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ABSTRACT

Tuberculosis (TB) is still a devastating disease and more people have died of TB than any other infec-
tious diseases throughout the history. The current therapy consists of a multidrug combination in a
long-term treatment, being associated with the appearance of several adverse effects. Thus, solid lipid
nanoparticles (SLNs) were developed using mannose as a lectin receptor ligand conjugate for macro-
phage targeting and to increase the therapeutic index of rifampicin (RIF). The developed SLNs were
studied in terms of diameter, polydispersity index, zeta potential, encapsulation efficiency (EE) and load-
ing capacity (LC). Morphology, in vitro drug release and differential scanning calorimetry studies, macro-
phage uptake studies, cell viability and storage stability studies were also performed. The diameter of
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the SLNs obtained was within the range of 160-250 nm and drug EE was above 75%. The biocompati-
bility of M-SLNs was verified and the internalization in macrophages was improved with the mannosyla-
tion. The overall results suggested that the developed mannosylated formulations are safe and a

promising tool for TB therapy targeted for macrophages.

Introduction

Tuberculosis (TB) is an infectious disease caused by the bacil-
lus Mycobacterium tuberculosis (MTB) and more people have
died of TB than any other infectious disease throughout his-
tory [1] . In 2016, World Health Organization (WHO) reported
an estimated 10.4 million new cases and 1.8 million deaths
from TB, including 0.4 million HIV-positive individuals [2]. TB
is caused by the bacillus Mycobacterium tuberculosis (MTb),
through the inhalation of aerosols and bacilli colonization
inside the alveolar macrophages (AMs) [3,4].

Rifampicin (RIF) was introduced in conventional anti-TB
regimen in the mid 1960s in combination with other drugs,
namely isoniazid, pyrazinamide and ethambutol [5]. However,
the long treatment schedules that are required (at least six
months) for conventional anti-TB chemotherapy are com-
monly associated with severe adverse effects, resulting in
poor compliance to therapy, which is one of the main rea-
sons for the appearance of multidrug resistant strains and
treatment’s inefficacy [6-8]. According to this, more effective
technologies are required and improving drug delivery strat-
egies for the existing drugs may be determinant to shorten
TB treatment duration, avoiding resistance and improving
patient compliance to therapy [5]. In this context, emerging
technologies in drug delivery, including nanoparticles (NPs)
can increase the therapeutic index of drugs [9]. In the TB field

exploiting the NPs as drug delivery systems, the most striking
results are related with the reduction of the duration of treat-
ment in animal models. Nonetheless, these NPs have several
drawbacks and thereby none of them reach the market.
Among other problems, main weaknesses of these delivery
systems are the low drug loading capacity (LC), design of the
particles independent of the goal (e.g. route of administration
and the type of TB pulmonary or extrapulmonary), absence
of biocompatibility studies and difficulties to scale-up. In this
context, lipid NPs were developed to overcome the disadvan-
tages [5]. In comparison with the above-mentioned NPs, lipid
NPs generally show higher LC, higher stability and do not
require the use of organic solvents during production and
are less expensive to produce [5,10]. In this work, solid lipid
nanoparticles (SLNs) were developed to load RIF since they
have LC, high stability, do not require the use of organic sol-
vents during production and are relatively inexpensive to
produce [5,10]. Further, SLNs were functionalized with man-
nose [11] to increase the selectivity of the NPs to the AMs,
since lectin receptors are highly expressed in the main cell in
the macrophages, where MTB is mainly located [12].
Moreover, SLNs were developed to be administered by inha-
latory route, which has particular interest in the controlled
release of anti-TB drugs directly in the main organ affected
by TB (lungs), thus achieving high local concentrations of the
drug in the infected macrophages. The developed SLNs were
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characterized according to their average diameter, polydisper-
sity index, zeta potential, surface morphology, encapsulation
efficiency (EE), LC, drug in vitro release under different pH
conditions, macrophage uptake studies, cell viability and stor-
age studies. The results support that the SLNs developed are
promising to improve the TB conventional treatment.

Materials and methods
Materials

RIF (more than 98% pure), stearylamine (97% pure) and D-
(+)-Mannose (more than 99% pure) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Aerosil® 200 was supplied
by Acofarma® (Terrassa, Espanha, Spain.) The SLNs were pre-
pared with glycerol tripalmitate provided by Alfa Aesar
(Karlsruhe, Germany), Tween® 80 purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). Phorbol 12-myristate 13-acet-
ate (PMA), trypan blue, thiazolyl blue tetrazolium bromide
(MTT), phosphate buffered saline pH 7.4 (PBS), sucrose, chlor-
promazine hydrochloride, filipin, cytochalasin D and coumarin
6 were obtained from Sigma-Aldrich (St. Louis, MO, USA). All
other chemicals used in the study were of analytical grade.
Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine
Serum (FBS) and penicillin-streptomycin antibiotics mixture
were purchased from Gibco® (Invitrogen Corporation,
London, UK). Human leukemia monocyte THP1 cell line from
European Culture Collections (Salisbury, UK).

Preparation of the formulations

Preparation of SLNs

RIF-loaded SLNs and placebo SLNs were prepared by hot
ultrasonication method as previously described [13]. Briefly,
the lipid phase containing the lipid glycerol tripalmitate and
RIF was heated to 75°C until complete drug solubilization in
the lipid matrix. The aqueous phase containing the surfactant
(Tween® 80) in double deionized water was previously heated
in water bath to the same temperature. The aqueous phase
(6 ml) was poured into the lipid phase and homogenized
using a probe-sonicator (VCX130, Sonics and Materials, 115
Newtown, CT, USA) in 1 min with 70% of the amplitude. The
nanosuspension obtained was rapidly cooled in ice bath with
agitation (305s). Placebo SLNs were prepared in a similar way
without the drug.

Preparation of mannosylated SLNs

Mannosylated SLNs (M-SLNs) were obtained according to the
section “Preparation of SLNs”2.1 with some modifications.
Steryl amine (SA) was added in the lipid phase in the ratio of
2% (w/w) of the lipid, and all the subsequent steps were
exactly as described before to obtain a modified SLNs (M-
SLNs). The mannose coating was carried out according to the
previous methods [11,14,15]. Briefly, a known volume of a
solution of D-mannose (50 mM) in acetate buffer (pH 4) was
added to the SLNs, and the mixture was maintained in agita-
tion with magnetic stirring at room temperature for 48 h to
achieve maximum conjugation. M-SLNs were subjected to

dialysis bag (dialysis bag; MWCO 12-14kDa) in high volume
of double distilled water for 30 min to remove unreacted
mannose or other impurities.

Lyophilization

The obtained placebo and RIF-loaded SLNs and M-SLNs were
freeze dried using Aerosil® as cryoprotectant, at the amount
of 2% (w/w) to the lipid to minimize the freeze-drying pro-
cess and protect the NPs from the mechanical stress of ice
crystals [15,16]. The lyophilization protocol was adapted from
the method described by Pinheiro et al. [11]. All nanosuspen-
sions were poured into semi-stoppered glass vials with slot-
ted rubber closures and frozen at -80°C (Deep freezer, GFL®,
Hannover, Germany) and then were transferred to lyophiliza-
tion (LyoQuest —85 plus v0.407, Telstar, Terrassa, Spain) for
48h at —80°C under 0.40 mbar of pressure. After lyophiliza-
tion, all samples were stored in controlled environment of
temperature and humidity.

Characterization of the formulations

Particles’ diameter and polydispersity index

The hydrodynamic diameter and the width of distribution
(polydispersity index, PDI) of placebo and RIF-loaded SLNs
and M-SLNs were analyzed using a dynamic light scattering
(DLS) (Brookhaven Instruments, Holtsville, NY, USA), operating
at a scattering angle of 90°. All samples were diluted (1:200)
with double distilled water to reach a suitable concentration
before measurement (kcps 300-500).

Zeta potential

The zeta potential of placebo and RIF-loaded SLNs and M-
SLNs was measured by an electrophoretic analyser from Zeta
Potential Analyzer (Brookhaven Instruments, Holtsville, NY,
US). All samples were diluted with double distilled water, the
electrode was coupled in cuvettes, which were applied to an
electric field to analyse the surface charge. All measurements
were performed at room temperature.

Encapsulation efficiency and loading capacity

The EE and LC of RIF within SLNs and M-SLNs was deter-
mined by the indirectly method as previously described
[11,15]. Briefly, a known aliquot of NPs were properly diluted
and submitted to centrifugation with Amicon® (Merck KGaA,
Darmstadt, Germany) filter device. The non-encapsulated
drug was quantified by UV spectroscopy at 334nm [17]. A
standard curve was used to determine the concentration of
RIF and the results are expressed as mean +standard devi-
ation (n=3).

Initial RIF — Recovered RIF

Initial RIF
_ Initial RIF — Recovered RIF

LC=
Total amount of lipid

EE = x 100

x 100




Transmission electron microscopy (TEM)

The morphology of placebo and RIF-loaded SLNs and M-SLNs
was observed by TEM (TEM Jeol JEM-1400; JEOL Ltd., Tokyo,
Japan). Images were obtained after one drop of fresh NPs
over a grid followed by negative staining with uranyl acetate
and subjecting it to an accelerating voltage of 60 kV.

Fourier transform infrared spectroscopy (FTIR)

The freeze-dried optimized placebo and RIF-loaded SLNs and
M-SLNs, and pure RIF were evaluated using an FTIR
Spectrophotometer (Frontier TM, PerkinElmer; Santa Clara, CA,
USA) equipped with a horizontal attenuated total reflectance
(ATR) sampling accessory with a diamond crystal. The sam-
ples were transferred directly to the ATR compartment, and
the result was obtained by combining the 32 scans. The spec-
tra were recorded between 4000 and 600cm™ " with a reso-

lution of 2cm™".

Differential scanning calorimetry (DSC)

DSC measurements were performed using DSC 200 F3 Maia®,
Netzsch, Hannover (Germany). Approximately 7 mg of binary
mixtures or an equivalent amount of RIF were weighed in an
aluminum pan and sealed. For the placebo and RIF-loaded
SLNs and M-SLNs, known amounts of the selected formula-
tions were weighed and similarly sealed in aluminum pans.
The reference pan was left empty. Heating curves for the
drug and the mixtures of drug and lipid were recorded with
a heating rate of 10°C/min from 15°C to 300°C and then
cooled to 25°C, under liquid nitrogen, with cooling rate of
40°C/min. The onset, melting point (peak maximum) and
enthalpy (AH) were calculated using the software provided
by the DSC equipment.

In vitro release study

The release profiles of RIF-loaded SLNs and M-SLNs were
investigated by simulating the release of drug under pulmon-
ary environment [18]. For this purpose, buffered solutions at
three different pH values (4.5, 6.2 and 7.4) were used to simu-
late the phagosome, phagolysosome and the in vitro physio-
logical conditions, respectively [11].

In vitro release studies were performed using the dialysis
bag method in sink conditions. The NPs were first poured
into the dialysis bag (molecular weight cut off 6000-8000 Da,
CelluSep; Membrane Filtration Products Inc., Frilabo, Maia,
Portugal) with the two ends fixed by thread and placed into
the preheated dissolution media. The suspension was stirred
at 37°C, using a heating and magnetic stirring plate
(IKAMAGT1, Staufen, Germany) at 350 rpm. At fixed time inter-
vals, 200 uL of sample was withdrawn and the same volume
of fresh buffer was added accordingly to the condition. The
samples were read in a UV 96-well plate reader (Synergy™
HT, Biotek, Winooski, USA), at 334 nm. All the analytical condi-
tions were previously optimized, and standard curves were
obtained in triplicate.

The RIF release profiles were evaluated in each pH condi-
tion and the profiles were compared using the kinetics mod-
els of the release profile by fitting in different equations such
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as zero order, first order, Higuchi, Korsemeyer-Peppas and
Hixson—Crowell. The determination of the kinetic models
aimed to give a preliminary indication of the drug localization
inside the lipid matrix and the degree of organization of the
NPs for both SLNs-RIF and M-SLNs-RIF [19,20].

Storage stability

To evaluate the stability of optimized SLNs-RIF and M-SLNs-
RIF NPs, a study was carried out regarding particle diameter,
PDI and zeta potential for a period of six months. The NPs
were stored at room temperature and compared to the first
day of production, as described earlier.

Cellular studies

In vitro cytotoxicity

Human THP1 monocytes were seeded at a density of 10°
cells/well and grown in DMEM supplemented with fetal
bovine serum and penicillin/streptomycin at 37°C with 5%
CO,. THP1 monocytes were differentiated into macrophages
after 18h with 20ngmL™" phorbol 12-myristate 13-acetate
(PMA), followed by 24h with fresh supplemented culture
medium.

The THP1 differentiated macrophages viability was assessed
upon treatment with SLNs and M-SLNs unloaded and RIF-
loaded, and pure RIF using a MTT (thiazolyl blue tetrazolium
blue) assay. After 24 h of incubation, the medium was replaced
by MTT (0.5 mg mL~" in culture medium) for 3 h at 37°C. Then,
the medium was removed and equal volume of DMSO was
added to dissolve the formed formazan crystals. The optical
density of the supernatant was read at 570 nm and 630nm
using a microplate spectrophotometer (SynergyTM HT, Biotek,
USA). Results were expressed as the percentage of the meta-
bolic activity of treated cells relative to untreated cells.

Cellular uptake studies and intracellular pathways

For the cellular internalization assay, the SLNs and M-SLNs
were labelled with coumarin 6 (C6) by the addition of this
molecule to the lipid phase during the preparation process,
as described in 2.2. The resulting SLNs-C6 and M-SLNs-C6
exhibited identical size and surface potential as SLNs and
M-SLNs loaded with RIF. The cellular uptake of NPs-C6 was
evaluated in THP1 differentiated macrophages upon incuba-
tion with SLNs and M-SLNs (100 pug mL™"). After specific times,
cells were washed with PBS to remove non-internalized NPs,
recovered in 0.2ml of PBS containing with 0.11% Trypan blue
and incubated for 1min in order to quench the Cé6-fluores-
cent signal coming from SLNs adsorbed to the cell surface.
Cells were examined under the 488 nm excitation and 520 nm
emission wavelengths in the flow cytometer (Accuri™ C6, BD
Biosciences, Erembodegem, Belgium). Dead cells were
excluded with propidium iodide staining. For each sample, a
minimum of 10,000 events were recorded and the auto-fluor-
escence of non-treated cells were used as control. The uptake
data were curve-fitted to the Michaelis — Menten equation
using GraphPad Prism 7 (La Jolla, CA, USA), and the Michaelis
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constant rate (K) as well as the maximal uptake rate (Vinax)
were determined.

The internalization pathways involved in the cellular
uptake of SLNs and M-SLNs was also studied in human mac-
rophages using flow cytometry. Briefly, upon THP1 differenti-
ation in macrophages, the cells were pre-incubated for
30min at 37°C with 5% CO, with three pharmacological
pathway inhibitor solutions: chlorpromazine (10 ugmL™"), fili-
pin (1ugmL™") or cytochalasin D (5ugmL™") [21]. After 1h
incubation with SLNs-C6 or mSLNs-C6, with or without treat-
ment, the cells were recovered in fresh DMEM as previously
described. The results were reported as mean fluorescence
intensity (MFI) of cells with inhibitor and normalized relatively
to the auto-fluorescence of cells incubated with no inhibitor
at 37°C used as control.

Statistical analysis

Statistical analyses were performed using IBM® SPSS®
Statistics software (v.22.0.0.0; IBM, Armonk, NY, USA). The
measurements were repeated at least three times and data
expressed as mean+SD. Data were analyzed using one-way
analysis of variance (ANOVA) and the differences between
groups compared by Bonferroni, Tukey and Dunnet post-hoc
tests with GraphPad Prism 6 software (La Jolla, CA, USA). The
differences were considered to be significant when the p val-
ues was < .05.

Results and discussion
Characterization of the formulations

The main physicochemical characteristics of the SLNs devel-
oped in this study are listed in Table 1. All SLNs except M-
SLNs-RIF were relatively small in size, in the range of
160-168 nm, suggesting that drug incorporation and manno-
sylation process themselves did not influence the formula-
tions size. Contrastingly, both processes in combination
induced a significant increment of the particles diameter
(p <.05), i.e. M-SLNs-RIF presented a diameter of 252+2nm,
which was larger than SLNs-RIF (160+9nm) and M-SLNs
(168 +2 nm). Moreover, the obtained particles’ diameter was
suitable for pulmonary administration and for macrophages
internalization [22,23]. The suspension of all developed NPs
was monodisperse with a PDI below 0.2 (Table 1), indicating
the homogeneous distribution of the SLNs [24].

The zeta potential values obtained for SLNs and SLNs-RIF
were close to -30 mV. Thus, the incorporation of the drug did
not considerably affect the surface charge of the SLNs.

Table 1. Mean hydrodynamic particle size, polydispersion index (PDI), zeta
potential, EE and LC of SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF.

Samples Diameter (nm) PDI ZP (mV) EE (%) LC (%)
SLNs 163 (+9) 0.17 (£0.02) —31.3 (£0.9) N.A. N.A.
SLNs-RIF 160 (+9) 0.12 (£0.03) —25.4 (£0.8) 74.0 (£5.9) 2.7 (£0.2)
M-SLNs 168 (+2) 0.16 (£0.01) +38.0 (£1.1) N.A. N.A.
M-SLNs-RIF 252 (£2) 0.17 (£0.01) +25.7 (£3.5) 95.5 (£6.0) 3.5 (£0.6)

M-SLN-RIF: rifampicin-loaded mannosylated solid lipid nanoparticles; M-SLNs:
mannosylated solid lipid nanoparticles; SLN RIF: rifampicin-loaded solid lipid
nanoparticles; SLNSs: solid lipid nanoparticles; RIF: rifampicin.

On the other hand, the presence of mannose leads to formu-
lation with positive surface charge (+38.0+1.1mV
and +25.7+3.5mV for M-SLNs and M-SLNs-RIF, respectively).
This change of surface potential from negative to positive
charge supports the process of mannosylation since it
involves the addition of stearylamine to have amine groups
on the surface of the NPs [15]. In addition, the developed
SLNs possess a high absolute zeta potential and for that rea-
son, they are considered physically stable due to the electro-
static repulsions between NPs [25].

The EE of drug in SLNs was found to be considerably high
(above 70%). The mannosylation process induced a significant
increase in the EE values (p <.05) and the EE obtained for
these NPs was higher than 90%. The LC of RIF obtained for
SLNs and M-SLNs was 2.7+0.2 and 3.5+0.6%, respectively.
The high EE and LC values indicate that the lipid composition
of the NPs is appropriate for RIF incorporation and delivery.

Functionalization of SLNs with mannose

Figure 1 shows the spectra of RIF, SLNs, M-SLNs and the cor-
respondent physical mixture (PM). SLNs and RIF-SLNs do not
display any band characteristic of mannose functionalization
(Figure 2(A)), presented only in the M-SLNs and M-SLNs-RIF
(Figure 2(B,C)). The process of functionalization was made by
the opening of the mannose ring and following reaction of
its aldehyde group with free amine functionalities present
over the surface of SLNs. This leads to the formation of
Schiff's base (-N=CH-), detectable by FTIR spectroscopy at
the wavelength of ~1567 cm™', as can be observed in Figure
2(B), and in more detail, in Figure 2(C). Similar results were
obtained in the previous studies [14].

Transmission electron microscopy

Transmission electron microscopy (TEM) studies were per-
formed to evaluate the morphological characteristics of all
SLNs. TEM imaging revealed spherical NPs (Figure 2). Despite
the spherical shape of all SLNs, it can be observed from
Figure 2 that both SLNs-RIF (Figure 2(B)), M-SLNs (Figure
2(Q)), and M-SLNs-RIF (Figure 2(D)) exhibit a more irregular
spherical shape than SLNs (Figure 2(A)), indicating that the
incorporation of the RIF and/or the mannosylation process
induce slight alterations in the SLNs’ morphology. The images
demonstrated that all SLNs presented a narrow diameter dis-
tribution with particle diameter near 200 nm.

In vitro release study

The in vitro release of RIF from SLNs and M-SLNs was meas-
ured in phosphate buffer at different pH conditions to simu-
late the passage of the NPs following pulmonary
administration. The study was conducted in simulated lung
fluid (phosphate buffer, pH 7.4), physiological pH of the nasal
fluid and phagosomes (phosphate buffer, pH 6.2) and, also
the acidic vesicles phagolysosomes (pH 4.5) where the bac-
teria is located inside the macrophages [11]. From the ana-
lysis of Figure 3, it is possible to observe a slow drug release
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Figure 1. Infrared spectra of RIF, PM, SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF (n=3). (A) RIF, PM, SLNs and SLNs-RIF. (B) SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF.
(C) M-SLNs-RIF and SLNs-RIF and Schiffs base. M-SLN-RIF: rifampicin-loaded mannosylated solid lipid nanoparticles; M-SLNs: mannosylated solid lipid nanoparticles;
SLN RIF: rifampicin-loaded solid lipid nanoparticles; SLNs: solid lipid nanoparticles; PM: physical mixture; RIF: rifampicin.

Figure 2. Transmission electron photomicrographs of (A) SLNs, (B) SLN-RIF, (C) M-SLNs and (D) M-SLN-RIF (n =3). (Scale bar: 200 nm). M-SLN-RIF: rifampicin-loaded
mannosylated solid lipid nanoparticles; M-SLNs: mannosylated solid lipid nanoparticles; SLN RIF: rifampicin-loaded solid lipid nanoparticles; SLNs: solid lipid

nanoparticles.
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Figure 3. In vitro RIF release profile of SLNs-RIF and M-SLN-RIF in pH 7,4 (A), pH 6,2 (B) and pH 4,5 (C), in order to simulate the release of the drug in following
pulmonary administration until it has reached the acidic vesicles phagosomes and phagolysosomes (n = 3). RIF: rifampicin; M-SLNs-RIF: rifampicin-loaded mannosy-

lated solid lipid nanoparticles; SLNs-RIF: rifampicin-loaded solid lipid nanoparticles.
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Figure 4. DSC thermograms Infrared spectra of Glycerol palmitate, PM, SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF (n = 3). M-SLN-RIF: rifampicin-loaded mannosylated
solid lipid nanoparticles; M-SLNs: mannosylated solid lipid nanoparticles; SLN RIF: rifampicin-loaded solid lipid nanoparticles; SLNs: solid lipid nanoparticles; PM:

physical mixture.

profile from SLNs, being only 10% of drug released from the
SLNs within the first 4h. The drug release increases slowly
during time, being below 20% at 8h. From Figure 3, it can
be observed that the drug release in both SLNs-RIF and M-
SLNs-RIF is pH-dependent with a faster drug release at acidic
pH than at physiological pH. These results point that the
majority of the drug (80% or more) remained entrapped in
SLNs and M-SLNs after their contact with the pulmonary
mimetic conditions, and able to be released inside the
infected cells, which reinforces that both SLNs and specially
functionalized SLNs are suitable NPs for the pulmonary deliv-
ery of RIF, protection from the degradation and ultimately
enhancing drug bioavailability.

The difference between SLNs-RIF and M-SLNs-RIF release
profiles suggest that the nanocarriers have distinct structures.
The mannose coating of the M-SLNs-RIF contributed to
increase the disorder of the SLNs structure, creating a more
irregular matrix, corroborating with DSC analysis (Figure 4),
leading to a faster release of RIF in M-SLNs-RIF (Figure 3).

The release profiles of SLNs-RIF and M-SLNs in different pH
(7.4, 6.2 and 4.5) were studied by analyzing the regression
coefficients (R?) obtained after fitting into zero order, first
order, Hixson-Crowell, Higuchi and Korsmeyer-Peppas release
kinetics models, in Table 2 [26]. Based on the obtained

results, the Higuchi model was found to be the best model
as it presented higher values of R? (0.996, 0.996 and 0.992)
for the three pH conditions. This mathematical model pro-
poses a direct relation of the drug release from the matrix to
a square root of time [26]. Thus, RIF release from SLNs andM-
SLNs occurs by a diffusion-controlled process.

Lipid matrix analysed by DSC

The interactions between lipid NPs and incorporated drugs
commonly result in alterations in melting temperatures and
melting enthalpies (AH) [27]. Moreover, the surface coating
has also been reported to alter calorimetric parameters in
NPs [28]. Thus, DSC analysis was performed to study the
alterations in the lipid matrix of SLNs after the incorporation
of RIF and mannose ligand. The DSC thermograms obtained
for all SLNs formulations and for the pure solid lipid and
physical mixture are depicted in Figure 4, while the respect-
ive melting parameters are shown in Table 3.

As expected, the onset temperature and the melting
enthalpy (AH) of SLNs were lower in comparison to the bulk
solid lipid with the physical mixture, which may be explained
by the interactions that occur between the solid lipid and
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Table 2. Results of the kinetic parameters of the drug release profile obtained for M-SLN-RIF: determination coefficient (R?).

Release model

Release sample | pH Zero order First order Hixson—-Crowel Higuchi Korsmeyer—Peppas
M-SLNs-RIF pH 7.4 R2 =0.944 R2=0.765 R2 =0.649 R2 =0.996 R2 =0.944

pH 6.2 R2 =0.925 R2=0.677 R2 =0.661 R2 =0.996 R2 =0.925

pH 4.5 R2=0.916 R2=0.703 R2=0.614 R2=0.992 R2=0.916

M-SLN-RIF: rifampicin-loaded mannosylated solid lipid nanoparticles.

Table 3. Differential scanning calorimetry parameters of SLNs, SLNs-RIF, M-
SLNs and M-SLNs-RIF.

Samples AH (J/g)  Melting point (°C)  ATopser (°C)  ATgng (°C)
Glycerol tripalmitate 1813 68.0 63.9 70.2
PM 172.8 69.4 65.0 7.7
SLNs 1253 65.0 61.0 67.1
SLNs-RIF 117.0 65.1 61.1 66.9
M-SLNs 105.6 63.2 61.1 66.5
M-SLNs-RIF 70.1 62.4 57.7 357

M-SLN-RIF: rifampicin-loaded mannosylated solid lipid nanoparticles; M-SLNs:
mannosylated solid lipid nanoparticles; SLN RIF: rifampicin-loaded solid lipid
nanoparticles; SLNSs: solid lipid nanoparticles; RIF: rifampicin.

surfactant, or increase in surface area of the NPs. The drug
loaded and functionalized SLNs showed an onset melting
transition peak temperature and a melting enthalpy (AH)
lower than that of the SLNs, suggesting that RIF and man-
nose induce disorder in the crystal structure of the NPs. The
decrease in the onset temperature and in melting enthalpy
(AH) was more evident when the two compounds were pre-
sent together, suggesting a higher disturbance of the SLNs.

Storage stability

The physical stability of all SLNs was verified periodically by
analysing the variation of the hydrodynamic diameter, poly-
dispersity, zeta potential and EE during storage conditions for
six months at room temperature (Figure 5). For all SLNs, no
aggregation was found through visual observations as
expected regarding their high zeta potential. According to
Figure 5, no tendency to zeta potential variations was
observed for the SLNs-RIF and M-SLNs-RIF, supporting the
long-term stability of the developed SLNs [15]. In fact, the
overall results show that all SLNs are stable for at least six
months since only slight variations (p > .05) occur in the par-
ticles diameter, polydispersity, zeta potential and EE. Thus,
the developed SLNs are appropriate for RIF incorporation and
for the release prevention during shelf conditions of storage
at room temperature.

In vitro cytotoxicity

The cell viability of the placebo and RIF-loaded SLNs and M-
SLNs towards THP1 differentiated macrophages was eval-
uated for 24h. As shown in Figure 6, treatment with
unloaded SLNs up to 0.12mgmL~" did not affect the cell via-
bility, exhibiting over 80% viability for the studied conditions.
Thus, RIF-loaded SLNs and M-SLNs could be used as a deliv-
ery system up to this concentration, which corresponds to
57 ugmL~". In addition, RIF-loaded SLNs and M-SLNs and free
RIF solution lead to a similar reduction on the cell viability
assessed by a decrease on the mitochondrial metabolism

using the MTT assay (Figure 6). In fact, these results indicate
that with the developed SLNs, it is possible to reach a con-
centration higher than that reported by RIF bactericidal con-
centration (3.2 ugmL™") [29]. To proceed with the biological
assays, a hon-toxic concentration was selected.

Cellular uptake studies and intracellular pathways

Energy may be involved in the process of NPs’ cellular intern-
alization. To evaluate the role of energy, THP1 differentiated
macrophages were treated with 37°C, 4°C and sodium azide,
both inhibitors of active transport and then incubated with
SLNs and M-SLNs Cé-labelled [30]. At lower temperatures
(4°C), the macrophages exhibit a decrease on their cellular
fluorescence with either SLNs-C6 (28%) and M-SLNs-C6 (49%),
as observed in Figure 7(A). After the sodium azide treatment,
the THP1 macrophages incubated with SLNs-C6 did not show
a statistical difference (p>.05) on the NPs internalization in
relation to the control cells (37°C treatment). The internaliza-
tion of M-SLNs-C6 by macrophages treated with sodium azide
was reduced to 78% (p <.01). By lowering the temperature to
4°C, both cellular active transport and diffusion are compro-
mised, while with sodium azide, only active transport is inhib-
ited. It may be inferred that about 65% of SLNs uptake
occurs by passive diffusion, while 30% of M-SLNs are internal-
ized by the same process. Others have described lipid SLNs’
uptake dependence on energy with identical outcomes
[31-33].

The uptake of SLNs was evaluated using THP1 differenti-
ated macrophages, to unravel the characteristics of this trans-
port system related to intracellular drug delivery. Cellular
uptake kinetics was assessed by intracellular fluorescence
over an incubation period using flow cytometry. The concen-
tration of SLNs (100 ug mL~") used does not affect the viabil-
ity of the cells (Figure 6). As observed in Figure 7(B), NPs’ cell
entry occurs as early as 15min, upon incubation at 37°C,
which reveals that SLNs and M-SLNs translocate quickly into
the cell, and the time for half-maximal uptake was found to
be 1.1+0.2 h. The cellular uptake of SLNs and M-SLNs follows
Michaelis—Menten kinetics (Figure 7(B)), and their differences
were analyzed by the parameters (Y.« and K) on Figure 7(B).
M-SLN exhibited a 1.2-fold higher Y,,.x than non-mannosy-
lated SLNs. Concerning the uptake rate constant (K), a smaller
value reflects a quicker cellular internalization. In fact, the
mannosylation of SLNs resulted in higher uptake by THP1 dif-
ferentiated macrophages. An analogous behavior was already
described for polymeric nanoparticles. Indeed, few studies
have also demonstrated the effectiveness of targeting man-
nose receptors, by conjugating a carbohydrate to polymeric
NPs, to activate macrophages towards a robust action against
other intracellular pathogens [21,34].
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Figure 5. Effect of storage time (at room temperature) on particle diameter, PDI and zeta-potential (ZP) of SLNs-RIF and M-SLNs-RIF during 180 days (mean + SD,
n=3). SLNs-RIF: rifampicin-loaded solid lipid nanoparticles; M-SLNs-RIF: rifampicin-loaded mannosylated solid lipid nanoparticles; PDI: polydispersity index; SD:

standard deviation; ZP: zeta potential.
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Figure 6. Cell viability of THP1 differentiated macrophages upon exposure to free RIF, placebo and RIF-loaded SLNs and M-SLNs. Data expressed as average +
standard deviation (n =5 of three independent assays). RIF: rifampicin; SLNs: solid lipid nanoparticles; SLNs-RIF: rifampicin-loaded solid lipid nanoparticles; M-SLNs:
mannosylated solid lipid nanoparticles; M-SLNs-RIF: rifampicin-loaded mannosylated solid lipid nanoparticles.

To study the endocytic pathways mechanisms involved
in the active NPs internalization process, cells were pre-incu-
bated with three pharmacological pathway inhibitors: chlor-
promazine and filipin, respectively for clathrin- and

caveolae-dependent endocytosis, and cytochalasin D for
macropinocytosis [35]. Data exhibited on Figure 7(A) reveal
that in THP1 macrophages, the inhibition of clathrin-medi-
ated endocytosis by chlorpromazine led to 40 and 65%
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Figure 7. Cellular interaction of nanoparticles on THP1 macrophages. (A) Role of energy in the internalization of SLNs (light grey) and M-SLNs (dark grey),
using 37°C as control. (B) Cellular uptake kinetic profiles obtained by flow cytometry for SLNs (7)) and M-SLNs (H). Data expressed as mean + SD (n = 3). Statistical

differences in relation to control (37 °C) represented as **P < .01 and ***P <.001.

reduction on the uptake of SLNs and M-SLNs, respectively.
Inhibition of caveolae-mediated endocytosis by filipin
resulted in less than 20% inhibition for both lipid NPs
studied. Further results revealed that the inhibition of the
macropinocytosis process resulted in about 30 and 25%
reduction of SLNs and M-SLNs, respectively. Overall, M-SLNs
uptake process by human THP1 macrophages in the pres-
ence of chlorpromazine exhibited a higher inhibitory effect
when compared with the other pathway inhibitory treat-
ments (p <.01 for SLNs and p <.001 for M-SLNs), thus sug-
gesting a predominant clathrin-mediated endocytic uptake
of mannosylated SLNs. This outcome is consistent with the
previous studies as clathrin-mediated endocytosis [36]. In
fact, a characteristic feature of the mannose receptor is its
rapid internalization from the plasma membrane via a cla-
thrin-mediated mechanism that delivers the receptors to the
endocytic pathway [37]. Moreover, mannose receptor may
contribute to the internalization of mannosylated particles
and pathogens [38]. Similar to chlatrin-mediated endocyto-
sis, the mannosylated ligands bind to the mannose receptor
at the cell surface and then are internalized into the cell,
where it dissociates from the receptor in an acidic endoso-
mal compartment.

The in vitro cell uptake and pathway mechanism studies
revealed that mannosylation improved the SLNs uptake over-
time and that process was energy-dependent, mainly by cla-
thrin-mediated endocytosis. This aspect is relevant to
understand the fate of SLNs and M-SLNs during the endocytic
process, as clathrin endocytosis mechanism mediates the NPs

trafficking to endosomes, followed by degradation processes
in late endosomes and lysosomes.

Conclusion

In this study, a new delivery strategy for the treatment of TB
based in mannosylated SLNs containing the front-line anti-TB
drug RIF was developed. The SLNs formulations were devel-
oped to improve the drug uptake by the macrophages and
can be administered by inhalation, aiming to improve the
patient compliance and consequently, the success of this
long-duration therapy. The developed mannosylated SLNs
possess a diameter of approximately 250 nm, which is consid-
ered to be suitable for the lung deposition and macrophage
phagocytosis. Moreover, SLNs present a high zeta potential of
around 130l mV, indicating a good stability. The functionaliza-
tion of SLNs with mannose was confirmed by the zeta poten-
tial variations between the uncoated and the mannosylated
SLNs and also by the FTIR spectrum analysis that allowed the
detection of the Schiff's base. The RIF EE was high, being
70% for SLNs and 90% for M-SLNs. TEM analysis demon-
strated that all SLNs presented a spherical morphology. DSC
studies revealed that the incorporation of the drug and man-
nose induced a disturbance in the crystal order of the lipid
matrix of the SLNs. A sustained release profile of SLNs in
simulated pulmonary fluids was achieved, with more than
80% of RIF remained entrapped inside the SLNs lipid matrix
after 8h. In addition, stability studies revealed slight varia-
tions in terms of the physicochemical properties of SLNs
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over a period of six months, reinforcing the stability of the
lipid NPs.

The cytotoxicity results showed that neither SLNs-RIF nor
M-SLNs-RIF, and their unloaded formulations were considered
toxic for THP1 macrophages, and could be used to safely
delivery RIF. Besides, the high degree of internalization in
human macrophages, especially for M-SLNs-RIF, suggested an
effective targeting of mannose receptors of the developed
system.

In conclusion, the overall results suggest that mannosy-
lated SLNs constitute suitable carriers for the inhalatory
administration of RIF, protecting it from the pulmonary fluids
and increasing drug’s bioavailability. Thus, the developed
SLNs constitute an affordable technology that holds great
promise for a future clinical application in the TB treatment.
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