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Abstract

The toxicity of inhaled nanoparticles entering the body through the lung is thought to be initially defined by the electrostatic and

adhesive interaction of the particles with lung’s wall. Here, we investigated the first step of the interaction of nanoparticles with lung

epithelial cells using atomic force microscope (AFM) as a force apparatus. Nanoparticles were modeled by the apex of the AFM tip and

the forces of interaction between the tip and the cell analyzed over time. The adhesive force and work of adhesion strongly increased for

the first 100 s of contact and then leveled out. During this time, the tip was penetrating deeply into the cell. It first crossed a stiff region of

the cell and then entered a much more compliant cell region. The work of adhesion and its progression over time were not dependent on

the load with which the tip was brought into contact with the cell. We conclude that the initial thermodynamic aspects and the time

course of the uptake of nanoparticles by lung epithelial cells can be studied using our experimental approach. It is discussed how the

potential health threat posed by nanoparticles of different size and surface characteristics can be evaluated using the method presented.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Elevated levels of ultrafine particles in air pollution are
associated with increased morbidity and mortality [1–11].
The critical first step for their toxicity is the penetration of
the lung. Unlike larger particles, ultrafine particles reach
the peripheral lung and are able to cross the various
barriers of the lung, including the lipid–protein layer of
pulmonary surfactant at the air–alveolar interface and the
cell membranes of the epithelial and endothelial cells
underneath and reach the blood stream [9,12–15]. Because
of their substantial uptake, ultrafine particles are also of
great interest for delivery of drugs to the peripheral lung
and the body. Despite the importance of the early
penetration steps in the biological effects of inhaled
particles, the nature of the interactions with the various
barriers of the lung remains poorly understood. A detailed
study, therefore, promises substantial progress in the
front matter r 2007 Elsevier B.V. All rights reserved.
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understanding of the health threat posed by fine and
ultrafine air pollutants and the effectiveness of drug
delivery by aerosols.
In the current study, we measured the adhesion forces

between an atomic force microscope (AFM) tip and
lung epithelial cells in culture. Most of the lung’s
interface (490%) is covered by the very large, thin type I
pneumocytes. Gas exchange occurs across these cells and
they are the primary target for the airborne nanoparticles.
We used primary cell cultures of lung epithelial type II cells
(type II pneumocytes) because type I cells do not replicate.
Type II cells, after harvesting and growing in media on a
glass substrate for a few days, assume a type I phenotype.
This change of phenotype is also observed in the lung
where type II pneumocyte can replicate to replace damaged
type I pneumocytes.
AFM was successfully used before to investigate

dynamic and elastic properties of cells [16], cell–cell
interaction [17], and adhesion of cells to the various
surfaces [18,19]. For most of these studies, a microsphere
was attached to a cantilever [20]. Here, we took advantage
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of the small radius of curvature of unaltered AFM tips to
mimic the interaction between nanoparticles and the lung
epithelial cells.

2. Materials and methods

2.1. Cell culture

Lung epithelial cells, type II, were isolated from male,
pathogen free, Sprague–Dawley rats weighing 150–250 g.
The cells were cultured at 6� 108 cells/mL in DMEM
medium supplemented with 1% L-glutamine, containing
10% heat-inactivated FBS, 300 mL of the solution Peni-
cillin/Gentamycin in g-irradiated culture dishes. The cells
were grown on light microscope glass coverslips. The cells
were kept in an incubator under 5% CO2 and 37 1C until
they created a monolayer with approximately 80% of
confluence (4–6 days). At this stage, the phenotype of the
lung epithelial cells had changed from type II to type I in
that the cells were spread out flat on the interface and
ceased to produce surfactant.

2.2. Force spectroscopy

Lung epithelial cells were first imaged in a light
microscope (Zeiss Axiovert 200). For the force spectro-
scopy, a NanoWizard-AFM (JPK, Instruments AG,
Berlin) was used. The AFM tip was used as a model for
a nanoparticle, approaching the cell. The AFM tip was
positioned above the cell nucleus under optical control.
Cantilevers (Micromash) with the spring constant
57mN/m and pyramidal silicon nitride tips were used (tip
height: 2.9 mm, tip radius: less than 20 nm (typical 10 nm),
tip angle (face to face): 25–451 (top to around 300 nm
down). Forces of interaction between the probe and the cell
were then measured in medium at 35 1C, by approaching
the tip to the cell interface until a preset load was reached
(trace of force curve). The force was acquired as a function
of the tip–sample separation h. After the tip has come into
contact with the cell, h becomes the penetration depth for
the tip into the cell. Separate force curves were acquired for
a preset load of 100, 200, and 300 pN. The tip was now
kept in contact with the cell for a pre-determined time,
while keeping the preset load constant under feedback
control (i.e., when the load decreased, the tip was moved
forward). Then, the tip was retracted from the cell (retrace
of the force curve). Cells were kept in medium at all times.

2.3. Analysis

The spring constant for each cantilever was measured
before and after the experiment using the procedures
implemented by the manufacturer of the AFM (thermal
noise method). Sensitivity and spring constant were found
to be not different before and after the experiment.

The approach part of the force curve was used to
determine the depth to which the tip penetrated the cell as
well as the mechanical properties of the sample. The
penetration depth was measured from the point where the
tip came into contact with the cell (denoted by 2 in Fig. 1).
This point is apparent in the force curve as the first upward
deflection of the force curve when following the trace of the
force curve.
To evaluate the mechanical properties of the sample

from the approach force profile, the Sneddon model was
employed [21,22]. As the penetration depth h of the tip into
the cell can be around 1 mm, the geometry of the tip must
be considered as a function of the penetration depth. The
effective Young’s modulus, E0, was estimated point by
point for h as follows: considering the geometry of the tip,
the three regions have to be justified [23]:
For h between 0 and 10 nm, the AFM probe was

considered as a hemi-sphere with a radius R of 10 nm

Esphere ¼
3

4
ffiffiffiffi
R
p

F

h3=2
.

For further penetration, the tip profile was viewed as a
cone whose half angle a vary linearly from a1 ¼ 251 at
h ¼ 10 nm up to a2 ¼ 451 when h reaches 300 nm.

Econe ¼

ffiffiffi
2
p

tan a
F

h2

For an indentation deeper than 300 nm, the cone angle is
considered constant to a2.
The retrace curve was used to calculate the adhesion

energy G between tip and cell:

G ¼
Xh2

h1

F retraceðhiÞðhiþ1 � hiÞ.

Fretrace (hi) is the adhesion force at h1. h1 is the point of
the initial contact between the tip and the cell surface
(denoted by 2 in Fig. 1). h1 was determined from the
approach part of the force curve. h2 corresponds to the last
jump out of contact.

3. Results and discussions

Type I lung epithelial cells cover about 95% of the lung’s
interface to the air and are therefore the primary target of
airborne nanoparticles entering the lung. Fig. 1A shows the
lung epithelial cells used in the current study. The cells were
grown on a glass coverslip in a primary culture from type II
lung epithelial cells from rats. The cells had assumed
a type I phenotype after about 2 days in culture. They had
changed from a more cubical shape into flat cells and
became increasingly confluent. Type I cells cannot directly
be grown in a primary culture because they do not
replicate.
For force spectroscopy, a media-covered coverslip with

the cells was mounted in the liquid cell of the AFM. The
setup used allows for the observation of the sample across
the coverslip from below by an inverted light microscope at
the same time as force spectroscopy (or AFM imaging) is



ARTICLE IN PRESS

Fig. 1. A. Dark-field light micrograph of two lung epithelial cells (75 mm � 75mm). For force spectroscopy, an AFM tip was placed over the central

region of a cell. Trace and retrace force curves were measured on a cell. Force versus tip–sample separation is shown on (B). The approach part (trace)

reveals how the cell deforms upon the impact of the tip. The retrace or withdraw part of the curve reveals a large adhesion peak, which is often split in

multiple peaks. The sketches explain the physical situation for each part of the curve. The hatched area denotes the work of adhesion (adhesion energy)

between tip and cell. The AFM tip was allowed to stay in contact for various times (delay time). Typical raw data (cantilever deflection versus piezo

displacement) are shown on Fig. 1C and D, which correspond to delay time 30 s (C) and 300 s (D) accordingly.
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performed. The tip of the AFM was thus placed over a
suitable cell and cell location under light microscope
control. Fig. 1B shows a typical force scan. At first, the
probe approached the cell with the lever undeflected
(horizontal line of the force trace), indicating no interac-
tion. The tip then made contact with the sample and
became deformed. The tip was then kept in contact with
the cell for various times. We varied the delay time from 0
to 1800 s. Fig. 1C and D show typical raw data force plots
collected at delay times 30 and 300 s. Thereafter, the tip
was retracted and the adhesion observed. Unlike the
experiment shown in Fig. 1B, for all experiments the
maximum load for the tips onto the cells was kept at 100,
200, or 300 pN. In the following sections we will discuss the
fast initial penetration of the cells followed by an analysis
of the interaction over time.

Upon the approach, the tips instantly penetrated the
cells by approximately 500 nm, irrespective of the load
chosen. The trace part of the force curve was used to
analyze the Young’s modulus of the cells using Sneddon’s
model as the tip was penetrating deeper into the interior
(Fig. 2). At first, the tip experienced a layer of increasing
stiffness to a penetration depth of about 100 nm at which
point the resistance of the cell to penetration reached a
maximum. Thereafter the cell became more compliant
again. The stiff layer may represent the outer layer of the
cytoskeleton anchored to the cell membrane.
The analysis of the forced indentation of the epithelial

cells by the tip as shown in Figs. 1 and 2 reveals the fate of
a nanoparticle coming into contact with the lung’s
epithelium and then being actively loaded onto a cell. This
situation will indeed occur in the lung. The lung’s
epithelium toward the air is covered by a thin aqueous
layer and a molecular film of pulmonary surfactant at the
air–water interface. Transmission electron microscopy of
lung’s thin sections as well as scanning electron microscopy
of the lung has indeed shown that particles trapped
between the surfactant layer and the epithelial cells
strongly deform the cells [24,25].
After the initial indentation, the tip was kept loaded onto

the cell with 200 pN for preset times ranging from 0 to 900 s
under feedback control (i.e., when the load decreased over
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Fig. 2. When analyzing the approach curve, one can determine the

Young’s modulus of the sample surface. Young’s modulus, which gives a

measure of cell elasticity in our case, was found to depend on indentation

depth, showing two distinctive parts of the plot: when penetrating the

peripheral part of the cell, up to about 100 nm into the cell, the cell became

increasingly stiffer. The stiffness then dropped sharply upon further

penetration until it leveled out after penetrating about 200 nm deep.

Fig. 3. Indentation depth as a function of time. The load was kept

constant at 200 pN. At time 0, the indentation was about 500 nm. Over

time, the tip first penetrated rapidly and then slowly from 500 to 1300nm.

This is evidence a time-dependent response of the cell to the tip.

Fig. 4. Adhesive energy as a function of the time, the tip was kept in

contact with the cell at a constant load of 200 pN. The adhesive energy is

revealed upon retraction of the tip as explained in Fig. 1. The longer the

tip stays in contact with the cell the larger adhesion is observed. Statistical

analysis shows that considerable changes occur during first 100 s after

which the adhesion energy no longer changes.
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time, the tip was moved forward Fig. 3). During the first
100 s, the tip rapidly penetrated the cell from 500 to about
1000 nm and then slowly came to a halt. Interestingly, a
similar behavior was also observed when the load was
either kept constant at 100 or at 300 pN (not shown). This
as well as the time course of the penetration is indicative
that the process observed cannot be explained as the
passive penetration of a viscous medium. Rather we
assume that the tip is either actively uptaken or the cell
rearranges its plasma membrane and the cytoskeleton
elements to accommodate the tip.

With the increase of the delay time, the adhesive energy
also increases (Fig. 4). This process comes to an end after
about 100 s. Both adhesion energy and the penetration of
the tip into the cell increase with the larger contact time.
The increase in the adhesion energy correlates with the
increase of indentation depth (Fig. 5). This indicates that
the tip becomes engulfed by the membrane and the area of
interaction increases (Fig. 4). In conclusion, if the tip were
an isolated nanoparticle, it would be uptaken after this
time.

Our results suggest a process of particle uptake by lung
epithelial cells that occurs over approximately 100 s during
which time the tip (nanoparticle) increases its adhesive
interaction and penetrates the cell. Particles of this size are
not phagocytosed [12,26]. They enter cells in the absence of
clathrin and caveolin, associated with active uptake and
even when an actin-based mechanism has been ruled out
[26] have also shown that nanoparticles inside a cell are not
surrounded by membrane and, hence, are not uptaken
through vesicle formation [12,26].
Our findings suggest that irrespective of the exact

mechanism, particle submersion in the epithelial cells seem
to depend on the adhesive interaction. The adhesive
interaction includes electrostatic, van der Waals, steric
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Fig. 5. Adhesive energy as a function of indentation, plotted for various

time points. The increase in adhesion energy correlates with the increase in

indentation depth.
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and hydrophobic forces as well as the line tension between
particle, cell and aqueous medium and depends on the
elastic and plastic properties of the cell. The free energy due
to these interactions will be minimized upon particle
wetting by the lining layer. The lower the surface free
energy of the particle, the lesser it will be wetted by the cell.
A thermodynamic model using the ‘‘wettability criterion’’
was indeed successful in predicting passive particle uptake
by cells [27]. Another thermodynamic analysis combined
with a molecular dynamics simulation found negative line
tension values for nanometer-sized particles, but positive
values for those an order of magnitude larger [28]. The
engulfment of particles in the nanometer range by
unbalanced capillary forces was suggested by Shanahan
[29] and more recently by Livadaru and Kovalenko [30].

3.1. Future perspectives

The role of the adhesive interaction in particle uptake
can now be put to the test using our approach. Particles of
different surface properties and different geometries can be
mimicked by according AFM tips. The adhesive interac-
tion of a particle with the plasma membrane in the lung
depends also on the particle history. Airborne particles,
after crossing a surfactant layer at the air–water interface
of a cell culture dish, have been shown to be more readily
uptaken than particles added to the media [31]. They may
have become coated with a film of pulmonary surfactant
and, as a consequence, have penetrated the epithelial
cells differently. Whether this is related to a change in
adhesive interaction can be tested by coating AFM tips
with surfactant.
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