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A B S T R A C T   

In the present work a novel hybrid system for the delivery of two first-line antitubercular drugs, rifampicin (RIF) 
and isoniazid (INH), was designed. In order to control the release of the drugs and improve the efficiency of 
conventional carriers, like liposomes or solid lipid nanoparticles (SLNs), the new systems were developed by 
embedding SLNs into lecithin-based liposomes through the reverse-phase evaporation method. The hybrid sys-
tem was characterized and compared to SLNs and liposomes in terms of size, encapsulation efficiency, 
morphology, and drug release. Detailed structural data and further evidence of the successful formation of the 
hybrid nanoparticles were obtained by applying small-angle neutron scattering (SANS). The hybrid system 
displayed a particle size comparable to liposomes and a high encapsulation efficiency. Morphological results 
obtained by atomic force microscopy (AFM) highlighted the possible presence of SLNs into the phospholipid 
bilayer; this hypothesis was supported by the slower in vitro release of the hydrophilic drug INH compared to 
liposomes and SLNs. Moreover, scattering differences of the inner core of the nanoparticles, evidenced in the 
SANS analysis, further corroborated the successful formation of the hybrid carrier. These novel systems were able 
to release their content as expected from an efficient dosage form in a perspective of an inhaled administration, 
improving the stability and the drug release profile with respect to plain liposomes. The physicochemical 
characterization of our systems opens new avenues towards a better understanding of the formulation of vesicles 
encapsulating SLNs.   

1. Introduction 

The treatment of lung infections represents one of the great chal-
lenges of our time. These conditions are caused by a variety of bacterial, 
viral, and fungal agents, including Mycobacterium tuberculosis and, more 
recently, SARS-COV2. Tuberculosis (TB) still ranks as the first cause of 
death from a single pathogen, and the Covid-19 pandemic threatens to 
reverse the progress made in the last years in terms of diagnosis and 
disease control. 

Pulmonary drug delivery of nanoparticle-based therapeutics have 
emerged as promising strategy, allowing the improvement of the 

pharmacokinetic profile and therapeutic efficiency of drugs, compared 
to conventional delivery systems [1,2]. In this context, inhaled therapy 
by lipid nanoparticles offers great benefits [3]. Solid lipid nanoparticles 
(SLNs) are monophasic structures formed by biocompatible lipids and a 
hydrophilic surfactant layer that keeps them in suspension. The main 
advantage of SLNs is their excellent physicochemical stability, which 
provides greater protection against the degradation of labile drugs [4]. 
In the last decade, SLNs have been demonstrated to be an effective drug 
delivery system for anti-TB inhaled therapy [5–8]. Despite their ad-
vantages, SLNs are characterized by a low drug loading capacity and 
rapid release, especially when hydrophilic drugs are concerned. 
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Liposomes are spherical vesicles, formed by an aqueous core sur-
rounded by bilayers of phospholipids, which can be exploited to trans-
port both hydrophilic and lipophilic drugs through the respiratory tract 
[9]. Due to their high biocompatibility and easy aerosolization, lipo-
somes represent one of the most promising drug delivery systems for the 
treatment of pulmonary infections [10,11]. 

Hybrid particles, composed by SLNs embedded in liposomes, were 
designed to obtain a new multi-compartmental drug delivery system. In 
detail, the lipid bilayer of liposomes was predicted to increase the 
colloidal stability and efficiency of intracellular delivery of the resulting 
hybrid system, while the nanoparticulate cores were employed to 
improve the pharmaceutical performance of liposomes. Moreover, the 
use of no additional chemical components allowed to avoid the risk of 
toxicity. 

Rifampicin (RIF) and isoniazid (INH) are two first-line anti-TB 
agents, which are part of the standard treatment regimen for drug- 
susceptible TB. Recently, their co-administration (Rifinah®) has been 
shown to improve the clinical outcomes of TB patients [12]; in this 
context, the use of nanocarriers could enhance the pharmacokinetic 
properties of this combination, ensuring greater efficacy [13]. 

Our preliminary results showed that SLNs were unable to achieve an 
effective, durable encapsulation of the two drugs (INH, LogP − 0.64; RIF, 
LogP 3.719) [14,15]. In particular, INH, owing to its hydrophilic nature, 
was rapidly released from the lipid matrix. Therefore, hybrid systems, 
generated by using liposomes as templates for the deposition of SLNs, 
were developed for the co-delivery of the two antitubercular drugs. 

First, to formulate the hybrid nanocarriers we optimized the 
composition and the experimental parameters in preliminary studies. 
Then, because the successful implementation of a particle-based de-
livery system requires a detailed understanding of the morphology and 
properties of the drug carrier, the newly developed hybrid SLN- 
liposomes were characterized by Photon Correlation Spectroscopy 
(PCS), atomic force microscopy (AFM), and small-angle neutron scat-
tering (SANS). In our previous work, we demonstrated that SANS is a 
powerful tool for the investigation of amphiphilic aggregates, such as 
liposomes [9]. SANS experimental data allowed us to characterize our 
nanoparticles in terms of overall size, dimension of the aqueous core and 
thickness of the lipid shell Moreover, it was useful to obtain indications 
on the localization of the drugs in the nanoparticles, through a com-
parison between loaded and unloaded systems within the same carrier 
category. 

Finally, in vitro drug release studies were performed to gather key 
information on the newly developed nanoparticles in terms of effec-
tiveness of the drug release profile. 

Our results will aid researchers in the selection of the appropriate 
carrier based on the drug chosen in therapy, and in addressing the 
remaining challenges that need to be overcome to enhance the efficiency 
of current pulmonary delivery systems. 

2. Materials and methods 

2.1. Materials 

Regarding the preparation of SLNs, mono-, di-, and triglycerides of 
Behenic acid (Compritol ATO 888) were a kind gift from Gattefossè 
(Saint Priest, Cedex, France); Tween 80 was purchased from Sigma- 
Aldrich (Milano, Italy). For the preparation of liposomes, Cholesterol 
95% was purchased from Acros (Geel, Belgium) and soy Lecithin from 
Farmalabor (Canosa di Puglia, Italy). Rifampicin (RIF) was kindly gifted 
from Sanofi (Brindisi, Italy), while Isoniazid (INH) was purchased from 
T.C.I. Europe (Zwijndrecht, Belgium); these compounds were used as 
drug models for all the formulations. Milli-Q water was obtained from a 
Millipore system (Bedford, MA, USA). Deuterated 1,3-distearoyl-2- 
oleoyl glycerol was purchased from Toronto Research Chemicals (Tor-
onto, Canada), and D2O from VWR (Milan, Italy). 

All employed solvents were of analytical grade. 

2.2. Drugs-excipients compatibility 

2.2.1. Infrared spectroscopy 
The attenuated total reflectance-Fourier transform infrared (ATR- 

FTIR) spectra of pure materials (RIF, INH, Compritol, cholesterol, leci-
thin), and their physical mixtures (PMs) were acquired using a Spectrum 
Two FT-IR spectrometer equipped with a Universal ATR sampling 
accessory (PerkinElmer, Milano, Italy). The PMs were prepared by 
mixing the pure materials/drugs at the same ratio as the final formu-
lations. The spectra were obtained in the spectral range 4000–450 cm− 1 

with a spectral resolution of 4 cm− 1, averaging 4 scans per spectrum. 
The background spectrum of the empty ATR diamond cell was acquired 
prior to each analysis under the same instrumental conditions. Finally, 
the spectra were subjected to baseline correction. 

2.2.2. Differential scanning calorimetry and thermogravimetric analysis 
Individual components (RIF, INH, Compritol, cholesterol, lecithin) 

and the ternary physical mixtures (PMs) prepared at the same pure 
materials/drugs ratio as the formulation, were also analyzed also using 
simultaneous thermogravimetry and differential scanning calorimetry 
(TG/DSC) (NETZSCH mod. 429CD, Netzsch-Gerätebau GmbH, Selb, 
Germany). The selected temperature range used was 20–300 ◦C with a 
heating gradient of 10 ◦C/min. The analyses were performed in 
triplicate. 

2.3. Nanocarrier preparation 

2.3.1. SLNs preparation 
The melt-emulsification procedure was used to obtain co-loaded 

SLNs with a drug/excipient weight ratio of 1:2. Briefly, the lipid phase 
including 60 mg of Compritol (with 15 mg of INH and 15 mg of RIF in co- 
loaded particles) was melted at 85 ◦C, and then emulsified at the same 
temperature in 3 mL of Tween 80 aqueous solution (1.7% w/v) by 
ultrasonication for 1 min, at 20 W (Vibra-Cell, Sonics&Materials, New-
Town, CT, USA). The subsequent step of homogenization was carried out 
using an Ultra-Turrax instrument (Ika-euroturrax T 25 basic, IkaLa-
bortechnik, Staufen, Germany) at 24,000 rpm for 1 min (T-25 basic, Ika 
Labortecnik, Germany). Finally, the O/W emulsion was further ultra-
sonicated in the same conditions. Then, the emulsion was cooled in an 
ice-bath and purified three times by centrifugation at 6000×g for 30 min 
(Rotina 380R, Hettich, Germany) in 100 kDa MWCO Vivaspin columns 
(Sartorius, Goettingen, Germany). The samples were diluted with 
deionized water to a volume of 3 mL and used for the preparation of 
SLN-loaded liposomes. 

For the determination of drug loading in the plain SLNs, the use of 
chloroform was required to dissolve the lipid matrix of the Compritol. In 
order to facilitate the dissolution of Compritol in chloroform, the anal-
ysis was carried out on the freeze-dried formulation, obtained without 
adding cryoprotectants. The freeze-drying process was performed at 
− 55 ◦C at a pressure of 10− 4 Torr for 24 h (Lio 5P, Cinquepascal, Milan, 
Italy). Then, the samples were stored as dry powder at 25 ◦C and used in 
the in vitro assays. 

For the SANS experiments, deuterated 1,3-distearoyl-2-oleoyl glyc-
erol (2 mg) was used in combination with Compritol. 

2.3.2. Liposome preparation 
Co-loaded Liposomes were prepared by Reverse Phase Evaporation 

(REV), as previously reported [9], using a drug/excipient weight ratio of 
1: 3.3. Briefly, Cholesterol (Chol) and soy lecithin were solubilized in 
chloroform at a fixed molar ratio (1:1, with 15 mg RIF for co-loaded 
liposomes), were solubilized in chloroform reaching a final concentra-
tion of 40 mM. Thereafter, the solution was put into a round-bottom 
flask, removing the solvent under vacuum at room temperature, until 
a dry film was obtained (Buchi HB-140, Buchi, Switzerland). The film 
was re-dissolved in diethyl ether and then mixed with 3 mL of water 
(containing 15 mg of INH for co-loaded samples), with a 3:1 vol ratio of 
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ether to water. The suspension was vortexed for 3 min to form a W/O 
emulsion. The resulting emulsion was stirred for 2 h at 200 rpm to 
remove the organic solvent, thus inducing the phase reversal and, 
finally, the formation of liposomes. The latter were homogenized by 
Ultra-Turrax (Ika-euroturrax T 25) for 3 min and purified by dialysis for 
30 min to separate the free drugs, before being transferred to vials and 
stored at 4 ◦C. 

For the SANS investigation, liposomes were prepared and purified 
using D2O instead of Milli-Q water. 

2.3.3. Hybrid SLN-liposome preparation 
Hybrid SLN-liposomes were prepared following the procedure pre-

viously reported for liposomes and by using 3 mL of unloaded or co- 
loaded SLN suspension, instead of water for the preparation of the W/ 
O emulsion with diethyl ether. For these systems, the drug/excipients 
weight ratio was 1: 5.3. The hybrid SLN-liposomes were purified by 30 
min dialysis and then stored at 4 ◦C. 

For the SANS analysis, hybrid SLN-liposomes were prepared with 
SLNs composed by deuterated 1,3-distearoyl-2-oleoyl glycerol (2 mg), 
and D2O instead of Milli-Q water. 

2.4. Particle size and Z-potential 

Particle size (average hydrodynamic diameter by intensity together 
with polydispersity index, PDI) and Z-potential were determined by 
photon correlation spectroscopy (PCS), using a Zetasizer Nano ZS 
analyzer system (Zetasizer version 6.12; Malvern Instruments, Worcs, U. 
K.). Each experiment was carried out at 25 ◦C using deionized water 
with a refraction index of 1.33, a viscosity of 0.8872 cP, using a fixed 
angle at 90◦. The results in triplicate were the average of three different 
measurements. Each measurement was the average of at least 12 runs. 

2.5. Atomic force microscopy (AFM) 

The morphology of SLNs, liposomes, and hybrid SLN-liposomes was 
obtained by atomic force microscopy (AFM). AFM measurements were 
performed by a Multimode system endowed with a Nanoscope 3D 
controller (Bruker, Karlsruhe, Germany). Topographic and phase images 
were acquired in non-contact mode, at room temperature (20 ◦C) and 
atmospheric pressure. Immediately before the analysis, freshly prepared 
unloaded samples (SLNs, liposomes, and hybrid particles), already 
diluted in water (1:100 v/v), were deposited onto a 1 cm diameter mica 
disk. After 3 min, the excess of water was removed and the collected 
AFM images were analyzed by Gwyddion (2.5 version) software. 

2.6. Drug loading and encapsulation efficiency 

Encapsulation efficiency (EE %) and drug loading (DL %) of SLNs, 
liposomes, and hybrid SLN-liposomes were estimated by UV–visible 
spectroscopy (Lambda 3B Perkin-Elmer, Waltham, MA, USA). The 
standard calibration curves allowed the conversion of the absorbance of 
the solution to the amount of drug contained in the sample. The cali-
bration curves were obtained by measuring the supernatants of the 
corresponding unloaded samples (n = 6), in order to remove any 
possible interference in the measurements. 

The straight quantification of RIF and INH in co-loaded nanocarriers 
could not be accomplished in a simple way by UV–visible spectroscopy, 
due to the overlapping of the absorption spectra of RIF at the INH ab-
sorption peak (262 nm) of the absorption spectra of RIF [14]. 

Therefore, first-order derivative UV spectroscopy at 249 nm was 
used to determine INH, while the original UV absorption spectrum was 
adopted to determine RIF, at 475 nm. The reliability of derivative UV 
spectrophotometry for the simultaneous estimation of INH and RIF was 
proved by Gürsoy et al. [15]. Original and first-order derivative spectra 
of RIF and INH are reported in the supplementary materials. 

DL % and EE % were calculated by using the following equations: 

DL%=
incorporated drug (mg)

total mass of sample* (mg)
× 100  

EE%=
incorporated drug (mg)

initial drug (mg)
x 100 

* Weighed after freeze-drying. 

2.6.1. SLN drug loading determination 
For the content determination of INH in SLNs, 10 mg of freeze-dried 

SLNs were dissolved in 1 mL of chloroform; then, 5 mL of Milli-Q water 
were gradually added in portions of 1 mL, mixing by vortex for 1 min 
after each addition to extract the drug. The mixture was centrifuged 
(Rotina 380R, Hetting, Germany) for 30 min at 9500×g to separate the 
two phases, and the aqueous supernatant containing the hydrophilic 
drug was analyzed using a UV–visible spectrophotometer (first-order 
derivative) at 249 nm (Lambda 3B Perkin-Elmer, Waltham, MA, USA). 

For the determination of RIF, 10 mg of freeze-dried SLNs were dis-
solved in 1 mL of chloroform, and then 4 mL of methanol (MeOH) were 
added. The obtained solution was vortexed for 2 min. After centrifuga-
tion (10 min at 9500 g), to separate potential undissolved lipids, RIF was 
quantified in the solution by spectrophotometry, recording the absor-
bance at 475 nm. 

2.6.2. Liposome and hybrid SLN-liposome drug loading determination 
To determine INH loading, 300 μL of liposomal suspension was dis-

solved in 1.5 mL of isopropanol (IPA), and then Milli-Q water (5.2 mL) 
was added. For the determination of RIF loading, 300 μL of liposomal 
suspension was dissolved in 1.5 mL of IPA, and then 5.2 mL of MeOH 
was added. In both cases, the drug loading was spectrophotometrically 
calculated in the respective solutions, as described in paragraph 2.5. 

The procedure used for plain liposomes was also adopted for hybrid 
SLN-liposomes, with a slight variation: after adding IPA, the mixture was 
heated at 85 ◦C for 10 min to completely melt the SLNs before the 
extraction of INH and RIF by water or MeOH, respectively. The quan-
tification was achieved as described in section 2.6. 

2.7. SANS analysis 

SANS experiments were performed by the time-of-flight instrument 
V16 at the Helmholtz-Zentrum Berlin (HZB, Berlin, Germany). A range 
of scattering vector q = (4π/λ) sinθ (where λ is the neutron wavelength 
and 2θ is the scattering angle) between 0.0035 Å− 1 and 0.07 Å− 1 was 
explored through neutron wavelengths spanning from 2 Å to 9 Å, with a 
2 m and 11 m sample-detector distance, respectively. The samples were 
measured in 2 mm path length quartz cuvettes of UV- 
spectrophotometer-grade, located on an enclosed, computer-controlled 
sample chamber. The scattering data were normalized for the sample 
transmission, the background was corrected with the signal of the sol-
vent (D2O), and the component of the instrumental smearing (i.e., de-
tector linearity and efficiency response) was taken into account. Data 
reduction was performed using the software package MantidPlot [16]. 

Experimental data were analyzed by the core-shell spherical model 
of the fitting routine SASView 5.0.3, in the context of a spherical core- 
shell morphology for both liposomes and SLNs. The employed model 
provides the form factor P(q) for non-interacting spherical particles with 
a core-shell structure [17]: 

P(q)=
x

Vp

[

3Vc(ρc − ρs)
sinqrc − qrc cosqrc

(qrc)
3 +3Vr(ρs − ρ0)

sinqrp − qrp cosqrp
(
qrp

)3

]2  

where x is a scale factor, Vp is the volume of the core-shell sphere with 
radius rp, VC is the volume of the particle’s core, rc is the radius of the 
core, ρc and ρs are the scattering length densities (SLDs) of the core and 
of the shell, respectively, and ρ0 that of the solvent. The shell thickness t 
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is obtained by t = rp − rc. 

2.8. In vitro drug release studies 

The in vitro release of RIF and INH from SLNs, liposomes, and hybrid 
SLN-liposomes was determined in Simulated Lung Fluid (SLF) at pH 7.4 
[18]. A definite amount of sample (45 mg of freeze-dried SLNs sus-
pended in 1 mL of deionized water or 1 mL of liposomal dispersions) was 
put into a dialysis membrane (Dialysis Tubing – Visking 
MWCO-12-14000 Da, Medical International Ltd, London). The dialysis 
tube was immersed into a vessel containing 30 mL of SLF medium and 
maintained at 37 ± 0.5 ◦C, under gentle stirring. At fixed times, aliquots 
(1 mL) were removed from the solution, and the INH and/or RIF content 
was determined by spectrophotometric analysis. For each time point, 
two aliquots were analyzed using unloaded carriers as blank samples; 
the study was performed in triplicate. INH and RIF were quantified by 
spectrophotometry, as described in section 2.5. 

2.9. Statistical analysis 

Statistical comparison of drug content was performed by one-way 
Analysis of Variance (ANOVA) test, followed by a Tukey’s test. Differ-
ences between groups were considered statistically significant at p <
0.05. 

3. Results 

3.1. Drug-excipient compatibility 

ATR-FTIR spectroscopy was employed to assess the compatibility of 
the excipients employed in the formulation of the carrier. The spectra of 
the pure drugs (RIF and INH), Compritol (used in the formulation of 
SLN), and their PMs are displayed in Fig. 1, while the spectra of the 
individual spectra of the excipients used in the liposome formulation 
(lecithin, cholesterol), along with the two drugs and their PMs are dis-
played in Fig. 2. 

Compritol (glycerol dibehenate) showed typical bands related to the 
aliphatic chain of the saturated fatty acids and glycerol moiety. In 
particular, the most intense peaks were induced by the symmetric and 
antisymmetric C–H stretching of –CH2 and –CH3 groups of fatty chains at 
2916 and 2848 cm− 1. The other representative signals at 1735, 1467, 
1175, and 719 cm− 1 were attributed to C=O stretching, methylene C–H 

bend, skeletal C–C vibrations, and methylene –(CH2)n rocking respec-
tively. The lipophilic drug RIF was characterized by several intense 
peaks in the fingerprint region, especially related to the C=C–C and C–H 
aromatic ring stretch and bend, C–O alcoholic stretch, C–N and = N–H 
stretch of the imino and tertiary amino groups [19]. The FTIR spectrum 
of pure INH showed characteristic peaks of conjugated carbonyl C=O 
bond (1662 cm− 1), amino group NH2 (1330 cm− 1), N–N single bond 
(1220 cm− 1), N–H bending (1554 cm− 1), and C–C=O bending (670 
cm− 1) [20]. The PM exhibited the same signals as the Compritol without 
any shift. 

Cholesterol showed characteristic peaks related to the secondary 
alcohol at 3433 and 1051 cm− 1 for O–H and C–O stretching respectively. 
Being predominantly composed of saturated aliphatic saturated groups, 
the other peaks were typical of CH3, CH2, and CH vibrations. Lecithin, 
being a phospholipid mixture, exhibited characteristic signals at 1736 
cm− 1 for C=O stretching and in the region between 1224 and 974 cm− 1 

related to the phosphate group in the spectrum. Furthermore, the 
choline moiety of the phosphatidylcholine generated the signal at 974 
cm− 1 induced by the C–N+–C asymmetric stretch. The remaining peaks 
corresponded to the fatty acid chains vibrations. Both the PMs exhibited 
the same signals as lipids, without any additional vibration or peak shift 
induced by the two drugs. 

The TGA data reported in each image of Fig. 3 showed in all the cases 
(individual drugs, excipients, and ternary PMs) a mass loss in the range 
of 190–250 ◦C range. Regarding thermal analyses, the DSC curve of RIF 
showed two exothermic peaks at about 200 ◦C and 247 ◦C (Fig. 3a), 
while that of INH exhibited a single endotherm at about 178 ◦C (Fig. 3b). 
The typical peak of Compritol, the lipid used for SLNs preparation, was 
observed at 78 ◦C (Fig. 3c). The corresponding ternary PM (Fig. 3d) 
presented two peaks at about 74 ◦C and 165 ◦C for Compritol and INH, 
respectively, with a mild reduction in the Tm compared to the ther-
mogram of the pure materials. No peak referable to RIF was detected. 
The curves related to cholesterol and lecithin showed a peak at about 
150 ◦C for cholesterol (Fig. 3e) and at 180 ◦C for lecithin (Fig. 3g). The 
two ternary PMs presented the characteristic peaks of the two excipi-
ents, cholesterol in Fig. 3f and lecithin in Fig. 3h, as well as a clearly 
visible peak belonging to INH peak clearly visible and a hinted peak 
attributable to RIF peak. Good compatibility between drugs and excip-
ients was also confirmed also by DSC for both SLNs and liposomes. 
Moreover, the absence of the characteristic RIF peak in the PMs with 
Compritol indicates that RIF can be embedded in the lipid matrix in an 
amorphous state. 

Fig. 1. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of Compritol, isoniazid (INH), rifampicin (RIF), and their ternary physical mixture 
composed by the lipid and the two drugs (PM). 
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3.2. SLNs, liposomes, and hybrid SLN-liposomes characterization 

In this study, a hybrid system was designed to obtain a novel nano-
carrier offering an improved encapsulation efficiency and controlled 
release of the embedded drugs. 

Size, polydispersity index (PDI), and Z-potential, determined by PCS 
analysis, as well as encapsulation efficiency (EE%) and drug loading (DL 
% w/w) of the analyzed samples are summarized in Table 1. 

SLNs had a small size (about 130 nm), with a homogenous size dis-
tribution (PDI <0.3), while liposomes were bigger (300 nm) and non- 
homogeneous in size, with a higher PDI value, indicating a multi-
modal particle distribution. No significant differences in size could be 
appreciated between liposomes and hybrid SLN-liposomes, neither for 
the unloaded nor for the co-loaded samples. The size homogeneity of 
liposomes seemed to decrease with the incorporation of SLNs into the 
liposomal bilayer, considering that the PDI for hybrid SLN-liposomes 
was >0.4. With respect to the Z-potential, which describes the surface 
particle charge, the values for all the co-loaded samples were consid-
erably more negative compared to those of the unloaded samples. 

Hence, we can conclude that we successfully obtained nanoscale 
devices, with a particle size within the suitable range for pulmonary 
delivery. 

The main rationale behind the design of this hybrid carrier was to 
improve the encapsulation and/or release kinetics of hydrosoluble 
drugs. The EE% for the lipophilic drug RIF in conventional SLNs and 
liposomes was comparable, while for the hydrophilic drug INH the EE% 
was significantly lower in the case of SLNs. Despite hybrid SLN- 
liposomes were prepared using co-loaded SLNs, the EE% of the hybrid 
system revealed that no drug loss occurred during the formulation, 
except for a tiny leakage of RIF (about 9%), probably due to the presence 
of ether during the preparation of the emulsion. 

3.3. AFM analysis 

A detailed AFM analysis was carried out to examine the morpho-
logical difference between the formulations. The morphology of unloa-
ded SLNs, liposomes, and hybrid SLN-liposomes was assessed by AFM. 
As shown by the topographic images (Fig. 4), all the examined particles 
exhibited a spherical shape, confirming that the preparation of the 
hybrid system did not significantly affect the liposomal morphology. 
Phase images provided complementary information, revealing varia-
tions in certain surface properties of the nanocarriers, such as viscosity, 
elasticity, and viscoelasticity. These deviations are recorded by the 

probe, which detects phase signal changes, resulting from regions of 
different compositions. These phase shifts are visualized as bright and 
dark areas in the image, allowing the differentiation of materials. In 
detail, stiffer domains have a more positive phase shift, thus appearing 
as brighter than soft domains [21]. As can be noticed in the AMF images, 
the size of particles seems larger than that measured by PCS, especially 
for hybrid liposomes. This finding can be explained considering that 
AFM images can be affected by the movement of the cantilever probe, 
which, by pushing and warming the particles, determines a deformation 
of their original morphology [22]. 

3.4. SANS analysis 

The SANS investigation was instrumental to the thorough charac-
terization of the hybrid nanocarriers. In particular, it was useful to 
obtain further indications of the successful formation of the hybrid 
systems and to study the localization of the drugs in the particles. 

Firstly, plain liposomes were investigated by SANS to obtain a fully 
characterized model for the comparative study of our hybrid systems 
(Fig. 5). 

Liposome samples co-loaded with RIF and INH showed a slight in-
crease in the lipid shell scattering length density (SLD, ρs) and a 
concomitant increment of the membrane thickness t, compared to 
unloaded liposomes (Table 2). This result was compatible with the 
encapsulation of the lipophilic RIF, which determines a rearrangement 
of the lipids in the single bilayer. A decrease in the SLD of the aqueous 
core, ascribable to the presence of INH, was also observed. 

Subsequently, we characterized our new hybrid systems, unloaded 
and co-loaded with the two selected drugs. The outcomes of the SANS 
analysis are shown in Fig. 6, where they were compared with the data of 
the SLNs. 

The dimensions of the unloaded hybrid SLN-liposomes (Table 3) 
were slightly bigger with respect to those of the corresponding unloaded 
liposomes (Table 2). This result may indicate the presence of the SLNs 
embedded in the core of the hybrid systems. 

The analysis of the co-loaded hybrid SLN-liposome formulation also 
revealed a decrease in the SLD of the lipid shell (ρs) in the presence of 
INH and RIF (compared to the samples without SLN in Table 2). A 
comparative significant decrease in the SLD of the core (ρc) was 
observed for both unloaded and co-loaded hybrid SLN-liposomes, 
further indicating the encapsulation of SLNs in the aqueous core. More 
details about the shell and core SLD trends and their correlation with the 
drugs localization are reported in the discussion section. 

Fig. 2. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of lecithin, cholesterol, isoniazid (INH), rifampicin (RIF), and their ternary 
physical mixtures composed by each lipid and the two drugs. 
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Notably, although the size of unloaded hybrid SLN-liposomes was 
comparable to that of unloaded plain liposomes, the dimensions of the 
co-loaded systems differ from each other by approximately 20 nm. 

3.5. In vitro release study 

To determine if these formulations exhibited different release 

kinetics, an in vitro release study was carried out, comparing the results 
to those obtained for the diffusion of the free drugs through a dialysis 
bag. All experiments were performed in triplicate in a time frame of 
1–180 min, at 37 ◦C. The resulting kinetic profiles are depicted in Fig. 7. 

Concerning the release curve of RIF, almost 25% of the drug was 
released from plain liposomes after 180 min. This value increased to 
45% for the hybrid carriers. After a slight initial burst, like that of 

Fig. 3. Simultaneous thermogravimetry (red line) and differential scanning calorimetry (blue line) of RIF (a), INH (b), Compritol (c), compritol/drugs physical 
mixture (d), cholesterol (e), cholesterol/drugs physical mixture (f), lecithin (g), and lecithin/drugs physical mixture (h). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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liposomes, the hybrid systems exhibited a release rate comparable to 
that of SLNs. This observation may indicate that the presence of the SLNs 
dictates the overall rate of the system; conversely, a slightly but signif-
icantly different profile was detected for plain liposomes. 

Also for the hydrophilic IHN, huge differences in the release rate 
were observed: our data showed that SLNs released 100% of the drug in 
3 h. On the contrary, the release from liposomes was slower: after a 
sharp burst effect, corresponding to 50% of INH released in 15 min, a 
plateau at 80% was reached, which lasted for the remainder of the 
experiment. Finally, hybrid SLN-liposomes released only 50% of the 
drug in 3 h, demonstrating an optimal ability to control the drug release. 

4. Discussion 

Due to their great advantages, SLNs are attracting the attention of 
researchers worldwide for their potential application in the pulmonary 
delivery of antitubercular drugs. However, one of the main drawbacks of 
SLNs is their inability to stably incorporate hydrophilic drugs [4,23]. In 
our previous work [9], liposomes proved to be suitable systems for the 
delivery of both hydrophilic and lipophilic drugs, such as INH and RIF, 
respectively. 

In the present work, the development of a hybrid SLN-liposome 
system was attempted to design a novel strategy for a potential suc-
cessful pulmonary delivery and controlled release of INH and RIF. 

Considering the compatibility between drugs and excipients, the 
ATR-FTIR and the DSC analysis results suggested that the two drugs 
were compatible with the excipients employed in the formulation of SLN 
and liposomes [24]. 

The newly developed hybrid nanocarrier was compared to plain co- 
loaded SLNs and liposomes, in terms of size, morphology, structure, and 
in vitro release of both drugs. 

Liposomes and hybrid SLN-liposome systems were formulated by 
using lecithin as a mixture of phospholipids to construct a bilayer shell, 
differently to our previous work, in which phosphatidylcholine (PC) was 

employed. Lecithin was preferred over PC in view of obtaining a ther-
apeutic advantage for the management of TB. In addition to its surfac-
tant properties, which are highly desirable for pulmonary medications, 
lecithin confers a negative charge to the liposomes, enhancing and 
sustaining the release of RIF in macrophages [25,26]. 

The characterization of the hybrid nanocarriers was initially per-
formed by PCS, and the outcomes were compared to images obtained by 
AFM. From the PCS analysis, liposomes and hybrid SLN-liposomes dis-
played comparable particle sizes (~300 nm), while SLNs showed a 
smaller particle size (~130 nm), approximately half of that of liposomes. 
Despite the similar dimension, plain liposomes and hybrid systems 
differed for the particle homogeneity, as suggested by the increment of 
the PDI value, which increased from 0.3 to 0.45 in the case of the hybrid 
systems. The AFM images (Fig. 7) confirmed that the incorporation of 
the SLNs into the liposomes did not result in a significant size change 
with respect to plain liposomes. In AFM images, liposomes appeared as 
dark spots in the phase-images, due to their soft consistency; on the 
contrary, hybrid SLN-liposomes appear as light-colored structures, 
owing to the presence of smaller SLNs in the core with a stiffer domain. 
Moreover, the presence of small bright spots due to non-incorporated 
SLNs may explain the high PDI value recorded by PCS. 

Concerning the drug loading investigation (Table 1), a high EE% was 
recorded for RIF in all the formulations, due to its hydrophobic inter-
action with the lipid matrix of SLNs and/or the lecithin bilayers of both 
liposomes and hybrid SLN-liposomes. As expected, RIF content in plain 
lecithin liposomes was lower than that of the PC-based liposomes of our 
previous work [9], despite they were prepared with the same formula-
tion parameters. This difference can be attributable to the chemical 
nature of lecithin, which is composed of several phospholipids, 
including negatively charged phospholipids (e.g. phosphatidylinositol). 
It is known that in liposomes composed of phospholipids with negatively 
charged head groups, RIF localizes in a more superficial region, near the 
membrane interface, because of electrostatic repulsions between the 
anionic lipid and the ionized form of RIF [15]. Rodrigues et al. noticed 
that RIF can interact with various areas of the lipid bilayer with different 
partition coefficients, depending on the electrostatic/hydrophobic 
characteristics of the liposomes. In our case, plain lecithin liposomes 
showed a more negative Z-potential (− 40.8 ± 5.4 mV) with respect to 
PC-liposomes (− 20.5 ± 5.7 [27]), determining a repulsive electrostatic 
interference with RIF and concurring to its low incorporation. Moreover, 
the more negative charge of lecithin liposomes compared to PC lipo-
somes also induced structural differences. For instance, the SANS scat-
tering profile of the lecithin-based carriers did not exhibit the distinctive 
Bragg diffraction peak typical of multilamellar assemblies, suggesting a 
unilamellar structure, probably due to repulsive interaction between 
negative phospholipids [28]. Moreover, the size of liposomes co-loaded 
with INH and RIF differed from that of the hybrid formulations by about 
20 nm. As previously observed in the case of multilamellar liposomes, 
the co-loading determines a stabilizing effect even in the case of uni-
lamellar liposomes, coherent with the decrease in the liposome radius 
observed for liposomes in absence of SLN [9]. The presence of SLNs in 
the new hybrid systems might exert an analogous stabilizing effect, 
resulting in an overall similar behaviour. 

Regarding the hybrid SLN-liposomes, the drug EE% was calculated 
by considering the drug loading in the SLNs employed in the formula-
tion. Therefore, the EE of RIF (91.4%) suggested that part of the hy-
drophobic drug was lost during the preparation of the hybrid 
nanocarriers through the reverse-phase evaporation method. This min-
imal loss of RIF might be due to the organic solvent (ether) used to 
obtain the water-in-oil emulsion during the formulation process, which 
could extract RIF from the SLN lipid matrix. Besides providing invalu-
able information on the size and thickness of the drug carriers, the SANS 
analysis allowed to ascertain the presence of the drugs in the lipid 
structure. In accordance with the hypothesis formulated after the 
encapsulation analysis, evidence of the entrapment of RIF in the shell of 
the hybrid SLN-liposomes was revealed by an increase in the SLD of the 

Table 1 
Size, PDI, Z-potential, EE% and DL% of SLN, liposomes and hybrid SLN- 
liposomes.  

Formulation Size 
(nm) 

PDI Z- 
potential 
(mV) 

RIF INH 

EE % DL% 
(w/ 
w) 

EE % DL% 
(w/ 
w) 

Unloaded 
SLNs 

122 
± 7 

0.23 
±

0.01 

− 5.1 ±
11.9 

/ / / / 

Co-loaded 
plain SLNs 

135 
± 9 

0.25 
±

0.05 

− 25.3 ±
4.3 

61.7 
± 3.9 

10.3 
±

0.7b 

31.3 
±

0.6c 

5.2 
±

0.1d 

Unloaded 
liposomes 

300 
± 8 

0.33 
±

0.02 

− 40.8 ±
5.4 

/ / / / 

Co-loaded 
plain 
liposomes 

310 
± 7 

0.30 
±

0.05 

− 51.5 ±
5.4 

62.1 
± 4.9 

8.1 
±

0.7b 

46.9 
±

6.5c 

6.1 
±

0.8d 

Unloaded 
hybrid SLN- 
liposomes 

343 
± 6 

0.49 
±

0.04 

− 39.7 ±
5.2 

/ / / / 

Co-loaded 
hybrid SLN- 
liposomes 

350 
± 9 

0.45 
±

0.05 

− 40.8 ±
5.1 

91.4 
±

0.2a 

2.7 
±

0.1b 

100 
±

0.2a 

1.9 
±

0.1d  

a EE% was calculated considering the actual loading of SLNs used in the 
formulation of the hybrid systems. DL% was calculated knowing the weight of 
SLNs in 3 mL of SLNs suspension added. 

b p < 0.01 between SLNs and liposomes and p < 0.001 within hybrid SLN- 
liposomes and the other nanocarriers. 

c p < 0.01 between SLNs and liposomes. 
d p < 0.01 between SLNs and liposomes and p < 0.001 within hybrid SLN- 

liposomes and the other nanocarriers. 
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lipid shell (ρs = 3.01) upon drug loading with respect to unloaded li-
posomes (ρs = 2.95). This effect is due to the inclusion of RIF molecules 
which, even in low quantities, induce a less dense, less compact, and 
more disordered packing of the lipid shell [9]. This might alter the 
stability of the lipid shell and even favor the release of RIF molecules in 
simulated lung fluid (SLF). 

As far as the hydrophilic INH is concerned, SLNs demonstrated a 
lower EE% with respect to plain liposomes, due to the low dispersibility 
of the drug in the lipid matrix. The incorporation of SLNs in liposomes 
did not induce any loss of INH during the formulation process, as 
confirmed by the fact that hybrid SLN-liposomes displayed an EE% value 
near 100%. This evidence highlighted the superiority of our hybrid 
systems in obtaining a high incorporation efficiency, considering that 
both the drugs were successfully incorporated into the final hybrid 
nanosystem. This feature has been observed in other hybrid systems 
recently reported in the literature [29,30]. 

The release of RIF from all the nanocarriers was slower than the 
diffusion of the free drug through the dialysis bag (Fig. 7A), highlighting 
a sustained release pattern from all the lipid-based nanocarriers. The 
slower release of RIF may be attributable to the interaction with either 
the solid lipid matrix of SLNs or the hydrophobic tails of the liposomal 
bilayer, suggesting that in any case RIF was stably incorporated into the 
carriers [9,31]. In vitro sustained-release of RIF from hybrid 
SLN-liposomes was slightly higher than that observed for plain lipo-
somes and SLNs. This difference could be due to the ether-induced 
extraction of RIF from the SLN matrix during the formulation process, 
as discussed in the encapsulation studies. The portion of RIF extracted 
during the water-in-oil emulsion preparation could be absorbed in the 
outer layer of the phospholipid shell. As shown by the release profiles 
depicted in Fig. 7, the highest percentage release of RIF was observed for 
the hybrid systems (which retained more of it in terms of EE%, both in 
the core and in the shell), followed by SLNs (only in the core), and 

Fig. 4. Representative AFM images of SLNs, liposomes, and hybrid SLN-liposomes. The topographic images of the samples are depicted on the left, while the phase- 
signal images are on the right. The scale bars are present in the upper edge of each image. 

E. Truzzi et al.                                                                                                                                                                                                                                   



Journal of Drug Delivery Science and Technology 70 (2022) 103206

9

liposomes (only in the shell). 
Diffusion of free INH across the dialysis membrane indicated that the 

entire drug was dissolved in <60 min (Fig. 7B). SLNs slowly released the 
drug with quite a linear profile, reaching 100% in 4 h. On the contrary, 
liposomes, being a vesicular system, released the hydrophilic drug with 
a profile similar to that of the free drug, probably due to the high 
permeability of the unilamellar liposomal membrane [32]. Hybrid 
SLN-liposomes showed a typical biphasic release profile, with a burst 
release in the first 30 min followed by a sustained release in the next 3 h. 
The decrease in the SLD of the core of hybrid liposomes witnesses the 
incorporation of INH and SLNs, with a high EE%. The two compounds 
indeed show SLDs that are lower compared to that of D2O, due to their 
molecular composition. Hence, INH was trapped in the SLNs embedded 
in the core of the hybrid systems, which enhanced its retention in SLF 
with respect to plain liposomes, resulting in a unique release profile. In 
agreement with previous data [33], this finding suggested that hybrid 
systems have the potential to delay the release of inhaled drugs from 
different matrices due to the presence of a diffusional barrier on the 
nanoparticle surface. 

5. Conclusions 

The present investigation highlights the prospects of nanoscale shell- 
core SLN-liposome hybrids as efficient carriers for a potential pulmonary 
delivery of antitubercular drugs. This formulation prevents the leakage 
of small hydrophilic compounds and increases the entrapment of drugs. 
These novel systems were able to release their content as expected from 
a successful dosage form for inhaled administration, improving the 
stability and the drug release profile with respect to plain liposomes. The 
physicochemical characterization of our systems opens new avenues 
towards a better understanding of the formulation of vesicles encapsu-
lating SLNs. The SANS analysis allowed us to precisely define the vari-
ation in size of the nanosystems after the encapsulation of co-loaded 
SLNs The in vitro dissolution studies depicted an initial burst release 
followed by a sustained release profile, significantly slower compared to 
that of plain liposomes. 

We can conclude that the hybrid system designed and characterized 
in this work offers various benefits with respect to conventional nano-
carriers, such as a high encapsulation efficiency, a controlled particle 

Fig. 5. SANS scattering profile of plain liposomes: unloaded liposomes 
dispersed in D2O (light blue squares) and co-loaded liposomes with both INH 
and RIF dispersed in D2O (dark blue points). Best fits (solid lines) are reported 
in black. The curves are vertically shifted to better visualize the differences 
between the trends. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 2 
Fit parameters for plain liposomes: ρc, SLD of the core; ρs, SLD of the shell, rc, 
radius of the core; t, thickness of the shell.  

Formulation ρc [⋅10− 6 

Å− 2] 
ρs [⋅10− 6 

Å− 2] 
rc (nm)a t (nm)a size 

(nm) 

Unloaded 
liposomes 

6.40 2.97 202 ± 1 
[0.3] 

3.3 ± 0.1 
[0.3] 

410 ±
2 

Co-loaded 
liposomes 

6.38 3.48 197 ± 1 
[0.3] 

3.5 ± 0.1 
[0.2] 

401 ±
2  

a The corresponding polydispersity values assuming a Gaussian distribution 
are reported in square brackets. 

Fig. 6. SANS scattering profile of SLNs and hybrid liposomes: SLNs (grey cir-
cles), unloaded hybrid liposomes (orange triangles), and co-loaded hybrid li-
posomes with both INH and RIF (red triangles). Best fits (solid lines) are 
reported in black. The curves are vertically shifted to better visualize the dif-
ferences between the trends. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Fit parameters for SLNs and hybrid liposomes: ρc, SLD of the core; ρs, SLD of the 
shell, rc, radius of the core; t, thickness of the shell.  

Formulation ρc [⋅10− 6 

Å− 2] 
ρs [⋅10− 6 

Å− 2] 
rc (nm)a t (nm)a size 

(nm) 

Unloaded SLNs 0.59 − 2.17 66 ± 1 
[0.3] 

4.3 ± 0.5 
[0.3] 

140 
± 4 

Unloaded hybrid 
SLN-liposomes 

5.11 2.95 203 ± 2 
[0.2] 

3.9 ± 0.2 
[0.3] 

414 
± 6 

Co-loaded hybrid 
SLN-liposomes 

5.15 3.01 206 ± 2 
[0.2] 

3.8 ± 0.1 
[0.3] 

419 
± 6  

a The corresponding polydispersity values assuming a Gaussian distribution 
are reported in square brackets. 
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size, and the potential to load multiple therapeutic agents, determining a 
prolonged release of the drug. Respirability parameters as well as bio-
logical studies in vitro and in vivo will be planned to confirm the ad-
vantages of this hybrid SLN-liposomal system in the treatment of lung 
infections. 
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Long-term efficacy of 6-month therapy with isoniazid and rifampin compared with 
isoniazid, rifampin, and pyrazinamide treatment for pleural tuberculosis, Eur. J. 
Clin. Microbiol. Infect. Dis. 38 (2019) 2121–2126, https://doi.org/10.1007/ 
s10096-019-03651-7. 

[13] J. Costa-Gouveia, E. Pancani, S. Jouny, A. Machelart, V. Delorme, G. Salzano, 
R. Iantomasi, C. Piveteau, C.J. Queval, O.-R. Song, M. Flipo, B. Deprez, J.-P. Saint- 
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