N

N

Combination of Traction Assays and Multiphoton
Imaging to Quantify Skin Biomechanics
Stéphane Bancelin, Barbara Lynch, Christelle Bonod-Bidaud, Petr Dokladal,

Florence Ruggiero, Jean-Marc Allain, Marie-Claire Schanne-Klein

» To cite this version:

Stéphane Bancelin, Barbara Lynch, Christelle Bonod-Bidaud, Petr Dokladal, Florence Ruggiero, et
al.. Combination of Traction Assays and Multiphoton Imaging to Quantify Skin Biomechanics. Sagi,
Irit; Afratis, Nikolaos A. Collagen: Methods and Protocols, 1944, Humana Press, pp.145-155, 2019,
Methods in Molecular Biology, 978-1-4939-9095-5. 10.1007/978-1-4939-9095-5_11 . hal-02115604

HAL Id: hal-02115604
https://polytechnique.hal.science/hal-02115604v1

Submitted on 14 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://polytechnique.hal.science/hal-02115604v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Combination of Traction Assays and Multiphoton
Imaging to Quantify Skin Biomechanics

Stéphane Bancelin, Barbara Lynch, Christelle Bonod-Bidaud, Petr Dokladal,
Florence Ruggiero, Jean-Marc Allain, and Marie-Claire Schanne-Klein

Abstract
An important issue in tissue biomechanics is to decipher the relationship between the mechanical
behavior at macroscopic scale and the organization of the collagen fiber network at microscopic
scale. Here, we present a protocol to combine traction assays with multiphoton microscopy in ex
vivo murine skin. This multiscale approach provides simultaneously the stress/stretch response
of a skin biopsy and the collagen reorganization in the dermis by use of second harmonic
generation (SHG) signals and appropriate image processing.
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1 Introduction

The mechanical behavior of skin at macroscopic scale is strongly related to its
microstructure and mainly to the organization of the collagen fiber network in the
dermis. While many microstructural models have been investigated theoretically, only
few experimental studies have been reported up to now due to technical limitations.
Indeed, it is necessary to monitor the collagen network at a micrometer scale during
mechanical assays in a centimeter-sized skin biopsy. To address this issue, we recently
combined traction assays with multiphoton microscopy [1, 2]. This multiscale device
measures simultaneously the stress/stretch response of a skin biopsy and the collagen
reorganization in the dermis by use of second harmonic generation (SHG) signals. SHG
signals correspond to a multiphoton mode of contrast that is specific to collagen fibers
and efficiently reveals the micrometer-scale organization of collagen in unstained thick
tissues [3-5]. Accordingly, we obtained new quantitative information about skin
biomechanics that evidenced a non-affine reorganization of the collagen network and
challenged usual micro-structural models [6, 7]. This new technique also allowed
characterizing the impact of microstructural changes in the dermis due to genetic
modifications, aging, or any other processes [2, 8]. Note that a similar approach has been
applied successfully to other tissues (see, for instance, [9-18]). In this chapter, we
describe the implementation of incremental uniaxial traction assays with
semicontinuous SHG visualization in ex vivo murine skin. We also explain how to
analyze the mechanical data and process the SHG images to obtain quantitative
parameters. Specifically, we describe how to use the network of hair follicles as
endogenous tags to quantify the local deformation and how to extract the fiber
orientation to quantify the collagen reorganization in the field of view.

2 Materials

The traction and imaging devices may be either custom-build devices or commercial ones.
They need to have dimensions and shapes that enable their combination in the same setup.
In concrete terms, the traction device has to be put horizontally in place of the microscope
stage (Fig. 1). The specific features of these devices are listed below.

2.1 Traction Device
Symmetrical uniaxial traction machine using two identical motors and sensors, one of each



side of the skin sample.

1.

Motors: Linear actuators. Resolution below 5 pm, accuracy below 5 pum, strokes
above 40 mm, maximal holding force above 10 N. Speed between 1 and 100 um/s
(or above).

Sensors: Capacity at least 8 N. Resolution below 0.01 N. Over-load should be
important (more than 80 N) so as to avoid breaking the sensors when screwing the
sample in the grips.

2.2 Multiphoton Setup

1.

2.

o~

Geometry: laser-scanning upright microscope, with two epi-detection channels, one
for SHG and another one for two-photon excited fluorescence (2PEF).

Objective lens: high Numerical Aperture (0.9-1.1 NA) moderate magnification
(20 x or 25 x) water-immersion objective lens (see Note 1).

Excitation wavelength: any wavelength in the Ti-Sa range for SHG signal (see
Note 2).

Excitation polarization: circular or quasi-circular (see Note 3).

Excitation power: typically 20-30 mW. Power is adjusted to obtain a good signal-
to-noise ratio in the SHG images and avoid both saturation and damage to the skin

sample.
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Fig 1 Experimental setup combining multiphoton microscopy and uniaxial traction assay. (a) Schematic
representation and (b) picture. Adapted from Bancelin et al., Sci Rep 2015, https:/doi.org/10.1038/srepl7635,
published under license CC BY 4.0

3 Methods
3.1 Preparation of Murine Skin Biopsy

1.
2.

Sacrifice of mice by cervical dislocation at a specific age.

Depilation of the back skin: first, the back of the mouse is shaved using an electric
trimmer, then depilatory cream (Nair™) is applied for 15 min, and hairs are
removed with a scraper. This last step is repeated two or three times if needed.
Tagging of the right foreleg with a dot of black ink to identify the anterior-posterior
axis before cutting the skin with scalpels or dissecting scissors. Skin is then gently
peeled off and placed in a Petri dish.

Removal of the epidermis by incubating the skin 30 min at room temperature with
3.8% ammonium thiocyanate and scraping the epidermis under a binocular
magnifier (see Note 4).

Storage in culture medium (Dulbecco’s Modified Eagle’s Medium) without phenol




red (see Note 5), supplemented with 50 pg/mL penicillin/streptomycin at 6 °C.
Medium is changed every 2 days. Skin biopsies should be used for experiments
within 5 days.

3.2 Skin Cutting and Fastening for Traction Assays

1.

~ 20 mm
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The skin sample is cut into a dog-bone shape using curved dissection scissors,
taking care to hold the sample on the out-skirt part (not used in mechanical test) so
as to damage the sample as little as possible (Fig. 2) (see Note 6).

The dog-shaped skin sample is attached to the traction device by means of
mechanical jaws with rubber joints that pinch the sample on both sides (see Note 7).
The skin dimensions are measured with a digital caliper: thickness (around 1 mm),
width at the center (around 8 mm), and length between the jaws (around 20 mm).
The hydration of the skin sample is maintained during cutting and fastening with
drops of culture medium.

The traction device with the attached skin sample is installed in place of the
microscope stage, with the papillary dermis facing the objective lens (Fig. 1).
Immersion gel is used to ensure optical contact with the objective lens and to
prevent dehydration of the skin sample during the experiment. If needed, this
immersion gel is first centrifuged to remove small air bubbles that could deteriorate
image quality. New drops are added during the experiment if required.
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Fig. 2 Preparation of the depilated and de-epidermized skin sample for mechan-ical test. (a) Schematic
representation and dimensions of the dog-bone-shaped skin sample. (b) Picture before cutting. The orange arrow
shows the black spot indicating the righ Fig. 2 Preparation of the depilated and de-epidermized skin sample for
mechanical test. (a) Schematic representation and dimensions of the dog-bone-shaped skin sample. (b) Picture
before cutting. The orange arrow shows the black spot indicating the right foreleg. The red dots show the dog-bone
shape the skin will be cut into. Typical size is 30 x 20 mm?. Adapted from Bancelin et al., Sci Rep 2015, https:/
/doi.org/10.1038/srep17635, published under license CC BY 4.0

3.3 Traction Assays Under the Multiphoton Microscope

1.

2.

The motor displacement and the force are measured continuously (every second)
during the whole traction assay (Fig. 3).

SHG imaging is performed continuously while adjusting the axial position of the
objective lens to find the surface of the skin sample and focus a few pum below.

The jaws are moved apart slowly (usually around 0.01 mm s*) while continuously
recording low-resolution SHG images until no more vertical displacement is



observed (see Note 8). This position will be referred to as the reference position.

4. The motors are stopped and a first SHG image stack is recorded using the following
typical parameters: 100 kHz pixel rate, 0.5 um pixel size, 2 pm axial step, and
480 x 480 x 50 pum? stacks, resulting in 5 min acquisition time (see Note 9). 2PEF
signals are acquired simultaneously in a second channel to visualize remains of
hairs or other fluorescent structures. Typical SHG images are displayed in Fig. 4.

5. The skin sample is stretched by 5% at a stretch rate of 10 s™. Given the length of
the skin sample (20 mm between the jaws), it corresponds to a typical speed of
0.002 mm ™. SHG imaging at low resolution is performed continuously during
stretching to follow the region of interest (ROI) imaged in the previous step. If
needed, the axial position of the objective lens and the lateral position of the traction
device are adjusted with micrometer screws to make sure the same ROI is imaged
(see Note 10).

6. Motors are stopped and a second SHG stack is recorded in the same ROI as
previously and using the same parameters (see Note 11).

7. Steps 4 and 5 are performed sequentially until the skin sample breaks, usually
around a stretch ratio of 1.5. The total duration of this incremental traction assay is
3-4 h (15-20 min per step).
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Fig. 3 Mechanical data from wild-type skin sample. (a) Experimental timetable showing stepwise stretching of the
skin sample (green dotted line) with continuous force measurement (blue continuous line) and time-lapse imaging of
immobile sample after each displacement step (red arrows). (b) Nominal stress/stretch curve for the same sample,
showing the processed mechanical parameters. Adapted from Bancelin et al, Sci Rep 2015,
https://doi.org/10.1038/srep17635, published under license CC BY 4.0

3.4 Mechanical Data Processing

1. The global stretch ratio is obtained as the ratio of the length between the rubber
joints of the jaws to the reference length that is the one measured at the reference
position (see Note 12).

2. The nominal stress is obtained as the measured force divided by the initial skin
section (thickness x width) (see Note 12).

3. The nominal stress is plotted as a function of the stretch ratio, and four quantitative
parameters are extracted (see Fig. 3b): (1) the tangent modulus, which is the slope
of the linear part; (2) the length of the heel region; (3) the ultimate tensile stretch,
which is the maximum stress before rupture; and (4) the failure stretch ratio, which
is the stretch corresponding to the ultimate tensile strength (see Note 13).
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Fig. 4 SHG imaging and image processing of ex vivo stretched skin sample. (a) Raw SHG images at 1.0, 1.2, and
1.4 stretch ratio. The deformation of the hair follicle network reveals the local skin deformation. (b) Processed SHG

images at the same stretch ratios highlighting fiber orientation for each pixel with a color code. Adapted from
Bancelin et al., Sci Rep 2015, doi:https://doi.org/10.1038/srep17635, published under license CC BY 4.0

3.5 Image Processing for Local Deformation Analysis

1. SHG images at approximately the same depth are cropped to obtain a ROl common
to all stretching steps showing the same hair follicles (round or elliptical regions
with no SHG, interrupting the collagen fiber network, Fig. 4). The size of this ROI
increases in the loading direction at increasing stretch ratio.

2. The hair follicles are segmented using the following steps (Fig. 5): application of a
median filter to reduce noise (2 pixel radius), inversion of contrast, application of
circular opening (8 pixel radius) [19] to smooth the image while preserving follicle
edges, thresholding resulting in a binary image, and shape detection to identify and
label every follicle. If needed, the follicles are renumbered to obtain the same order
in all images.

3. The network formed by the follicles is used to calculate the local deformation by
performing a Delaunay triangulation and calculating for each triangle the
deformation tensor relative to the same triangle in the non-stretched state (Fig. 5).

4. This local deformation tensor map is averaged over the cropped SHG image to
obtain three parameters: the local deformations in the directions parallel and
perpendicular to the traction and the sliding angle that represents the shear in the
ROI (Fig. 5).

5. The local deformation in the traction direction is compared to the global one applied
to the tissue: the local and global stretch ratios have to be equal to validate the
mechanical assay (no slipping within the jaws, homogeneous tissue response) (see
Note 14).
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Fig. 5 Hair follicle segmentation in the SHG image for local deformation measurement. (a) Raw and (b) enhanced
SHG image of mice skin papillary dermis; (c) binary SHG image after thresholding; (d) position detection and
numbering of hair follicles; mapping of (e) Aw, (f) Ay, and (g) w tensorial components calculated from the deformation
of the hair follicle network—see green triangle in (d)—compared to the initial network before stretching. Scale bar:
50 um. Reproduced from Bancelin et al., Sci Rep 2015, https:/doi.org/10.1038/srep17635, published under license
CCBY 4.0
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1.

2.

3.

Image Processing for Collagen Reorganization

A fixed number of SHG images (for instance, 6) with maximum average intensity
are selected in every SHG stack for all stretching ratios.

Morphological filtering is applied to extract the fiber orientation in every pixel by
means of a mean filter (3 pixel diameter) and of a morphological opening [19] using
a linear structuring element (Strel; see Note 15). A stack of images is obtained by
rotating the Strel where the pixelwise maximum provides an enhanced image of the
collagen fibers. The position of the maximum provides their local orientation
(Fig. 4).

A normalized histogram of fiber orientation is calculated for every stretch ratio. The
evolution of these histograms with increasing stretch ratio can be quantified using
different methods. Our choice is to calculate [20] (1) the maximum of this
histogram (i.e., the main orientation), (2) the orientation index, defined as the
percentage of fibers oriented along the main orientation:

[°% 1(8) cos(8 — Oyay) d6 )

0l = 100 x [2 N
J-gp01(6)d6

and (3) the entropy, defined as the usual statistical entropy, which measures the
degree of organization in the skin sample independently of any main orientation:

90°
i ___ 1
G Z p(0)In[p(f)] wherep(6) = T oo 1(0)

6=-90°

4 Notes

1.

We need a good resolution, in order to visualize small features, and a large field of
view, in order to detect more signal and to visualize a significant region of the



10.

11.

tissue. The microscope resolution depends on the NA and on the excitation
wavelength, while the field of view depends on the magnification [21].
Consequently, we have to use an objective lens with large NA and moderate
magpnification.

The SHG signal is a non-resonant signal whose intensity does not vary with the
excitation wavelength. Nevertheless, it is necessary to choose a specific excitation
wavelength in the case of simultaneous detection of specific fluorescent signals.

The SHG signal is sensitive to the orientation of the excitation electric field
compared to the orientation of the collagen fibers: The SHG signal is smaller when
exciting with a linear polarization perpendicular to the fiber. Circular polarization
must be used to mitigate this effect and visualize all the fibers in the imaging plane
with similar efficiency. It is usually obtained by use of a quarter-wave plate. The
resulting polarization is often only quasi-circular, which is sufficient, because of the
ellipticity introduced by the various optical components in the microscope.

The epidermis is removed because of the presence of pigmented cells. These cells
exhibit strong absorption and may therefore induce thermal photodamage during
multiphoton imaging. Moreover, the epidermis is a little damaged by the depilation
process, so that there is no reason to keep it for imaging.

It is highly preferable to use culture medium without phenol red because this dye
penetrates into the tissue and exhibits two-photon absorption of the laser excitation
during multi-photon imaging. This absorption process may result in tissue heating
and eventually damaging.

The dog-bone shape is the usual shape for tensile tests because it ensures
homogeneous repartition of the strain in the central region of the skin sample and
avoids rupture near the jaws (Fig. 2).

The skin is pressed on a rubber joint to limit damage and slippage. Accordingly,
when removed after the experiment, it is thinned down on the joint line but not
broken.

This step aims to unfold the skin sample, which results in vertical movements. We
make sure that the force does not exceed the sensor noise in this step.

The acquisition parameters are a compromise between acquisition time, field of
view, stack depth, and voxel size. We need a reasonable acquisition time to be able
to perform all the steps of the traction assay within a few hours and ensure that the
skin biopsy is still in good conditions at the end of the assay. We need a wide field
of view to visualize a representative part of the tissue. We need a small pixel size
appropriate to visualize collagen fibers. Finally, the imaging depth is usually limited
to 50-100 um because the imaging quality is deteriorated by scattering and optical
aberrations due to undulations at the surface of the sample (which get worse at
higher stretch ratios).

It is possible to recognize the ROI by looking at the characteristic patterns in hair
follicles on the SHG image (Fig. 3). The position of this ROl moves slightly under
the objective lens during stretching, and manual readjustment is necessary to follow
the same ROI. Axial movements are compensated by adjusting the axial position of
the objective lens. Lateral movements are compensated by manually adjusting the
position of the traction device with micrometer screws (the traction device is placed
on a breadboard fixed on micrometric stages). This manual adjustment is possible
only for slow and small displacements, which is the reason why we deliberately
choose a slow strain rate.

It is necessary to stop the motors when recording the SHGimage stack because the
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13.

14.

15.

skin must be immobile during the Multiscale Skin Biomechanics 153 image
acquisition (which is quite slow as multiphoton microscopy is a pixel-based
imaging technique). As a consequence, the skin relaxes every time the motors are
stopped (Fig. 3). This relaxation may be analyzed to extract relaxation mechanical
data [6].

The absolute stretch ratio is not determined accurately because of the uncertainty in
the reference length measurement. Nevertheless, the variations of this parameter are
accurately determined. The same comment applies to the nominal stress because of
the uncertainty in the skin thickness measurement.

The heel region is considered to start when the stress stays over twice the noise for
at least 10 s (the noise is measured at very small strains, in the so-called toe region).
The end of the heel region is defined as the point at which the stress gets close
enough to the linear fit (the difference is smaller than twice the noise).

Other parameters can be processed from the segmented image of follicles: The
deformation of the follicles shape from round to circular and the variation of the
skin porosity (% of skin surface occupied by follicles) [2].

The length of the linear structuring element (Strel) is typically 10 um. A long Strel
enables fine angular steps, but is not able to fit curved fibers.
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