
BioMed Central

BioMagnetic Research and 
Technology

ss
Open AcceResearch
Motion and twisting of magnetic particles ingested by alveolar 
macrophages in the human lung: effect of smoking and disease
Winfried Möller*1, Winfried Barth2, Martin Kohlhäufl3, Karl Häussinger3 and 
Wolfgang G Kreyling1

Address: 1GSF National Research Center for Environment and Health, Clinical Research Group 'Inflammatory Lung Diseases' and Institute for 
Inhalation Biology, Gauting, Germany, 2GSI National Research Center for Heavy Ions, Darmstadt, Germany and 3Asklepios Hospital Munich-
Gauting, Center for Respiratory Medicine, Gauting, Germany

Email: Winfried Möller* - moeller@gsf.de; Winfried Barth - W.Barth@gsi.de; Martin Kohlhäufl - m.kohlhaeufl@asklepios.com; 
Karl Häussinger - k.haeussinger@asklepios.com; Wolfgang G Kreyling - kreyling@gsf.de

* Corresponding author    

Abstract
Background: Magnetic microparticles being ingested by alveolar macrophages can be used as a monitor for
intracellular phagosome motions and cytoskeletal mechanical properties. These studies can be performed in the
human lung after voluntary inhalation. The influence of cigarette smoking and lung diseases on cytoskeleton
dependent functions was studied.

Methods: Spherical 1.3 µm diameter ferrimagnetic iron oxide particles were inhaled by 17 healthy volunteers
(40 – 65 years), 15 patients with sarcoidosis (SAR), 12 patients with idiopathic pulmonary fibrosis (IPF), and 18
patients with chronic obstructive bronchitis (COB). The retained particles were magnetized and aligned in an
external 100 mT magnetic field. All magnetized particles induce a weak magnetic field of the lung, which was
detected by a sensitive SQUID (superconducting quantum interference device) sensor. Cytoskeletal
reorganizations within macrophages and intracellular transport cause stochastic magnetic dipole rotations, which
are reflected in a decay of the magnetic lung field, called relaxation. Directed phagosome motion was induced in
a weak magnetic twisting field. The resistance of the cytoplasm to particle twisting was characterized by the
viscosity and the stiffness (ratio between stress to strain) of the cytoskeleton.

Results: One week after particle inhalation and later macrophage motility (relaxation) and cytoskeletal stiffness
was not influenced by cigarette smoking, neither in healthy subjects, nor in the patients. Patients with IPF showed
in tendency a faster relaxation (p = 0.06). Particle twisting revealed a non-Newtonian viscosity with a pure viscous
and a viscoelastic compartment. The viscous shear was dominant, and only 27% of the shear recoiled and reflected
viscoelastic properties. In patients with IPF, the stiffness was reduced by 60% (p < 0.02). An analysis of the shear
rate and stress dependence of particle twisting allows correlating the rheological compartments to cytoskeletal
subunits, in which microtubules mediate the pure viscous (non-recoverable) shear and microfilaments mediate
the viscoelastic (recoverable) behavior. The missing correlation between relaxation and particle twisting shows
that both stochastic and directed phagosome motion reflect different cytoskeletal mechanisms.

Conclusion: Faster relaxation and a soft cytoskeleton in patients with IPF indicate alterations in cytoskeleton
dependent functions of alveolar macrophages, which may cause dysfunction's in the alveolar defense, like a slower
migration, a retarded phagocytosis, a disturbed phagosome lysosome fusion and an impaired clearance.

Published: 15 May 2006

BioMagnetic Research and Technology 2006, 4:4 doi:10.1186/1477-044X-4-4

Received: 15 March 2006
Accepted: 15 May 2006

This article is available from: http://www.biomagres.com/content/4/1/4

© 2006 Möller et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Page 1 of 14
(page number not for citation purposes)

http://www.biomagres.com/content/4/1/4
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16700919
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


BioMagnetic Research and Technology 2006, 4:4 http://www.biomagres.com/content/4/1/4
Background
The lungs with about 140 m2 surface area [1] represent the
organ of the human body with the biggest contact area to
the environment. Every breath transports many environ-
mental particles into the lungs, which are partially
removed and deposited. The different areas of the lung
have different mechanisms of deposition and clearance
[2]. Clearance from the airway is primarily due to muco-
ciliary transport, where most particles are removed within
24 h from the lungs. The alveolar region is not covered by
a mucus layer. Alveolar macrophages are resident in each
of the alveoli and phagocytize foreign materials. Phagocy-
tosis transfers the microparticles into phagosomes of the
macrophage. After fusion with lysosomes ingested parti-
cles, bacteria or viruses are digested due to acidic pH
within phagolysosomes and the release of reactive sub-
stances, such as oxygen radicals [3-5]. The cytoskeleton of
AM is crucially involved in these defense reactions, includ-
ing locomotion and cell migration, phagocytosis, intracel-
lular transport, phagosome-lysosome fusion and signal
transduction [6-8].

Magnetopneumography (MPG) uses ferrimagnetic iron
oxide particles as a tracer to investigate the long-term
clearance from the alveolar region of the human lungs [9-
12]. These particles are non-toxic and non-cancinogenic
[13], and can be inhaled and detected by sensitive mag-
netic field sensors. Because of the chemical stability, these
particles can be used as a probe for intracellular phago-
some motions and cytoskeletal integrity. Permanent
cytoskeletal reorganizations and the intracellular trans-
port cause a randomization of the magnetic dipole parti-
cles, which is reflected in a decay of the magnetic lung
field and is called relaxation. Relaxation is an in vivo meas-
ure of macrophage motility, which is important in several
defense reactions, like cell migration, phagocytosis,
phagosome – lysosome fusion etc. Directed (external)
phagosome motions are induced in a weak magnetic
twisting field in order to investigate the mechanical prop-
erties of the cytoskeleton. Application of continuous and
discrete twisting stress yields the rheological properties of
the cytoskeleton, which reflects the integrity of the
cytoskeleton and the role of the different cytoskeletal
units in phagosome transport.

Previously, we have developed protocols to study
cytoskeleton associated functions in macrophages, such as
phagosome transport, mechanical cytoskeletal integrity
and phagocytosis, using ferromagnetic microparticles, in
vitro in cell cultures and in vivo after voluntary inhalation
[14-17]. Magnetic twisting cytometry (MTC) has been
used to investigate the role of the different cytoskeletal
structures in macrophage function after application of
selectively acting cytoskeletal drugs (Cytochalasin D, Noc-
odazole; [16]). Additionally it has been shown that MTC

can monitor cytotoxicity of GaAs-particles in vivo in lung
macrophages of animals [18,19] and of ultrafine particles
in vitro [20,21].

The aim of this study was first, to investigate stochastic
and directed phagosome motions in healthy subjects with
respect to in vivo reactions of macrophages to a chronic
cigarette smoke exposure, which was evident from in vitro
studies [22-24]. The second objective was to verify
whether reactions seen in smokers accumulate in patients
with chronic obstructive bronchitis (COB), which is pri-
marily the result of a long cigarette smoking history, and
third, to correlate phagosome motions with interstitial
lung diseases, like sarcoidosis (SAR) and idiopathic lung
fibrosis (IPF), where the ethiology of the disease is not
known. It was proposed that a chronic inflammation in
the lungs of these patients might influence the phago-
some transport and the cytoskeletal integrity.

Methods
Subjects and pulmonary function testing
A group of healthy subjects was studied (Table 1) with 40
to 65 years of age (12 men, five women), which was
divided into never smokers (NS) and asymptomatic
smokers (S). Further, 18 outpatients with stable chronic
obstructive bronchitis (COB) (10 men and 8 women; 45
to 72 years of age), 12 outpatients with idiopathic pulmo-
nary fibrosis (IPF) (five men and seven women; 27 to 74
years of age), and 15 outpatients with pulmonary sar-
coidosis (SAR) (five men and ten women; 34 to 69 years
of age) participated in this study. Chronic bronchitis was
defined as cough and sputum production occurring on
most days of the month for at least three months/year dur-
ing the two years prior to the study [25]. Among COB
patients, more than 50% were no longer active smokers
and were therefore classified into a separate class of ex-
smokers (XS). Anamnesis was carried out using a ques-
tionnaire based on ATS – recommendations [26]. The
smoking history of the participants was quantified using
the cumulative cigarette consumption expressed in pack-
years (PY). None of the healthy subjects had a history of
respiratory or cardiovascular disease or was receiving any
long-term medication. Only smokers with normal lung
function data were enrolled in the study. 6 patients with
COB were receiving long-term β2-agonists and inhaled
corticosteroids. 3 patients with COB received no medica-
tion at the time of the study. 4 patients with IPF and 2
patients with SAR were treated with oral steroids. The pro-
tocol was approved by the Ethical Committee of the Med-
ical School of the Ludwig-Maximilian University
(Munich, Germany), and informed consent from each
subject was obtained.

Body plethysmography and spirometry were performed
using a Jäger Masterlab (Erich Jäger, Würzburg, Germany).
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Relative values of conventional lung parameters were cal-
culated by normalizing to the reference values proposed
by the European Community for Steel and Coal [27]. The
transfer factor of the lung for carbon monoxide (TL,CO)
was calculated as proposed by Cotes [28]. A lung function
test and the MPG measurement of the natural ferromag-
netic contamination of the lungs of every subject were
obtained before inhalation. MPG measurements were per-
formed 30 min., two days, one week, one month, five
months and nine months after particle inhalation.

Preparation of ferrimagnetic tracer-particles, inhalation 
and detection
The preparation, inhalation and detection of the magnetic
particles is described in detail elsewhere [11]. In brief
spherical monodisperse ferrimagnetic iron-oxide particles
(Fe3O4, 2.9 µm aerodynamic, 1.35 µm geometric diame-
ter, σg < 1.1) were produced by a Spinning Top Aerosol
Generator (STAG) [29], concentrated by using a virtual
impactor, and directly inhaled by the participants under
standard conditions (250 cm3/s flow rate, 1 L tidal vol-
ume). After inhalation, the subject lies on a bed with the
lungs directly under the magnetizing coils. Magnetization
is performed by discharging a capacitor battery into a 40
cm diameter copper coil. After the magnetizing current
has decayed, the magnetized particles produce a weak
remanent magnetic lung field (LF) of about 100 pT, which
was detected by moving the subject under a superconduct-
ing magnetic field sensor (SQUID, superconducting
quantum interference device). Particle twisting was per-
formed by a weak magnetizing current in the 40 cm diam-
eter copper coil, which was controlled for discrete time
durations.

For MPG measurements about 1 mg of iron oxide particles
were deposited in the lung. This amount is low compared
to occupational exposure at work places, such as welders
[30,31]. In a previous study a bronchoalveolar lavage was
performed in one subject 7 days after particle inhalation
[32]. In this study only single particles could be found in
the alveolar macrophages, confirming the rotational
behavior of single particles in cells.

Correction for non-rotational particles (phagocytosis)
During inhalation, the particles are deposited on the epi-
thelial surface of the lungs. Over the following 24 hours,
they are phagocytized by alveolar macrophages. Directly
after inhalation, particle twisting in a weak magnetic field
reveals an alignment asymmetry, which reflects a certain
fraction of non-rotatable particles [17]. After the particles
are pulse magnetized, they are aligned with the magnetiz-
ing field. Then they are twisted by a reverse magnetic field
into the opposite direction. When again reversing the
twisting field, the particles are rotated to the initial direc-
tion of pulse magnetization. Free particles stack on the
epithelium, are unable to follow this rotation and induce
an asymmetry in the particle alignment, which allows esti-
mating the fraction of non-rotatable particles. Directly
after inhalation (30 min.), about 50% of the particles are
not rotatable. This fraction decreases in the following
hours to 5 – 10%. We suggest that the non-rotatable par-
ticles are not phagocytized by macrophages and stick to
the alveolar epithelium. In vitro studies with J774 macro-
phages have shown that all particles which are phagocy-
tized by macrophages are rotatable in weak twisting fields.
Microscopic investigations have shown that these parti-
cles are covered by surfactant, displacing them into the
epithelial lineage [33]. This tight contact to the epithelium

Table 1: Age, cumulative cigarette smoke consumption, and lung function data of all subjects of the study.

Healthy SAR IPF COB

AGE (years) 54 +/- 7 48 +/- 14 49 +/- 15 60 +/- 8
NS/S/XS 9/8/0 10/2/3 5/4/3 1/3/14
Pack-years (PY) 49 +/- 18 18 +/- 13 15 +/- 6 40 +/- 25
FEV1 (%pred.) 105 +/- 15 93 +/- 15 (*) 82 +/- 23 (*) 72 +/- 28 (**)
FEV1/VC (%pred.) 91 +/- 10 94 +/- 6 (ns) 94 +/- 15 (ns) 69 +/- 19 (**)
RAW (kPaL-1s-1) 0.22 +/- 0.08 0.16 +/- 0.1 (ns) 0.22 +/- 0.14 (ns) 0.28 +/- 0.16 (ns)
RV % TLC 32 +/- 6 33 +/- 6 (ns) 37 +/- 12 (ns) 45 +/- 10 (**)
TGV (%pred.) 112 +/- 25 89 +/- 23 (*) 91 +/- 33 (ns) 119 +/- 34 (ns)
VC (%pred.) 118 +/- 13 102 +/- 17 (**) 86 +/- 19 (**) 103 +/- 25 (ns)
MEF75 (%pred.) 107 +/- 35 92 +/- 17 (ns) 90 +/- 45 (ns) 52 +/- 37 (**)
MEF50 (%pred.) 82 +/- 27 75 +/- 24 (ns) 71 +/- 40 (ns) 32 +/- 25 (**)
MEF25 (%pred.) 62 +/- 27 48 +/- 22 (ns) 51 +/- 27 (ns) 22 +/- 18 (**)
TL,CO (%pred.) 107 +/- 33 98 +/- 14 (ns) 82 +/- 13 (**) 92 +/- 21 (ns)

Relative values of lung function parameters are given as a percentage of predicted values (% pred., [27]). Values are presented as mean +/- SD. 
Healthy: healthy subjects, age 40 – 65 years, SAR: patients with sarcoidosis, IPF: patients with idiopathic pulmonary fibrosis, COB: patients with 
chronic obstructive bronchitis. FEV1: forced expiratory volume in one second, VC: vital capacity, Raw: airway resistance, RV: residual volume, TLC: 
total lung capacity, TGV: thoracic gas volume, MEF25, MEF50, MEF75: maximal expiratory flow at 25, 50 and 75% of VC, respectively, TL,CO: transfer 
factor of the lung for carbon monoxide; ns: not significant; *: p < 0.05; **: p < 0.01.
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hinders the particle rotation for a complete alignment.
This in vivo measurement of non-rotatable particles meas-
ures the phagocytosis process in the human lungs. All
relaxation and particle twisting data are corrected by the
fraction of non-rotatable particles.

Macrophage motility (relaxation)
The motion of vesicles and phagosomes happens perma-
nently within living cells and is part of the intracellular
transport system. Figure 1 summarizes the phagosome
motions, which can be followed in MPG. First, the parti-
cles are magnetized and aligned in a strong magnetic field
pulse. Stochastic phagosome motions are caused by the
intracellular transport mechanism and imply a decay of
the remanent magnetic field of the lung (LF). This decay
of the LF was called relaxation and was analyzed by the
relative LF after 1 min., b1 = B(1 min.)/B0, which charac-
terizes the initial fast phase, and the relative LF after 5
min., b5 = B(5 min.)/B0, being characteristic for the fol-
lowing slow phase (Figure 2). These two relaxation
parameters are independent of any model. Modeling
relaxation as a rotational Brownian motion process in a
Newtonian fluid reveals an exponential decay (see Appen-
dix). Relaxation in living cells shows deviations from this
model with an initially faster decay, which can result from
viscoelasticity [34,35]. For simplicity exponential func-

tions were fitted to the initial and to the slow relaxation
phase with the appropriate time constants.

Macrophage motility (randomization energy)
We postulate a cellular energy Er, which is the driving
force of intracellular transport mechanisms and of relaxa-
tion. During particle twisting this energy acts against the
magnetic aligning force and prevents a complete orienta-
tion of the particles, as will be achieved in primary (strong
field) magnetization. The balance between magnetic
twisting force and cellular randomization force deter-
mines an equilibrium alignment of the particles in the
cells (Figure 3). This equilibrium alignment has an anal-
ogy in paramagnetism and can be described by the so-
called Langevin-function L(α) [36]:

where m is the magnetic dipole moment and BM is the
external weak twisting field. This allows a direct measure
of Er. The experiments were performed in a way that first,
all particles were magnetized and aligned in a strong mag-
netic field, yielding the maximum lung field (Bmax). Relax-
ation was allowed over a period of 10 min., during which
the lung field decayed below 50% of the initial value.

L
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Schematic views of magnetic particles within macrophages during the three stages of the investigation showing the direction and strength of the magnetic field, the orientation of the dipoles formed by the magnetized particles, and the decay of the measured magnetic lung field (LF) over timeFigure 1
Schematic views of magnetic particles within macrophages during the three stages of the investigation showing the direction 
and strength of the magnetic field, the orientation of the dipoles formed by the magnetized particles, and the decay of the 
measured magnetic lung field (LF) over time.
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Then a weak field of 1 mT strength was applied over 3
min. in order to realign the particles. The equilibrium
lung field (Beq) is a measure of the achieved dipole align-
ment. Cellular energy Er was then estimated from Beq (BM)
= Bmax·L(α). This method of estimating cell motility is
independent of the viscoelastic environment.

Cytoskeletal integrity: mechanical properties of the 
cytoskeleton of macrophages
Application of a weak magnetic field mediates an external
particle twisting (Figure 1) and allows the investigation of
mechanical properties of the cytoskeleton, like cytoplas-
mic rheology and mechanical integrity. Experiments for
both discrete and continuous particle twisting were per-
formed. Discrete particle twisting implies the force appli-
cation for a short time period of 10 sec. This causes an
angular shear of the particles and a measure of apparent
viscosity. If the surrounding medium has elastic proper-
ties, we get elastic recoil which yields information about
substructures of the cytoskeleton. During continuous par-

ticle rotation, the twisting field BM is applied for 3 min.
until the dipole orientation reaches equilibrium.

Brownian rotational particle motion has an influence on
particle twisting in a weak magnetic field, and, as was
shown above, it prevents complete particle alignment.
The influence is significant when the twisting force is
small, as we have in small twisting fields, or when the
magnetic dipole aligns with the twisting field, which is the
case at continuous particle twisting during the equilib-
rium phase. For the estimation of viscous and elastic
parameters, the influence of Brownian motion was
neglected.

Continuous particle twisting
The experimental procedure of continuous particle twist-
ing is shown in Figure 4. After strong field magnetization,
2 min. relaxation was allowed in order to rotate the
dipoles a certain angle away from the initial orientation.
Then a reverse twisting field was applied for discrete time
periods (5 s, 10 s, 20 s, 30 s etc.), between these periods,
the LF was detected by moving the subject under the
SQUID-sensor and back to the magnetizing coil, which
requires about 3 – 4 sec. The small amount of elastic recoil
during this short time period was neglected. This proce-
dure was continued until a total twisting duration of 3
min. was achieved. Because the LF is a measure of cosθ(t)
(see Appendix), we can get an estimation of the mean ori-
entation angle θ(t) of the particles. Particles suspended in
a Newtonian viscosity η rotate in an external magnetic
twisting field according to Newton's law:

Measurement of macrophage motility as decay of the mag-netic lung field (relaxation) after particle alignment by pulse magnetizationFigure 2
Measurement of macrophage motility as decay of the mag-
netic lung field (relaxation) after particle alignment by pulse 
magnetization. b1 = B(1 min.)/B0 and b5 = B(5 min.)/B0 
denote the relative decay of the initial phase (after 1 min.) 
and of the slow phase (after five min.). The curves represent 
the mean relaxation behavior in healthy subjects, of patients 
with sarcoidosis (SAR), with interstitial lung fibrosis (IPF), 
and with chronic obstructive bronchitis (COB).

Measurement of cellular energy Er as competition between ordering of the dipoles in the external magnetizing field BM and randomization of the dipoles due to cytoskeletal motilityFigure 3
Measurement of cellular energy Er as competition between 
ordering of the dipoles in the external magnetizing field BM 
and randomization of the dipoles due to cytoskeletal motility.
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where dθ/dt is the shear rate, σ is the applied shear stress.
The viscosity η is the constant of proportionality. The
complete course of particle twisting under certain bound-
ary conditions is described in detail in the Appendix.

The curve NV in Figure 4a shows particle twisting in a
Newtonian viscosity (ηm), and the time constant was
adapted to the initial measurements. Increasing duration
of stress application reveals a retarded particle rotation in
the cells, which implies stiffening and non-Newtonian
behavior of the cytoskeleton. The non-Newtonian appar-
ent viscosity is characterized by the shear rate dependence
according to Eq. A6 and is shown in Figure 4b. Apparent
viscosity increases with decreasing shear rate sr according
to a power law: η ~ sr-α, where the power α is near unity.
This behavior is called pseudoplastic [37] and is character-
istic for particle twisting in alveolar macrophages and in
J774 macrophages [38]. Simulations have shown that this
behavior originates in part by elastic properties [15]. The
previous analyses show that the first measure of apparent

viscosity after 5 sec. stress duration (ηm) is a reliable esti-
mation of the viscosity of a more complex viscoelastic sys-
tem.

Discrete particle twisting (viscoelastic recoil)
Continuous particle twisting experiments demonstrate
non-Newtonian viscous properties, but do not allow a
direct measure of cytoskeletal elasticity. A visualization of
cytoskeletal elasticity was achieved by applying the twist-
ing field for a short time period of 10 sec. According to
Hoke's law the applied shear stress is proportional to the
strain (rotation angle θ), and the constant of proportion-
ality is the rigidity ν.

σ = ν·θ  (3)

Energy being stored during this shear is recovered by elas-
tic recoil of the particles. Modeling viscoelastic recoil by a
Voigt body, in which a viscosity η and the rigidity modu-
lus ν are in parallel (Appendix), a direct estimation of the
elasticity modulus is possible. In a Voigt-body, elastic
recoil returns the dipoles back to their orientation before
stress application. Particle twisting in living macrophages

d

dt

θ σ∝ ( )2

a) Continuous twist of the magnetic microparticles after pulse field alignment and 2 min. of relaxationFigure 4
a) Continuous twist of the magnetic microparticles after pulse field alignment and 2 min. of relaxation. b) Analysis of the corre-
sponding shear rate dependence of apparent viscosity during continuous particle twist. ηm denotes the apparent viscosity at 
the initial phase of particle twist, η5 denotes the apparent viscosity at a shear rate of 0.05 rad/s. The inset shows the a mag-
netic dipole, the component of detection along the z-axis and the rotation in the reverse twisting field.
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does not yield complete recoil (Figure 5); most of the
strain remains non-recoverable. This required an exten-
sion of the Voigt-body by an additional viscous element
η1. The whole system is then called a Voigt-Maxwell body.
Non-recoverable strain can indicate non-reversible defor-
mations in the cytoplasm.

Cell stiffness was estimated as the ratio between mean
stress to strain after a constant twisting duration of 10 sec.:

This analysis of stiffness does not view for specific viscous
or elastic properties. Therefore this parameter provides an
integral description of the cytoskeletal mechanical proper-
ties.

Data analysis
Because of the influence of phagocytosis and macro-
phages activation on the estimation of macrophage motil-
ity and mechanical cytoskeletal properties only the data
from one week after particle deposition till the end of the
study were used to form mean values for cell motility and
cytoskeletal mechanics. This also eliminates possible

effects of particles being deposited in the airways. The SAS
statistical software was used for data analysis. Because
some parameters were not normally distributed, data
reported in Table 1 and Table 2 were compared using a t-
Test and a non-parametric Wilcoxon-test. Significance lev-
els obtained with the Wilcoxon-test were mostly higher
compared to the t-Test. The border of achieved signifi-
cance given in the results holds for both tests, when not
separately mentioned. Pearson's and Spearman's rank cor-
relation analyses were performed in order to test possible
relations between the parameters.

Results
Lung function data
Lung function data of the study groups are given in Table
1. Healthy smokers had normal lung function data (FEV1
= 108 +/- 13 % predicted). The study groups did not differ
significantly from healthy subjects in their airway resist-
ance (Raw). The severity of airflow limitation based on val-
ues of FEV1 (% predicted) was mild or moderate in the
group of patients with COB, SAR and IPF. Patients with
chronic obstructive bronchitis (COB) had a significantly
lower FEV1/VC ratio and MEF75-25 than that of healthy
subjects. In patients with SAR and IPF, vital capacity was
significantly lower than that of healthy subjects. As for
TL,CO, only patients with IPF differed significantly from
healthy subjects.

Macrophage motility (relaxation) in healthy and diseased 
subjects
Table 2 and Figure 2 show the results of relaxation in all
investigated groups. In healthy subjects and in patients
none of the relaxation parameters was significantly influ-
enced by cigarette smoking. Therefore, in every group, the
data of NS and S were matched together, allowing the
direct relation of all relaxation data of the patient groups
to the healthy subjects. Figure 2 gives a plot of the mean
relaxation curve in every group. This curve is a function of
two exponential terms (Eq. A2) and was calculated by the
mean relaxation time constants of every group. The solid
line describes the behavior in healthy subjects (Healthy)
together with the relative decay after 1 min. and after 5
min., b1 and b5, and the corresponding standard devia-
tion (SD). The mean relaxation behavior in patients
(COB, SAR and IPF) is in the range of relaxation in healthy
subjects. We can estimate in tendency a faster relaxation in
patients with COB and with IPF.

More structural information can be obtained from the
analysis of the two exponential- term relaxation model. In
SAR, the fraction of slow relaxation (Ar_s) is significantly
increased (p = 0.01). In SAR and in IPF, there is an initially
faster decay (smaller Tr_f) compared to healthy (p < 0.01).
In IPF, the slow relaxation is faster (smaller Tr_s) in ten-
dency (p = 0.07).

Stiffness =
∆

( )σ
θ

4

Discrete reverse particle twist after pulse field alignment and 2 min. of relaxationFigure 5
Discrete reverse particle twist after pulse field alignment and 
2 min. of relaxation. The pure viscous element (viscosity η1) 
describes the non-recoverable strain and the viscoelastic ele-
ment (viscosity η2, elastic modulus ν2) describes the elastic 
recoil behavior of the magnetic microparticles within macro-
phages.
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Randomization energy Er
Cellular randomization energy estimated by the Langevin
model is Er ≈ 10-18 J. This value is much higher than ther-
mal energy (kT = 4.2·10-21 J at 37°C) and shows that ther-
mal energy can be neglected in the analysis of intracellular
phagosome motions. In vitro investigations have shown
that Er is correlated with the energy (ATP) status of the
macrophages [39]. The hydroxylation of one ATP mole-
cule yields an energy of ≈ 10-19 J. Cellular energy Er repre-
sents the motor of relaxation and phagosome transport in
the hydrodynamic relaxation model. In healthy subjects,
the cell energy Er is not influenced by cigarette smoking,
allowing the matching of NS, S and XS data. The data of
all investigated groups are shown in Table 2. Compared to
healthy subjects, Er is lower in SAR (p < 0.05). In IPF and
COB, Er is lower in tendency.

Continuous particle twisting
The results of the continuous particle twisting in alveolar
macrophages are summarized in Figure 6. Apparent vis-
cosity ηm (after 5 sec particle twisting) is not different
between NS and S in healthy subjects, as well as in the
patients groups (Figure 6a). Therefore in every group, the
data of NS, S, and XS were matched together. In patients
with SAR and COB, apparent viscosity shows no differ-
ences to healthy subjects. Apparent viscosity ηm is signifi-
cantly lower in patients with IPF (both in IPF(NS) and in
IPF(S), p < 0.01). The cytoskeleton of IPF macrophages is
softer compared to healthy macrophages.

The increase of apparent viscosity η with decreasing shear
rate sr according to the power law η ~ sr-α (Figure 4) could
be verified in all measurements. The power was α = 0.98
± 0.02, implying a linear increase of apparent viscosity
with decreasing shear rate. The power α was not influ-
enced by cigarette smoking or by disease. Using the power
law behavior, the normalized viscosity η5 at a shear rate of
0.05 rad/s was estimated for all subjects and is shown in
Figure 6b. The principal behavior of η5 in healthy subjects

and in patients is not different to ηm (Figure 6a), but the
data have a smaller variation.

Discrete particle twisting
More structural information on the mechanical behavior
of the cytoskeleton is obtained from discrete particle
twisting when the twisting field was applied for 10 sec. In
healthy subjects, cigarette smoke consumption does not
influence any of the parameters of discrete particle twist-
ing, allowing the matching of the NS, XS and S data in
each group. In healthy subjects, mean cytoskeletal stiff-
ness was 6.0 ± 2.2 Pa after 10 sec. particle twisting (Figure
7). 72 ± 13 % of the rotational strain was not recoverable,
which may result from pure viscous shear (or permanent
deformation). Elastic recoil was only visible in the
remaining 28% of particle shear and had a time constant
of Terc = 30 ± 14 sec. The corresponding units of Voigt-
Maxwell model according to Figure 5 and Equations A7
and A8 reveal a mean viscosity of η1 = 97 ± 58 Pa·s for the
pure viscous compartment and a viscosity of η2 = 166 ± 53
Pa·s and an elasticity modulus of ν2 = 6.3 ± 2.7 Pa for the
viscoelastic compartment.

Cell stiffness is not different in patients with COB com-
pared to healthy, as shown in Figure 7. The pure viscous
shear reveals results comparable to healthy subjects, but
the viscoelastic compartment shows a faster elastic recoil
(Terc = 17 ± 6 s, p < 0.01), which may originate from a sig-
nificantly lowered viscosity in this compartment (η2 = 107
± 42 Pa·s, p < 0.01). Finally, the elasticity modulus ν
remains unchanged compared to healthy.

Patients with SAR show no modifications in the integrat-
ing parameter cell stiffness. The shear strain in the pure
viscous compartments yields a viscosity comparable to
healthy subjects. The viscoelastic compartments has a
faster elastic recoil (Terc = 20 ± 7 s, p = 0.01), which is not
correlated with a (compared to healthy subjects) modified

Table 2: Results of the measurement of relaxation and of randomization energy, Er

Healthy SAR FIB COB

N 17 15 12 19
Ar_s 0.76 +/- 0.04 0.79 +/- 0.03 (**) 0.79 +/- 0.07 (ns) 0.75 +/- 0.06 (ns)
Tr_f, s 20.6 +/- 7.0 14.5 +/- 3.8 (**) 14.2 +/- 5.6 (**) 16.9 +/- 5.4 (ns)
Tr_s 259 +/- 61 257 +/- 39 (ns) 221 +/- 47 (ns) 239 +/- 57 (ns)
Tr_a, s 66.1 +/- 16.3 57.5 +/- 9.1 (ns) 50.2 +/- 12.5 (**) 55.7 +/- 14.5 (*)
b1 0.61 +/- 0.05 0.63 +/- 0.02 (ns) 0.60 +/- 0.04 (ns) 0.59 +/- 0.07 (ns)
b5 0.23 +/- 0.07 0.24 +/- 0.04 (ns) 0.20 +/- 0.06 (ns) 0.21 +/- 0.07 (ns)
Er, 10-18 J 6.0 +/- 2.1 4.6 +/- 1.5 (*) 5.2 +/- 2.6 (ns) 5.4 +/- 3.1 (ns)

Data are presented as mean +/- SD; SAR: patients with sarcoidosis, IPF: patients with idiopathic pulmonary fibrosis, COB: patients with chronic 
obstructive bronchitis, N: number of subjects, parameters of the two-term exponential relaxation model: Ar_s: fraction of slow decay, Tr_f: time 
constant of fast decay, Tr_s: time constant of slow decay, Tr_a: time constant of initial decay; b1: normalized decay after 1 min.; b5: normalized decay 
after 5 min.; Er: cell energy; ns: not significant; *: p < 0.05, **: p < 0.01).
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viscosity in this compartment, but the elasticity modulus
is increased in tendency.

In patients with IPF, cytoskeletal stiffness is significantly
reduced (4.2 ± 1.2 Pa, p < 0.02), as shown in Figure 7. This
reduced stiffness primarily results from a decreased viscos-
ity of the pure viscous compartment (η1 = 61 ± 15 Pa·s, p
= 0.02). The viscoelastic compartment (including elastic
recoil time constant) is not altered in patients with IPF
compared to healthy. This is in agreement with continu-
ous particle twisting where apparent viscosity was low-
ered.

Discussion
Effect of cigarette smoking in healthy subjects
Relaxation shows no differences between healthy NS and
S, although there seems to be in tendency a slower decay
with a reduced motility in healthy smokers. This result is
surprising because we expected a strong influence of ciga-
rette smoking on AM motility and on relaxation. Two in
vitro studies on relaxation in smokers and non-smokers
have been done [22-24]. In both studies, alveolar macro-
phages were harvested by bronchoalveolar lavage (BAL)
from the human lungs and then incubated together with
magnetic micro particles for 24 hours. Relaxation was
measured in a cytomagnetometric system. In Valberg's
study, relaxation was faster in smokers compared to non-
smokers. In this study, the cigarette smoke consumption
was not clearly reported, but the subjects seem to be
younger (20 – 30 years of age). In the second study by
Gehr and Im Hof, relaxation did not show differences
between NS and S. The subjects in this study had a mean
cumulative cigarette smoke consumption of 8 PY, suggest-
ing that they are younger. In agreement to Gehr's and
Imhof's study our data suggest that even with a high ciga-
rette smoke consumption of 45 PY cell organelle motions
are not affected. We have to keep in mind that our data do
not report the response of an acute cigarette smoking. In
smokers there seems to be an adaptation and the primary
response of the lung to the permanent cigarette smoke
exposure is the increase in the number of macrophages in
the lungs. The differences found in one of the in vitro stud-
ies are probably influenced by the BAL procedure and by
the incubation method.

In agreement to the relaxation behavior in relation to cig-
arette smoking is the result for the driving energy of relax-
ation. Cellular energy Er was not influenced by cigarette
smoking. The significantly lower Er in SAR and in ten-
dency in IPF and in COB may account for effects on the
energy status and metabolism of macrophages.

Additionally, cigarette smoking did not influence any of
the mechanical properties estimated by continuous or by
discrete particle twisting. The results suggest that cigarette

smoking does not influence intracellular phagosome
transport processes, (relaxation), which reflects macro-
phage motility, nor directed phagosome motion (mag-
netic twisting), which reflects the cytoskeletal integrity.
The biochemical and immunological response of the
lungs to chronic cigarette smoking has no correlation to
the cell motility and mechanical integrity of the cytoskel-
eton of macrophages.

Phagosome motion and twisting in lung diseases
Although it is known from biochemical and immunolog-
ical investigations that macrophages are activated in SAR,
and specifically during exacerbations, such as enhanced
proliferation activity [40]; enhanced release of tumor
necrosis factor alpha (TNF α) and interleukin-1 (IL-1)
[41], the course of relaxation (b5) does not differ signifi-
cantly from healthy subjects, only the initial decay was
accelerated. In addition Er, the driving energy of relaxa-
tion, was lower in SAR, which is opposite to expectations
from a faster initial relaxation, suggesting an increase in
Er. But the faster initial relaxation in SAR correlates with
the faster elastic recoil after discrete particle twisting,
which may reveal altered elastic properties of the cytoskel-
eton. The data show that the rheological properties of the
cytoskeleton have significant impact on phagosome
motion and on relaxation. We have previously shown that
cytoskeletal elasticity is primarily related to the actin
cytoskeleton [16], suggesting that the SAR may influence
the microfilamentous structure of the macrophages. The
limited effects of the disease SAR on the cytoskeletal
dynamics may result in part from the stable status of the
disease during the investigation period and the use of spe-
cific drugs.

In COB, a faster initial relaxation was recorded, which cor-
relates with the faster elastic recoil in discrete particle
twisting. The compartmental analysis showed that reason
for this faster recoil is a lowered viscosity in the viscoelas-
tic compartment (η2).

The faster relaxation in IPF correlates with significant
alterations in the mechanical integrity of the cytoskeleton
of the macrophages. This is verified both in continuous
and in discrete phagosome twisting, where all viscosities
and the stiffness of the cytoskeleton are lowered. We con-
clude that IPF coincides with a structural damage of the
cytoskeletal integrity, resulting in multiple cytoskeletal
dysfunctions. In vitro, such damage can be induced by
cytoskeletal drugs, such as Cytochalasin D, which disrupts
microfilaments, Nocodazole, which disrupts microtubuli,
or Acrylamide, which disrupts intermediate filaments
[16,42]. Destruction of cytoskeletal filaments of macro-
phages can cause several dysfunctions, such as retarded
migration and phagocytosis, together with a retarded
cytotoxicity against bacteria or viruses, besides other
Page 9 of 14
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immunological and biochemical dysfunctions. Compara-
ble inhibition of cytoskeletal functions was shown after
incubation of macrophages with toxic particles [43], or
with different types of ultrafine environmental particles,
resulting in a impairment of relaxation, and a stiffening of
the cytoskeleton [20], and it could be shown that the cal-
cium metabolism plays an important role in this dysfunc-
tions [21]. The significant damage in cytoskeletal structure
and function may explain the impaired phagocytosis [17]
and impaired alveolar clearance [11] in IPF patients.

Analysis of correlation
Estimation of the relaxation parameters, cellular energy,
cumulative, and discrete particle twisting are separate
measurements. A correlation analysis of all data provides
information about the interconnection of parameters and
can be used to test the proposed rheological models. The
Voigt-Maxwell system used in this study is the simplest
configuration giving characteristic features.

Macrophage motility
The randomization energy Er is the motor of relaxation.
Therefore, a strong correlation between the relaxation
time constants and Er was expected, which can not be ver-
ified by the data. Er shows a strong correlation with the
viscosity parameters, both estimated from discrete as well
as from continuous particle twisting, where the pure vis-

cous compartment η1 is the relevant parameter (coeffi-
cient of correlation, cc = 0.64, p < 0.001). This suggests
that the viscosity estimations are influenced by the intrac-
ellular phagosome transport mechanisms.

Continuous particle twisting
It has been shown that the mechanical properties of the
cytoskeleton are non-Newtonian; and the estimated vis-
cosity depends on the shear rate and on the twisting force
[15]. The cytoskeleton shows increased stiffening with
decreasing shear rate. From the power law behavior, the
viscosity at the shear rate sr = 0.05 rad/s, η5 was estimated
for all subjects, thus removing the shear rate influence.
This normalized viscosity η5 has a reduced variability
compared to the initial viscosity ηm, but still reports the
dysfunctions in IPF. η5 is highly dependent on the mean
stress applied during particle twisting, as shown in Figure
8 (cc = 0.985, p < 0.001). The behavior describes a stiffen-
ing of the cytoskeleton, not only with decreasing shear
rate, but also with increasing stress, which is not the case
for ηm (Figure 8). Such stiffening was found previously in
mechanical studies of endothelial cells [42] and also in
alveolar macrophages [15]. This linear stiffening behavior
is typical for living tissues [44] and is evidence for an
intact cytoskeletal network. Such a stiffening cannot be
described by a rheological model and implies a cytoskele-

Box plot of the initial apparent viscosity (ηm, a) and the apparent viscosity at a shear rate of 0.05 rad/s (η5, b) after continuous particle twisting for non-smoking (NS) and smoking (S) healthy subjects and for patients with the investigated lung diseases (dashed lines denote median values)Figure 6
Box plot of the initial apparent viscosity (ηm, a) and the apparent viscosity at a shear rate of 0.05 rad/s (η5, b) after continuous 
particle twisting for non-smoking (NS) and smoking (S) healthy subjects and for patients with the investigated lung diseases 
(dashed lines denote median values).
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ton structure of interconnected units, which was proposed
by the tensegrity model [45,46].

Discrete particle twisting
As mentioned above, discrete particle twisting reflects two
different rheological compartments. Particle twisting in
the pure viscous unit bears no energy storage and shows
no strain recovery. The second compartment is a viscoe-
lastic body, in which all strain is recoverable. Figure 9
shows the correlation between both viscosity estimations
from discrete particle twisting with the apparent viscosity
from continuous particle twisting. The pure viscous com-
partment η1 correlates with the apparent viscosity ηm (cc =
0.87, p < 0.001), while the viscosity of the viscoelastic
compartment η2 does not. The pure viscous compartment
η1 is determined by the main fraction of shear (72 +/-
13%); the viscoelastic compartment is of secondary influ-
ence. Variations in cytoskeletal stiffness are primarily
mediated by the pure viscous compartment.

Since the viscous shear is dominant in discrete particle
twisting and the slow decay is the main relaxation behav-
ior, we suggest that both phenomena result from the same
hydrodynamic and cytoskeletal unit, the viscosity η1. But
in the correlation analysis, the two parameters Tr_s and η1
appear to be independent. None of the relaxation param-

eters correlate with any of the twisting parameters. These
results suggest that relaxation (cellular phagosome
motion) and magnetic particle twisting (directed external
phagosome motion) may reflect two independent mech-
anisms within the cell dynamics. Relaxation measures the
transport of phagosomes along cytoskeletal units, while
magnetic particle twisting measures the mechanical integ-
rity (viscoelasticity) of the cytoskeletal units via the appli-
cation of external forces.

There are several indications that vesicles and phago-
somes are primarily coupled to the microtubules [47].
Our data are in agreement with these studies and suggest
that the pure viscous compartment of discrete particle
twisting reflects the mechanical behavior of microtubules.
Because microfilaments appear highly viscoelastic
[48,49], the viscoelastic compartment may be associated
with the microfilaments.

Although the role of the different cytoskeletal substruc-
tures during a defense reaction in the lung is not under-
stood, we can conclude that the method delivers
information about basic physiological processes in mac-
rophages. Microfilaments mediate phagocytosis and the
formation of phagosomes, and the microtubuli provide
the structure for phagosome trafficking and phagosome –
lysosome fusion. Therefore MPG investigations deliver in
vivo information about the function of macrophages and
might help to interpret pathophysiological reactions in
macrophages in the lungs.

Another feature of MPG might be an in vivo monitor of the
action of toxic pollutants and of drugs on macrophages in
the lungs.

Appendix
Hydrodynamic model of relaxation
A first step to model relaxation is to describe the stochastic
particle twisting as rotational Brownian motion. In this
model, thermal energy kT induces random rotational
pulses on the particles that cause a stochastic twisting of
the magnetic dipole particles. These rotational move-
ments happen within a viscous environment (viscosity η).
We apply this model to the intracellular rotation of parti-
cle containing phagosomes in macrophages, where kT is
replaced by some unknown cellular energy Er. When using
spherical particles, the decay of the lung field (LF) follows
an exponential function according to [36]:

where V is the volume of the particles, η is the viscosity of
the cytoplasm, and κ is the rotational shape factor (κ = 6
for spheres). An exponential relaxation could be verified
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Box plot of cytoskeletal stiffness (ratio between mean stress and strain) after 10 s discrete particle twisting for non-smok-ing (NS) and smoking (S) healthy subjects and for patients with lung diseases (dashed lines denote median values)Figure 7
Box plot of cytoskeletal stiffness (ratio between mean stress 
and strain) after 10 s discrete particle twisting for non-smok-
ing (NS) and smoking (S) healthy subjects and for patients 
with lung diseases (dashed lines denote median values).
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using monodisperse spherical magnetic particles, which
were suspended in a Newtonian viscosity [38].

In vivo and in vitro investigations of relaxation with spher-
ical particles in macrophages yield deviations from a sin-
gle exponential decay. An initially fast decaying phase
(over the first 30 s) was followed by a slower exponential
phase lasting up to 20 min. Therefore, the decay was fitted
by a double exponential function:

where Tr_f and Tr_s are the time constants for the fast and
the slow relaxation phases, respectively; Ar_s describes the
fraction of relaxation following the slow phase. About
20% of the LF followed the fast decay with a half-time of
20 sec., while 80% of the LF followed the slowly decay
with half-times near 200 sec. Further studies have shown
that both the fast and the slow decaying fraction depend
on the particle size [38].

Particle twisting in a magnetic field (secondary 
magnetization)
Secondary magnetization describes the twist of the dipole
particles in a weak magnetic field BM. A magnetic torque
Nmag = m BM sinθ acts on a remanent dipole m in an exter-
nal magnetic field BM that twists the particle until the
dipole is aligned with the magnetizing field: θ is the angle
between BM and m. The viscosity η of the surrounding
fluid resists this twist, resulting a hydrodynamic retarding
torque Nhyd = -κVη·dθ/dt; dθ/dt is the angular velocity of
rotation (shear rate), V is the volume and κ is the shape

factor of the particle (κ = 6 for spheres). The balance of
both torques describes the dipole particle rotation:

with the solution:

MT = m/V is the remanent magnetization of the particles,
θ0 is the initial orientation of the dipole m. Only the com-
ponent of magnetic moment parallel to the magnetizing
field, m·cosθ(θ0,t), is detected. From Eq. A4, cosθ(θ0,t)
can be expressed as:

The time constant τ (Eq. A4) shows that particle twisting
is independent of particle size. This method of viscosity
measurement was calibrated with magnetite spheres sus-
pended in a highly viscous Newtonian fluid [38].

Equations A3 – A5 only hold for Newtonian viscosities,
where the viscosity is independent of the shear rate.
Including elastic properties makes the system non-Newto-
nian. Nevertheless, secondary magnetization measure-
ments can be analyzed with Eq. A3, yielding a shear rate
dependent apparent viscosity. Since the relative LF is a
measure of cosθ(t), the orientation angle θ(t) = arc-
cos(B(t)/Bmax) and the shear rate ∆θ/∆t can be predicted.
Then Eq. A3 is used to estimate the apparent viscosity as:

Viscoelastic recoil
The relaxation and particle twisting measurements have
shown that the viscosity of the cytoskeleton behaves non-
Newtonian and has elastic properties. The simplest viscoe-
lastic body is a Voigt-body, where the viscosity η is in par-
allel with an elastic element with rigidity ν. The
differential equation for this simple viscoelastic system is:

θ0 is the orientation before particle twist. During particle
rotation in a viscoelastic Voigt-body, elastic energy is
stored. After removing the magnetic torque (BM = 0), elas-
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tic recoil happens. Eq. A7 predicts elastic recoil behavior
(σ = 0) as:

Terc is the time constant of elastic recoil. Knowing the vis-
cosity η, the rigidity modulus ν can be estimated from the
time path of the elastic recoil process. In a Voigt-body,
elastic recoil returns the dipoles to their orientation before
stress application, independent of applied stress.

The experimental results show this behavior only for weak
twisting fields [15]. Particle twisting with higher stress
does not yield complete recoil; some non-recoverable
strain remains. Non-recoverable strain might indicate per-
manent deformations in the cytoplasm. For a rheological
description, the Voigt-body was extended by an addi-
tional viscous element. The whole system is called a Voigt-
Maxwell body.

Authors' contributions
WM, WB and WGK performed the biomagnetic investiga-
tions, such as generation of particles and inhalation, the
biomagnetic measurements, and the data analysis. MK
and KH performed the clinical part of the study, such as
evaluation and characterization of the participants.

References
1. Gehr P: Respiratory tract structure and function.  Journal of Tox-

icology and Environmental Health 1984, 13(2-3):235-249.
2. ICRP Publication 66: Human respiratory tract model for radio-

logical protection. A report of a Task Group of the Interna-
tional Commission on Radiological Protection.  In Annals of the

ICRP Volume 24. Issue 1-3 Edited by: Smith H. Oxford, UK , Elsevier
Science Ltd.; 1994:1-482. 

3. Nyberg K, Johansson A, Camner P: Intraphagosomal pH in alve-
olar macrophages studied with fluorescein- labeled amor-
phous silica particles.  Experimental Lung Research 1989,
15(1):49-62.

4. Tjelle TE, Lovdal T, Berg T: Phagosome dynamics and function.
Bioessays 2000, 22(3):255-263.

5. Mullins C, Bonifacino JS: The molecular machinery for lysosome
biogenesis.  Bioessays 2001, 23(4):333-343.

6. Valerius NH, Stendahl OI, Hartwig JH, Stossel TP: Distribution of
actin-binding protein and myosin in neutrophils during
chemotaxis and phagocytosis.  Advances in Experimental Medicine
and Biology 1982, 141:19-28.

7. Stossel TP: On the crawling of animal cells.  Science 1993,
260(5111):1086-1094.

8. Janmey PA: The cytoskeleton and cell signaling: component
localization and mechanical coupling.  Physiological Reviews 1998,
78(3):763-781.

9. Cohen D, Arai SF, Brain JD: Smoking impairs long-term dust
clearance from the lung.  Science 1979, 204(4392):514-517.

10. Stahlhofen W, Möller W: Behaviour of magnetic micro-parti-
cles in the human lung.  Radiation and Environmental Biophysics
1993, 32(3):221-238.

11. Möller W, Barth W, Kohlhäufl M, Häussinger K, Stahlhofen W, Hey-
der J: Human alveolar long-term clearance of ferromagnetic
iron-oxide microparticles in healthy and diseased subjects.
Experimental Lung Research 2001, 27:547-568.

12. Möller W, Häussinger K, Winkler-Heil R, Stahlhofen W, Meyer T,
Hofmann W, Heyder J: Mucociliary and long-term particle
clearance in the airways of healthy non-smokers.  Journal of
Applied Physiology 2004, 97(6):2200-2206.

13. Stokinger HE: A review of world literature finds iron oxides
noncarcinogenic.  American Industrial Hygiene Association Journal
1984, 45(2):127-133.

14. Barth W, Möller W, Pohlit W, Stahlhofen W, Wiegand J: Magnetop-
neumographic estimation of particle phagocytosis in the
human lungs.  Journal of Aerosol Science 1994, 25(Suppl.):S491-492.

15. Möller W, Takenaka S, Rust M, Stahlhofen W, Heyder J: Probing
mechanical properties of living cells by magnetopneumogra-
phy.  Journal of Aerosol Medicine 1997, 10(3):173-186.

16. Möller W, Nemoto I, Matsuzaki T, Hofer T, Heyder J: Magnetic
phagosome motion in J774A.1 macrophages: influence of
cytoskeletal drugs.  Biophysical Journal 2000, 79(2):720-730.

17. Möller W, Kreyling WG, Kohlhäufl M, Häussinger K, Heyder J: Mac-
rophage functions measured by magnetic microparticles in
vivo and in vitro.  Journal of Magnetism and Magnetic Materials 2001,
225(1-2):218-225.

18. Aizawa Y, Takata T, Karube H, Tatsumi H, Inokuchi N, Kotani M, Chi-
yotani K: Magnetometric evaluation of the effects of gallium
arsenide on the clearance and relaxation of iron particles.
Industrial Health 1993, 31(4):143-153.

19. Okada M, Karube H, Niitsuya M, Aizawa Y, Okayasu I, Kotani M: In
vitro toxicity of gallium arsenide in alveolar macrophages
evaluated by magnetometry, cytochemistry and morphol-
ogy.  Tohoku Journal of Experimental Medicine 1999, 189(4):267-281.

20. Möller W, Hofer T, Ziesenis A, Karg E, Heyder J: Ultrafine parti-
cles cause cytoskeletal dysfunctions in macrophages.  Toxicol-
ogy and Applied Pharmacology 2002, 182:197-207.

21. Möller W, Brown DM, Kreyling WG, Stone V: Ultrafine particles
cause cytoskeletal dysfunctions in macrophages: role of
intracellular calcium.  Particle and Fibre Toxicology 2005, 2:7.

22. Gehr P, Klauser M, Im Hof V: Intracellular motility of pulmonary
macrophages from smokers and nonsmokers.  In Advances in
biomagnetism Edited by: Williamson SJ, Hoke M, Stroink G, Kotani M.
New York , Plenum Press; 1989:473 -4476. 

23. Valberg PA, Jensen WA, Rose RM: Cell organelle motions in
bronchoalveolar lavage macrophages from smokers and
nonsmokers.  American Review of Respiratory Disease 1990, 141(5 Pt
1):1272-1279.

24. Im Hof V, Klauser M, Gehr P: Phagocytic properties and
organelle motility of pulmonary macrophages from smokers
and nonsmokers estimated in vitro by magnetometric
means.  European Respiratory Journal 1990, 3(2):157-162.

25. Siafakas NM, Vermeire P, Pride NB, Paoletti P, Gibson J, Howard P,
Yernault JC, Decramer M, Higenbottam T, Postma DS, Rees J: Opti-

θ θ
η
ν

( ) exp( ) , .t t
T T

erc
erc= ∆ − −{ } = ( )1 8A

Correlation between viscosity estimations after discrete and after continuous particle twistingFigure 9
Correlation between viscosity estimations after discrete and 
after continuous particle twisting.
Page 13 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2537190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2537190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2537190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10684585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11268039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11268039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8493552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9674694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9674694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=432655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=432655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11597117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11597117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15347631
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15347631
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6367411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6367411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10174196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10174196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10174196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10920006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10920006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10920006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7512540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7512540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10739163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10739163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10739163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2339846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2339846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2339846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2311741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2311741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2311741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7489808


BioMagnetic Research and Technology 2006, 4:4 http://www.biomagres.com/content/4/1/4
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

mal assessment and management of chronic obstructive pul-
monary disease (COPD). The European Respiratory Society
Task Force.  European Respiratory Journal 1995, 8(8):1398-1420.

26. Ferris BG: Epidemiology Standardization Project (American
Thoracic Society).  American Review of Respiratory Disease 1978,
118(6 Pt 2):1-120.

27. Quanjer PH, Tammeling GJ, Cotes JE, Pedersen OF, Peslin R, Yernault
JC: Lung volumes and forced ventilatory flows. Report Work-
ing Party Standardization of Lung Function Tests, European
Community for Steel and Coal. Official Statement of the
European Respiratory Society.  European Respiratory Journal 1993,
16(Suppl.):5-40.

28. Cotes JE, Chinn DJ, Quanjer PH, Roca J, Yernault JC: Standardiza-
tion of the measurement of transfer factor (diffusing capac-
ity). Report Working Party Standardization of Lung
Function Tests, European Community for Steel and Coal.
Official Statement of the European Respiratory Society.
European Respiratory Journal Supplement 1993, 16:41-52.

29. Möller W, Scheuch G, Sommerer K, Heyder J: Preparation of
spherical monodisperse ferrimagnetic iron-oxide micropar-
ticles between 1 and 5 µm diameter.  Journal of Magnetism and
Magnetic Materials 2001, 225(1-2):8-16.

30. Freedman AP, Robinson SE, O'Leary K, Goodman L, Stellman JM:
Non-invasive magnetopneumographic determination of
lung dust loads in steel arc welders.  British Journal of Industrial
Medicine 1981, 38(4):384-388.

31. Möller W, Stahlhofen W: Magnetic material in the lungs of den-
tal technicians.  Journal of Aerosol Science 1989, 20(8):1345-1348.

32. Stahlhofen W, Möller W, Godleski J: Relaxation measurements
with spherical magnetic particles in the human lungs.  Journal
of Aerosol Science 1990, 21(3):355-362.

33. Schürch S, Gehr P, Im Hof V, Geiser M, Green F: Surfactant dis-
places particles toward the epithelium in airways and alveoli.
Respiration Physiology 1990, 80(1):17-32.

34. Nemoto I, Möller W: Models of phagosome motion within cells
measured by cytomagnetometry incorporating viscoelastic-
ity.  In Recent Advances in Biomagnetism Edited by: Yoshimoto T,
Kotani M, Kuriki S, Karibe H, N. N. Sendai, Japan , Tohoku University
Press; 1999:1121-1124. 

35. Nemoto I, Möller W: A viscoelastic model of phagosome
motion within cells based on cytomagnetometric measure-
ments.  IEEE Transactions on Biomedical Engineering 2000,
47(2):170-182.

36. Nemoto I: A model of magnetization and relaxation of fer-
rimagnetic particles in the lung.  IEEE Transactions on Biomedical
Engineering 1982, 29(12):745-752.

37. Wilkinson WL: Non-Newtonian fluids; fluid mechanics, mixing
and heat transfer.  In International series of monographs on chemical
engineering, v 1 New York , Pergamon Press; 1960:xiv, 138. 

38. Möller W, Guzijan V, Pohlit W, Stahlhofen W, Wenisch T, Wiegand
J: Cytomagnetometry with ferrimagnetic micro-particles -
influence of particle size and dispersity.  Journal of Aerosol Science
1992, 23(Supplement):S519-S520.

39. Nemoto I, Ogura K, Toyotama H: Estimation of the energy of
cytoplasmic movements by magnetometry: effects of tem-
perature and intracellular concentration of ATP.  IEEE Trans-
actions on Biomedical Engineering 1989, 36(6):598-607.

40. Kreipe H, Radzun HJ, Heidorn K, Barth J, Kiemle-Kallee J, Petermann
W, Gerdes J, Parwaresch MR: Proliferation, macrophage colony-
stimulating factor, and macrophage colony-stimulating fac-
tor-receptor expression of alveolar macrophages in active
sarcoidosis.  Laboratory Investigation 1990, 62(6):697-703.

41. Mueller-Quernheim J, Pfeifer S, Maennel D, Strausz J, Ferlinz R: Lung-
restricted activation of the alveolar macrophage/monocyte
system in pulmonary sarcoidosis.  American Review of Respiratory
Disease 1992, 145(1):187-192.

42. Wang N, Butler JP, Ingber DE: Mechanotransduction across the
cell surface and through the cytoskeleton.  Science 1993,
260(5111):1124-1127.

43. Okada M, Inoue Y, Karube H, Niitsuya M, Tohnori H, Aizawa Y, Oka-
yasu I, Kotani M: Cytotoxic evaluation of arsenic compounds in
alveolar macrophages in h amsters.  Applied Organometallic
Chemistry 2001, 15:252-260.

44. Stamenovic D: Micromechanical foundations of pulmonary
elasticity.  Physiological Reviews 1990, 70(4):1117-1134.

45. Ingber DE: Cellular tensegrity: defining new rules of biological
design that govern the cytoskeleton.  Journal of Cell Science 1993,
104(Pt 3):613-627.

46. Stamenovic D, Fredberg JJ, Wang N, Butler JP, Ingber DE: A micro-
structural approach to cytoskeletal mechanics based on
tensegrity.  Journal of Theoretical Biology 1996, 181(2):125-136.

47. Ashkin A, Schuetze K, Dziedzic JM, Euteneuer U, Schliwa M: Force
generation of organelle transport measured in vivo by an
infrared laser trap (see comments).  Nature 1990,
348(6299):346-348.

48. Janmey PA, Hvidt S, Peetermans J, Lamb J, Ferry JD, Stossel TP: Vis-
coelasticity of F-actin and F-actin/gelsolin complexes.  Bio-
chemistry 1988, 27(21):8218-8227.

49. Janmey PA, Hvidt S, Kaes J, Lerche D, Maggs A, Sackmann E, Schliwa
M, Stossel TP: The mechanical properties of actin gels. Elastic
modulus and filament motions.  Journal of Biological Chemistry
1994, 269(51):32503-32513.
Page 14 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7489808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7489808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=742764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=742764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7317303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7317303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7317303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2367749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2367749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10721624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10721624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10721624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7173941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7173941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2731946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2731946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2731946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1694255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1694255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1694255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1731582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1731582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1731582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7684161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7684161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2217556
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2217556
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8935591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8935591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8935591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2250707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2250707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2250707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2852957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2852957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7798252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7798252
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Subjects and pulmonary function testing
	Preparation of ferrimagnetic tracer-particles, inhalation and detection
	Correction for non-rotational particles (phagocytosis)
	Macrophage motility (relaxation)
	Macrophage motility (randomization energy)
	Cytoskeletal integrity: mechanical properties of the cytoskeleton of macrophages
	Continuous particle twisting
	Discrete particle twisting (viscoelastic recoil)
	Data analysis

	Results
	Lung function data
	Macrophage motility (relaxation) in healthy and diseased subjects
	Randomization energy Er
	Continuous particle twisting
	Discrete particle twisting

	Discussion
	Effect of cigarette smoking in healthy subjects
	Phagosome motion and twisting in lung diseases
	Analysis of correlation
	Macrophage motility
	Continuous particle twisting
	Discrete particle twisting


	Appendix
	Hydrodynamic model of relaxation
	Particle twisting in a magnetic field (secondary magnetization)
	Viscoelastic recoil

	Authors' contributions
	References

