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Aim: Lymphangioleiomyomatosis is characterized by smooth muscle-like cells in the lungs that spread to
other organs via lymphatic vessels. Oral rapamycin is restricted by low bioavailability approximately 15%.
The aim of the present study is to systematically investigate the effect of inhaled rapamycin solid lipid
nanoparticles (Rapa-SLN) surface charge on efficacy and penetration into the lymphatics. Materials &
methods: Rapa-SLN formulations with different charge: neutral, positive and negative, were produced
and assessed for their physicochemical particle characteristics and efficacy in vitro. Results: Negative Rapa-
SLNs were significantly faster at entering the lymphatic endothelium and more potent at inhibiting lym-
phanigiogenesis compared with neutral and positive Rapa-SLNs. Conclusion: Negative Rapa-SLNs showed
efficient lymphatic access and should therefore be investigated further as a treatment for targeting ex-
trapulmonary lymphangioleiomyomatosis.
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Lymphangioleiomyomatosis (LAM) is a lung disease that results from a mutational inactivation of the tuberous-
suppressor genes, tuberous sclerosis complex 1 and 2 (TSC1/2), resulting in constitutive activation of the mam-
malian target of rapamycin (mTOR) pathway. As a result, the downstream pathways of mTOR become unregulated
and ultimately cause uncontrolled growth, enhanced proliferation and migration [1] of smooth-muscle like cells in
the lungs [2]. LAM is also associated with increased growth of lymphatic vessels, thought to be partially caused by
the increased expression of VEGF receptor-3 (VEGF) on LAM cells, in conjunction with increased serum levels of
VEGF-C and -D in LAM patients as a result of the constitutive activation of mTOR. LAM cells located in close
proximity to the lymphatic system in the lungs can therefore disseminate and spread via the lymphatic system to
other organs such as the kidney, liver and lymph nodes forming extra pulmonary LAM [2]. LAM mainly affects
women during their reproductive years [3], with the majority of symptoms being related to breathing difficulties [4],
cough and chest pains [5] or in worse conditions, pneumothorax (collapsed lung) [4]. While there is currently no cure
for LAM, the disease progression is reduced by rapamycin: an oral macrolide antibiotic drug that acts by inhibiting
the mTOR pathway. Since rapamycin’s approval by the US FDA in 2014, it has greatly improved the quality
of life of LAM sufferers. However, rapamycin is limited by its low oral bioavailability of approximately 15% [6],
requiring patients to take large doses of rapamycin to reach a therapeutic effect, which in turn results in unpleas-
ant side effects such as hypertension, respiratory infections and lymphedema and ultimately noncompliance to
treatment [7,8].

We have previously shown that delivering nebulized rapamycin encapsulated in solid lipid nanoparticles (Rapa-
SLNs) resulted in a more sustained in vitro release and transport through the pulmonary epithelium, as well
as a more potent inhibition of the enhanced proliferations in LAM cells [9]. Pulmonary delivery thus seems to
address the major limitations of oral rapamycin by allowing direct delivery to the site of LAM cell growth and
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increasing its in vivo half-life [10]. The lymphatic network is present throughout the lungs, running parallel to the
major airways down to the alveoli, as well as underneath the surface of lungs [11], thus there is a large surface area
available for lymphatic targeting via inhalation of rapamycin to reach extrapulmonary LAM. Previous research have
shown that nanoparticles of different compositions (nanocapsules [12], solid lipids [13] and liposomes [14], ranging
from 50 to 900 nm [15,16]) can enter the lymphatics via the lungs. Several studies have also demonstrated that
nanoparticles with a negative surface charge enhance lymphatic targeting [17–19], while others have reported that a
positive surface charge results in increased lymph node retention [20,21]. It is possible that different particle surface
charges and size could play different roles in terms of lymphatic targeting, depending on the area of the body
through which the nanoparticles are delivered. Surface charge may also be important for improved delivery efficacy.
Using positively charged chitosan as a surface decorator for selenium nanoparticles has been shown to improve
uptake of selenium by cancer cells and thus amplified anticancer efficacy [22]. Conversely, negatively charged silver
nanoparticles showed significantly more antibacterial activity compared with normal silver nanoparticles [23]. The
first part of this study showed that Rapa-SLNs of approximately 200 nm in size were able to penetrate through
human lymphatic endothelial cells (HLECs) more efficiently compared with larger-sized Rapa-SLNs and free
rapamycin [24]. This second part of the study will therefore focus on characterizing the impact of Rapa-SLN charge
on their lymphatic entry through the lungs, in comparison to free rapamycin. The effects of surface charge by adding
surface modifying agents to the original negative Rapa-SLNs are systematically characterized. Different Rapa-SLNs,
produced using two surface charge additives to obtain positive, neutral and negative Rapa-SLNs were evaluated
in terms of their physical–chemical characteristics and ability to penetrate through the respiratory epithelium and
inhibit the enhanced proliferation of LAM cells. In vitro testing on a previously characterized HLECs was also
performed, in order to establish the formulations toxicity profiles on HLECs, transport through the monolayer and
efficacy on inhibiting lymphangiogenesis.

Materials & methods
Materials
Rapamycin (98% w/w purity) was purchased from Hangzhou ICH Biofarm Co. Ltd. (Hangzhou, China), Tween 80
and mannitol from Sigma-Aldrich (Sydney, Australia). Glycerol behenate (Compritol 888) was a gift from Gattefosse
(Trapeze Associates Pty Ltd, Sydney, Australia). Chemicals used such as ethanol, methanol and dichloromethane
were HPLC grade and purchased from Thermo Fisher Scientific (Australia). Calu-3 cells were bought from American
Type Culture Collection (ATCC; VA, USA), while TSC2 mice embryonic fibroblasts (MEF; negative and positive)
were a gift from David Kwiatkowski (Brigham and Women’s Hospital, MA, USA). Cell culture material including
Dulbecco’s Modified Eagle’s media with phenol red (DMED), high-glucose DMEM, phosphate-buffered saline
(PBS) nonessential amino acid solution, CelLytic™ M Cell Lysis solution, Hank’s balanced salt solution (HBSS) and
trypsin EDTA were all purchase form Sigma-Aldrich. Fetal bovine serum (FBS), L-glutamine solution (200 nM)
were bought from Invitrogen (Sydney, Australia), and CellTiter 96R Aqueous One Solution Cell Proliferation
Reagent A (MTS) was supplied by Promega (Sydney, Australia). Cell culture plates with transwell insert (0.33 cm2

polyester, 0.4-um pore size) and 12-well plates (flat-bottom polystyrene) were bought from Corning Costar (MA,
USA).

Rapa-SLNs preparation
Rapa-SLNs with different surface charges were prepared using a hot homogenization method as previously de-
scribed [9]. In brief, rapamycin and lipid, glyceryl behenate (200 mg, Compritol 888), were dissolved in methanol
and dichloromethane, respectively, before the organic solvents were evaporated using the rotary evaporator (RV8,
IKA Rotary Evaporator) at 120 rpm, 40◦C and a pressure of 600 mbar. A surfactant solution of hot (70◦C) aque-
ous Tween 80 (1.5% w/v) was subsequently added to the lipid−drug film. To obtain Rapa-SLNs with different
surface charges, the lipid−drug-surfactant solution was supplemented with different charge-modifying additives,
as previously reported in a study by Platel et al. [25]. The FDA-approved polyethylene glycol 2000 (PEG2000; 37%
w/w) [26], amphiphilic in nature, was used to neutralize the negatively charged Rapa-SLN and produce the same
formulation with a neutral surface. Eight percent (w/w) of hexacylitrimethylammonium bromide (CTAB) was
used as a cationic additive [25] to produce positively charged Rapa-SLNs, while the negatively charged Rapa-SLN
formulation received no additive. All three formulations were subsequently homogenized (ultraturrex, T25) under
sheer pressure at 17,000 rpm and 70◦C for 15 min. The resulting lipid−drug-surfactant mixture was cooled on ice
until reaching room temperature. Finally, 5% (w/v) mannitol was added to all three resulting Rapa-SLNs before
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they were snap-freezed in liquid nitrogen and freeze-dried (B. Braun, Melsungen, Germany) overnight (24 h) at
-50◦C, as previously reported by Landh et al. [9].

Physicochemical characterization of Rapa-SLNs
Particle size analysis & surface charge

Dynamic light-scattering analysis (Nano SZ Zetasizer, Malvern Instruments) was used to evaluate the different
Rapa-SLNs average particle size, polydispersity index and surface charge. Briefly, freeze-dried Rapa-SLN powder
was resuspended in deionized water (25 mg/ml) and PBS, sonicated for 30 min prior to sampling. Each separate
formulation was analyzed in triplicates.

Encapsulation efficiency

The amount of rapamycin encapsulated in the lipids for each formulation (encapsulation efficiency) was determined
by measuring the amount of free rapamycin left in aqueous media after centrifuging (4000 rpm) each powder using
ultracentrifugal filters (Millipore, USA) for 15 min (tests performed in triplicates). The resulting filtrates were
subsequently collected from the supernatant (unfiltered) and precipitate (free drug) of the filtration tubes before
being analyzed for rapamycin content using an established HPLC method. The encapsulation efficacy for each
formulation was then calculated using the following formula:

Encapsulation efficiency (%) =
Unfiltered Rapamycin − Filtered Solution (free drug) × 100

Unfiltered Rapamycin

Differential scanning calorimetry

Differential scanning calorimetry (DSC-1; Mettler-Toledo Ltd, Switzerland) was used to assess the thermal prop-
erties of the positive and neutral Rapa-SLN formulations compared with the individual charge-inducing additives,
CTAB and PEG2000 to confirm the presence of the charge-modifying agents. Briefly, 7 mg samples were weighted
and sealed into an aluminum pan that is subsequently pierced with a 1-mm pinhole to ensure pressure equilib-
rium. The samples were heated at a rate of 5◦C/min from 25 to 350◦C under N2 atmosphere pressure. STAR
V11.0∼ software (Mettler-Toledo Ltd) was used to determine the temperatures and onset of each exothermic and
endothermic peak. The data were also normalized for initial mass.

Quantitative HPLC

Rapamycin quantification throughout this study was determined using a validated HPLC (Shimadzu, Sydney,
Australia) system equipped with a LC20HT pump, SIL20AHT autosampler and a SPD-20A UV–Vis detector,
using a reverse phase C-18 column (Phenomex, ODS hyperclone) 250 × 4.6 mm long and 5 μm particle size.
The analysis was performed using a detection wavelength of 278 nm, injection volume of 100 μl, flow rate of
1.2 ml/min and a mobile phase consisting of methanol:water (80:20 v/v). The standard curve for rapamycin was
determined for the concentration range of 0.01–50 μg/ml with a linear regression value of more than 0.999 and a
retention time of 9 min. All standard solutions were prepared fresh daily in mobile phase prior to use.

In vitro drug release profile

The dialysis bag (MW cutoff: 6000–8000, CelluSep, TX, USA) membrane technique was used to evaluate the
drug release profiles of rapamycin from the different SLNs with different charge, compared with free rapamycin.
The Rapa-SLNs were suspended in PBS (10 μg/ml) and made up to 1 ml, while the free rapamycin was first
dissolved in DMSO before diluted in PBS to make up 1 ml, with DMSO being less than 0.1% (w/v) of the
total volume. Subsequently, 1-ml samples of each formulation/drug solution, prepared in triplicate, were placed
in separate dialysis bags and immersed into 60 ml of PBS to ensure sink conditions. The dialysis bag system was
kept under constant stirring at 37◦C, with samples withdrawn from the basal media every hour for up to 4 h
and replaced with equal amount of PBS at each time point. The collected samples were quantified for rapamycin
content using HPLC. Each formulation/drug condition was performed in triplicate.

Transepithelial drug transport studies across respiratory epithelium
To investigate the transport of different charged Rapa-SLNs compared with free rapamycin through the respiratory
epithelium, an established air interface model of the bronchial epithelial cells was used. Briefly, bronchial epithelial
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Calu-3 cells were purchased from ATCC (MD, USA), and were cultured in DMEM containing 10% (v/v) FBS,
1% (v/v) L-glutamine and 1% (v/v) nonessential amino acids. The cells were maintained in humidified incubators
(95% air and 5% CO2) at 37◦C with the media changed every 2–3 days and passaged when reaching 95%
confluence, according to the manufacturer’s guidelines. Subsequently, Calu-3 cells were cultured at a density of
5 × 105 cells/cm2 on polystyrene transwell inserts (pore size = 0.4 μm). To establish an air–liquid interface cell
model, cells were cultured between 11 and 14 days before with the apical media removed after 24 and 48 h
post-seeding to expose the cells to air [27].

For the transport study, free rapamycin and the different Rapa-SLNs (13.1 μg/ml) were resuspended in HBSS and
nebulized via a Pari jet nebulizer, onto the cells using a modified twin-stage liquid impinger (British Pharmacopeia
Apparatus A, Copley Scientific) [28] at a flow rate of 15 l/min for 15 s, as previously described [9]. Subsequently, the
transwells were placed into a clean 24-well plate with 500 μl of HBSS at the basolateral chamber and incubated in
a humidified (37◦C, 5% CO2) chamber for 4 h. Samples were withdrawn from the basolateral chamber after 30,
60, 120, 180 and 340 min postdeposition and replaced with equal amounts of HBSS each time. The amount of
drug remaining on the surface of the cells after 4 h was determined by washing the apical surface of the transwells
with HBSS multiple times and collecting the samples for quantification. The amount of drug remaining inside the
cell at the end of the experiment was determined by first adding HBSS to the apical chamber, before scratching
the membrane using a pipette tip to detach the epithelial cells from the transwells. Collected samples were then
centrifuged at 13,000×g for 5 min, before the supernatant was discarded and cell lytic buffer added. An insulin
syringe was then used to rupture the cell membrane to release the intracellular drugs. Samples were centrifuged
again to ensure the removal of cell debris and the supernatant analyzed for rapamycin content using the HPLC.

Transepithelial electrical resistance (TEER) across the epithelium was also measured before and after treatments
to ensure the treatment has no effect to the integrity of the epithelium. Briefly, TEER measurements were performed
using an EVOM voltohmeter (World Precision Instrument, FL, USA) connected to STX-2 chopstick electrodes and
measurements taken by inserting the longer chopstick end into the basolateral chamber and the shorter chopstick
end into the apical chamber, hence measuring the potential resistance differences between the two chambers. TEER
values were calculated by subtracting the resistance readings of blank inserts from the test readings and multiplying
it by the transwell insert area (0.33 μm). TEER experiment was performed in triplicates for each treatment.

Proliferation assay on MEF cells
A proliferation assay was performed using TSC2 positive and negative MEF cells to evaluate the ability of the
charged Rapa-SLNs to inhibit the proliferation of LAM-like cells. Both TSC2 negative and positive MEFs were
cultured in high-glucose DMEM media containing 10% (v/v) FBS and 1% (v/v) penicillin–streptomycin and
maintained in humidified incubator (95% air and 5% CO2) at 37◦C with the media changed every 2–3 days and
passaged when reaching 95% confluence, according to the respective manufacturer’s guidelines.

The TSC2 positive and negative MEF cells seeded at a density of 1 × 104 cells/cm2 in serum-reduced media
(0.5% v/v FBS). Cells were incubated in a humidified atmosphere (5% CO2) for 24 h before proliferation was
induced by treating cells with different concentrations (0.2–200 nM) of free rapamycin and different-sized Rapa-
SLNs (200, 500 and 1000 nm) in the presence of 10% (v/v) FBS media. After 24 hrs of incubation following
treatment, cells were trypsinized and counted using a Scepter cell counter (Merck Millipore, Darmstadt, Germany)
to establish the number of viable cells.

Effect of Rapa-SLN surface charge on HLEC
HLECs were cultured in endothelial cell media containing 5% (v/v) FBS and 1% (v/v) EC growth supplements
and 1% (v/v) penicillin–streptomycin and maintained in a humidified incubator (95% air and 5% CO2) at 37◦C.
The cells were subcultured in fibronectin (2 μg/cm2) coated 75 cm2 flasks with the media changed every 2–3 days
and passaged when reaching 95% confluence, according to the respective manufacturer’s guidelines.

Cell toxicity assay

To evaluate the toxicity of the different Rapa-SLNs on HLECs, a range of concentrations (0.001−100 μM) of
each nanoparticle formulation and free rapamycin were prepared separately in culture medium, and tested on the
HLECs. Each freeze-dried Rapa-SLN formulation was initially suspended in PBS, while the free rapamycin was
first dissolved in DMSO before further dilution in culture media to a stock solution containing less than 1%
v/v DMSO. HLECs were seeded at a density of 1.2 × 104 cells/cm2 in fibronectin-coated 96-well polystyrene
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flat-bottom plates and incubated at 5% CO2 and 37◦C overnight before the addition of drug treatments. Treated
cells were further incubated in a humidified chamber and assessed for viability after 72 h. Viability was assessed
by adding 20 μl of Aqueous One Solution Proliferation Agent (Promega) to each well prior to incubation for a
further 4 h. The fluorescence of each well was then measured at 490 nm using a fluorescence microplate reader
(Spectromax M2; Molecular Devices, USA). Cell viability was calculated as a percentage of viable cells compared
with untreated controls and the IC50 values were calculated by applying the inhibitory dose-response curve to the
plotted data using the GraphPad Prism 7.0.

Tube formation assay

To evaluate the effects of Rapa-SLNs surface charge on the formation of new lymphatic vessels, a tube formation
assay was performed as described previously [29,30]. Briefly, HLECs were seeded at a density of 1.2 × 104 cells/cm2

on fibronectin-coated (2 μg/ml) 12-well plates. Cells were then pretreated with either 200 nM of free rapamycin,
negative Rapa-SLNs, neutral Rapa-SLNs or positive Rapa-SLNs, and incubated for 24 h. Subsequently, a 96-well
plate was precoated with 40 μl of matrigel (10 μg/ml) per well and incubated at 37◦C for 40 min to ensure
complete solidification of the matrigel. Next, the pretreated cells were trypsinized and seeded onto the matrigel
plates at a density 2 × 104 cells/well in presence of the different drug treatments before being incubated for a
further for 6 h at 37◦C. Cells were then imaged using Nikon time Eclipse Ti-microscope (Nikon, Eclipse Ti,
Tokyo, Japan) and ImageJ software was used to quantify tube length, measuring its length in pixels. The average of
three randomly selected fields of views within each treatment was used to calculate the average length within each
different treatment condition.

Drug transport assay on HLEC

Transport of the different Rapa-SLNs compared with free rapamycin across the lymphatic vessels was investigated
via a transport assay study using confluent HLEC layer that was established in Part 1 of the study. Briefly, HLECs
were seeded at a density of 5.3 × 104 cells/cm2 onto fibronectin (2 μg/ml) coated 96-well polycarbon transwells
(pore size = 0.4 μm). Cells were incubated in a humidified chamber (5% CO2) at 37◦C for 72 h to ensure the
formation of a confluent monolayer. After incubation, cell inserts were placed in a new clean 96-well plate with
240 μl of HBSS in each basolateral compartment. Subsequently, free rapamycin and Rapa-SLNs (13 μg/ml) were
resuspended in HBSS and 80 μl added to the apical compartment of the transwells, for each treatment condition.
Cells were incubated further at 37◦C for 4 h with samples removed from the basolateral chamber every hour and
replaced with equal amounts of HBSS each time. Samples were quantified for rapamycin content using HPLC. The
apparent permeability (Papp) of the different formulations through the endothelial layer was calculated to establish
the amount transported through using the formula for Papp coefficient Papp = (dQ/dt) × (1/AC), which stands
for: Papp = (change in concentration/change in time at steady state) × (the growth area plate chamber/initial
concentration in the apical chamber).

Transport of sodium fluorescein (Na-Flu) across the endothelium was performed following each treatment to
assess the integrity of the HLEC monolayer. Transwells were placed into a clean 96-well plate with 240 μl of
fresh HBSS in the basolateral compartment. Eighty microliter Na-Flu (2.5 mg/ml) was then added to the apical
compartment of each transwell before being incubated at 37◦C and 5% CO2. Samples were removed from the
basolateral chamber every 20 min for 1 h and replaced with equal amount of HBSS each time. A fluorescence
plate reader (Spectramax M2; Molecular Devices) was used to measure the fluorescence of the collected samples at
excitation and emission wavelengths of 485 and 520 nm, respectively. The apparent permeability (Papp) of Na-Flu
though the HLECs was then calculated for each different treatment as outlined by the formula above and compared
with untreated control cells.

Statistical analysis
All experimental data are expressed as mean ± SD and/or mean ± SEM, as indicated, of a minimum of three
independent replicates. To establish statistical significance, data were analyzed using two-tailed unpaired t-test or
one-way ANOVA, with significant level determined at p < 0.05 and compared with control groups or vehicle
controls, as indicated.
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Table 1. Summarized particle characterizations of the differently charged rapamycin solid lipid nanoparticles.
Rapa-SLNs Particle size (nm) Polydispersity index Surface charge (potential) Encapsulation efficacy (%)

A: Negative 237.5 ± 1.8 0.4 ± 0.1 -18.1 ± 0.03 97.3 ± 1.3

B: Neutral 201.3 ± 1.2 0.3 ± 0.2 -1.2 ± 0.04 95.1 ± 2.4

C: Positive 220.5 ± 0.7 0.4 ± 0.4 + 46 ± 0.2 96.2 ± 2.1

Rapa-SLN: Rapamycin solid lipid nanoparticle.

Results & discussion
The present study aimed to systematically investigate the effect of Rapa-SLNs’ surface charge on it ability to enter
the lymphatic system via the lungs. Therefore, three Rapa-SLNs with different surface charge were first characterized
for their in vitro release profiles and ability to permeate the respiratory epithelium and lymphatic endothelium.
Second, the formulations were also compared for their efficacy against LAM by evaluating their ability to inhibit
the enhanced proliferative properties of LAM-like cells and tube formation of HLECs.

Manufacture & characterization of Rapa-SLNs with different surface charges
Physical characterization of Rapa-SLNs

Particle characterization (Table 1) showed that using a hot evaporation technique and different surface modify-
ing additives resulted in three Rapa-SLNs with different surface charge. The presence of the charge-modifying
agent CTAB, resulted in Rapa-SLNs with a positive surface charge (Formulation C) of 46 ± 0.2; while the addition
of PEG2000 resulted in Rapa-SLNs with a neutral surface charge (Formulation B) of -1.2 ± 0.4. The original
Rapa-SLN formulation produced with the presence of no extra additive resulted in Rapa-SLNs with a negative
surface charge (Formulation A) of -18.1 ± 0.03 (Table 1). The negative charge on the original formulation can
mainly be attributed to the presence of the lipid carrier Compritol 888. The hydrophobic lipid carrier is based on
behenic acid, and consists of mono-, di- and triglycerol esters [31,32]. The negative surface charge is most likely due to
the ionization of the carboxyl group on the glyceryl behenate, as its been shown that increasing the concentration of
glyceryl behenate results in decreased surface charge [33]. In contrast, the presence of the nonionic surfactant Tween
80 (polysorbate 80, polyoxyethylene sorbitan monooleate) is unlikely to have impacted significantly on the surface
charge of the original formulation, due its low percentage (1.5% w/v) within the total lipid−drug matrix. While
previous studies have shown that increasing the concentration of Tween 80 in the presence of glyceryl behenate can
increase the ζ potential of the overall SLNs by ionizing the solid lipid functional groups [33]. It has also been shown
that increase in chain lengths of surfactant (Tween 80) increases hydrophobicity and thereby results in a more dense
firmer solid lipid, as the hydrophobic chains are arranged more closely, thereby increasing the stability of the SLNs
as well as the surface charge [34]. However, increasing the concentration of glyceryl behenate while decreasing the
concentration of Tween 80 has also been shown to result in a more negative ζ potential and surface charge, as not
enough surfactant was present to ionize the complete solid lipid [33], which seems to be the case in the present study
where Tween 80 was used at a ratio of 1.5% (v/v) and the final ζ potential was negative. Additionally, the active
drug rapamycin encapsulated in the solid lipids may have contributed to the overall surface charge as it is very
hydrophobic, and has electronegative nitrogen functional groups in its ring structures [35]. Moreover, the addition
of CTAB resulted in a positive surface charge confirming its nature of a cationic-reducing agent [25]. Hence, it
most likely acted as a reducing agent to the carboxyl groups of glycerol behenate, and thereby increased the surface
charge of the Rapa-SLN formulation. Similarly, the presence of the surface-modifying agent PEG2000, amphilic,
nonionic in nature, was able to neutralize the negative surface charge of the original formulation to result in a ζ

potential close to 0 [26].
There were no significant differences in encapsulation efficacy of all three Rapa-SLNs, with more than 95% of

the rapamycin being encapsulated within the lipid carrier, and no significant difference in the loading efficiency
between the different formulations with each formulation containing an average of 1.31 μg of rapamycin/mg
freeze-dried powder. In addition, all three formulations had an average particles size of approximately 200 nm, with
polydispersity indexes <0.4, indicating monodisperse particle distributions as previously shown [13,36].

Thermal properties of the Rapa-SLNs

Thermal behavior of the positive and neutral Rapa-SLNs and the individual charge-inducing additives, CTAB and
PEG2000 were measured using a DCS and displayed in Figure 1. Two endothermic peaks are displayed by raw
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Figure 1. Differential scanning calorimetry thermographs of positive and neutral rapamycin solid lipid nanoparticle
and their respective unprocessed charge inducing additives, hexacylitrimethylammonium bromide and polyethylene
glycol 2000.
CTAB: Hexacylitrimethylammonium bromide; PEG: Polyethylene glycol; Rapa-SLN: Rapamycin solid lipid nanoparticle.
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Figure 2. In vitro drug release profiles of free
unencapsulated rapamycin, negative rapamycin solid lipid
nanoparticles, neutral rapamycin solid lipid nanoparticles
and positive rapamycin solid lipid nanoparticles across a
dialysis membrane. n = 3 ± SD.
Rapa-SLN: Rapamycin solid lipid nanoparticle.

CTAB at 106.6 and 266.6◦C, with the first peak most likely arising from the dehydration reaction of CTAB and
second peak from the liberation of the organic cations in the sample [37]. The thermal graph of positive Rapa-
SLN, which contains the surface additive CTAB, showed two smaller endothermic peaks at similar temperatures,
indicating that the CTAB is present within the formulation but interactions are most likely present between the
additive and lipid polymer. Two more endothermic peaks are present within the positive Rapa-SLN, a minor one at
150◦C and a major one at 160.6◦C, which could be attributed to the melting points of the lipid polymer glycerol
debehenate and the mannitol, which has been shown by previous research for the Rapa-SLN formulation without
the additive present [9].

On the other hand, the thermograph of raw PEG2000 displays a sharp endothermic peak at 63.3◦C, which
correlates to the melting point of PEG2000 as reported by previous research [38]. The thermal graph of neutral
Rapa-SLN, which contains the surface additive PEG2000, displays a similar graph to positive Rapa-SLN but with
an extra endothermic peak at 63.3◦C corresponding to that of raw PEG2000, thereby showing the presence of
the additive within the formulation. Notably, the absence of the endothermic peaks of rapamycin’s melting point
around 185◦C [39,40] within the neutral and positive Rapa-SLN thermographs suggests that the drug has became
fully miscible within the formulations.

In vitro drug release profiles of Rapa-SLNs

Figure 2 shows the release profiles of free rapamycin and the different charged Rapa-SLNs across the dialysis bag.
Free rapamycin demonstrated the most rapid drug release, with 65.3 ± 7.0% released from the dialysis bag after
4 h, compared with the sustained release displayed by the charged Rapa-SLNs with negative, neutral and positive
Rapa-SLNs releasing approximately 50 ± 1.9%, 32.4 ± 3.9% and 28.7 ± 9.6%, of rapamycin, respectively. The
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Table 2. Similarity (f2) and difference factors (f1[/toxarisitalic]) for rapamycin solid lipid nanoparticles with different charge
compared with free rapamycin.
Rapa-SLNs f1 f2

Positive 61.6 29.2

Neutral 42.6 34.6

Negative 20.0 51.5

The profiles are deemed different if f1 ≥ 10 and f2 ≤ 50.
Rapa-SLN: Rapamycin solid lipid nanoparticle.

Rapa-SLNs and the reference-free rapamycin were analyzed and compared using similarity and difference factors
from the fit factor analysis model (Table 2). The fit factor analysis is based on a mathematical model by Moore
and Flanner, which assigns the release profiles a difference factor (f1) and similarity factor (f2) where two profiles
are deemed different when f1 ≥ 10 and f2 ≤ 50 [41]. Results show that the release profiles of rapamycin from the
neutral and positively charged Rapa-SLNs are significantly different to the free rapamycin, while the negatively
charged Rapa-SLNs had a difference (f1) factor >10 but a borderline similarity (f2) factor of 51.5 compared with
the free unencapsulated rapamycin.

Overall, the positive surface charge of the Rapa-SLNs resulted in the slowest drug release compared with the
other formulations. Regardless of charge, all three Rapa-SLN formulations resulted in a more sustained release of
rapamycin compared with the free unencapsulated drug. Drugs can generally be released from polymer nanoparticle
matrix via diffusion or polymer erosion. In this instance, the mechanism is likely to occur via diffusion with
the presence of surface-modifying agents in the neutral and positive SLNs acting to slow down the release of
rapamycin [42]. In the case of CTAB, which consist of an alkyl chain and an ionic polar head group [42], which
acts to add charge to the lipid−drug matrix, compared with the original formulation. Thereby, the electronegative
drug is held tighter to the lipid matrix making it less susceptible to hydration in an aqueous environment, resulting
in slower release of the drug particles [43]. Similarly, the surface-modifying agent PEG2000, nonionic in nature,
masks the carboxyl end groups of the original formulation [44], holding the drug tighter to the matrix and reducing
its susceptibility to hydration. While the original negative Rapa-SLNs would be more susceptible to hydration,
leaving open the surface hydrophilic framework of the SLNs, increasing the penetration of the aqueous media and
dissolution of the hydrophilic end groups of the lipid, ultimately resulting in faster release of the drug from the
SLNs matrix [45].

Surface charge investigation of Rapa-SLNs on transport across the respiratory epithelium
To investigate the ability of the different charged Rapa-SLNs to access the lymphatic system via inhalation,
their ability to transport through the airway epithelium prior to reaching the neighboring lymphatic system was
investigated. In the pulmonary lymphatic system, lymphatic vessels run in parallel to the major airways and
conducting bronchioles all the way to the interalveolar walls [11]. Additionally, pleura covering the lungs consist
of a subpleural lymphatic network [11]. We have previously shown that in vitro aerosol performance studies of
Rapa-SLNs delivered via nebulization had a mass median aerodynamic diameter of 5.4 ± 0.4 μm and fine particle
fraction of 44.1 ± 5.1%, making the formulation highly likely to be deposited in the bronchial region of the
airways [9]. Therefore, the differently charged formulations ability to cross the mucous lined respiratory epithelium
was assessed through an established air–liquid interface model of Calu-3 cells [46,47] using nebulization.

Results showed that the charged Rapa-SLNs were transported across the epithelium at a faster rate, where the
positive and negative Rapa-SLNs transporting 65.7 ± 5.7 and 59.1 ± 2.1% rapamycin across the epithelium,
respectively. In contrast, the neutral Rapa-SLNs and free rapamycin transported 44.6 ± 3.8 and 49.8 ± 2.4%
rapamycin over 4 h, respectively. Additionally, the fit factor analysis revealed that there was a statistical difference
between the positive Rapa-SLN formulation and the free rapamycin (Figure 3A & B). Furthermore, it was found
that negative Rapa-SLNs had the lowest amount of drug inside the cells, with 11.4 ± 1.5% rapamycin recovered
at the end of the 4 h experiment, while the free rapamycin had the highest amount with 32.6 ± 0.6% recovered.
While the positive and neutral Rapa-SLNs had 25.4 ± 5.7% and 28.6 ± 4.8% rapamycin recovered, respectively.
On the other hand, the neutral and positively charged Rapa-SLNs instead had the highest amount of rapamycin
remaining on surface of the epithelium after 4 h with 50.3 ± 11.1% and 37.4 ± 9.6% recovered, respectively;
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while the negative Rapa-SLNs and free rapamycin having 29.5 ± 1.4 % and 9.1 ± 0.7% remaining on the surface,
respectively.

These differing transport rates and intracellular accumulation of free drug, charged and noncharged SLNs is
likely due to the transport pathway of the nanoparticles across the epithelium. The mucous layer covering the
epithelium is made up of charged glycoproteins and water, which overall makes it hydrophilic in nature [48]. It
is therefore easier for the charged hydrophilic Rapa-SLNs (positive and negative) to move through the mucous
layer, as they encounter electrostatic attraction with the charged mucous, compared with the neutral Rapa-SLNs.
The same applies to the free rapamycin, which is a hydrophobic uncharged drug that would find it difficult to get
transported through the charged mucous layer. Furthermore, it has been well documented that hydrophilic drugs
with a net charge are primarily transported across the epithelium via the paracellular route through tight junctions,
compared with the hydrophobic uncharged drugs, which tend to pass through via the transcellular route [49].
This also supports the finding of higher accumulation of free rapamycin and neutral Rapa-SLNs within the cells
compared with the negative Rapa-SLNs in the transport experiment.

While it is likely that the majority of the Rapa-SLNs crossed the epithelium via the paracellular route, the
accumulation of a small portion of the negative Rapa-SLN and larger portion of the positively charged formulation,
inside the epithelium after 4 h indicate that a percentage of these formulation also crossed the cell via the
transcellular route. Bannunah et al. showed that negatively charged nanoparticles had a higher transport efficiency
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across intestinal Caco-2 cell epithelium layer compared with similar sized positively charged particles, even though
the positively charged particles had a higher level of internalization [50]. These findings have been explained by
positively charged particles exhibiting higher cell internalization rate compared with the negative SLNs due to their
different interactions with the membrane. The epithelial membrane displays a net negative surface charge due to
the presence of negative-charged extracellular plasma proteins [51], which may promote positively charged particles
to interact electrostatically with the membrane to a greater extent than the negatively charged particles [50]. This,
in turn, would induce endocytosis more rapidly for the positive SLNs compared with the negative SLNs, as well as
the neutral one [52]. Different translocation pathways taken by the differently charged SLN formulation could also
explain the different levels of accumulation within the cell layer. Previous research has also shown that transport of
positively charged nanoparticles across the epithelium is mainly governed by the clathrin-mediated pathways [53],
while negatively charged particles are mainly transcytosed via the caveolae-mediated pathway [53,54]. In our study,
charged Rapa-SLNs with positive or negative surface charges resulted in efficient transport across the bronchial
epithelium compared with free rapamycin and neutral Rapa-SLNs. In addition, it was found that there was no
significant difference in the TEER measurements (Figure 3C) between the treated cells and control cells, which
showed that neither the Rapa-SLNs or the free rapamycin had an effect on the integrity of the epithelium and the
tight junctions that could have impacted on the transport of the rapamycin across the epithelium.

Rapa-SLNs inhibit induced proliferation in TSC2-negative MEFs
A major therapeutic benefit of rapamycin is its ability to reduce the enhanced proliferation of LAM cells in the lungs
and other parts of the body. Previous research have studied the effect of rapamycin in TSC2-negative MEF cells,
which are p52 knockouts and dysfunctional for the TSC2 gene that mimics the disease state of LAM cells. These
studies have shown that free rapamycin at a concentration of 20–200 nM can significantly inhibit the increased
proliferation of TSC2-negative MEF cells, while having no effect on the normal wild-type TSC2-positive MEF
cells [55,56].

In the present study, the TSC2-positive and -negative MEF cells were therefore treated with increasing doses of
0.2–200 nM of rapamycin from the different Rapa-SLNs. The results (Figure 4B) showed that the complete dose
range of both the positively and negatively charged Rapa-SLNs significantly (p < 0.05) inhibited the increased
proliferation in the TSC2-negative MEFs, compared with the vehicle control. The neutral Rapa-SLNs, however,
did not result in a significant reduction in proliferation compared with the vehicle control. Similar results over
the same concentration rate of Rapa-SLNs have been demonstrated in our previous study [9]. Thus, these findings
further support that charge has an effect on the ability of the nanoparticles to enter into the MEF cells, where the
anionic and cationic surface charges appear to have an equal effect at inhibiting proliferation compared with the
neutral. As previously demonstrated that rate of uptake of different charged SLNs is influenced by cell membrane’s
properties that have an overall slight negatively charge [57,58]. This property has shown to promote positively charged
nanoparticles to electrostatically adhere to the cell membrane, resulting in more readily internalization compared
with negative and uncharged nanoparticles [59–61]. While both neutral and negatively charged nanoparticles are
internalized via endocytic mechanisms to a lower extent to positively charged particles [58], positively charged
nanoparticles have also been shown to be internalized though an additional pathway via disrupting the lipid bilayer
to create pores [62]. This mechanism of entry by positively charged nanoparticles can at times results in toxic effects
and cellular abruptions [62,63], as shown for the higher doses of the positive Rapa-SLNs that resulted in a significant
reduction in proliferation of the wild-type TSC2-positive MEF cells (Figure 4A). These effects were not apparent
for the negative and neutral Rapa-SLNs, implying that the positive Rapa-SLNs may result in a toxic effect on
the cells, rather than a decrease in proliferation, as these cells do not exhibit the dysfunctional gene for enhanced
proliferation. Regardless, the charged Rapa-SLNs resulted in a significant decrease in proliferation compared with
neutral Rapa-SLN and a more potent decrease in proliferation at lower does compared with previous results using
free rapamycin [55,56].

The impact of Rapa-SLN surface charge on HLECs
Rapa-SLN is nontoxic against HLECs

Cytotoxicity of increasing doses (0.001–100 μM) of the differently charged Rapa-SLNs compared with free
rapamycin on HLECs were assessed via metabolic activity assay (MTT assay). Results (Figure 5) showed that the
positive- and negative-charged Rapa-SLNs were the most toxic, with IC50 values of 0.2 ± 0.7 and 4.9 ± 0.9 μM,
respectively; while the free rapamycin had an IC50 value of 13.2 ± 0.8 μM. The neutral Rapa-SLNs was the least
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Figure 4. Proliferation in TSC2 mice
embryonic fibroblast cells. (A) TSC2-positive
MEFs and (B) TSC2-negative MEFs treated
with different concentrations of positive
Rapa-SLNs, neutral Rapa-SLNs or negative
Rapa-SLNs compared with vehicle controls
where appropriate (n > 3). Data expressed
as means ± SD.
$p ≤ 0.05 compared with 0.5% FBS control;
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control.
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toxic with an IC50 of 39.5 ± 0.9 μM. These results also indicate that the positively charged Rapa-SLNs are more
toxic than the negative and neutral Rapa-SLNs, as well as the free rapamycin. Based on these results, treatments in
subsequent experiments on the HLECs were kept under a dose of 2.5 μM and/or lower exposure time to the drug.

Negatively charged Rapa-SLNs are transported across the HLEC

The confluent monolayer of HLECs was used as an in vitro model to study the transport of the differently
charged Rapa-SLNs compared with free rapamycin, into the lymphatic vessels over a 4-h time period. It was
found that the negatively charged Rapa-SLNs had the highest permeability through the HLEC compared with free
rapamycin (p < 0.05), the neutral and positively charged (p < 0.0005) Rapa-SLNs (Figure 6). Previous studies
demonstrated that negatively charged lipid-based nanoparticles increase uptake into the lymphatics, compared
with positive and neutral ones [17,18]. One study injected rats with differently charged liposomes labeled with a
99 mTc, a membrane marker, and found a higher retention of negatively charged liposomes, followed in decreasing
order by positively and neutral charged liposomes, in the primary and secondary regional lymph nodes 4 h
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after administration [18]. Similarly, Kauer et al. subcutaneously injected rats with Zidovudine-loaded liposomes
with different surface charge. Organ distribution analysis showed a higher lymph node concentration of negatively
charged liposomes compared with positive ones after 1–4 h [17]. Furthermore, another study by Rao et al. investigated
the lymph uptake of poly(d,l-lactic-co-glycolic) acid (PLGA-COOH and poly(ethylene glycol-b-d,l-lactic acid)
PLGA-PMA conjugated to a fluorescent marker molecule (PMA), allowing tracking of the particles in vivo [19].
PLGA-COOH were conjugated to PLGA-PEM in different ratios to create particle systems with different surface
charge, while keeping them of similar size (∼200 nm). Results showed that there was a direct increase in lymph
node uptake with increasing anionic charge over a 24-h period [19]. However, they attributed these findings to the
anionic charge resulting in increased macrophage uptake and drainage of the nanoparticles into regional lymph
nodes [19]. The enhanced uptake of negatively charged lipid-based nanoparticles has also been attributed to the
anionic particles moving faster through the negatively charged interstitium, as they encounter electrostatic repulsion
compared with positively charged ones [17–19,64].

The general described route on trans-endothelial transport of solutes and fluid through the endothelial layer has
been via the paracellular route via cell-to-cell junctions [65]. These cell-to-cell junctions have been shown via electron
microscopy studies to be specialized fenestered overlapping junctions [66–68], which allow fluid and solutes to enter
while also preventing backflow [69]. Additionally, recent studies suggested that transcellular vesicular transport via
endocytic pathways, by which the particles enter the HLECs, may account for these differences [65]. It has been
shown that caveolae-mediated endocytosis is generally favored by negatively charged nanoparticles [70,71], while
positively charged particles mainly utilize the clathrin-mediated pathway [72], which may account for the difference
in transport rate in the current study. Nevertheless, the present results clearly suggest that a negative surface charge
is highly favorable for the transport of Rapa-SLNs through the lymphatic endothelial cells.
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Rapa-SLNs inhibit the enhanced tube formation of HLEC

In addition to increased proliferation and growth of smooth like muscle cells in the lungs, LAM is also associated
with increased lymphangiogenesis [2]. This is thought to be a result of the increased upregulation of the mTOR
pathway in LAM, which increases the expression of VEGF receptor C and D (VEGFR) on the surface of LAM
cells [73], causing increased formation of new lymphatic vessels. Rapamycin has been shown by multiple studies [74–

76] to inhibit this process by binding to the FK506 subunit, associated with mTOR. Here, the tube formation assay
was used to assess the ability of the differently charged Rapa-SLN formulations to inhibit lymphangiogenesis in
HLECs, compared with untreated controls and free rapamycin.

Figure 7A shows that the untreated control cells of HLEC grown on matrigel for 6 h form a branching mesh work
of tube-like capillary structures concurrent with reports in the literature [29,77–79]. Treatment with 200 nM of free
rapamycin in Figure 7B shows shorter clump-like unstructured capillary structures that are disconnected from one
another, while treatment with neutral (Figure 7D) and positively (Figure 7C) charged Rapa-SLNs resulted in similar
structures. While negatively charged Rapa-SLNs resulted in similar disorganized structures, the clumps of tube
structures appear shorter and further apart, compared with treatment with free rapamycin and the other charged
Rapa-SLNs (Figure 7E). This is further confirmed by analysis of the tube length of the capillary structures following
the different treatments (Figure 7F), where the negatively charged Rapa-SLNs resulted in a significantly shorter
tube length compared with the untreated control and neutral Rapa-SLNs. However, analysis and quantification
of the tube length demonstrated that there was only a significant difference in tube length after treatment with
free rapamycin and positive Rapa-SLNs compared with untreated control cells. These quantitative and qualitative
results imply that negative Rapa-SLNs can result in more effective inhibition of lymphangiogenesis in HLECs.
These results could be attributed to the higher permeability of negative Rapa-SLNs through the endothelial cells
compared with free rapamycin, neutral and positively charged Rapa-SLNs, as shown in the in vitro transport
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study. This would allow the negatively charged Rapa-SLNs to enter the cells faster, releasing the rapamycin more
effectively and allowing it to have an inhibitory effect on tube formation.

Conclusion
This second part of a two-part study investigated and characterized the effects of surface charge of Rapa-SLNs
on its ability to access the lymphatic system once inhaled. The formulations were first characterized for their in
vitro release profiles and penetration through the bronchial endothelium, in comparison to free rapamycin. Results
showed that all three Rapa-SLNs of the same size, regardless of charge, had a more sustained release compared with
free rapamycin, while the positive and negative Rapa-SLNs showing the fastest rate of transport across the bronchial
epithelium. The negative Rapa-SLNs showed the least accumulation of particles inside the cells after the transport
study, indicating a more efficient trans-epithelial transport compared with the positive Rapa-SLNs. Furthermore,
in vitro HLEC studies showed that negative Rapa-SLNs presented a higher permeability through the lymphatic
endothelium, compared with the other SLNs and free rapamycin. Negative Rapa-SLNs were also found to be the
less toxic compared with the positive Rapa-SLNs. Additionally, while all three Rapa-SLNs resulted in a decrease
in tube formation compared with the untreated control, negative Rapa-SLNs showed a significant reduction in
the tube formation length compared with the control. In contrast, both negative and positively charge Rapa-SLNs
were able to inhibit the enhanced proliferation of MEF cells to a greater extent compared with neutral Rapa-SLNs.

In summary, surface-charged Rapa-SLNs seem to be more favorable in terms of its ability to provide a more
sustained release profile of rapamycin in vitro, and ensuring efficient transport across the bronchial endothelium.
Similarly, a positive and negative surface charge had an equally inhibitory effect on the enhanced proliferation of
MEF cells. However, a negative surface charge may overall be the most favorable for treating LAM, as it allows the
most efficient transport into the lymphatic endothelium and decrease in tube formation of the endothelial vessels
in combination with its reduced toxicity to non-MEF cells. This would greatly improve the treatment of LAM,
as the Rapa-SLNs could access extra pulmonary LAM cells in other organs more rapidly, while simultaneously
reducing the amount of lymphangiogenesis and hence the spreading of LAM cells. Future in vivo studies will
need to further verify these results, by investigation the biodistribution, safety profile and pharmacokinetics of the
Rapa-SLN formulations.

In conclusion, rapamycin delivered via the pulmonary route using SLNs approximately 200 nm and a negative
surface charge, could potentially be a promising alternative treatment to the current oral treatment for LAM.

Summary points

• Three rapamycin solid lipid nanoparticle (Rapa-SLN) formulations with different surface charges were generated
using a hot evaporation technique and addition of surface-modifying additives.

• Rapamycin encapsulated in lipid carrier displayed more sustained release profiles in vitro compared with free
rapamycin.

• Charged Rapa-SLNs (positive and negative) were equally potent at inhibiting the enhanced proliferation
displayed by a cellular modal of lymphangioleiomyomatosis using negative tuberous sclerosis complex-2 mice
embryonic fibroblast cells compared with neutral Rapa-SLN and free rapamycin.

• Negatively and positively charged Rapa-SLNs showed the most efficient transport across the bronchial epithelium.
• Negatively charged Rapa-SLNs were less toxic toward human lymphatic endothelial cells compared with positive

and neutral Rapa-SLNs as well as free rapamycin.
• Negative Rapa-SLNs had the highest permeability and transport rate across the lymphatic endothelium and was

able to inhibit tube formation of lymphatic cells significantly, compared with untreated cells and other SLN
formulation.
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