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29Drug and gene delivery via nanoparticles across biological barriers such as the alveolar-capillary barrier of
30the lung constitutes an interesting and increasingly relevant field in nanomedicine. Nevertheless, potential
31hazardous effects of nanoparticles (NPs) as well as their cellular and systemic fate should be thoroughly
32examined. Hence, this study was designed to evaluate the effects of amorphous silica NPs (Sicastar) and
33(poly)organosiloxane NPs (AmOrSil) on the viability and the inflammatory response as well as on the cel-
34lular uptake mechanisms and fate in cells of the alveolar barrier. For this purpose, the alveolar epithelial
35cell line (NCI H441) and microvascular endothelial cell line (ISO-HAS-1) were used in an experimental
36set up resembling the alveolar-capillary barrier of the lung. In terms of IL-8 and sICAM Sicastar resulted
37in harmful effects at higher concentrations (60 lg/ml) in conventional monocultures but not in the cocul-
38ture, whereas AmOrSil showed no significant effects. Immunofluorescence counterstaining of endosomal
39structures in NP-incubated cells showed no evidence for a clathrin- or caveolae-mediated uptake mecha-
40nism. However, NPs were enclosed in flotillin-1 and -2 marked vesicles in both cell types. Flotillins appear
41to play a role in cellular uptake or trafficking mechanisms of NPs and are discussed as indicators for clath-
42rin- or caveolae-independent uptake mechanisms. In addition, we examined the transport of NPs across
43this in vitro model of the alveolar-capillary barrier forming a tight barrier with a transepithelial electrical
44resistance of 560 ± 8 X cm2. H441 in coculture with endothelial cells took up much less NPs compared to
45monocultures. Moreover, coculturing prevented the transport of NP from the epithelial compartment to
46the endothelial layer on the bottom of the filter insert. This supports the relevance of coculture models,
47which favour a differentiated and polarised epithelial layer as in vitro test systems for nanoparticle uptake.
48� 2012 Published by Elsevier B.V.
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50

5152 1. Background

53 NanoparticlesQ4 (NPs) play a decisive role in industrial applica-
54 tions on the one hand, and on the other hand, NPs are gaining in

55interest for biomedical research (drug and gene delivery) [1].
56Regarding an entry of NPs via inhalation, the alveolar region of
57the lung with a surface area of 100–140 m2 make it an interesting
58target for drug and gene delivery, but at the same time, the lung
59represents a significant portal of entry for harmful nanomaterials.
60Inhaled silica nanoparticles (SNPs), for example, embody a serious
61health-risk characterised by environmental and occupational lung
62diseases (silicosis) [2]. It has been proposed that pulmonary release
63of cytokines and mediators into the circulation, that are triggered
64by inhaled NPs, cause extrapulmonary effects [3]. Epidemiological
65studies revealed that particulate air pollution (PM10: Particulate
66matter <10 lm) increased the frequency of cardiac diseases [4,5].
67However, plausible explanations from the biological perspective
68are still lacking. It is also suggested that the resulting systemic
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69 effects are caused by an excess of inhaled PM10 that migrate into
70 the systemic circulation and then translocate to different organs
71 [6,7].
72 Thus, if a lung application is envisaged, toxic effects and the cel-
73 lular pathways as well as the further disposition of inhaled NPs
74 need to be addressed to gain more insight concerning the above
75 mentioned hypotheses.
76 Cytotoxicity and cellular uptake/trafficking of nanoparticles in
77 the lower respiratory tract are still poorly understood. One reason
78 for this is that the alveolar-capillary barrier of the deep lung is dif-
79 ficult to access by in vivo studies. Therefore, we have inspected
80 nanoparticle interactions on an in vitro coculture model of the alve-
81 olar-capillary. This in vitro model consists of the epithelial cell line,
82 NCI H441 (with characteristics of type II pneumocytes and Clara
83 cells) and the human microvascular endothelial cell (MEC) line,
84 ISO-HAS-1, which are seeded on opposite sides of a transwell filter
85 membrane. Both cell types in coculture (CC) reach a more differen-
86 tiated and polarised phenotype than if the cells are kept under con-
87 ventional monoculture (MC) conditions [8,9]. Therefore, it more
88 closely mimics the in vivo situation of the deep lung.
89 Two silica-based nanoparticles such as Sicastar Red (aSNP:
90 amorphous silica, 30 nm in diameter) and AmOrSil (poly(organ-
91 osiloxane), ca. 100 nm) have been used. Sicastar rather resembles
92 SNPs that are used for industrial purposes and embodies a cyto-
93 toxic NP, which is supposed to evoke inflammatory responses to
94 study cell communication processes in the coculture. Whereas
95 AmOrSil is prospectively envisaged for in vitro studies concerning
96 drug and gene delivery and is proposed to be nontoxic. AmOrSil
97 has a magnetic core, which may be useful for therapeutic applica-
98 tions (hyperthermia, magnetic resonance imaging or drug delivery)
99 [10,11].

100 At first, the cytotoxicity (MTS and LDH) was studied on H441
101 and ISO-HAS-1 in MC and CC. Subsequently, NP uptake behaviour
102 of the epithelial cells (H441) in CC was compared to the epithelial
103 cells kept in MC by fluorescence intensity measurements. Further-
104 more, transport of NPs across the NP-exposed epithelial layer with
105 subsequent uptake by the endothelial layer (ISO-HAS-1) on the
106 opposite side of the transwell filter membrane was examined. In
107 addition, NP-exposed cells were immunofluorescently counter-
108 stained for endosomal marker proteins such as clathrin heavy
109 chain or caveolin-1 as well as flotillin-1 and -2 to examine specific
110 uptake mechanisms such as clathrin-dependent or caveolae-
111 dependent endocytosis.
112 Finally, the release of inflammatory mediators (IL-8, sICAM) has
113 been examined after NP exposure to the apical side of the coculture
114 (H441) to study inflammatory responses and cell communication
115 processes between epithelial and endothelial cells. In correlation
116 with the uptake/transport experiments with the coculture, these
117 results provide an approach to the hypothesis concerning indirect
118 (forwarded inflammatory mediators caused by NPs) or direct
119 (translocation of NPs) extrapulmonary effects caused by inhaled
120 nanoparticles.

121 2. Materials and methods

122 2.1. Nanoparticle characterisation

123 2.1.1. AmOrSil
124 AmOrSil nanoparticles were synthesised and delivered by Stef-
125 anie Utech (Department of Physical Chemistry of the Johannes
126 Gutenberg University, Mainz). These NPs are magnetic nanocap-
127 sules with magnetic iron oxide particles incorporated into a
128 poly(organosiloxane) network that carries an additional PEO shell.
129 The synthesis of the poly(organosiloxane) core–shell nanoparticles
130 was performed in aqueous dispersion by co-condensation of a mix-

131ture of alkyldialkoxysilanes (diethoxydimethylsilane) and alkyltri-
132alkoxysilanes (trimethoxymethylsilane and (chloromethylphenyl)-
133trimethoxysilane, as functional monomers) in the presence of a
134surfactant. Rhodamine B was covalently incorporated into the en-
135tire SiOx-matrix. Magnetic iron oxide nanoparticles (c-Fe2O3) with
136an average radius of 3.2 nm were encapsulated during the polycon-
137densation process. Water-solubility was achieved via a grafting-on
138process, in which linear PEG (poly(ethylene glycol), MW: 1650 g/
139mol) was covalently attached to the poly(organosiloxane) surface.
140The magnetic nanocapsules have a primary particle radius of
14148.1 nm. Synthesis and characterisation have previously been pre-
142viously described by Utech et al. [10,11].

1432.1.2. Sicastar Red
144Sicastar Red is an amorphous silica nanoparticle (30 nm in size)
145in aqueous dispersion which contains rhodamin B covalently incor-
146porated into the entire SiO2-matrix. The manufacturing technique
147is described by micromod Partikeltechnologie GmbH [12].
148The hydrodynamic radii of both Sicastar Red and AmOrSil parti-
149cles in aqueous solutions (water, phosphate buffered saline (PBS)
150and serum-free cell culture medium RPMI) were determined via
151dynamic light scattering (DLS) as previously described for the char-
152acterisation of non-fluorescent amorphous silica nanoparticles [9].
153The results are shown in Table 1. Both samples show an increased
154hydrodynamic radius in salt-containing media compared to the
155primary particle radius (determined by transmission electron
156microscopy and asymmetrical flow field-flow fractionation, data
157not shown). In the case of the Sicastar Red, the dispersions desta-
158bilized with higher salt contents and the particles partly agglomer-
159ate; for the AmOrSil, the increase in size compared to the primary
160particles is not yet completely understood, but it can probably be
161explained by loose entanglements of the attached poly(ethylene
162oxide) molecules. The mean hydrodynamic diameter of both parti-
163cles was ca. 100 nm (radius: 48.1 nm).

1642.1.3. Cell culture
165ISO-HAS-1 (human microvascular endothelial cell line [13,14])
166and NCI H441 (human lung adenocarcinoma cell line, purchased
167from ATCC, ATCC-HTB-174, Promochem, Wesel, Germany) were
168grown in RPMI 1640 supplemented with 10% FCS (foetal calf ser-
169um), 1% P/S (Penicillin/Streptomycin). ISO-HAS-1 and H441 were
170passaged every third day at a dilution of 1:3 until passage 50 and
17135, respectively.

1722.1.4. Monocultures in experimental procedures
173Prior to seeding cells, the 96-well plates (TPP, Switzerland) or
174eight well l-slides (ibidi) were coated with 50/300 ll fibronectin
175for 1 h at 37 �C (5 lg/ml, Roche Diagnostics, Mannheim). The cells
176were seeded (ISO-HAS-1: 1.6 � 104 cells/well, H441: 3.2 � 104 -
177cells/well) from a confluent culture flask on 96-well plates in RPMI
1781640 medium (Gibco) with L-glutamine supplemented with 10%
179FCS and Pen/Strep (100 U/100 lg/ml) and cultivated at 37 �C, 5%
180CO2 for 24 h prior to NP exposure to a confluent cell layer.

Table 1
Hydrodynamic radii of the silica-based nanoparticles (SicaStar Red and AmorSil) in
different media obtained via dynamic light scattering.

Medium H2O PBS buffer Cell medium

AmorSil
hRhiz (nm) 52.9 47.9 48.1
l2 0.17 0.09 0.11

Sicastar Red
hRhiz (nm) 12.6 66.2 58.1
l2 0.10 0.16 0.17
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