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entists have no general theory for their assembly or oper-
ation. The basic physical principles are individually well
understood; what is lacking is a framework that combines
the elegance of abstraction with the power of prediction.

Proteins are quite different from the simple diatomic
molecules that represent the traditional border between
physics and chemistry; they are enormously large, and for
many purposes quantum mechanics plays a negligible role
in their function. Of course, if the question of interest hap-
pens to be the chemistry that takes place in the active site
of an enzyme, one must ultimately look to quantum me-
chanics as the basis for understanding. Quantum me-
chanics can be neglected in the same sense that it is ig-
nored in dynamical descriptions of everyday objects: On
the smallest length scales, all atoms are fundamentally
quantum, but Planck’s constant is not needed to formulate
and apply the principle of least action. Indeed, one would
be hard put to describe many physical phenomena, rang-
ing from protein behavior to critical phenomena to galax-
ies, if a fully quantum mechanical description were re-
quired. Proteins as molecules are polymers, and can often

be treated with a combination of continuum mechanics
and statistical mechanics. They act, in other words, as es-
sentially classical objects.

How much can one molecule do? Consider, for exam-
ple, ATP (adenosine triphosphate) synthase. This macro-
molecular assembly, only about 10 nanometers on a side, is
an essential part of the cellular factory that produces ATP,
the universal energy currency of life. We will not get into
the details of the biological role of ATP synthase in the cell,
but consider merely what it is capable of doing in isolation:
It is a rotary motor. In the presence of a proton gradient,
this remarkable machine turns a spindle as it adds phos-
phate groups to molecules of adenosine diphosphate to pro-
duce ATP.2 And every day, as discussed in box 1, the cells
in your body perform this phosphate-addition reaction to
produce roughly your body weight in ATP molecules.

But that is not all: ATP synthase can run in reverse.
It can consume ATP, and with each ATP molecule that is
hydrolyzed, the central shaft of ATP synthase turns by 120
degrees, directly converting chemical to mechanical en-
ergy. That reverse operation was explicitly demonstrated
through a series of elegant experiments in which a molec-
ular propeller was attached to the shaft and then imaged
with optical microscopy (see figure 1).3 The propeller ro-
tated in the presence of ATP, with absolute thermodynamic
efficiencies of up to 90%. Despite the tremendous strides
made in nanotechnology, no device of similar functionality
can yet be fabricated with inorganic materials. Further-
more, many questions remain about the basic principles
by which molecular machines such as ATP synthase con-
vert chemical energy to mechanical forces.

Working in a noisy environment
As noted in our introductory remarks, molecular machines
operate at energies and lengths common to a host of dif-
ferent processes. In addition to being intriguing, that
regime adds to the challenge of analyzing the cell’s ma-
chines. Figure 2 shows how thermal, chemical, mechani-
cal, and electrostatic energies scale with the size of an as-
sociated object, and illustrates the confluence of energies.
As the characteristic size approaches that of biological
macromolecules, all the energies converge. The conver-
gence is remarkable, since the energies range over 20 or-
ders of magnitude as object size scales from subatomic to
macroscopic; its existence is an opportunity for complex
physical phenomena and processes that are evidently uti-
lized by life. Broadly speaking, the interplay between ther-
mal and deterministic forces is what gives rise to the rich
behavior of molecular machines. For example, thermal ef-
fects permit such processes as diffusion, conformational
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Figure 1. The incredibly small motor ATP synthase adds a
phosphate group to adenosine diphosphate to make
adenosine triphosphate. When run in reverse, it converts
chemical energy stored in ATP to mechanical energy of
rotation. (a) An actin filament (pink) added to the shaft of
the ATP synthase enables the shaft’s rotation to be imaged
with an optical microscope. Each ATP-to-ADP reaction
causes the actin propeller to rotate counterclockwise by
120°. In the experiment depicted here,3 a subcomplex of
the ATP synthase was attached to a bead (orange) and
cover slip. (b) The plot shows the discrete shifts in pro-
peller position that accompany the chemical reactions.
The inset tracks locations of the propeller. Note the single
clockwise rotation just before the 50-second mark; a ther-
mal fluctuation has caused the propeller to rotate in the
“wrong” direction. (Images courtesy of Kazuhiko Kinosita
Jr, Waseda University, Japan.) 
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Somos Feitos Disso

tensegrity model to the substrate by
flattening it and sewing the ends of
some of the dowels to the cloth.
These attachments were analogous
to the cell-surface molecules, now
known as integrins or adhesion re-
ceptors, that physically connect a cell
to its anchoring substrate.

With the dowel ends sewed to the
tightly pinned cloth, the model re-
mained flat, just as a real cell does on
a hard substrate. When I lifted the
pins to free the cloth from the wood, however, thereby mak-
ing the cell’s anchoring surface flexible, the tensegrity model
popped up into its more spherical form, puckering the cloth
underneath. Furthermore, I noticed that when I stretched the
model flat by connecting it to the cloth substrate, the cell and
nucleus inside it extended in a coordinated manner. The nu-
cleus model also moved toward the bottom of the simulated
cell. Soon thereafter, I showed experimentally that living cells
and nuclei spread and polarize in a similar manner when
they adhere to a substrate. Thus, with my highly simplified
construction, I showed that tensegrity structures mimic the
known behavior of living cells.

Hard-Wiring in Cells

In the years since my modeling experiment, biologists have
learned a great deal about the mechanical aspects of cells,

and their findings seem to confirm that cells do indeed get
their shape from tensegrity. Further, just as the models predict,
most cells derive their structure not only from the cytoskele-
ton’s three major types of filaments but also from the extra-
cellular matrix—the anchoring scaffolding to which cells are
naturally secured in the body.

Inside the cell, a gossamer network of contractile micro-

filaments—a key element of the cytoskeleton—extends through-
out the cell, exerting tension. In other words, it pulls the cell’s
membrane and all its internal constituents toward the nucleus
at the core. Opposing this inward pull are two main types of
compressive elements, one of which is outside the cell and the
other inside. The component outside the cell is the extracellu-
lar matrix; the compressive “girders” inside the cell can be ei-
ther microtubules or large bundles of cross-linked micro-
filaments within the cytoskeleton. The third component of
the cytoskeleton, the intermediate filaments, are the great in-
tegrators, connecting microtubules and contractile micro-
filaments to one another as well as to the surface membrane
and the cell’s nucleus. In addition, they act as guy wires, stiff-

CYTOSKELETON of a cell consists of microfilaments
(bottom left), microtubules (bottom center) and inter-
mediate filaments (bottom right), all of which are
nanometers wide. The rounded shape near the center
in each of these photographs is the cell nucleus. The
three components interconnect to create the cytoskele-
tal lattice, which stretches from the cell surface to the
nucleus (top left). The molecular structure of each
component is shown above the corresponding photo-
graph and is color coded to the top left illustration.RY
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TENSEGRITY MODEL of a cell
was built with dowels and elastic cords.
Like a living cell, it flattens itself and its nu-
cleus when it attaches to a rigid surface (left) and
retracts into a more spherical shape on a flexible sub-
strate, puckering that surface (right).
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entists have no general theory for their assembly or oper-
ation. The basic physical principles are individually well
understood; what is lacking is a framework that combines
the elegance of abstraction with the power of prediction.

Proteins are quite different from the simple diatomic
molecules that represent the traditional border between
physics and chemistry; they are enormously large, and for
many purposes quantum mechanics plays a negligible role
in their function. Of course, if the question of interest hap-
pens to be the chemistry that takes place in the active site
of an enzyme, one must ultimately look to quantum me-
chanics as the basis for understanding. Quantum me-
chanics can be neglected in the same sense that it is ig-
nored in dynamical descriptions of everyday objects: On
the smallest length scales, all atoms are fundamentally
quantum, but Planck’s constant is not needed to formulate
and apply the principle of least action. Indeed, one would
be hard put to describe many physical phenomena, rang-
ing from protein behavior to critical phenomena to galax-
ies, if a fully quantum mechanical description were re-
quired. Proteins as molecules are polymers, and can often

be treated with a combination of continuum mechanics
and statistical mechanics. They act, in other words, as es-
sentially classical objects.

How much can one molecule do? Consider, for exam-
ple, ATP (adenosine triphosphate) synthase. This macro-
molecular assembly, only about 10 nanometers on a side, is
an essential part of the cellular factory that produces ATP,
the universal energy currency of life. We will not get into
the details of the biological role of ATP synthase in the cell,
but consider merely what it is capable of doing in isolation:
It is a rotary motor. In the presence of a proton gradient,
this remarkable machine turns a spindle as it adds phos-
phate groups to molecules of adenosine diphosphate to pro-
duce ATP.2 And every day, as discussed in box 1, the cells
in your body perform this phosphate-addition reaction to
produce roughly your body weight in ATP molecules.

But that is not all: ATP synthase can run in reverse.
It can consume ATP, and with each ATP molecule that is
hydrolyzed, the central shaft of ATP synthase turns by 120
degrees, directly converting chemical to mechanical en-
ergy. That reverse operation was explicitly demonstrated
through a series of elegant experiments in which a molec-
ular propeller was attached to the shaft and then imaged
with optical microscopy (see figure 1).3 The propeller ro-
tated in the presence of ATP, with absolute thermodynamic
efficiencies of up to 90%. Despite the tremendous strides
made in nanotechnology, no device of similar functionality
can yet be fabricated with inorganic materials. Further-
more, many questions remain about the basic principles
by which molecular machines such as ATP synthase con-
vert chemical energy to mechanical forces.

Working in a noisy environment
As noted in our introductory remarks, molecular machines
operate at energies and lengths common to a host of dif-
ferent processes. In addition to being intriguing, that
regime adds to the challenge of analyzing the cell’s ma-
chines. Figure 2 shows how thermal, chemical, mechani-
cal, and electrostatic energies scale with the size of an as-
sociated object, and illustrates the confluence of energies.
As the characteristic size approaches that of biological
macromolecules, all the energies converge. The conver-
gence is remarkable, since the energies range over 20 or-
ders of magnitude as object size scales from subatomic to
macroscopic; its existence is an opportunity for complex
physical phenomena and processes that are evidently uti-
lized by life. Broadly speaking, the interplay between ther-
mal and deterministic forces is what gives rise to the rich
behavior of molecular machines. For example, thermal ef-
fects permit such processes as diffusion, conformational
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Figure 1. The incredibly small motor ATP synthase adds a
phosphate group to adenosine diphosphate to make
adenosine triphosphate. When run in reverse, it converts
chemical energy stored in ATP to mechanical energy of
rotation. (a) An actin filament (pink) added to the shaft of
the ATP synthase enables the shaft’s rotation to be imaged
with an optical microscope. Each ATP-to-ADP reaction
causes the actin propeller to rotate counterclockwise by
120°. In the experiment depicted here,3 a subcomplex of
the ATP synthase was attached to a bead (orange) and
cover slip. (b) The plot shows the discrete shifts in pro-
peller position that accompany the chemical reactions.
The inset tracks locations of the propeller. Note the single
clockwise rotation just before the 50-second mark; a ther-
mal fluctuation has caused the propeller to rotate in the
“wrong” direction. (Images courtesy of Kazuhiko Kinosita
Jr, Waseda University, Japan.) 
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degrees, directly converting chemical to mechanical en-
ergy. That reverse operation was explicitly demonstrated
through a series of elegant experiments in which a molec-
ular propeller was attached to the shaft and then imaged
with optical microscopy (see figure 1).3 The propeller ro-
tated in the presence of ATP, with absolute thermodynamic
efficiencies of up to 90%. Despite the tremendous strides
made in nanotechnology, no device of similar functionality
can yet be fabricated with inorganic materials. Further-
more, many questions remain about the basic principles
by which molecular machines such as ATP synthase con-
vert chemical energy to mechanical forces.

Working in a noisy environment
As noted in our introductory remarks, molecular machines
operate at energies and lengths common to a host of dif-
ferent processes. In addition to being intriguing, that
regime adds to the challenge of analyzing the cell’s ma-
chines. Figure 2 shows how thermal, chemical, mechani-
cal, and electrostatic energies scale with the size of an as-
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As the characteristic size approaches that of biological
macromolecules, all the energies converge. The conver-
gence is remarkable, since the energies range over 20 or-
ders of magnitude as object size scales from subatomic to
macroscopic; its existence is an opportunity for complex
physical phenomena and processes that are evidently uti-
lized by life. Broadly speaking, the interplay between ther-
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behavior of molecular machines. For example, thermal ef-
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Figure 1. The incredibly small motor ATP synthase adds a
phosphate group to adenosine diphosphate to make
adenosine triphosphate. When run in reverse, it converts
chemical energy stored in ATP to mechanical energy of
rotation. (a) An actin filament (pink) added to the shaft of
the ATP synthase enables the shaft’s rotation to be imaged
with an optical microscope. Each ATP-to-ADP reaction
causes the actin propeller to rotate counterclockwise by
120°. In the experiment depicted here,3 a subcomplex of
the ATP synthase was attached to a bead (orange) and
cover slip. (b) The plot shows the discrete shifts in pro-
peller position that accompany the chemical reactions.
The inset tracks locations of the propeller. Note the single
clockwise rotation just before the 50-second mark; a ther-
mal fluctuation has caused the propeller to rotate in the
“wrong” direction. (Images courtesy of Kazuhiko Kinosita
Jr, Waseda University, Japan.) 
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Figure 1. The incredibly small motor ATP synthase adds a
phosphate group to adenosine diphosphate to make
adenosine triphosphate. When run in reverse, it converts
chemical energy stored in ATP to mechanical energy of
rotation. (a) An actin filament (pink) added to the shaft of
the ATP synthase enables the shaft’s rotation to be imaged
with an optical microscope. Each ATP-to-ADP reaction
causes the actin propeller to rotate counterclockwise by
120°. In the experiment depicted here,3 a subcomplex of
the ATP synthase was attached to a bead (orange) and
cover slip. (b) The plot shows the discrete shifts in pro-
peller position that accompany the chemical reactions.
The inset tracks locations of the propeller. Note the single
clockwise rotation just before the 50-second mark; a ther-
mal fluctuation has caused the propeller to rotate in the
“wrong” direction. (Images courtesy of Kazuhiko Kinosita
Jr, Waseda University, Japan.) 

(Video)

[R. Yasuda et al., Cell 93, 1117 (1998)]
http://www.k2.phys.waseda.ac.jp/F1movies/F1Step.htm
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Titration
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3.3 Elasticidade da rede

A constante elástica K , que traduz a rigidez dos EVs, foi desenvolvida aqui nesta

seção. Inicialmente, abordaremos, de uma forma geral, a relação entre a rigidez e com-

primento de um sistema de molas acopladas. No final desta seção, apresentaremos

a forma genérica da relação rigidez-comprimento que inicialmente adotamos para os

EVs que compõem o nosso modelo de rede.

Inicialmente, considere a figura abaixo ilustrando um sistema de molas acopladas

em uma rede. Todo esse sistema pode ser representado por um único componente k.

Figura 13: Sistema de molas acopladas

Esse sistema é composto por N grupos paralelos de molas, onde cada grupo pa-

ralelo é composto por M molas associadas em série e com constante elástica k. Cada
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the physiologic condition were are interested in: (a) agonist
contraction by methacholine and (b) protein cross link due the
presence of FA. We will go through these three steps one by
one.

2.1. The Elastic Network Model

To build the two-dimension viscoelastic network, we first
randomly distribute N

P

points inside a rectangular region of
space, with width and the length respectively equal to W and
L. Thus, each point P

i

has a x and y coordinate, such that
0 < x < W and 0 < y < L. Here, W/L is the width-length ratio
of the network and the tissue strip were are interested in to mim-
icking. Using a standard algorithm, we built a Voronoi network
on top of the N

P

points. Then, we replaced each bond element
of the Voronoi network by an viscoelastic element (VE) com-
posed by one spring connected in series with a parallel combi-
nation with another spring and a dashpot, and each node by
a mass element m (see Fig. 1). By definition, all the nodes
has coordination number Z = 3. A small region on the bot-
tom, 0 < x < �x, is fixed. Another small region on the top,
(W � �x) < x < W, are fixed in a moving plate, where �x ⌧ W,
while the lateral and the internal nodes were free to move. We
then considered the geometric part of the network built.

After the geometric part, we replaced each bond j by a VE.
The first spring has a constant spring constant klig, representing
all elastic components of the tissue plus the actomyosin system.
The second spring constant was not fix but depended on it ini-
tial length `0

j

, such that k

j

= K/`0
j

, and represents the combined
actomyosin system of that region of the tissue, where K is con-
stant. To build the original pre-stress of the tissue, the length
`0

j

was set to be 10% smaller than the length of the jth bound
in the Voronoi network. Each VE builds a coarse grains of
the combined mechanical behavior of a huge group of smooth
muscle cells and extracellular matrix. Thus, the force at jth
VE followed the classic Hooke equation for this combination
of springs and dashpot,

F

j

(t) = �kligK[✏
j

� 1]
K

`0
j

+ klig
� cv

j

(1)

where ✏
j

= `
j

/`0
j

is the strain, c is viscous coe�cient, and v

j

is
the approaching velocity between the nodes connected by the
jth bond. With this definition, we mimicked certain homogene-
ity in the system, such that the same strain would generate very
similar force independent of the size of the bond of the VE.

Next, the network was stretched uniaxially by 10% strain
in the vertical direction, and solved using the Runge-Kutta’s
method on the Eq. 1. At any time, we could compute the total
force the system applies in the moving plate by summing the
forces in the direction of the strain of all VE which cross sev-
eral horizontal imaginary lines crossing the network. We con-
sidered that the system reached equilibrium when all the calcu-
lated forces were equal.

2.2. Modeling the E↵ect of Contractile Agent

The contractile agent, like methacholine, activated the acto-
myosin system of the cells making the average size of the fiber

Figure 1: Our network model and linear inverse relationship between sti↵ness
and length. Two opposite sides, the top and bottom, of the network were fixed,
while the lateral and the internal nodes were free to move. The relationship
between sti↵ness and length is valid only for the lateral and internal viscoelastic
elements.

smaller. We built this feature in our model by changing the rest
length of the VE in the Eq.1. We replaced the initial length `0

j

by `0
j

(D
m

), which depends on a positive parameter D

m

, repre-
senting the amount of methacholine was added in the media.
In that case `0

j

(D
m

) < `0
j

as soon as D

m

> 0. The parameter
D

m

can be mapped to the real dose of methacholine M applied
in the experiment as NDm = 30 discrete values following the
boundary of the experiment, from the minimal methacholine
dose MMIN = 10�9 to the maxima dose MMAX = 10�3 (dos
Santos Franco et al., 2010), following the equation:

D

m

= 1 +
(NDm � 1) ln(M/MMIN)
ln(MMAX) � ln(MMIN)

(2)

and it inverse form:

log M =
(1 � D

m

) log
⇣

MMIN
MMAX

⌘

NDm � 1
+ log(MMIN) . (3)

We assumed that, in the muscle, each positive change in the
concentration of methacholine results in fibers contraction in
actomyosin system, and the maximum amount of contraction is
40% of the initial length. Thus, in our model this assumption
was mapped as a small reduction in the `0

j

in Eq. 1, now rela-
beled as `0

j

(D
m

). This reduction is not deterministic, because
this is a live system and fibers can remodel adapting to the new
configuration, thus we mapped the e↵ect of change in the con-
centration of methacholine by

8>>>>>>><
>>>>>>>:
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Figure 2: E↵ect of the parameter D

m

in the length of viscoelastic elements of
internal and lateral parts. (A): Average and error bar of lengths for each value
of D

m

. (B): Length reduction of two viscoelastic elements.

Thus, we implemented in our model with the following equa-
tion,

�(D
m

) = AD

m

+ ⌘ (5)

where A = 0.0032 is a positive constant and ⌘ is a Gaussian
random number with zero mean and SD = 0.02. Thus, a higher
value of D

m

produces a greater value of the shrinkage factor and
this will result in a greater contraction of the VE. The average
decrease of the lengths of the viscoelastic elements is shown in
Fig. 2.

2.3. Modeling the E↵ect of Formaldehyde

To capture the formation of irreversible covalent bonds
(methylene bridges), in parallel with the e↵ect of methacholine,
we assumed that, if the formaldehyde stayed long enough in
the solution where the tissue were in, the sti↵ness of all fibers
would homogeneously be a↵ected, which could be captured by
our model by an increase in K in Eq. 1 in all the VE of the net-
work. Although this representation is similar to the representa-
tion of the e↵ect caused by methacholine, the nature of the rep-
resentation is di↵erent. In this case, the physical property of the
VE is changed, while in the former case, only the equilibrium
position of the VE is a↵ected, without changing any property,
i.e., a reversible change. Thus, while e↵ect of formaldehyde is
irreversible and the e↵ect of methacholine is reversible.

3. Results

We constructed a Voronoi network with N

P

= 1200 points
distributed in a rectangular region with W = 1 and L = 2.4, and
m = 1 in arbitrary units, such that the main goal was to capture
the main features of the experiments. We know that the system

is damped and quasistatic in the time scale of the experiments.
We first arbitrarily chose klig = 2 and K = klig/10 and found
a value of c = 0.35, which would stabilized, dampening the
system after aproximately 0.5 h using 8000 Runge-Kutta steps.
The value of A = 0.0032 in Eq. 5 fitted the e↵ect that we wanted
to model, most of the VE reach the saturation contraction of
40% of the initial length `0 with D

m

near 25.
The network configurations corresponding to single muscle

in the control and the contracted states are shown in Fig.3. The
color is proportional to force on the VE, dark red denoting high
force and blue, low force. Note that when D

m

= 0 there is some
heterogeneity in the force distribution, which tends to disappear
as D

m

increases. This is due two characteristics of our model:
(1) a given strain in any VE will generate approximately the
same force; and (2) the e↵ect of methacholine, where regardless
of the direction, the VEs have the same probability to contract.
Thus, the network became thinner in the intermediate zone only
because at the top and at the bottom the network was fixed.
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Figure 3: Configurations of the Voronoi network model mimicking the con-
traction states of tissue. (A): Stretched network without action of D

m

param-
eter (D

m

= 0). (B): Stretched network under the action of the average D

m

(D
m

= 15). (C): Stretched network under the action of the last value of D

m

(D
m

= 30). The color is proportional to tensile force on the line elements dark
red denoting high force and blue low force.

To model the e↵ects of the presence of formaldehyde in the
smooth muscle, we increased both klig and K, from 0 to 60%
and then to 120%. We found that this model, although sim-
ple, incorporates the phenomenology of both methacholine and
formaldehyde and reproduces experimental results observed
with in vitro exposure of smooth muscle to formaldehyde, (Fig.
4).

4. Discussion

Formaldehyde is a pollutant that can induce bronchoconstric-
tion and deteriorate airway function (Norbäck et al., 1995).
The increasing use of alcohol as an alternative fuel to diesel
or gasoline can increase emission of formaldehyde, which can
easily permeate cell membranes. Inside the cell, formalde-
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Abstract

The viscoelastic properties of the mammalian lung are mainly determined by the mechanical properties, structure and regulation of
the airways smooth muscle. The exposure to polluted air may alter these properties with harmful consequences to individual health.
Formaldehyde is an important indoor pollutant that permeates through the smooth muscle tissue forming covalent bonds between
proteins in the extracellular matrix and intracellular protein structure deteriorating some of the airways smooth muscle functions,
changing mechanical properties, and inducing hyperresponsiveness. Our main objective was to develop a two-dimensional vis-
coelastic network model based on Voronoi tessellation to reproduce some of the mechanical properties of airway smooth muscle
at the tissue level. The second objective was to compare the results of our model with those previously observed in tissue strip
experiments after tissue exposure to formaldehyde. Our model simulates the mechanical properties of airway smooth muscle using
a set of springs and dashpot. This set of springs and dashpot not only mimic the viscoelastic properties of the smooth muscle but
also the cells contractile apparatus. We hypothesize that the formation of covalent bonds, due to the action formaldehyde, can be
represented in the model by a simple change in the elastic constant of the springs, while the action of methacholine reduces the size
of the spring. Our model is able to reproduce an isometric force measurement, where the smooth muscle is subjected to a titration
of a contractile agent, with and without an in vitro exposure to formaldehyde. Thus, our new mechanistic approaches incorporates
several well know features of the contractile system of the cells in a tissue level model. The model can also be used in di↵erent
biological scales.

Keywords: airway smooth muscle, viscoelasticity, voronoi

1. Introduction

The smooth muscle is an involuntary muscle found in most
of the mammalian organs. In hollow organs, smooth muscle
is known to regulate the mechanical properties and its physical
dimensions (Bossé et al., 2008). However, in some cases, such
as within the walls of the lung airway tree, its exact function is
not fully clarified. Nevertheless, it has been speculated that the
smooth muscle helps the lung airflow by caliber control, and
assists the respiration phases (Macklin, 1929).

According to Global Initiative for Asthma (GINA), the
asthma is a chronic lung disease characterized by recurrent
breathing problems and symptoms such as breathlessness,
wheezing, chest tightness, and coughing. There is a widespread
agreement that exaggerated shortening and mechanical changes
of airway smooth muscle contributes for manifestation of
asthma symptoms with the development of bronchoconstric-
tion (Ito et al., 2006; Coburn, 1989; Agrawal and Townley,
1990; Fredberg, 2002; Bossé et al., 2008). Such changes in the
mechanical properties is related with the smooth muscle cell
structure and viscoelasticity (Gunst and Tang, 2000; Ito et al.,
2006; Gunst and Zhang, 2008). Besides genetic factors, smooth
muscle exposure to some natural components and environmen-

tal pollutants can also a↵ect the smooth muscle mechanical
properties leading to consequences to individual health, simi-
lar to those observed in asthma (Ito et al., 2006; Berntsen et al.,
2010).

Formaldehyde (FA) is an important very small ( 2.3–2.7 Å)
indoor pollutant present in automobile exhaust containing only
four atoms (HCHO) (Lipari and Swarin, 1982). For decades,
FA has been used to preserve tissues by cross-link proteins
in cells and tissue (Wadsworth and Pangborn, 1936; Theis,
1945; Gustavson, 1947; Kitamoto and Maeda, 1980). The va-
por of FA is an irritant which can a↵ect multiple living tissues
even at low concentrations (Rumchev et al., 2004). Due to
the small size of FA, it permeates biological walls and enters
into the cells, resulting in the formation of covalent bonds be-
tween proteins (cross-link) that can inactivate, stabilize or im-
mobilize proteins (Metz et al., 2004; Sutherland et al., 2008;
Schmiedeberg et al., 2009). Metz and colleagues demonstrated
that, depending on their sequence, peptides can su↵er chemical
modifications after formaldehyde contact (Metz et al., 2004).
These modifications can be divided into three types: (1) methy-
lol groups, (2) Schi↵-bases and (3) methylene bridges. The
Schi↵-bases and methylol groups are reversible and are di�-
cult to detect. The stable methylene bridges are irreversible,
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