28 4.93

Y3 ¼ association efficiency maximum 69% 72% 3.93

Y4 ¼ drug loading maximum 2.44% 2.32 5.23
aBias (%)¼jpredicted2observedj/observed � 100.
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determined by the drug’s solid-state nanocarrier matrix [12]. If

the amount of lipid is not enough to solubilize the selected

amount of drug, thus this relation would be not so predictable.

In this case, this critical step was overcome by evaluating

previously the solubility of CLZ in Precirol ATO 5 during the

pre-formulation studies.
3.1.5. Optimization of SLNs-CLZ
After the evaluation of the relationships between factors and

responses by the polynomial equations, the optimization of

the formulation was carried out. Three-dimensional response

surface analyses were plotted to provide a graphical repre-

sentation of the behaviour of each response with the
simultaneous changing of two factors at a time, maintaining

non-used variables fixed at their middle level (figure 1). Fur-

thermore, the optimization of SLNs-CLZ was carried out

using the desirability function of the STATISTICA10 software

[19]. This approach is a useful tool to overcome the difficul-

ties of multiple or opposite optimal values for the different

responses, as each response is associated with its own partial

desirability function. The optimal nanoparticles had to satisfy

the selected requirements for each dependent variable,

namely nanoparticles with size closer to 250 nm, zeta poten-

tial closer to 230 mV, maximum AE and DL. The optimal

calculated levels are expressed in table 3.

The qualities of the models were assessed by plotting

predicted versus of the experimental data (electronic
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supplementary material, figure S2 and supplementary material),

confirmed by the low mean percentage of bias (table 3).

The validation of the models was performed by formulat-

ing the optimized formulation with (X1) 300 mg of lipid, (X2)

60 mg of surfactant and (X3) 10 mg of CLZ. The check point

responses were then estimated by the mathematical models

and the experimental data were compared with the predicted.

The lower magnitude of the bias reveals good correlation of

the models, and is indicative of the robustness and high

predictive ability of the mathematical models.
200 nm

Figure 2. TEM image of optimized SLNs-CLZ, amplification 50 000�.

PM

CLZ

J.R.Soc.Interface
15:20170932
3.2. Characterization of the optimized SLNs-CLZ
3.2.1. Measurement of mean particle size, polydispersity

index and zeta potential
The obtained nanoparticles presented a size of 230.0+8.3 nm

which was very close to the desired value of 250.0 nm; suitable

PDI below 0.200 (0.149+0.010) and zeta potential closer to

230 mV (234.28+2.80 mV). Unloaded SLNs were also prepa-

red and values of 216.8+16.5, 0.166+0.020 and 232.23 mV

for particle size, PDI and zeta potential respectively, evidenced

that particles were similar to SLNs-CLZ.
4000 15002000250030003500 1000

SLNs-CLZ

SLNs
3.2.2. Association efficiency and drug loading determination
The determination of AE and DL of SLNs-CLZ was per-

formed in triplicate and the values obtained were 71+2%

and 2.4+0.1% respectively. The results obtained were con-

sidered satisfactory taking into account the issues during

the pre-formulation studies namely the poor solubility of

CLZ in aqueous phase and even in the molten lipid.
cm–1

Figure 3. FTIR spectra of CLZ, physical mixture (PM), SLNs and SLNs-CLZ.
3.2.3. Morphology evaluation
TEM images of the optimized SLNs-CLZ were obtained to

investigate structural and morphological features of the

nanoparticles. Figure 2 images revealed that the lipid nano-

particles were spherical in shape and that the nanoparticles

presented a narrow diameter distribution with particle diam-

eter near 250 nm, in accordance with the DLS measurement

(table 3). Some unshaped matter is also observed in the

TEM image, probably related to the freeze drying process,

as lipid nanoparticles maybe disrupted during the freezing

[20]. The presence of regular particles, the absence of any

crystal matter and of particle aggregation corroborate the

PDI results, showing only one nanoparticle’s population.
3.2.4. SLNs-CLZ characterization by Fourier transform infrared
spectroscopy

The FTIR spectra of CLZ, physical mixture (PM), SLNs and

SLNs-CLZ are shown in figure 3. Both SLNs and SLNs-CLZ

displayed typical bands at 2820 cm21 and 1705 cm21 relative

to C–H and C¼O (carbonyl) stretching of glyceryl units,

respectively. The spectrum of CLZ present characteristic

bands of N–H bending frequency at 155021620 cm21, and

another regarding C¼N stretching at 1625 cm21 [6]. Unknown

peaks were not found in the spectra, confirming that there is no

chemical interaction between CLZ and SLNs constituents. Due

to the amorphous state of entrapped CLZ, the intensity of

characteristic peaks may be decreased and/or overlapped by

others belonging to the major constituents of SLNs-CLZ.
3.2.5. Assessment of CLZ physical state in the SLNs by
differential scanning calorimetry

Differential scanning calorimetry (DSC) studies were conduc-

ted to study the physical state of CLZ in the nanoparticles,

identify potential Precirol ATO 5-CLZ interactions during

the production process and to evaluate the behaviour of the

lipid phase.

The thermograms of CLZ, Precirol ATO 5, PM, SLNs and

SLNs-CLZ can be observed in figure 4. The endothermic

event of CLZ at 2248C was not observed in SLNs-CLZ, which

suggests that CLZ is encapsulated in amorphous form in

nanoparticle formulation. Similar results were observed with

Precirol ATO 5 and poorly soluble compounds [16,21]. Further-

more, no additional unknown peaks were found, indicating no

incompatibility between Precirol ATO 5 and CLZ.

Precirol ATO 5 thermograms shows an endothermic event

at 588C with a shoulder at 628C, characteristic of the diffuse

melting in complex glycerides due to the presence of different

polymorphs (figure 3) [22]. This phenomenon was not observed

in both loaded and unloaded nanoparticles, which may suggest

that the lipids undergo some polymorphic changes to less

ordered structures during particle preparation allowing better

incorporation of the drug in the lipid matrix [23].

In the PM, the onset temperature of this event shifted to

lower temperature, indicating that the presence of CLZ in

the crystalline form interfered in the lipid melting. This
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shifting in Precirol ATO 5 onset melting temperature was not

observed for both SLNs and SLNs-CLZ. On the other hand,

onset temperatures of lipid transition for both SLNs and

SLNs-CLZ were quite similar suggesting that the presence

of the drug did not alter the lipid conformation, probably

because it is well dispersed. These findings were already

reported to Precirol ATO 5 and other compounds [22].

Moreover, in the PM thermogram no endothermic event

was found around 2248C, suggesting that CLZ was solubilized

in the molten lipid which may be considered a positive inter-

action between lipid and drug due to the suitable solubility

of CLZ in the selected lipid.

3.2.6. Storage stability studies
The physical stability of the optimized SLNs-CLZ was evalu-

ated regarding particle size, PDI, zeta potential, AE and DL,

upon storage of the colloidal suspensions at 48C, during 12

weeks. Changes in particle size and PDI are indicators of for-

mulation instability and the surface charge is commonly

related to the aggregation of the particles [18].

Figure 5 shows the results obtained after each time point for

the tested parameters. At the end of the study, no aggregation

or colour change were found through visual observations.

Moreover, the initial characteristics were maintained, with no

significant changes ( p . 0.5). Particles size varied about

30 nm from the initial values and PDI was always below 0.2.

The colloidal suspensions remained with negative values

closer to 230 mV, which indicate stable dispersion due to the

electric repulsion between the particles. It was observed that

the SLNs did not release CLZ over time at 48C, as the AE

and DL values were practically constant (figure 5c). This can

be considered a positive result as it is common to observe
drug expulsion after lipid crystallization upon storage [18].

Overall, the developed SLNs-CLZ was stable when stored at

48C for 12 weeks.

3.2.7. In vitro cell viability studies
SLNs-CLZ development aims to provide oral drug delivery

in leprosy therapy. Thus, different cell lines were selected

as suitable models mimicking the different cell-types of the

gastrointestinal tract (e.g. stomach, enterocytes and mucus

secreting cells) [24,25]. Caco-2, HT29-MTX (intestinal model

cells) and MKN-28 (gastric model cell) cell viability studies

were conducted with SLNs and SLNs-CLZ, in addition to

CLZ free drug solution.

The studies were performed with different concentrations of

nanoparticles corresponding to 6.26 to 50 mg ml21 in CLZ,

equivalent to 0.25–2 mg ml21, in relation to the amount of

lipid, during 24 h for Caco-2 and HT29-MTX, and 4 h for

MKN-28. Cytotoxicity studies were also carried out with CLZ

solutions up to 50 mg ml21. The results obtained show that

for Caco-2 cells, only the highest tested concentration of

SLNs-CLZ (50 mg ml21 in CLZ, 2 mg ml21 in lipid) presented

cell viability statistically different from the control (figure 6).

Unloaded nanoparticles were considered safe as at all tested

concentrations the viability of the cells was superior to 80%.

For HT29-MTX and MKN28 cell lines, neither SLNs nor

SLNs-CLZ presented statistical significance when compared

to the control. These results show that the nanoparticles were

not toxic for the studied cell lines when compared to free CLZ

solutions. In fact, for all the intestinal cell lines, exposure to

free CLZ led to a significant reduction in cell viability, and

the IC50 values determined were 16.3 and 20.3 mg ml21 for

Caco-2 and HT29-MTX, respectively. Moreover, the high
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toxicity of CLZ has already been reported [26]. Upon prolonged

oral administration, CLZ forms intracellular insoluble drug

precipitates, leading to high concentration bioaccumulation,

being easily associated with unwanted side effects such as red-

dish skin pigmentation, abdominal pain and cardiotoxicity [1].

Based on the exposed results, the successful incorporation

of CLZ in SLNs, with the drug in its amorphous state, may

prevent drug crystallization and the formation of precipitates

in vitro and in vivo. In this context, the nanoformulations

seem to have an elevated potential to delivery CLZ, decreas-

ing the undesired effect, by protecting the surrounding cells

from the toxic effects of the drug.
5. Conclusion
In the present study, a BBD was successfully obtained and the

relations between the independent variables in the selected

responses could be understood. The optimized SLNs-CLZ

was achieved based on the desirability profile, which presented

suitable parameters after characterization, namely particle size,

zeta potential, AE and DL. FTIR confirmed the presence of the

drug and the absence of chemical interactions, while DSC

measurements indicated the amorphous state of CLZ when

incorporated within the SLNs. The stability studies ensured

that the developed SLNs are stable over a period of 12 weeks

at 48C. In vitro cytotoxicity studies evidenced that the opti-

mized SLNs-CLZ are not toxic at the tested concentration

range, contrary to CLZ solutions, which presented IC50

values around 20 mg ml21 for Caco-2 and HT29-MTX cell lines.
Based on the results obtained, it can be concluded that the

production of SLNs-CLZ was optimized, considering impor-

tant variables for poorly soluble drugs and that solid lipid

nanoparticles of Precirol ATO 5 are a promising platform to

deliver CLZ with reduced associated effects.
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under the Partnership Agreement PT2020 UID/MULTI/04378/2013
- POCI/01/0145/FEDER/007728 and funds through the COMPETE
2020 - Operational Programme for Competitiveness and Internationa-
lisation (POCI), Portugal 2020, and by Portuguese funds through FCT
- Fundação para a Ciência e a Tecnologia/Ministério da Ciência, Tec-
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