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Thermal therapies under supra-physiological temperatures are increasingly used to treat skin diseases
(e.g., superficial melanoma, removal of port-wine stains pigmented and cutaneous lesions). The efficacy of
these therapies depends on the thermal and mechanical loadings that skin experiences during the treat-
ment process. Therefore, it is of great significance to better understand the role of thermally induced
changes in skin mechanical behavior and microstructure. In this study, rabbit belly skin was thermally
damaged by immersing skin samples into saline solutions with controlled temperatures. We investigated

_llffljé ‘;Vrg:]is(;amage the effect of thermal damage on skin mechanical behavior. We quantified the changes in skin microstruc-
Microstructure ture (i.e., fiber, fibril) using histological staining and transmission electron microscopy (TEM). The results
Skin tissue indicate that (i) the elastic modulus of skin, obtained by the uniaxial tensile test, decreased with increas-

ing heating temperature; (ii) the skin tensile behavior was correlated with its microstructure changes
induced by thermal denaturation of collagen fibers under supra-physiological temperatures; (iii) skin
thermal damage predicted using the Arrhenius burn integration quantitatively agrees well with the evo-
lution of the microstructure (i.e., percentage of the collagen area in Hematoxylin and Eosin (H&E) staining
results). This study provides a better understanding of the coupled bio-thermo-mechanical behavior of

Mechanical behavior
Arrhenius burn integration

skin tissue that could help to improve clinical thermal therapies.

© 2011 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Thermal therapies under supra-physiological temperatures
(e.g., via laser and microwave) find widespread applications in clin-
ical treatment of skin diseases, such as the removal of port-wine
stains [1,2], pigmented and cutaneous lesions [3,4]. For hyper-
thermia of superficial melanoma, the skin tissue is heated to a
temperature above a critical value (~43°C) [5]. During this pro-
cess, there is significant change in the mechanical properties and
structure of the skin and the skin thermal damage occurs [6].
Besides, skin tissue may be under both thermal and mechanical
loadings during these therapies. For instance, epidermal pigmented
lesions are treated with the compression technique under laser
irradiation [7]. Therefore, the success of these therapies requires
precise control over the thermal and mechanical loadings that skin
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experiences [6], which requires the better understanding on the
changes in skin mechanical properties and structure at supra-
physiological temperatures.

The mechanical behavior of biological tissues (e.g., skin) has a
close relationship with their microstructure [8]. Most natural tis-
sues have a hierarchical structure and are composed of composite
materials made from fibers to support mechanical loads [9,10]. Col-
lagen, which has a triple-helix structure, is a component of various
hard tissues (e.g., bone, tooth enamel and shell) and primary ele-
ment of soft tissues (e.g., skin, tendon and cartilage). Although these
collagenous tissues are composed of fibers with similar structures,
their mechanical behaviors vary significantly which depend on the
assembly methods of the fibers. For example, the elastic modulus
of collagen fibers is around 1-1.5 GPa [11], while those of cortical
bone and human skin are 8-24 GPa [11] and 0.42-0.85 MPa [12],
respectively.

Skin dermis has a large number of collagen fibers and is consid-
ered to be a major force-bearing component. Supra-physiological
temperature can induce thermal denaturation of skin collagen,
which is observed as thermal shrinkage of collagen at microscale.
The collagen irreversibly changes from a native helical structure
to a random structure after thermal damage [13]. The thermally
induced breaking of hydrogen bonds within college leads to the
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Fig. 1. Schematic of uniaxial tension test.

changes of skin mechanical properties at macroscale [14]. Previ-
ous studies have shown that thermal damage has an effect on
skin mechanical behavior [15-20] through regulating two heating
parameters, i.e., temperature level and duration of heating [21-23].
When thermal damage occurs, the intramolecular cross-links in
dermal collagen will break, inducing changes in mechanical behav-
ior (e.g., decreased elastic modulus)[24]. However, there are limited
studies on the quantitative relationship between collagen fiber
structure under supra-physiological temperatures and mechanical
loading.

To address this issue, we studied the mechanical behavior of
thermally damaged skin tissue under uniaxial tension, examined
the corresponding changes of skin microstructure (i.e., fiber and
fibril), and quantified the thermal damage of collagen fibers using
histology analysis. We compared the experimental results with
mathematical predictions using Arrhenius burn integration pro-
posed by Henriques and Moritz [25,26].

2. Materials and methods
2.1. Specimen preparation

Five male rabbits with a body weight of 1.5 kg were provided by
the Animal Center of Xi’an Jiaotong University. Before sampling, the
hair on the rabbit skin was removed using an electrical hair clip-
per. Skin samples were procured from the belly immediately after
sacrifice. Rectangular specimens (50 x 6 x 0.6 mm?3) were cut from
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the excised skin samples, with the direction of long axis parallel to
the backbone of the rabbit. The in vitro dimensions was measured
since they were smaller than the in vivo case due to the contraction
of skin tissue after excision. The rectangular specimens were then
stored at 4°C in saline solution according to standard tissue pro-
curement protocol. To minimize the degradation of the tissue, the
tests were completed within a few hours. The experimental pro-
tocol was approved by the Animal Care and Use Committee of the
University.

2.2. Thermal damage tests

Thermal damage tests were performed without applying any
mechanical loading. There were five specimen groups for the ther-
mal damage test and the specimens in the same group were from
the same rabbit (prior to the experiment, the skin from different
rabbits were tested at room temperature, the mechanical behavior
were similar). The five groups of skin specimens were immerged
into saline solutions in measurement chambers heated to a con-
stant temperature of 37 °C, 45°C, 50°C, 60°C or 70°C, respectively,
for 10 min. To achieve uniform solution temperature, the chamber
was thermally insulated and the solution was stirred. After heat-
ing, the specimens were quenched in room temperature solution
(25°C) for 60 min and then kept in 10% neutral buffered formalin
for two days until histology test. The specimens heated at 37°C
were used as the control.

2.3. Uniaxial tension tests

A self-designed thermo-mechanical testing system which has
been calibrated in our previous work [20,27] was used to exert a
variety of repeatable mechanical loading on specimens. The system
consists of a computer-controlled step motor (hybrid 1.8°), a screw
system, load cells, loading carriages. The specimens described in
Section 2.2 were mounted in the system using two grips with
their axis parallel to the tensile loading. Since it is challenging to
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Fig. 2. Thermal damage induced change in mechanical behavior of the skin. (a) The stress-strain relationship under uniaxial tensile loading; (b) changes in modulus after
thermal treatment under different temperatures; the changes of microstructures of skin before (c) and after (d) stretch in saline solution at 37 °C are also shown. The direction
of force in (c) is horizontal. Scale bar: 10 pm.
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Fig. 3. Multi-scale structure of skin tissue. On the left is the length scale for relative components. In the middle column are the sketch maps of collagen and in the right
column are the pictures obtained from experiments. Scale bar: 40 wm in (a), 5 wm in (b), 100 nm in (c) and 500 nm in (d) [43]. The sketch map of skin is adapted from Ref.

[33].

connect the tissue to the load cell, we have designed special grips
with a 0.12mm wide, 18 mm long slot (Fig. 1). The skin sample
was fixed in the grip using five pins with diameter of ~0.1 mm
through the slot. In this way, the sample can expand freely in the
lateral direction during tensile test. The grips were connected to
the load cells. The specimen was stretched at a rate of 0.2 mms~!.
The original length of the specimen served as the reference point
for all the subsequent measurements. The force was stopped when
the length of the stretched specimen reached up to 1.3 times of
the original length (i.e., a engineering strain of 30%). To accurately
observe the effect of tensile force on the arrangement of collagen
fibers (i.e., fiber alignment), each of the tested specimen was nailed
on a board at the end of tensile testing (before removed from test-
ing machine) for maintaining their stretched length. The specimens
and the boards were removed from the testing machine and were
then kept in 10% neutral buffered formalin for two days to prevent
retraction.

Tensile force was measured using load cells and then processed
using an integrated software system developed in LabView. The
stress (i.e., engineering stress) was obtained by dividing the ten-
sile force with the initial cross-section area of the specimens.
Nine markers were made on the specimen surface using a surgical
marker pen. To minimize the effect of local stress concentrations
of the gripping attachments, the strains were measured from cen-
tral region of the specimens. Through tracking the markers on the
surface of the specimen, in-plane finite strains and deformations in
the tissue were measured optically with a CCD camera. The strains

were obtained by comparing current marker positions (e.g., pixel
coordinates) to the reference positions. The accuracy of the strains
relies on high-resolution, high-sampling rate of the video.

2.4. Histology analysis

H&E staining was used to analyze skin histology. The specimens
from thermal damage tests (specimens at room temperature and
those heated at different temperatures) and uniaxial tension tests
(specimens before and after mechanical loading, separately) were
embedded in paraffin blocks and subsequently subjected to micro-
scopic sections (~5 wm in thickness, 5 different sections per sample
and 10 images per section). The part in the center of specimen, was
cutalong tensile direction and stained with H&E staining. Histologi-
calimages were captured using light microscope and analyzed with
the NIH free software Image]. The area of melted collagen fibers
was quantified according to the pixels intensity using the image
data from the histological results.

2.5. TEM observation

Transmission electron microscopy (TEM) was used to analyze
the structural changes induced by thermal damage at ultrastrutu-
ral level. The specimens were immerged into the saline solution at
60°C for 30s, fixed in 2% (v/v) glutaraldehyde for 2 h at 4°C, and
then fixed with 1% (w/v) osmium tetroxide for 2 h after being rinsed
several times with phosphate buffer (PBS, pH 7.4). The specimens
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Fig. 4. Thermal damage induced changes in skin microstructure. (a)-(e) show the H&E staining results of rabbit belly skin after heating in the saline at 37°C (a), 45°C (b),
50°C(c), 60°C (d) and 70°C (e) for 10 min, respectively. The regions denoted by the double and single arrowheads represent collagen fibers and cell nuclei. Scale bar: 5 pum.

were dehydrated and embedded in Epon 812. Ultrathin sections
(60 nm) were stained using uranyl acetate. The TEM results of the
thermally damaged samples were compared with those of the con-
trol samples (heated at 37°C) to investigate the microstructure
changes induced by thermal damage.

3. Results and discussion
3.1. Influence of thermal damage on skin mechanical behavior

To check the influence of thermal damage on the skin mechani-
cal behavior, we tested the uniaxial tensile behavior of skin samples
thermally damaged under different temperatures (Fig. 2a). We
observed that the trends of mechanical characteristics for the dam-
aged specimens are similar to those of the controls. That is, they all
display a non-linear load response, which is in accordance with our
previous findings [28]. The stress-strain curve dominated by col-
lagen fibers can be divided into three parts [29]. In the low stress
part, called the ‘toe region’, the curve is almost horizontal. Under
low stress, elastin fiber, highly flexible, is first stretched [29,30]
and large numbers of collagen fibers are presumably crimped;

therefore, response at the low level of stain involves little collagen
fiber stretching. The second part, called ‘heel region’, is nonlinear,
and the majority of the fibers in skin are gradually stretched. The
third part is the ‘linear region’, where all the fibers are sufficiently
stretched along the direction of the force [31].

Thermal damage induced changes in skin mechanical behavior
could also be identified from changes in modulus. We quantified
the modulus (linear fit of stress—strain curves in Fig. 2a with strains
range between 5% and 15%) after thermal treatment under different
temperatures, Fig. 2b. We observed significant decrease in modu-
lus for skin specimens after thermal treatment with saline solution
at 45°C, 50°C, and 60°C, respectively. As compared with that of
60°C, slight decrease in modulus upon thermal treatment with
70°C saline solution indicates that severe thermal damage occurs
when temperature rises above 60 °C.

It can be observed from Fig. 2a that the skin got stiffer with
increasing strain, especially at 37°C, 45°C, and 50 °C. To verify the
role of collagen fibers, we analyzed their distribution before (Fig. 2c)
and after (Fig. 2d) the skin specimens were stretched in the saline
solution at 37 °C (without thermal damage). The tensile direction
is shown by the staining results (horizontal in Fig. 2c and d). We
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observed that the collagen fibers changed from a random pattern
in the original tissue to the alignment in parallel with the loading
direction in the stretched tissue. It is generally accepted that the
changes in the direction of collagen fibers can strengthen the skin
mechanical behavior [32]. The specimens heated at temperatures
of 45°C and 50°C showed similar changes in collagen fiber align-
ment as those heated at 37°C (data not shown here for brevity).
As in the cases of 60°C and 70°C, most of the collagen fibers were
melted (see details in the following section). Hence the collagen
fibers alignment could hardly be identified.

The stress-strain curves of rabbit skin with different thermal
damages (i.e., heated for 10min at 37°C, 45°C, 50°C, 60°C and
70°C, respectively) show that skin stiffness decreased with increas-
ing temperatures, primarily due to the change in the structure of
collagen fibers [32]. The multi-scale structure of skin was intro-
duced to explain the macro mechanical behavior of skin tissue. In
the middle column of Fig. 3 are the sketch maps of collagen and in
the right are the pictures obtained from experiments. The selected
praline and lysine (both are a kind of a-amino acid) are hydrox-
ylated and glycosylated. Three pro-a chains, assembled around
each other by van der waals force and covalent bond, form a triple
helix structure (i.e., the collagen molecule). The collagen molecules,
approximately 300 nm in length and 1 nm in diameter, attach to
the adjacent molecules, forming fibrils with a diameter of 50 nm
by intra-fibrilar bonding. Fibrils display a characteristic periodic-
ity of 67 nm, which can be recognized by electron microscopy and
atomic force microscopy [33]. The collagen fibril, therefore, plays a
critical role in scaffolding structures from the nanoscopic scale to
macroscopic scale [33]. The collagen fiber is composed of the col-
lagen fibrils, which are organized into more complex patterns and
form three dimensional networks in the skin dermis [6].

Thermal damage induced change in extensibility (Fig. 2a) can
be explained by theory of composite materials [34]. Collagen fibers
are the main component in skin tissue that is responsible for the
resistance to tensile loading. When the collagen fibers are thermally
damaged, the resistance to tensile loading reduced and the skin tis-
sue exhibits increased extensibility. On the other hand, there is a
small amount of glycosaminoglucan (GAG) exists in skin matrix,
which interacts with fibers providing resistance to the sliding of
collagen fibers [35]. Supra-physiological temperature alters the
properties of GAG and reduces its content leading to the easy slid-
ing of fibers [35]. It was assumed that elastin fibers may play a more
influential role than collagen fibers in the tissue extensibility due
to their thermal stability and rubber-like mechanical behavior [36].

3.2. Influence of temperature on collagen fiber structure

The changes in collagen structure at various macromolecular
levels (e.g. histological analysis, TEM) were investigated to better
understand the mechanism behind denaturation. When skin tem-
perature rises above a critical value (~43 °C), denaturation occurs
[25]. To investigate the influence of heating time and temperature
on the structure of collagen fiber, we checked the skin struc-
ture using histology method (H&E staining) for rabbit belly skin
heated at 37°C, 45°C, 50°C, 60°C and 70°C for 10 min, Fig. 4a-e.
The regions denoted by the double and single arrowheads rep-
resent collagen fibers and cell nucleus, respectively. The blank
domain among collagen fibers was the tissue fluid in natural tis-
sue. As described above, the component unit of the fiber is collagen
molecule with a triple helix structure and such collagen molecules
help strengthen skin tissue [37]. The intramolecular cross-links of
collagen were ultimately broken with heating (as shown in Fig. 5).
The collagen transformed from a highly organized crystalline to a
random, gel-like state, and the triple helix melts and progressively
dissociates into the three randomly coiled peptide alpha-chains
[38,39]. The resultant effect of collagen fiber denaturation is the

Tropocollagen
molecule

Tropocollagen
molecule

a: Intramolecular cross-links
b: Intermolecular cross-links

Fig. 5. Schematic of thermal denaturation of collagen molecule [37].

shrinkage of skin [24]. The length of collagen fiber can shrink to one
third of its original length under heating above 65 °C [24]. There-
fore, significant change in collagen fiber configuration in dermis
can be observed after thermal damage. The collagen fibers melt
and the blank regions between collagen fibers decreased when
the heating temperature increased. However, the cell nucleus kept
intact due to their thermal stability [40]. Compared with the control
group, the other four sample groups showed a distinct denaturation
of collagen fibers after 10 min heating, resulting in the decreased
contribution of collagen fibers in bearing mechanical loading.

H&E staining has the resolution at microscale level, which can
be applied for identifying thermal damage at collagen fiber level.
Longer time (i.e., 10 min) is needed for obtaining comparable ther-
mal effect on the fiber melting (Fig. 4a-e). TEM observation has
resolution at nanoscale level. Here we used typical TEM results
(60°C, 30s) to demonstrate that thermal damage occurs within
collagen fibrils (composition of a single collagen fiber) under even
shorter thermal treatment. The changes in the cross and longitudi-
nal sections of collagen fibrils before and after exposure to 60°C
for 30s were depicted in Fig. 6. Before thermal damage, a dis-
tinct spacing can be identified between neighboring fibrils (Fig. 6a).
The average diameter of the fibrils is estimated as 50 nm. Com-
pared with the control specimens, the thermally damaged samples
showed a blurry boundary between collagen fibrils (Fig. 6b) with
average fibril diameter of 80 nm which is over 1.5 times larger
than that of undamaged fibrils. The transverse striations of colla-
gen fibrils are clearly observed in Fig. 6¢. Whereas, such transverse
striations became blurry in thermally damaged samples (Fig. 6d).
There is a thermally labile domain near the C-terminus of the col-
lagen molecular, from which the denaturation is initiated [41].
The domain is devoid of hydroxyproline, supporting the role of
hydrogen bonded water-bridges (linked through hydroxyproline
residues) in stabilizing the triple helix. Because the C-terminus is
located at the end of collagen molecule (Fig. 7), the transverse stri-
ations, spaced approximately 67 nm apart, become vague when the
sample is subjected to a gradually elevated temperature.

3.3. Prediction of thermal damage degree

Different metrics based on biological [42], thermal [41] and
mechanical [16] features of skin tissue have been proposed to char-
acterize the thermal damage. Here, the Arrhenius burn integration
was used to simulate the damage process [25,26]:

.Q_/OtA exp (—%) dt (1)

Deg(t) = 1 — exp[-£2(t)] (2)

where t(s) is the exposure time, T(K) is the heating temperature, £2
is the dimensionless indicator of thermal injury, Deg is the degree
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Fig. 6. TEM images of cross sections (a and b) and longitudinal sections (c, d) of collagen fibrils. (a) and (c), control samples exposed to 37 °C; (b) and (d), samples under the
heating temperature of 60°C for 30s. The boundary and the transverse striations of collagen fibrils were clearly observed in the control samples (a and c). The diameter of
collagen fibrils increased and the boundary between the collagen fibrils and the transverse striations were blurry due to thermal denaturation (b and d). Scale bar in (a) and

(b): 200 nm. Scale bar in (c) and (d): 100 nm.

of thermal denaturation, A=3.1 x 1098 s~ is a material parameter
equivalent to a frequency factor, E; =6.27 x 10° J/mol is the activa-
tion energy, t(h)=600s is the heating duration and R=8.314]/mol K
is the universal gas constant.

Collagen molecule

—————— ' Transverse

Fig. 7. Schematic of microfibril composed of collagen molecules with gaps and
overlaps.

When the specimens were heated in saline, the collagen fibers
denature and the area of melted collagen fibers increases with heat-
ing temperature (Fig. 4a—e). To quantify this, we measured the area
percentage of the melted collagen fibers in the H&E staining pho-
tograph using NIH software Image ] for characterization of skin
thermal damage. The percentage of collagen fiber area at a certain
temperature is defined as Pr and a new dimensionless indicator of
thermal damage degree ¢(T) can be written as:

Pr — P37
T)= 1137
HT) P70 — P37

(3)

where P37 and P7g are the mean percentage of collagen fiber area
in mounts of H&E staining photographs of samples heated at 37 °C
and 70°C, respectively. The new parameter, ¢(T), was defined as
the ratio of increased fiber area (P;r—P37) to the maximum change
in fiber area (P;9-P37). The sample heated at 37 °C was not dena-
tured, so ¢(37) = 0. Five samples were repeated at 70°C; all the
H&E staining images show that the collagen fibers were completely
melted (Fig. 4e). The thermal damage reached the upper limit when
the sample was heated at 70 °C. Therefore, ¢(70) = 1 was defined.
The values of Py in the thermal damage tests at 37 °C, 45°C, 50°C,
60°C and 70°C were obtained from the H&E staining results. ¢(T)
at each individual temperatures was calculated and were shown
as means + standard deviation. t-Test was performed to check the
variation. In view of the melting in collagen fibers, the severity
of thermal damage increased with increasing heating temperature
(Fig. 4a—e). Since skin damage due to thermal lesion is an exponen-
tial function of temperature, as shown by Eq. (1), a slight increase
in heating temperature will significantly influence the predicted
value of thermal damage degree. Comparison between the mea-
sured and predicted results from Eq. (2) is shown in Fig. 8. The
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Fig. 8. Comparison between the experimental results and model predictions. P val-
ues were estimated using t-test. P>0.05 corresponds to experimental data at 37°C
and 45°C; P>0.05, P<0.05 and P>0.05 correspond to experimental data at 45°C,
50°C, 60°C and 70°C, respectively.

experimental results correlated well with the predicted results by
Arrhenius burn integration in terms of the same variation tendency
of thermal damage with heating temperature. These results indi-
cate that the area percentage change can be used as an alternative
parameter for quantification of skin thermal damage.

4. Conclusions

In this study, we investigated the effect of thermal damage on
the mechanical behavior and microstructure of skin tissue and
found that the heating temperature plays an important role in
the mechanical behavior and microstructure of the damaged skin
tissue. When exposed to a supra-physiological temperature, skin
tissue was thermally damaged, accompanied by an increased colla-
gen fibril diameter and a blurry boundary between collagen fibrils.
The transverse striations, the main characteristics of microfibril,
became less obvious due to the high temperature denaturation.
The Young’s modulus of skin tissue decreased with increasing heat-
ing temperature, which was correlated to the skin microstructure
change induced by thermal denaturation of collagen fibers. The
thermal damage obtained from experiments agrees well with that
predicted by the Arrhenius burn integration. This study aims to
explain the macro mechanical behavior of the skin from the angle of
its microstructure and to provide insight into the significant role of
skin microstructure in the thermomechanical behavior of the skin.
Future work will focus on mathematical modeling to better under-
stand the coupling between skin structure and thermomechanical
behaviors.
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