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ABSTRACT 

Itraconazole (ITZ) belongs to azoles, an important family of antifungal drugs, and has been used for more than 30 years in clinical 

applications. These drugs inhibit lanosterol 1-4demethylase, the enzyme that converts lanosterol to ergosterol. As recently demonstrated, 

topical formulations of ITZ in solid lipid nanoparticles (SLN) and a coating layer of didodecyldimethylammonium bromide (DDAB) 

induce a decrease in cell viability for tumor cell lines SK-MEL-5 and A431. This potentiality of repurposing ITZ activity by using the 

combined nanoencapsulation strategy with the positively charged coating of DDAB prompted us to investigate such a feature versus 

other tumor cell lines, like malignant blood cells. The purpose of this in vitro study was to evaluate the antimycotic activity of neutral 

and cationic solid lipid nanoparticles (SLN and c-SLN, respectively), both unloaded and loaded with ITZ. Moreover, the cell viability 

after 24 h exposure of the histiocytic lymphoma cell line U937 was also investigated, with or without the addition of alpha-lipoic acid 

(ALA). Results highlighted the activity of ITZ-SLN; in particular, both neutral and cationic unloaded SLN, as well as neutral drug-

loaded SLN, were found to be inactive. Improvements of the MIC50 value against Candida albicans strains were found for neutral ITZ-

SLN (MIC50 was 0.006 μg/ml) and cationic ITZ-SLN (MIC50 equal to 0.004 μg/ml) (the MIC50 value for free ITZ was 0.015 μg/ml). 

Moreover, the SLN induced an anti-proliferative effect on lymphoma cells at 1 µg/ml. ALA did not modify the cellular proliferation of 

cells but its combination with the SLN showed, even with a certain improvement, that it was not able to recover the cellular vitality. 

Keywords: Itraconazole (ITZ), Solid Lipid Nanoparticles (SLN), cationic SLN, didodecyldimethylammonium bromide (DDAB), alpha-

lipoic acid (ALA), U937 cell line. 

1. INTRODUCTION 

 In recent years, more and more attention has been paid to 

drug delivery systems that could improve the pharmacokinetic and 

drug dynamics properties.  

Compared to other delivery systems, Solid Lipid Nanoparticles 

(SLN) play an increasingly predominant role, since these 

formulations can merge a controlled drug release and a chemical 

stabilization of the loaded molecules, with a greater physical 

stability and shelf-life of the whole formulation [1-3]. The 

effectiveness of these new formulations loaded with antibacterial 

compound (such as ciprofloxacin and erythromycin) has been 

recently documented by our research group [4, 5]. Despite this, 

their use with antifungal drugs is not yet fully investigated [6, 7]. 

Among the various classes of available antimycotics, azole 

derivatives play a predominant role in the treatment of fungal 

infections. Triazoles are considered the drugs of choice in the 

treatment of invasive and allergic fungal infections. They act by 

inhibiting an enzyme of ergosterol synthesis (14-a-demethylase). 

Itraconazole (ITZ) was the first triazole available orally, but its 

high lipophilicity makes it poorly soluble at physiological pH and 

almost totally linked to plasma proteins [8]; these features make it 

an excellent candidate for the formulation with SLN. Moreover, 

what makes this molecule even more valuable in clinical practice 

is its potential anticancer activity [9-12]. 

In particular, topical SLN formulations loaded with ITZ and 

having a positively-charged coating layer of 

didodecyldimethylammonium bromide (DDAB) induced a 

decrease in cell viability of the tumour cell lines SK-MEL-5 and 

A431 [7]. 

The purpose of this in vitro study was to investigate the 

antimycotic activity of cationic (cSLN) and neutral SLN, both 

unloaded and loaded with ITZ. Moreover, the cytotoxicity of ITZ-

cSLN, with or without the addition of alpha-lipoic acid (ALA), 

against histiocytic lymphoma cell line U937 was also studied. 

 

 

2. EXPERIMENTAL SECTION 

Materials. Suppocire NB (C10 - C18 triglycerides) was provided by 

Gattefossè (Milan, Italy). Tegin O (glyceryl monooleate) and Brij 

98 (Oleth-20) were purchased from ACEF (Piacenza, Italy). 

Didecyldimethylammonium bromide (DDAB), Tween® 80 

(polysorbate 80), [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] (MTT) and itraconazole (ITZ) were 

purchased from Sigma-Aldrich srl (Milan, Italy). All HPLC 

solvents (LC grade) were from Merck KGaA (Darmstadt, 

Germany).  

Nanoparticle production. The SLN were prepared as previously 

described [7]. An oily phase, consisting of 9% w/w of Suppocire 

NB and 13.3% w/w of the surfactants mixture (Oleth-20/Tegin O, 
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2:1 weight ratio) was heated to ∼80°C. Water, warmed at the same 

temperature, was added dropwise and under stirring to the oily 

phase, while keeping the temperature constant; the mixture was 

thereafter cooled to 60°C. The formulation was exposed to three 

thermal cycling of heating and cooling (80–60°C) and finally 

cooled in an ice bath for 2 h, under constant agitation. DDAB 

(0.15% w/w) and/or ITZ (0.05% w/w) were added to the oily 

phase to prepare, respectively, positively charged nanoparticles 

(cSLN) and drug-loaded formulations (ITZ-SLN and ITZ-cSLN). 

Physicochemical characterization. Mean particles size (Zave), 

polydispersity (PDI) and Zeta potential (ZP) values of the 

produced SLN were determined by photon correlation 

spectroscopy (PCS) using a Zetasizer Nano S90 (Malvern 

Instruments, Malvern, UK). Each analysis was performed in 

triplicate after diluting the sample (50 µL) in ultra purified water 

(1 ml). 

Turbiscan
®
 AG Station. Stability studies were performed on the 

native concentrated colloidal dispersions at three different storage 

temperatures (25, 40 or 60°C) using the optical analyzer 

Turbiscan® Ageing Station (TAGS, Formulation, L’Union, 

France). Ten ml of each SLN suspension were placed in a 

cylindrical glass cell and stored in the Turbiscan for 30 days. The 

detection head, composed of a pulsed near-infrared light source (λ 

= 880 nm) and two synchronous transmission (T) and 

backscattering (BS) detectors, scanned the entire height of the 

sample cell (65 mm longitude), at every 40 µm (1625 acquisitions 

for each scan), acquiring the value of T at 180° from the incident 

beam.  

Encapsulation efficiency and in vitro drug release. ITZ 

encapsulation efficiency (EE%) was determined by 

ultracentrifugation of the SLN suspensions; the pellet was 

dispersed in acetonitrile, vortexed and analyzed by HPLC. The 

encapsulation efficiency was calculated as reported in Eq. 1, by 

the ratio between the amount of drug encapsulated in the 

nanoparticles and the amount of drug weighted for the preparation: 

(Eq. 1)     EE% = [(amount of drug entrapped) / 

(total amount of drug used)] x 100 

 

ITZ release was evaluated by dialysis, placing 1 ml of SLN in a 

regenerated cellulose membrane dialysis bag (Spectra/Por CE; 

MWCO: 3000) (Spectrum, Los Angeles, CA, USA) sealed at both 

ends. Each bag was placed into a beaker containing 30 ml of saline 

(0.9%, NaCl w/v), under controlled temperature (37 ± 0.1°C) and 

constant stirring (350 rpm) for 24 h. At fixed time intervals, 

aliquots of the receptor phase were withdrawn and replaced with 

the same volume of fresh saline, and analyzed by HPLC, using a 

Varian Prostar model 230 (Varian, Milan, Italy), equipped with an 

auto-sampler Varian Model 410 and Galaxie software. To 

determine the percentage of drug released, a reversed-phase C18 

column (Lichrospher 100 RP-18, 5 microns, 4×250 mm) (VWR, 

Milan, Italy) was used. A mixture of water/acetonitrile (30:70 v/v) 

at a flow rate of 0.8 ml/min was used as the mobile phase. 

Samples were analyzed at a λ value of 262 nm. 

Statistical analysis. Statistical analysis was performed by 

Student’s t-test (p < 0.05) using the Origin Software package 

(version 8.5.1). 

Cell cultures. U937 cell line (histiocytic lymphoma cells) was 

obtained from American Type Culture Collection (Merck KGaA, 

Darmstadt, Germany). Cell lines were maintained in RPMI 

medium containing 2 mM L-glutamine, 10% v/v fetal bovine 

serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin, at 

37°C in a humidified incubator providing 5% CO2.  

Cell viability assay. Cells were seeded in 96-well plates at 1x103 

cells/well. After 24 h of treatment with the four SLN suspensions 

(loaded or not loaded, and neutral or cationic), 20 µL of MTT 

solution (5 mg/ml) were added to each well. Then, after 3 h of 

incubation, formazan crystals were dissolved in 150 µL of 0.1 M 

HCl in isopropanol. Colour intensity was measured at 570 nm with 

an ELISA plate reader (Thermo Scientific Multiskan FC, 

Waltham, MA, USA). 

Antifungal Assay. The growth inhibitory activity against 25 

Candida strains was determined following the Clinical and 

Laboratory Standards Institute document M27-A3, as previously 

described [13, 14]. Briefly, a suspension of an overnight culture of 

each strain of Candida was prepared in sterile saline (0.85% NaCl, 

w/v) and adjusted to 1.0x106 CFU/ml. Then, another dilution was 

made to obtain a concentration of 1.0x104 CFU/ml in RPMI 1640 

medium. 100 µL of C. albicans suspensions in RPMI broth and 

100 µL of fresh RPMI were added to each well of a sterile 96-well 

microplate (Thermo Scientific Sterilin™, Waltham, MA, USA). 

Plates were incubated aerobically at 35°C for 24-48 h, and 

minimum inhibitory concentration values (MICs) were recorded at 

490 nm (OD) using a microplate reader (Gen5 Microplate Reader, 

BioTek Instruments, Winooski, VT, USA). 

 

3. RESULTS SECTION 

 The phase inversion temperature (PIT) method, a low-

energy method reported in the literature for the production of lipid 

nanoparticulate systems [15, 16], allowed us to produce a clear 

colloidal suspension characterized by the typical bluish-colored 

shade, suggesting the presence of small homogeneously dispersed 

nanoparticles. PCS results confirmed the presence of small 

particles of about 30 nm with high size homogeneity (PDI = 

0.185). The addition of the positively charged layer of DDAB on 

nanoparticle surface induced an increase of mean particles size, 

which however remained below 100 nm (Table 1).  

Table 1. Mean particles size (Zave), polydispersity (PDI), zeta potential 

(ZP) and encapsulation efficiency (EE%) of unloaded SLN and coated 

with DDAB cSLN, analysed after their preparation. Data represent the 

mean of at least three experiments ± standard deviation (SD). 

Sample 
Zave (nm) ± 

S.D. 
PDI ± S.D. ZP (mV) ± S.D. 

SLN 25.98  ± 1.89 0.155 ± 0.006 -10.06 ± 0.05 

cSLN 60.50 ± 0.51 0.260 ± 0.005 28.6 ± 1.12 

 

The addition of DDAB turned the ZP values from negative to 

extremely high positive values, increasing the stability of the SLN 
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formulation in respect to the uncoated colloidal suspension, in 

agreement with previous findings [17-21]. In particular, stability 

studies performed by Turbiscan technology showed both tested 

formulations had a great physical stability, since no significant 

variation of ΔT was observed (values < 20%), thus confirming the 

absence of relevant instability phenomena in terms of particles 

migration and/or aggregation (Figure 1a). 

 ITZ (having a logP around 5.7) was successfully 

encapsulated in both uncoated and positively charged SLN, with 

EE% values of 76 and 98, respectively, thus confirming the ability 

of SLN in loading high amount of poorly water-soluble drugs [22]. 

Furthermore, drug incorporation did not modify the mean particle 

size and PDI in respect to unloaded SLN (data not shown), 

suggesting its ordinate allocation within the lipid matrix of the 

system. According to literature findings, SLN provided a sustained 

and prolonged drug release, without any relevant burst effect, with 

a quicker and higher release of the drug from positively charged 

SLN (Figure 1b), due to the presence of the cationic lipid on the 

SLN surface and the resulting lipid-water interface [7, 18, 19, 23]. 

 Antifungal activity of free and nanoencapsulated ITZ, 

defined as the MIC value, i.e., the prominent decrease in turbidity 

corresponding to approximately 50% inhibition of growth was 

determined spectrophotometrically. The results are reported in 

Table 2. 

 
Table 2. In vitro antimycotic activity of unloaded and ITZ-loaded neutral 

and cationic SLN evaluated at 24 and 48 h against 25 strains of Candida 

albicans. 

Sample 
(µg/ml) 24 h (µg/ml) 48 h 

MIC50 MIC90 MIC50 MIC90 

ITZ 0.015 0.03 0.015 0.03 

SLN 
No 

inhibition 

No 

inhibition 

No 

inhibition 

No 

inhibition 

cSLN 
No 

inhibition 

No 

inhibition 

No 

inhibition 

No 

inhibition 

ITZ-SLN 0.006 0.006 0.006 0.006 

ITZ-cSLN 0.004 0.007 0.007 0.007 

 

Once loaded in the SLN, and in particular, in loaded DDAB-

coated cSLN, ITZ showed a reduction of MIC values, in the order 

of one to three dilutions compared to free drug, for all the tested 

Candida strains. Noteworthy, the gain in terms of MIC reduction 

remained stable even at 48 h.  

Although it has been previously noted that unloaded SLN coated 

with DDAB showed some inhibitory activity against bacteria [4], 

most probably due to the effects of the cationic lipid upon the 

bacterial cell membrane, such a feature was not evidenced with 

Candida albicans in our experimental conditions. 

Treatment of histiocytic lymphoma cell line U937 with the same 

specimens (Figure 2) showed an anti-proliferative effect at the 

concentrations tested (1 µg/ml). Neat ITZ produced a reduction of 

viability not higher than 10%. Neutral (uncoated) and cationic 

(DDAB coated) drug-loaded SLN reduced the cell viability, an 

effect that was more evident for the cationic systems. The addition 

of ALA instead did not seem to affect cell viability. Neutral SLN 

showed modest cytotoxic activity against U937 cells, which was 

canceled by the addition of ALA. Conversely, the addition of 

ALA to unloaded cSLN and ITZ-cSLN, albeit with some 

improvement, failed to recover cell viability. 

 
Figure 1. a) Turbiscan transmission profiles (ΔT) of unloaded SLN and 

cSLN stored at 25 °C and 40 °C. Data are shown as a function of time (0-

33 days) of sample height (0 to 20 mm). The sense of analysis time is 

indicated by the arrow; b) In vitro release profile of ITZ from uncoated 

SLN and DDAB coated cSLN. Values are the average of almost three 

different experiments ± standard deviation (SD). 

 
Figure 2.  Cytotoxicity results on U937 cell line for:  1) neutral, unloaded 

SLN; 2) unloaded c-SLN; 3) ITZ-SLN; 4) ITZ-cSLN; 5) free ITZ. 

 

4. CONCLUSIONS 

 Loading SLN systems with antifungal agents can be a valid 

strategy to improve the efficacy of these drugs, enlarging their 

spectrum of action and reducing the effective dose. Furthermore, 

positive changes in drug pharmacokinetics and stability could be 

achieved in successful cases. In this study, as a completion of a 

previous investigation on topical ITZ- SLN [7], this azole agent 
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was laden in uncoated (neutral) and DDAB-coated (cationic) SLN, 

obtaining very small and homogenous nanoparticle populations 

with the wished physico-chemical properties and a high drug 

entrapment efficacy. The SLN showed a very high physical 

stability over time and a sustained drug release profile. 

Once loaded in the SLN, ITZ showed a reduction of MIC values 

against Candida albicans, compared to the neat drug. Cytotoxicity 

results on U937 tumor cell line demonstrated how a clear 

correlation exists between the composition of the SLN matrix (and 

particularly their surface charge) and a decrease in cell viability. 

Given the relatively limited results, no other marker of cell 

toxicity was investigated.  

The investigation on these carrier systems is continuing to deepen 

the mechanisms through which positively-coated and neutral SLN 

determine a certain degree of cytotoxicity, both when used alone 

or in association with ITZ. 
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