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Inhalation is a non-invasive approach for both local and systemic drug delivery. This study aimed to
define the therapeutic window for solid lipid nanoparticles (SLNs) as a drug delivery system by inhalation
from a toxicological point of view.

To estimate the toxic dose of SLNs in vitro, A549 cells and murine precision-cut lung slices (PCLS) were
exposed to increasing concentrations of SLNs. The cytotoxic effect of SLNs on A549 cells was evaluated by
MTT and NRU assays. Viability of lung tissue was determined with WST assay and by life/dead staining
using calcein AM/EthD-1 for confocal microscopy (CLSM) followed by quantitative analysis with IMARIS.
Inflammation was assessed by measuring chemokine KC and TNF-a levels. The in vivo effects were deter-
mined in a 16-day repeated-dose inhalation toxicity study using female BALB/c mice, which were daily
exposed to different concentrations of SLN30 aerosols (1–200 lg deposit dose). Local inflammatory
effects in the respiratory tract were evaluated by determination of total protein content, LDH, chemokine
KC, IL-6, and differential cell counts, performed on days 4, 8, 12, and 16 in bronchoalveolar lavage fluid.
Additionally, a histopathological evaluation of toxicologically relevant organs was accomplished.

The in vitro and ex vivo dose finding experiments showed toxic effects beginning at concentrations of
about 500 lg/ml. Therefore, we used 1–200 lg deposit doses/animal for the in vivo experiments. Even
after 16 days of challenge with a 200-lg deposit dose, SLNs induced no significant signs of inflammation.
We observed no consistent increase in LDH release, protein levels, or other signs of inflammation such as
chemokine KC, IL-6, or neutrophilia. In contrast, the particle control (carbon black) caused inflammatory
and cytotoxic effects at corresponding concentrations.

These results confirm that repeated inhalation exposure to SLN30 at concentrations lower than a 200-
lg deposit dose is safe in a murine inhalation model.

� 2010 Elsevier B.V. All rights reserved.
ll rights reserved.
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1. Introduction

Recently, new drug delivery systems for inhalation application
of drugs have been developed on the basis of nanoparticles. Ideally,
such nanodelivery systems allow a more specific targeting of the
drug, thereby improving efficacy and minimizing side effects [1].
These systems are believed to be able to deliver the drug specifi-
cally to the targeted tissue, release the drug at a controlled rate,
and to be biodegradable.

Targeting drug delivery into the lungs has become an important
aspect of systemic or local drug delivery systems [2]. The pulmon-
ary route presents several advantages for the treatment of respira-
tory diseases (e.g. asthma, chronic obstructive pulmonary disease,
or lung infection) such as a large absorptive area, extensive vascu-
lature, easily permeable membrane, and low extracellular and
intracellular enzyme activities [3–5]. Drug inhalation enables rapid
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deposition in the lungs and induces fewer side effects than admin-
istration by other routes [6]. Inhaled corticosteroid therapy revolu-
tionized the management of patients with asthma [7], enabling
long-term control of symptoms without the serious systemic side
effects of oral corticosteroids. Today, inhaled corticosteroid ther-
apy is the recommended first-line therapy for persistent asthma
of all severities and patients of all ages. It is the most effective asth-
ma medication currently available [8]. Treating lung diseases lo-
cally avoids first-pass metabolism and deposits directly at the
site of the disease.

One of the major tasks in developing a drug delivery system is
to define inhalable drug formulations with sufficient stability and
appropriate size [9–11]. Particularly, inhalation devices as well as
the physicochemical characteristics of the formulation could influ-
ence the aerodynamic size of the particles and ultimately affect the
site of aerosol deposition. Next to inhalation devices, drug carriers
are equally important for the effectiveness of respiratory delivery.
To construct an ideal pulmonary drug delivery system, drug carri-
ers with suitable properties are required. Drug carriers with aver-
age sizes in the nanometer range such as liposomes [12,13] and
nanoparticles [14,15] exhibit some well-defined and delicate char-
acteristics, which have created an attractive and efficient approach
for pulmonary delivery of drugs.

Solid lipid nanoparticles (SLNs), introduced in 1991, represent
an alternative carrier system to traditional colloidal carriers, such
as emulsions, liposomes, and polymeric microparticles and nano-
particles [16]. These particles are prepared with solid lipids (i.e. lip-
ids solid at room temperature and also at body temperature) and
stabilized by surfactant(s). SLNs combine the advantages of the
safety of lipids (lipids are well tolerated by the body) and the pos-
sibility of large-scale production [17]. It could be shown that the
degradation velocity depends on the composition of the lipid ma-
trix [18,19]. Drugs can be coupled to or encapsulated within the
particles. Many drugs (including proteins and genes) have been
incorporated in SLNs, e.g. cyclosporine-A, dexamethasone, diaze-
pam, paclitaxel, insulin, interferon-alpha, and siRNA [20–25]. Lim-
itations determining the loading capacity of drugs into the lipids
are the solubility of the drug in melted lipid, the miscibility of drug
melt and lipid melt, the chemical and physical structure of the so-
lid lipid matrix, and the polymorphic state of the lipid material [2].
It is possible to modify release profiles (controlled release) as a
function of lipid matrix, surfactant concentration, and production
parameters [16]. Because the release profile can be modulated,
controlled delivery of the drug after pulmonary administration
can be achieved. For pulmonary administration, SLN dispersions
can be nebulized without any significant change in mean particle
size, and SLN powders could be used in a dry powder inhaler
(DPI) [2].

The available data demonstrating nanoparticle toxicity largely
represent materials that are not designed for in vivo use, such as
carbon black, silica, metals, and metal oxides, and so are of more
immediate relevance to environmental and occupational expo-
sures [26–28]. In this context, it was also shown that nanoparticles
cause serious effects compared to microparticles [29,30].

Clinical use of SLNs, however, requires toxicological risk assess-
ment. In this study, the toxicological and inflammatory potential of
SLNs was investigated by using in vitro, ex vivo, and in vivo methods.
For the in vitro approach, human type II pneumocyte-like cells (A549
cell line) were exposed to different doses of nanoparticle suspension.
The cytotoxicity of the nanosuspension was assessed by MTT and
NRU assays, and the inflammatory potential was determined by
measuring the IL-8 content in the supernatant. For the ex vivo
approach, cytotoxicity of the nanoparticles was determined by
WST assay and live/dead staining for confocal microscopy using pre-
cision-cut lung slices (PCLS). The inflammatory response was as-
sessed by measuring chemokine KC and TNF-a contents in the
supernatants. To evaluate the in vivo situation, we performed a 16-
day inhalation toxicity study. The cytotoxic potential was estimated
by investigating LDH and total protein contents in bronchoalveolar
lavage fluid (BALF). The inflammation status was assessed by count-
ing and differentiation of BAL cells, determination of chemokine KC
and IL-6 levels in BALF, and histopathological evaluation of the lung,
liver, spleen, and kidneys.
2. Methods

2.1. Preparation of SLNs

For the manufacture of the lipid matrices (LM), triglycerides (Sof-
tisan� 154, S154, Condea, Witten, Germany) and phospholipids
(Phospholipon� 90G, P90G, Phospholipid GmbH, Cologne, Germany)
were mixed at 70 �C until a transparent yellowish solution was ob-
tained, and further stirred at room temperature until solidification.
The P90G content of the binary mixture was 30%. The SLN dispersion
contained 15% LM, 3% polyethylene glycol-15-hydroxystearate
(Solutol� HS15, BASF AG, Ludwigshafen, Germany), and 82% dou-
ble-distilled water. The compounds were heated up to 65–70 �C.
Hot pre-emulsions were produced by using an Ultra Turrax (Ika,
Staufen, Germany) at 13,000 rpm for 5 min. The hot pre-emulsion
was homogenized with an EmulsiFlex-C5 (Avestin, Ottawa, Canada)
high-pressure homogenizer for 20 cycles at a pressure of 1000 bar
and a temperature of about 60 �C. Afterwards, the dispersions were
allowed to re-crystallize at room temperature [31,32].

2.2. Particle size and zeta potential measurement

The hydrodynamic diameter (z-average) and polydispersity in-
dex (PDI) of the nanosuspension (SLN30) were investigated by
photon correlation spectroscopy (PCS) using a Zetasizer ZS Nano
(Malvern Instruments, Herrenberg, Germany), equipped with a
He/Ne laser (4 mW). The samples were diluted with filtered dou-
ble-distilled water until the appropriate concentration of particles
was achieved to avoid multiscattering events and then measured
in polycarbonate cells (Sarstedt AG & Co., Nuremberg, Germany)
at 20 �C. Detection of the scattered light was performed at an angle
of 173� (NIBS = non-invasive backscatter detection) to reduce the
path length of the scattered light from the samples and to mini-
mize the risk of multiscattering. Each approach was performed in
triplicate.

The zeta potential was measured by laser Doppler anemometry
(LDA) using a Zetasizer ZS Nano (Malvern Instruments, Herrenberg,
Germany). The analysis was performed at a temperature of 20 �C
using appropriately diluted samples. All measurements were car-
ried out in triplicate.

2.3. Animals and husbandry conditions

Female BALB/c mice (Charles River, Sulzfeld, Germany), 8–
12 weeks old, were kept under conventional housing conditions
(22 �C, 55% humidity, and 12-h day/night cycle). Mice were main-
tained on laboratory food and tap water ad libitum. The study
was approved by the responsible governmental authority (Bez-
irksregierung Hannover, Germany). The acclimatization period
was at least 7 days before use.

2.4. Administration of aerosols in in vivo experiments

Aerosols of nanosuspensions were generated by a jet-driven
aerosol generator system [33]. Aerosol concentrations were deter-
mined by gravimetrical analysis of filter samples. A mass median
aerodynamic diameter (MMAD) of 1.75 lm and a geometric
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standard deviation of 1.84 were measured using a Marple impac-
tor. At this particle size, a deposition rate in the lungs of 7%, in
the naso-pharynx of 16%, and in the gastro-intestinal tract of 52%
was extrapolated from the experimental deposition data of Raabe
et al. [34]. BALB/c mice were exposed for 16 days on a 7 days/week
basis to SLN30 aerosols in a closed Plexiglas� box. The animals
were distributed in 6 dose groups of 1, 10, 35, 100, 150, and
200 lg aimed lung-deposited dose. The lung-deposited doses have
been assessed assuming a respiratory minute volume of 53 ml/min
[35].

2.5. Exposure of A549 to SLNs

A549 cells were seeded into 96-well plates at a density of
1.0 � 105 cells per well in 200 ll Dulbecco’s Modified Eagle Med-
ium (DMEM, Lonza, Wuppertal, Germany) with 5% fetal bovine ser-
um (Sigma–Aldrich, Munich, Germany) and allowed to attach
overnight. The culture medium was refreshed on the next day,
and the cells were exposed to 0–15 mg/ml solid lipid nanosuspen-
sion in 200 ll final volume/well for 24 h.

2.6. Cell viability assays

Cytotoxicity of SLNs in human type II pneumocytes (A549 cell
line) was determined by using the MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide, Sigma–Aldrich, Stein-
heim, Germany) assay [36]. After 24-h exposure of A549 to SLNs,
MTT solution (20 ll of 0.5 mg/ml stock solution) was added to each
well and incubated at 37 �C for 2 h. The cell culture medium was
aspirated careful, and 200 ll HCl/isopropanol were added to each
well and mixed thoroughly. Optical density (OD) was spectroscop-
ically measured (Dynatech Laboratories Inc., Chantilly, VA, USA) at
555 nm. Results were calculated in relation to the untreated
control.

To confirm the MTT data, a second independent cell viability
test was used. The cellular uptake of neutral red (3-amino-7-di-
methyl-amino-2-methylphenazine hydrochloride, Sigma–Aldrich,
Steinheim, Germany) is proportional to the number of viable cells
[37]. A549 cells were incubated with different SLN concentrations
in medium for 24 h. Then, cells were incubated with 200 ll of fresh
medium containing 50 lg/ml neutral red at 37 �C in a humid atmo-
sphere with 5% CO2. Medium was carefully removed after 3 h, and
cells were washed with 200 ll fixative solution containing 1% (v/v)
formalin. Fixative solution was removed after 2 min, and the incor-
porated dye was then solved by adding of 200 ll of an aqueous
solution containing 50% (v/v) ethanol and 1% (v/v) glacial acetic
acid. Plates were shaken for 15 min, and absorbance was spectro-
scopically measured (Dynatech Laboratories Inc., Chantilly, VA,
USA) at 540 nm.

2.7. Preparation of PCLS

Preparation of PCLS was performed as previously described [38].
Briefly, 8–12-week-old female BALB/c mice (Charles River, Sulzfeld,
Germany) were sacrificed with an i.p. overdose of pentobarbital
sodium (Narcoren, Pharmazeutische Handelsgesellschaft GmbH,
Garbsen, Germany). Extraction of lung tissue was performed directly
post mortem to conserve vitality of the tissue. Lungs were filled up
in situ with 1.5% low-melting agarose medium solution (Sigma–Al-
drich, Munich, Germany). Lungs were cooled on ice, lobes were sep-
arated, and cut into approximately 200-lm-thick slices using a
Krumdieck tissue slicer (Alabama Research and Development, Mun-
iford, AL, USA). Tissue slices were washed with Dulbecco’s modified
eagle’s medium (DMEM) for 2 h. PCLS were exposed to different SLN
concentrations in DMEM/nutrient mixture F-12 Ham with
L-glutamine and 15 mM HEPES (Sigma–Aldrich, Munich, Germany),
penicillin (100 units/ml) and streptomycin (100 lg/ml) (Sigma–Al-
drich, Munich, Germany) for 24 h at 37 �C, 5% CO2, and 100% air
humidity under cell culture conditions.

2.8. Viability of PCLS

Viability of tissue slices was investigated by calcein acetoxy-
methyl/ethidium homodimer-1 (calcein AM/EthD-1) staining
(Invitrogen, Karlsruhe, Germany) using confocal laser scanning
microscopy (CLSM, Carl Zeiss AG, Jena, Germany) [39]. Live cells
were distinguished by enzymatic conversion of calcein AM to in-
tensely yellow fluorescent calcein. EthD-1 produced intracellular
red fluorescence in nuclei of dead cells. After incubation of lung
slices with SLNs the tissue was incubated with 4 lM calcein AM
and 4 lM EthD-1 for 45 min at room temperature. PCLS were
washed and investigated by CLSM (40� water immersion objec-
tive, excitation wavelengths 488 nm and 543 nm, emission filters
BP 505–550 nm and LP 560 nm, thickness 20 lm). Image stacks
of a defined volume were analyzed with Bitplane IMARIS 4.5.2.
The ratio of numbers of EthD-1-labeled cell nuclei to the volume
of calcein in the cytoplasm of live cells was determined. Cell nuclei
of dead cells were counted as spots P5 lm diameters. Thresholds
were set once for each channel and used for all datasets. Viability
of PCLS is expressed as quantity of nuclei (spots) in 105 lm3 yellow
tissue volume.

Metabolic activity of PCLS after exposure to SLNs was quantified
by using the water-soluble tetrazolium salt WST-1 (4-[3-(4-iodo-
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfo-
nate). WST-1 assay (Roche Diagnostics, Mannheim, Germany) is
based on cleavage of a tetrazolium salt to a formazan dye by suc-
cinate-tetrazolium reductase, which exists in the mitochondrial
respiratory chain and is active only in viable cells. The handling
of this water-soluble salt is easier, which is why we decided to
use the WST assay; but the assay principle is the same as that of
the MTT assay.

After incubation of PCLS with SLNs, medium was removed, and
PCLS were incubated for one h at 37 �C with 0.125 ml WST-1 solu-
tion per slice (diluted 1:10 in culture medium). The quantity of the
formazan dye was determined with a photometer at 450 nm com-
pared with a reference wavelength of 690 nm.

2.9. Differential cell counts in BAL fluid

Infiltration of inflammatory cells into BALF was examined to
characterize the inflammatory status in the lungs. Mice were
euthanized by intraperitoneal injection of pentobarbital sodium
(400 mg/kg body weight). The trachea was cannulated, and the
lung was floated twice with 0.8 ml ice-cold PBS. BALFs of individual
animals were pooled, cooled on ice, and centrifuged (150 g) at 4 �C
for 10 min. Aliquots of the supernatant were stored at �80 �C for
further analysis. Cell pellets were resuspended in 0.5 ml PBS, and
total cell counts were analyzed with a Casy� Cell Counter TT
(Schärfe System, Reutlingen, Germany). Approximately, 2 � 105

cells were cytospun on glass slides using a cytocentrifuge (Cyto-
spin 3, Shandon, Frankfurt a. M., Germany) and stained with May
Grünwald and Giemsa (Sigma–Aldrich, Taufkirchen, Germany).
Differential cell counts of 300 cells/slide were performed by using
a light microscope, and cells were categorized as macrophages,
eosinophils, neutrophils, or lymphocytes, as determined by their
morphology.

2.10. Cytokine levels

TNF-a, IL-8 (A549), IL-6, and chemokine KC were measured in
either tissue supernatants or supernatants of the BALF using com-
mercially available sandwich enzyme-linked immunosorbent



Table 1
Characteristics of SLNs: mean size, polydispersity index and zeta potential of SLN30
(n = 3). Values are presented as the mean ± S.D.

Nanoparticle properties

Nanoparticle
formulation

Hydrodynamic
diameter (nm)

Polydispersity
index

Zeta potential
(mV)

SLN30 98.4 ± 4.9 0.148 ± 0.05 �14.6 ± 1.9

Fig. 1. Cytotoxicity of SLNs in human epithelial A549 cells was determined with
MTT and NRU assays. A549 cells were exposed to SLN30 for 24 h. Values are the
means of nine experiments (±SEM). The median effective concentration (EC50) was
detected at 3090 lg/ml. Cell viability in the NRU assay fell below the 50% limit
(EC50) at particle concentrations of 2090 lg/ml.

Fig. 2. Viability of murine PCLS after exposure to SLN30 for 24 h as measured in the
WST-1 assay. Data were expressed as percentage of cell death related to untreated
controls. Values are the means of eight experiments (±SEM). The middle effective
concentration (EC50) was detected at 575 lg/ml.
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assay kits (ELISA DuoSet, R&D, Wiesbaden-Nordenstadt, Germany).
ELISAs were performed according to the manufacturer’s specifica-
tions. The lower limits of detection were 30 pg/ml for IL-8 and
KC, and 15 pg/ml for IL-6 and TNF-a.

2.11. Total protein and lactate dehydrogenase (LDH) activity in BALF

Total protein concentration in BALF was determined colorimet-
rically at 750 nm using a Cobas Fara centrifugal analyzer (Roche
Diagnostics, Mannheim, Germany) with the method of Lowry
et al. [40]. LDH activity was measured in fresh BALF spectrophoto-
metrically with a Cobas Fara centrifugal analyzer (Roche Diagnos-
tics, Mannheim, Germany) at 340 nm.

2.12. Histopathology

The organs of all animals were examined grossly. For histopa-
thological evaluation, lungs, liver, spleen, and kidneys were fixed
in 10% neutral-buffered formalin (Sigma–Aldrich, Munich, Ger-
many). The lungs were inflated with fixative. From each experi-
mental group, the lungs, liver, spleen, and kidneys of three
animals were trimmed [41], dehydrated in graded alcohols, cleared
in xylene, and embedded in paraffin. Embedded tissues were sec-
tioned (3-lm-thick sections), placed on microscopic slides, de-
waxed and brought through graded series of alcohols to distilled
water, and stained with hematoxylin and eosin (H&E) for subse-
quent examination by light microscopy. The histopathological
diagnoses followed the criteria described by [42,43]. Whenever
applicable, the severity of lesions was graded as 1 (minimal), 2
(mild), 3 (moderate), or 4 (marked).

2.13. Statistical analysis

Values are given as means ± SEM. Statistical analysis was per-
formed using GraphPad Prism�, Version 4.03. Statistical compari-
son of means was performed by Kruskal–Wallis statistic,
followed by Dunn’s multiple comparison test. p-Values <0.05 were
considered to be significant.

3. Results

3.1. Nanoparticle properties

Hydrodynamic diameter, polydispersity index (PDI), and zeta
potential were measured for characterization of physical proper-
ties as shown in Table 1. Particle size analysis showed that the size
of SLNs was smaller than 100 nm. The PDI of the investigated nano-
suspensions was less than 0.2, which showed that SLNs had a
homogeneous size distribution. Regarding the zeta potential, the
nanodispersions possessed a negative surface charge.

3.2. Cytotoxic activity in vitro

Cytotoxicity of SLN30 in human type II pneumocyte cells A549
was determined by means of MTT assay and neutral red uptake as-
say. Viability of A549 was determined after incubation of cells for
24 h with SLN30 in serum-free medium. The SLNs reduced the via-
bility of A549 in a concentration-dependent manner (Fig. 1). In or-
der to compare the results of both assays, the half maximal
effective concentration (EC50) of SLNs were determined. The EC50

value, i.e. the concentration of SLN30 resulting in 50% of its maxi-
mal toxic effect after 24-h exposure to SLN30, was calculated from
dose–response curves (Fig. 1). In the case of the MTT assay, the
EC50 was calculated to be 3090 lg/ml; and for the NRU assay, the
EC50 was 2090 lg/ml.

3.3. Inflammatory response in vitro

For detection of pro-inflammatory effects, the inflammatory
mediator IL-8, produced mainly in epithelial cells [44], was mea-
sured. Exposure of A549 to SLN30 in concentrations from 0.5 mg/
ml up to 15 mg/ml cells (e.g. 207.5 ± 87.21 pg/ml for 7.5 mg/ml
SLN30) did not significantly increase the basal production of IL-8
(tissue control 202.4 ± 46.44 pg/ml).

3.4. Cytotoxic activity ex vivo

Organotypic cultures of lung tissue were used for the toxicolog-
ical investigations. Viability of PCLS was determined after incuba-
tion of tissue slices with nanoparticles for 24 h. WST-1 assay
revealed that SLN30 reduced the metabolic activity of PCLS in a
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concentration-dependent manner (Fig. 2). The EC50 value in PCLS
was 575 lg/ml. Incubation of murine PCLS with increasing concen-
trations of SLN30 was characterized by decreasing intracellular
conversion of calcein AM to highly fluorescent calcein and increas-
ing numbers of ethidium homodimer-1-positive nuclei (Fig. 3).
Quantitative image analysis of live/dead-stained images confirmed
that lung parenchyma remained viable up to 500 lg/ml SLN30. A
constant ratio of dead to live cells of approximately 36 spots/
105 lm3 living cell volume up to a concentration of 500 lg/ml
SLN30 was found (Fig. 4).
Fig. 4. Quantification of the 3D images shown in Fig. 3. Viability was determined by
live/dead staining with calcein AM/EthD-1 and subsequent image analysis with
IMARIS 4.5.2. Results are given as numbers of 5-lm Ø spots (nuclei of dead cells) in
105 lm3 yellow tissue volume (cytoplasm of living cells). Asterisk indicates a
significant difference between tissue control and the 1% triton (positive control)-
treated group (p < 0.05). Values represent the mean of seven experiments (±SEM).
3.5. Inflammatory response ex vivo

To identify potential pro-inflammatory responses in murine
lung tissue induced by SLN30, concentrations of the pro-inflamma-
tory cytokines KC (keratinocyte-derived chemokine, the functional
analogue of human IL-8) and TNF-a were measured in the superna-
tants of PCLS. With increasing SLN30 concentration, a significant
increase in the chemokine KC level could be observed. Neverthe-
less, this increase reached its maximum of the measured SLN30
concentrations at 500 lg/ml. Beyond this concentration, the mea-
sured chemokine KC release decreased (Fig. 5). TNF-a levels
showed no significant increase compared to the tissue control
(Fig. 6) for SLN treatment. The LPS control displayed a significant
increase for TNF-a.
3.6. Cytotoxic reactions in vivo

Total protein and LDH levels in BALF were analyzed to detect
toxic effects of inhaled SLNs. LDH activity was unaffected in all
SLN treatment groups, whereas a significant increase in carbon
Fig. 3. 3D-reconstruction of live/dead staining of representatives of concentration-depen
EthD-1 after 24 h cultivation with 1 lg/ml SLN30 (B), 500 lg/ml SLN30 (C), 750 lg/m
represented in image A. Image F presents the positive control (cell lysis with 1% triton). Th
immersion objective, excitation wavelengths 488 nm and 543 nm, emission filters BP 50
IMARIS 4.5.2. Red color shows cell nuclei (Ø 5 lm) of dead cells and yellow color the cy
black (positive control)-treated animals was observed after 16 days
of challenge (Fig. 7). Total protein concentrations showed no signif-
icant changes. The baseline levels were at 140.7 ± 5.4 mg/l (data
not shown).
3.7. Inflammatory response in vivo

In order to determine inflammatory responses, the concentra-
tions of pro-inflammatory cytokines (IL-6 and KC) were measured
in BALF, and a differential cell count was performed. The BALF
dent cell death in PCLS. Tissue slices were stained with 4 lM calcein AM and 4 lM
l SLN30 (D), and 1000 lg/ml SLN30 (E). The negative control (tissue control) is
e images were examined by two-color immunofluorescence microscopy (40�water
5–550 nm and LP 560 nm, thickness 20 lm, grid spacing 20 lm) and analyzed with
toplasm of viable cells.



Fig. 5. Chemokine KC protein release of PCLS after 24 h treatment with different
concentrations of SLN30. Asterisk indicates a significant difference between tissue
control and the 500 lg/ml SLN-treated group (p < 0.05). Data are presented as
mean ± SEM of at least four experiments.

Fig. 6. TNF-a levels were determined in the culture supernatants of PCLS after
incubation with SLN30 for 24 h. Asterisk indicates a significant difference between
tissue control and the LPS-treated group (p < 0.01). Data are represented as
mean ± SEM of at least four experiments.
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levels of IL-6 demonstrated no remarkable differences for any of
the treatment groups. The measured baseline levels of IL-6 were
approximately at 32.31 ± 2.81 pg/ml (data not shown). Chemokine
KC is a sensitive marker of inflammation and for some analyzed
time points we found intermittent significant increases in the
SLN treatment groups (Fig. 8). Because of the inconsistent upregu-
Fig. 7. LDH activity in bronchoalveolar lavage fluid 24 h after the last challenge on days 4
treatment groups (p < 0.01). Bars represent means ± SEM (n = 6/group).
lation, we consider these findings to be non-predictive. Carbon
black treatment, however, induced significant upregulation of KC
after 12 days, which was even increased after 16 days (Fig. 8).

The total number of cells observed in the BALF showed some
changes on days 4 and 8. These were, however, only intermittent
changes. No increase in cell numbers was found on day 16
(Fig. 9). To specify this effect, neutrophil cell numbers were
counted. BAL cell counts revealed no changes in the number of
neutrophils in any of the SLN treatment groups compared to the
control (Fig. 10). In contrast, the numbers of neutrophils were sig-
nificantly increased in the carbon black-treated group in compari-
son with the control group (p < 0.001). In order to exclude an
inflammatory potential of SLNs, possible target organs were hist-
opathologically analyzed. Overall, gross and microscopic histopa-
thological evaluation of the lungs and livers from the SLN groups
at sacrifice showed only minimal to mild findings, spleens were
without observations, and kidneys displayed very slight to moder-
ate alterations in a few animals.

The microscopic appearance of the lung parenchyma was with-
in normal ranges. In the lung parenchyma of all animals of the SLN
and carbon black groups, there were very slight aggregations of
particle-laden alveolar macrophages. Particles in the SLN groups
appeared unstained in the H&E sections, whereas the particles of
the carbon black groups were dense and black. In addition, alveolar
macrophages of the SLN groups showed some vacuolation. This
finding is explained by a primary response to the inhaled material,
but in its very subtle occurrence within physiological limits.

The livers of 72 of 99 mice showed very slight focal or multifo-
cal microgranuloma(s) consisting of inflammatory cells. This find-
ing was apparent in animals of all groups including the vehicle
control and clean-air controls and was not related to the treatment.
The spleens did not show any signs of inflammation. The kidneys of
three SLN-treated mice revealed moderate peripelvic mononuclear
cell infiltration and moderate inflammatory infiltration of the renal
pelvis after 16 days of challenge. Very slight focal mononuclear cell
infiltration adjacent to the renal pelvis was detected in six addi-
tional mice of different groups including the vehicle control after
12 and 16 days of challenge.

Taken together, the histological findings point to an acceptable
systemic tolerance of inhaled SLNs.
4. Discussion

The purpose of this study was to investigate the toxic potential
of SLNs to be used only at non-toxic doses as drug delivery systems
, 8, 12, and 16. Asterisk indicates a significant difference between control and other



Fig. 8. KC concentration in bronchoalveolar lavage fluid measured by ELISA. Asterisk indicates a significant difference between control and other treatment groups
(p < 0.001). Bars indicate mean ± SEM (n = 6/group).

Fig. 9. Total cell numbers in bronchoalveolar lavage fluid. Asterisk indicates a significant difference between control and other treatment groups (p < 0.05). Bars represent
means ± SEM (n = 6/group).

Fig. 10. Total numbers of neutrophils in bronchoalveolar lavage fluid. Asterisk indicates a significant difference between control and other treatment groups (p < 0.001). Bars
represent means ± SEM (n = 6/group).
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for the lung. Toxicity of SLNs has been studied for more than
15 years [45–48]. However, the composition of the SLNs used in
the experiments was not uniform and differed in the nature of
the lipids used and the total percentage of lipids in the lipid matrix.
Due to the poor comparability of toxicity data in the literature, we
studied the toxicity of lipid nanoparticles first in vitro, then ex vivo,
and finally in vivo. In the development of drug delivery systems,
toxicological studies in vitro are useful prior to in vivo tests. They
are tools to ensure the functionality of drugs and to predict a more
precise starting dose for animal studies.
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To determine whether cell toxicity occurs, in a first step, we ap-
plied different in vitro viability and cytotoxicity assays using hu-
man epithelial cells (A549) and murine lung tissue (PCLS) as
cellular systems. The in vitro results are in accordance with previ-
ously published data [49]. In a previous study, we had investigated
the cytotoxic profile of SLNs with a lower and a higher lipid com-
position. MTT assay had shown an EC50 value of 1520 lg/ml for
SLNs with higher lipid content and of 4080 lg/ml for SLNs with
lower lipid content. In the present study, an EC50 value of
3125 lg/ml was found in A549 cells for the MTT assay. These data
are comparatively low [18,19]. Yuan et al., however, tested SLNs,
which differed from our lipid composition on A549 cells and found
IC50 values between 300 lg/ml and 500 lg/ml. Yuan et al. exposed
A549 cells to SLNs for 48 h, while in the present study the incuba-
tion time was 24 h. This could be an explanation for the higher
level of cytotoxicity reported by Yuan et al., compared to our
results.

Interestingly, no upregulation of IL-8 in single-cell cultures of
epithelial cells was observed, although it is well known that IL-8
can be secreted by A549 cells when using other nanoparticles
[50–53]. Dose-dependent upregulation of IL-8 production by
A549 cells upon treatment with carbon black, quartz (DQ 12), or
titanium dioxide nanoparticles was reported.

In the next step, to determine respiratory toxicity of SLNs an
ex vivo lung model was chosen because of the presence of all rele-
vant cell types (e.g. epithelial and endothelial cells, macrophages,
dendritic cells, lymphocytes, fibroblasts, and basal cells) in organo-
typic cultures with preservation of their original cell–cell interac-
tions [54]. This ex vivo lung model was used to get closer to the
in vivo situation. Compared to other in vitro models, this model al-
Fig. 11. H&E staining of bronchiolo-alveolar tissue of representatives after 16 days of tr
(150 lg deposit dose of carbon black).
lows both biochemical and pathological evaluations of the toxic
potentials of exogenous compounds that cannot be done in single
cell-type cultures [55]. The presence of and potential interaction
among different cell types may explain the lower EC50 level of
575 lg/ml ex vivo (measured by WST-1 assay) compared to the
3125 lg/ml observed in vitro (measured by MTT assay).

It is known that PCLS respond to different stimuli such as LPS or
diesel exhaust particles with an upregulation of pro-inflammatory
cytokines [38,56]. KC is a member of the CXC chemokine family
with homology to human IL-8 and is produced for example by
monocytes, macrophages, fibroblasts, epithelial, and endothelial
cells [57–59]. Measurement of cytokine production in the cell cul-
ture medium of the lung slices exposed to SLNs showed an in-
creased secretion of chemokine KC up to a concentration of
500 lg/ml. Upon incubation with higher concentrations of SLNs,
the KC level decreased due to the fact that apoptosis or necrosis
was induced in different cells of the tissue slices (Figs. 3–5). TNF-
a can be produced by a variety of cells including macrophages,
monocytes, polymorphonuclear leukocytes, and mast cells [55].
Alveolar macrophages are especially potent sources of TNF-a
[60]. TNF-a levels in this ex vivo experiment were unchanged,
and it can be concluded that SLNs did not induce TNF-a. To check
whether this test system was working, the tissue slices were addi-
tionally incubated with the bacterial endotoxin LPS, which pro-
motes the secretion of pro-inflammatory cytokines in many cells
types, especially in macrophages [61]. Fig. 6 shows a clear response
of the tissue slices to LPS. Several studies reported phosphatidyl-
choline to be an inhibitor of TNF-a with the capacity to suppress
inflammatory signaling [62–65]. This could be an explanation for
the unaffected TNF-a levels in this ex vivo trial.
eatment. (A) 200 lg deposit dose of SLNs; (B) negative control; (C) positive control
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Finally, the SLNs were tested in vivo to determine the toxicity of
this potential drug delivery system as a required part of validation
and safety to humans. In this study, SLNs did not produce an in-
crease in LDH and total BALF protein at any concentration after
4 days of exposure, thus demonstrating the absence of injury at
this early time point. Likewise, no rise was observed in any of
the SLN groups after 16 days of exposure, apart from the carbon
black-treated group, where a significant increase was perceptible
(Fig. 7). The in vivo data also support that these biodegradable SLNs
possess low pro-inflammatory potential in the lung in the tested
concentration range, in contrast to carbon black. It is known, how-
ever, that carbon black can cause lung inflammation and lung tu-
mors [66,67].

The low proportion of neutrophils in the BALF for the SLN for-
mulations (Figs. 10 and 11) may be the result of several different
mechanisms, including an influence of material surface properties,
particle size, surface area, and a propensity towards particle aggre-
gation. All these factors may directly reduce the potential of SLNs
to induce neutrophil recruitment [10]. Reports in the literature
investigating the toxicological potential of nanoparticles are con-
tradictory, because nanoparticles and their resulting toxic effects
can be compared by particle number, particle size, particle mass,
specific surface area, and functional groups [68]. In the implemen-
tation of cytotoxicity studies, the use of the surface area is widely
acknowledged [69–72].

In summary, a concentration range for possible applications of
SLN30 as a drug delivery system was defined. According to these
results, an estimation of the sub-chronic toxicity of SLN30 can be
made.
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