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Probing the 3D structure of cornea-like collagen
liquid crystals with polarization-resolved SHG
microscopy

CLAIRE TEULON,' AURELIEN TIDU,?> FRANCOIS PORTIER,?
GERVAISE MOSSER,?> AND MARIE-CLAIRE SCHANNE-KLEIN"*

110B, Ecole Polytechnique, CNRS, Inserm U182, Université Paris-Saclay, F-91128 Palaiseau, France
2Sorbonne Universités, UPMC Univ Paris 06, CNRS, College de France, LCMCP, F-75005 Paris, France
*marie-claire.schanne-klein@polytechnique.edu

Abstract: This work aims at characterizing the three-dimensional organization of liquid crystals
composed of collagen, in order to determine the physico-chemical conditions leading to highly
organized structures found in biological tissues such as cornea. To that end, we use second-
harmonic generation (SHG) microscopy, since aligned collagen structures have been shown to
exhibit intrinsic SHG signals. We combine polarization-resolved SHG experiments (P-SHG)
with the theoretical derivation of the SHG signal of collagen molecules tilted with respect to
the focal plane. Our P-SHG images exhibit striated patterns with variable contrast, as expected
from our analytical and numerical calculations for plywood-like nematic structures similar to the
ones found in the cornea. This study demonstrates the benefits of P-SHG microscopy for in situ
characterization of highly organized biopolymers at micrometer scale, and the unique sensitivity
of this nonlinear optical technique to the orientation of collagen molecules.

© 2016 Optical Society of America

OCIS codes: (180.4315) Nonlinear microscopy; (190.2620) Harmonic generation and mixing; (120.5410) Polarimetry;
(170.3660) Light propagation in tissues; (170.6935) Tissue characterization.
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1.

Introduction

Collagen is the most abundant protein in mammals. It is the main component of connective
tissues, including skin, cornea or arteries, and a key element of their architecture. The collagen
molecules are triple helices synthesized by cells. Regarding the fibrillar collagen types, these
triple helices spontaneously self-assemble into fibrils. Those fibrils further form organized three-
dimensional (3D) structures specific to each tissue and related to its physical and mechanical
properties [1]. In situ 3D visualization at the micrometer scale of this biopolymer is therefore
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a major biomedical concern, whether to study collagen accumulation, impairment or disorder
in numerous pathologies, or to decipher the structure of connective tissues and guide tissue
engineering.

Dense collagen solutions have been shown to exhibit self organization properties, which
can be exploited to synthetize engineered tissues that display the same 3D organization as
native tissues, for instance a plywood-like structure similar to the one found in cornea [2]. In
particular, it has been shown that acidic solutions of type I collagen form liquid crystals at high
concentration [3-6]. These solutions of triple helices may then be stabilized by increasing the
pH to a physiological value, resulting in the formation of collagen fibrils that display the same
organization as the liquid solution.

More generally, liquid crystals are widely used in many applications and there is a need for in
situ characterization of these materials at the micrometer scale [7]. Optical techniques are partic-
ularly relevant for that purpose [8] and may take advantage of the large optical nonlinearities that
have been demonstrated in these materials [9]. Nonlinear optical processes such as two-photon
excited fluorescence (2PEF), second harmonic generation (SHG), third harmonic generation
(THG) or coherent anti-Stokes Raman scattering (CARS) [10-14] have been used to obtain 3D
images of liquid crystals at the micrometer scale. Nonlinear optical microscopy indeed provides
intrinsic 3D resolution due to the spatial confinement of the nonlinear processes at the focus of
the laser excitation.

Among these nonlinear optical techniques, SHG microscopy has been shown to reveal the 3D
organization of unstained fibrillar collagen with excellent contrast in biological tissues and in
matrices [15-18]. SHG is specific to dense non-centrosymmetric materials. The collagen triple
helix exhibits non negligible second order hyperpolarizability due to the presence of numerous
tightly aligned peptidic bonds whose nonlinear responses, although quite weak, coherently sum
up along the triple helical structure [19-22]. The same coherent summation applies within tightly
aligned collagen molecules in fibrils, which explains the large SHG signals of collagen fibrils in
tissues. In dense acidic solutions of molecular collagen, the collagen triple helices form liquid
crystalline phases, within which triple helices are well aligned at the micrometer scale, allowing
detectable SHG signals as in fibrils. Accordingly, we have previously demonstrated nonlinear
optical imaging in such collagen liquid crystals [5, 6, 13].

The aim of this work is to obtain new information about the 3D structure of collagen liquid
crystals by using polarization-resolved second-harmonic generation (P-SHG) microscopy. P-SHG
has been shown to provide quantitative parameters related to the 3D microstructure of collagen
fibrils in biological tissues [23-31]. In this work, P-SHG microscopy is used to characterize
nematic plywood-like collagen structures, similar to the ones found in cornea. We demonstrate
the benefits of this technique that provides information not accessible with classic imaging
modalities, and in particular we highlight its unique sensitivity to the orientation of collagen
molecules.

This paper is organized as follows. We first introduce the preparation of dense liquid crystalline
collagen samples and the nonlinear imaging setup. Then, we derive an analytical calculation
of the P-SHG signal as a function of the 3D orientation of collagen molecules in the excitation
volume and connect the measured P-SHG parameters to the liquid crystal orientation. We then
report numerical and experimental results for various orientations of the plywood-like structure
and show that only P-SHG measurements reveal unambiguously a signature of such structures at
specific orientations.

2. Materials and methods

2.1. Sample preparation

Type I collagen was extracted from rat-tail tendon and purified as previously described [4,32].
It was solubilized in 500mM acetic acid (no fibrils), and then dialyzed against a 10mM acetic
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Fig. 1. Customized microchamber allowing collagen concentration. Black arrows: collagen
concentration gradient. The concentration is the largest near air-liquid interfaces. Orange
arrow: orientation of the plywood director axis near the air-liquid interface (see below).

acid and 0.3mM hydrochloric acid solution (pH=3.2) [32]. The 2 or 3 mg/mL solution was then
concentrated in a two-sided open glass microchamber made out of two coverslips and spacers as
depicted in Fig. 1. The thickness of the microchamber was approximately 0.3 mm over its whole
length. Slow and continuous injection of the collagen solution at one end of the microchamber
was performed with a syringe during typically 4 days. It aimed at countering solvent evaporation
on both open sides and increasing collagen concentration, while creating a concentration gradient
near the air-liquid interfaces. This setup has been shown to induce the formation of liquid crystal
phases near the air-liquid interface where the collagen concentration is the largest (up to a few
hundred mg/mL) [3-5]. All experiments were performed at 21° C.

The liquid crystalline patterns were dependent on the collagen local concentration and other
chemical parameters such as acid strength and concentration, or ionic force [3—6]. In this study,
we focussed on a condition giving a plywood like organization, at the micrometric scale, near
the liquid-air interface where the collagen concentration was the highest [32].

2.2. SHG microscopy

In the present work, we probed the structure of the collagen liquid crystal using SHG signal, and
we measured the collagen concentration with 2PEF. For that purpose, we used a custom-built
laser scanning nonlinear optical microscope as previously described [33] (see Fig. 2). Excitation
was provided by a femtosecond Titanium-Sapphire laser (Mai-Tai, Spectra-Physics) tuned at
860 nm and scanned in the XY directions using galvanometric mirrors. We used either circular
polarization in order to image all structures independently of their orientation in the image plane,
or a set of linear polarizations with different orientations in order to perform polarization-resolved
measurements. The orientation of the incident field was controlled by two waveplates inserted at
the back aperture of the objective, allowing us to measure the SHG intensity for different laser
excitation angles 0. All polarization-resolved images were acquired at 36 excitation angles 0
regularly spaced between 0° and 360° . We detected simultaneously SHG and 2PEF signals in
two detection channels equipped with photon-counting photomultiplier tubes (P25PC, Electron
tubes) and suitable spectral filters to reject the excitation beam (FF01-680SP, FF01-720SP,
Semrock) and select the proper signal. SHG signals were detected in the trans-direction through
a condenser (effective numerical aperture (NA) ~ 1) since SHG is mainly forward-directed,
using a FF01-427/10 interferential filter (Semrock). 2PEF signals were epidetected through the
focusing objective using a GG455 colored filter (Schott). Liquid crystalline samples were imaged
in situ using a 60x, 1.2-NA objective lens with coverslip correction (UplanSApo, Olympus),
resulting in typically 0.3 um (lateral) x 0.9 um (axial) resolution. Imaging was performed within
2 hours after stopping the injection in order to prevent sample dehydration. Power at the sample
was 4 to 10 mW with 5-10 us/pixel acquisition time. No perturbation of the texture of the sample
was observed in these imaging conditions under continuous excitation, as expected from the
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a. Excitation

(IR) 4_} 2PEF
Polarization ‘ . %
control

Fig. 2. a. Setup geometry. Excitation polarization angle 6 is controlled by two achromatic
waveplates. Excitation field E? is focused through an objective. SH radiation is collected
forwards through a condensor (NA =~ 1) and 2PEF backwards through the focusing objective.
b. Zoomed scheme of the excitation volume. The pink arrow gives the mean orientation of
all triple helices present in the excitation volume. (xyz) is the corresponding frame, with
x along the mean orientation of the triple helices. (XYZ) is the laboratory frame. Incident
polarization E® is shown in red and is supposed to be in the image plane (XY).

highly viscous character of the concentrated collagen solutions [13].

3. Theory
3.1. Polarization-resolved SHG microscopy (P-SHG)

The second harmonic (SH) response of a medium is characterized by its second order nonlinear
susceptibility tensor x (2) [34], which connects the induced polarizability P?® to the incident
electric field E®:

PO = L i EPE? m
ik

where i, j and k stand for x,y or z spatial directions in the sample frame (see Fig. 2(b)).

Here, the assembly of collagen triple helices in the excitation volume is supposed to be well
aligned together with almost no disorder. We assume that these triple helices exhibit a cylindrical
symmetry and that Kleinman symmetry applies since these assumptions have been shown to
provide a good agreement with experimental data while simplifying the calculations when using
linear polarizations [16,19,23,24,35]. Note that lower symmetry including chiral components has
to be considered when measuring SHG circular difference [36], which is not the case in this study.
Within the cylindrical and Kleinman symmetries, the x(z) tensor has only seven non vanishing
components with two independent values: xﬁf} and x§§§ = )EZZZ) = ;,%y) = gz) = )(yz)z = xz(zzx) ,in
the (xyz) frame where x axis is along the mean orientation of the triple helices.
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Fig. 3. Collagen orientation. a. Two angles describe the mean 3D orientation of the triple
helices in the excitation volume: @, the orientation of its projection in the image plane (XY)
and vy, the out-of-plane angle. b. Evolution of .#ean and p with respect to out-of-plane
angle y, either without focusing (black solid lines, analytic calculations) or with strong
focusing and forward detection (red dotted lines, NA = 1.2, numerical simulations). p () is
plotted for pi; = 1.36. Note that in the case of strong focusing, those two parameters depend
also on geometrical parameters such as focusing NA.

In that case, the polarizability at 2 writes [23]:

P2 = yRE+ xGER 4 X E?,
2
P = 2y EE,
P — 2QEE. )

These equations are written in the reference frame (xyz) attached to the collagen triple helices,
while SHG microscopy is performed in the laboratory frame (XY Z). To switch to the latter frame,
we have to describe the mean orientation of the triple helices in the laboratory frame, which is
fully obtained by the two angles depicted in Fig. 3(a):

* the orientation ¢ of their projection in the image plane (XY')
* the out-of-plane angle y

For polarization-resolved measurements in a non focused regime, the incident electric field
is perpendicular to the direction of light propagation Z in the laboratory frame (XY Z) and at
angle 6 to the laboratory axis X: its vectorial components are EY = Egcos(0), E{ = Eysin(0)
and EZ = 0. In that case, the total SHG signal intensity is calculated in a straigthforward way
by translating the susceptibility tensor from the molecular frame (xyz) to the laboratory frame
(XYZ) (see Appendix). It is then given by [23,28,29]:

720(6) = cos () x [A(W) cos(4(8 — 9)) +B(y) cos(2(8 — ) +C(w)] 3)

A(y), B(y) and C(y) are directly related to the susceptibility components in the (XY Z) frame,
which can be written as a function of the susceptibility components of the triple helices in the
(xyz) frame and of the out-of-plane angle v of their mean orientation (see Appendix).

Three quantitative parameters are then obtained from .#2?(8), the SHG intensity measured
for different laser polarization angles 0, either with a fit or a Fourier transform algorithm:

* the orientation ¢ of the triple helices projection in the image plane (XY),

* the mean intensity %, Which is directly connected to y at first order [13]:

Irnean o< 05 () “4)
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* the anisotropy parameter p, which reflects the anisotropy of the nonlinear response of
(2)
these triple helices [29]: p = %)(%X . This parameter is calculated as the square root of the

XYY
intensity ratio for an excitation field parallel or perpendicular to the mean orientation of
the triple helices [29]:

p— J20(9) _ JA(w)+B(y) +C(v) 5)
S(e+3) | A(Y) —B(y)+C(y)
It is directly linked to y (see Appendix):
p = prrcos” () + 3sin* () 6)

2)
where py; = )g)‘ is the ratio obtained for triple helices lying within the image plane (XY').

XYy
The ratio p, depends on the molecular structure of collagen for perfectly aligned triple
helices [19, 20, 24]. It varies with the orientation disorder among triple helices in the
excitation volume [29]. We used p, = 1.36 for analytic calculations [29].

3.2.  Analytic calculations and numerical simulations

Using the above relationships between anisotropy p, mean intensity #mean and out-of-plane
angle W and considering that the incident electric field lies in the (XY) plane (no or slight
focusing), it is straightforward to derive analytically P-SHG signals for any direction of the triple
helices. These results are presented in Fig. 3(b) (black lines). As expected from equations (3) and
(6), the anisotropy parameter increases and the mean intensity decreases when the out-of-plane
angle y increases.

Nevertheless, high NA objective lens results in a strongly focused incident beam with an
axial polarization component. In that case, analytic calculations are not possible. Numerical
simulations are needed to derive the pattern of the polarization components of the electric field
at focus and to calculate the SHG signal radiated at high NA [33]. Starting from the algorithm
presented in [33] that considered only in-plane collagen molecules, modification were included to
consider any out-of-plane angle y. These numerical simulations were performed using a focusing
NA 1.2 and for forward detection. For the sake of simplification, we considered homogeneous
systems composed of triple helices all aligned along a given direction with out-of-plane angle y
(no layers). In this way, the two P-SHG parameters p and .#eqn Were obtained for any angle y.

Figure 3(b) displays the result of these numerical simulations as a function of the out-of-plane
angle y (red dotted lines). The behavior of the P-SHG parameters p and #eqn is similar to the
one obtained from analytical calculations, but with less contrast. The non zero value of the mean
SHG intensity for collagen at right angle from the image plane (y = 90° ) is consistent with the
presence of an axial component of the excitation field due to strong focusing. The decrease of
the anisotropy parameter at high out-of-plane angles is also attributed to strong focusing, which
scrambles the various polarization components and decreases the contrast of P-SHG. Note that,
at high angles, the intensity is low, so the anisotropy parameter is determined with low accuracy
(see Appendix of [33] for more details).

Since the strong focusing impacts mostly the contrast of the P-SHG parameters we are
interested in, we only present in the following the results of analytic calculations while keeping
in mind that the observed contrast should be lower.
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Fig. 4. Nematic plywood-like organization. This structure consists of a few um-thick layers
composed of triples helices aligned along a main direction (red arrow). Two sequential
layers have orthogonal directions. The director axis (orange arrow) is perpendicular to the
layers. We suppose that this axis is in the (XZ) plane to get ¢ angles centered around 90° .
a. Simplest case, with the director axis along X axis, and layers directions along Y and Z
axis. b. Two angles describe any 3D orientation of this structure: the angle & of the director
axis with respect to the image plane and the directions of the layers around this axis, defined
by angle B (B = 0° when a layer is along Y axis). See Visualization 1.
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4. Numerical and experimental results
4.1. Calculation of P-SHG patterns for plywood-like structures

The collagen triple helices in the microchamber organize themselves in a liquid crystal phase
near the air-liquid interface, where the collagen concentration is the largest. This organization
depends on the collagen local concentration and on chemical parameters such as acid nature and
concentration, pH and ionic force [5]. Here, collagen is solubilized in 10mM acetic acid and 0.3
mM hydrochloric acid (pH=3.2). It results in a nematic plywood-like structure, similar to the
one observed for collagen fibrils in cornea and depicted in Fig. 4 [6]. This liquid crystal phase is
composed of layers having a thickness of a few ym and containing aligned triple helices along a
given direction (red arrow). Two sequential layers are expected to have perpendicular directions.
The axis around which the layer directions turn is the director axis (orange arrow). For the sake
of simplification, we suppose here that it lies in the (XZ) plane. Therefore, only two parameters
are required to describe this liquid crystal phase in the (XY Z) fixed frame (Fig. 4(b)):

* the angle « of this director axis with respect to the image plane (XY),

* the two possible layer directions, which are described by only one angle § since they
are perpendicular. We set § = 0° when a layer is oriented along Y axis. We consider that
collagen triple helices have the same polarity within a layer, but we do not take explicitly
this polarity into account, so that 8 ranges from 0° to 90° here. In-plane polarity may
be measured using interferometric SHG microscopy in a thin sample [37], but we are
interested in the collagen 3D organization of thick samples in this study.
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Fig. 5. Theoretical P-SHG patterns obtained from analytic calculations for different 3D
orientations of the plywood-like structure: a. &« =0° and B =0° , b. @ =0° and f =20°, c.
a=20°and f =0°,d.1. @ =20° and 8 =20°, d.2. particular case & = 20° and § =45° .
For the three first orientations, the projections in the image plane (XY ), in gray, and in the
(XZ) plane are shown. For the two last ones, the projections of two different layers are not
along the same plane and cannot be displayed. Orientation ¢ is defined here with respect
to X axis. Comparison of the 3D orientations corresponding to the same angle o: a and b,
or ¢ and d, show that the three P-SHG parameters have less contrast when f # 0° . See

Visualization 1.
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P-SHG measurements then depend on the orientation of the triple helices in the laboratory
frame (XY Z), described by (¢, ), ie on how the plywood frame, described by (o, ) is oriented
with respect to (XY Z). The plywood-like structure can be oriented in any direction with respect
to the air-liquid interface. In practice, the layers of the plywood-like structure are roughly parallel
to the air-liquid interface, but can be a bit tilted with respect to this interface. We indeed observe
in the in-depth 3D images a small tilt angle & of the director axis with respect to the image plane.

We performed analytic calculations using equations derived in section 3.1, to connect the three
measured P-SHG parameters Zean, P and @ to the plywood 3D orientation (@, 3), in the case
of no focusing. Results are displayed in Fig. 5 and in the movie S1, for four different cases:

o =0° and = 0° (Fig. 5(a)) In this simplest case, triple helices are either in the image plane
or perpendicular to it. Analytic calculations show that:

* the orientation in the image plane ¢ is the same everywhere

* the mean intensity exhibits fringes: the maxima (#pean = 1) correspond to layers
where triple helices are in-plane and the minima (Fean = 0) to the other layers
(perpendicular to the image plane).

* the anisotropy parameter p shows a similar behavior: p = py = 1.36 when the triple
helices are in plane, and p = 3 when they are perpendicular to the image plane.

o =0° and B # 0° (Fig. 5(b)) We observe the same kind of images, with less contrast: p
switches from 1.55 to 2.81 and Zean from 0.12 to 0.88.

o # 0° and B = 0° (Fig. 5(c)) Analytic calculations show that:

* the mean intensity exhibits fringes as in the former cases, but with lower contrast.
* the anisotropy p exhibits the same kind of behavior, with lower contrast.

* the orientation in the image plane ¢ also oscillates.

o #0° and B # 0° (Fig. 5(d)) We observe the same kind of images, with less contrast
(Fig. 5(d.1)). In the particular case B = 45° (Fig. 5(d.2)), p and #ean exhibit no con-
trast at all, because triple helices have the same out-of-plane angle v in all layers. Here,
the variation of ¢, obtained though polarization resolution, is necessary to spot the 3D
organization.

In case of strong focusing, we expect that the contrast of p and .Znean 18 even lower, as it was
previously shown in Fig. 3(b). The expected geometry corresponds to cases (c) and (d).

4.2. Experimental results

We recorded P-SHG images in 7 different microchambers with the same physico-chemical
conditions (10mM acetic acid and 0.3mM hydrochloric acid solution - pH=3.2) leading to
a nematic plywood-like organization. Collagen density was measured using 2PEF with the
same protocol as described in [13]: it ranged between 300 and 1000 mg/mL in the observed
areas and it was homogeneous in the field of view. Measurements were reproducible in all
tested microchambers with those physico-chemical conditions. We removed images from other
microchambers exhibiting the following well identified experimental problems: (i) the solution
had dryed in the microchamber in case of collagen injection for a too long time; (ii) the collagen
didn’t achieve liquid crystal organization because the collagen density was too low; (iii) the
liquid crystal organization was disrupted because the microchamber was shocked or broken.
Figure 6 displays the three parameters of interest obtained from P-SHG measurements in
two typical microchambers. Figures 6(a) and 6(b) display those parameters in the imaged area
for each microchamber. A zoom of the yellow squared area (Fig. 6(b)) is shown in Fig. 6(c),
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and the profiles of each parameter in a direction perpendicular to the fringes (yellow line) are
displayed in Fig. 6(d). The same pattern was observed in all microchambers, with different levels
of contrast: the measured orientation in the image plane ¢ varies periodically (Figs. 6(a.3), 6(b.3)
and 6(c.3)), and consistent patterns are observed in the three corresponding images of the same
area (zoom in Fig. 6(c)) and in the profiles (Fig. 6(d)). The profiles show that the variations of
the SHG mean intensity (Fig. 6(d.1)) and the ones of the anisotropy parameter (Fig. 6(d.2)) are
correlated.

At first glance, this pattern is consistent with analytic calculations shown on the right side
of Fig. 5. The mean intensity and the anisotropy parameter have the same periodicity, which is
consistent with the fact that they depend on the same parameter y. Furthermore, as expected
from analytic calculations and numerical simulations (Fig. 3(b)), when the intensity is high, the
anisotropy parameter is low (triple helices in the image plane) and the other way around (triple
helices perpendicular to the image plane).

Moreover, we used the data displayed in Fig. 3(b) to tentatively extract the absolute value
of the out-of-plane angle y from intensity .#yean and anisotropy parameters p measurements.
We fitted the simulated data in strong focusing conditions to obtain 2 calibration curves for the
anisotropy parameter and the SHG intensity. The one for the anisotropy parameter provided 2
absolute values. Its ambiguity was lifted by the relative value of the SHG intensity. The resulting
profile is shown in Fig. 6(e). It is only qualitative because of various uncertainties in experimental
conditions, such as inhomogeneities and disorder in the sample, and related slight variations of
excitation intensity at focus. Nevertheless, it shows unambiguously that the out-of-plane angle
v oscillates between two different values, indicating that the orientation of the triple helices is
indeed turning with respect to the image plane.

5. Discussion

In this study, we explored the benefits of P-SHG microscopy to probe the 3D orientation of
collagen molecules. We performed analytical calculations in a non focusing regime and numerical
simulations with strong focusing to analyse P-SHG images of liquid crystal organized collagen
structures. Experimental and theoretical results are in good agreement, as clearly shown in the
zoomed-in images and the profiles in Figs. 6(c) and 6(d), which exhibit fringes similar to the
ones obtained by the theoretical calculations displayed in Fig. 5.

Nevertheless, the experimental fringes are not as regular and abrupt as the theoretical ones. In
practice, experimental intensity profiles show rather series of Lorentzian peaks than the simulated
bright and dark fringes (Fig. 6(d)). This can be explained by some limitations of the theoretical
calculations, which consider homogeneous media with aligned triple helices all pointing in the
same direction, and then let this direction vary to obtain data at different orientations. In contrast,
experiments are performed in a liquid crystal composed of layers with different orientations.
Numerical simulations accounting for the actual organization in layers, with frontiers, would be
highly complex and are beyond the scope of this paper. We can however anticipate that it may
affect the P-SHG data in the following ways:

* The excitation field may be modified while traveling across the liquid crystal, resulting in
a slightly disrupted excitation pattern at focus (polarization, phase and intensity);

* At the frontier between two layers, the excitation volume (/= 1m) may contain triple
helices with different orientations;

* This frontier may be tilted with respect to the image plane;

* The frontiers between two layers may not be infinitely small as in the calculations: in
that case, these frontier regions may be considered as disordered regions, with various 3D
orientations of the triple helices .
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Fig. 6. P-SHG imaging of collagen liquid crystals. a. and b. Set of images obtained from
P-SHG measurements in two different microchambers with the same physico-chemical
conditions (10mM acetic acid and 0.3mM hydrochloric acid solution) leading to a nematic
plywood-like organization. Collagen density was measured with 2PEF and ranges between
300 and 1000 mg/mL in the observed areas. Scalebar: 10 um. ¢. Zoomed-in images taken
in the yellow squared areas in b. Same scalebar. d. Transverse profiles of the three P-SHG
parameters along the yellow lines in c. e. Absolute value of the out-of-plane angle y
tentatively deduced from .#pean and p. The observed switch between 2 orientations shows
that triple helices are indeed rotating around the director axis.

All these effects result in wider and smoother transitions between aligned domains in the
image (a few um). Moreover, the frontiers correspond to disorder in the excitation volume, which
decreases the SHG intensity and increases the anisotropy parameter p, forming the plateaus
observed in the images. Taking these frontier regions into account, we therefore expect from
analytic calculations that (i) the in-plane angle ¢ is 90° when the intensity is maximum (because
the triple helices are perpendicular to the director axis, that is to X, when y = 0° ), (ii) the
in-plane angle ¢ exhibits values over or below 90° depending on the way the direction of the
triple helices switches from one layer to the next one. This is indeed observed in the experimental
profiles in Fig. 6(d). Note that the range of variation of this angle ¢ is slightly smaller than the
one in the simulated profiles because the tilt angle of the liquid crystal may be smaller than the
one considered for the simulations or because the frontiers regions may attenuate the variation of
the measured angle.

The out-of-plane angle y profile (Fig. 6(e)) confirms the expected and measured variations of
P, mean and @. Indeed, at frontiers between two layers, when the intensity is maximum and p
drops (¢ is then equal to 90° ), y drops down to zero since triple helices are expected to be in
the image plane.

Taking those artifacts into account, we attribute the observed pattern in our experimental data
to a plywood-like structure oriented like in case (c) or (d) of Fig. 5. The three measured P-SHG
parameters in Figs. 6(b) and 6(c) indeed show fringes similar to the ones calculated for these
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cases in Fig. 5. This structure is confirmed by the 3D intensity images in depth, even if the angle
¢ does not vary with the expected period (Figs. 6(b.3) and 6(c.3)).

Moreover, this study demonstrates that P-SHG reveals features that are otherwise not detected.
Indeed, in the images depicted in Fig. 6(a), SHG mean intensity (Fig. 6(a.1)) and anisotropy
parameter (Fig. 6(a.2)) patterns do not exhibit enough contrast to observe the fringes specific to
a plywood-like organized structure. SHG images recorded with circularly polarized excitation
would exhibit the same limitation since they are equivalent to the mean SHG intensity .Zean in
P-SHG measurements. In contrast, the orientation ¢ obtained from P-SHG measurements shows
variations (Fig. 6(a.3)). We are in the particular case depicted in Fig. 5(d.2), where P-SHG is
needed to spot an organization. In this case, the classical implementation of SHG microscopy
may miss the signature of some organized structures, such as a plywood-like structures which
are a bit tilted with respect to the image plane. It is especially true for strongly focused excitation
because of polarization scrambling.

6. Conclusion

In conclusion, our study demonstrates th at P-SHG measurements allow reliable characterization
of organized liquid crystal phases by measuring complementary parameters connected to the
3D orientation of the molecules, and in particular by mapping their in-plane orientation ¢ with
sub-micrometer accuracy. This method can be used to establish phase diagrams of the collagen
solutions in given physico-chemical conditions. To that end, image pattern of the complementary
parameters obtained by P-SHG can be quantitatively linked to the collagen concentration that is
measured by use of 2PEF imaging. In particular, the period of the structure, notably in the in-plane
orientation ¢ image, and the critical collagen concentration at the transition between organized
and disordered structures can be measured, which is not possible using other techniques. P-SHG
measurements should therefore help to optimize physico-chemical conditions leading to a highly
organized collagen 3D structure similar to the one found in native corneas, in order to engineer
corneal implants which display appropriate biomechanical and biophysical properties. This
method may also be generalized to characterize other distributions of polymers, for instance
cholesteric collagen structures in bone or cellulose's organization in plants.

Appendix: derivation of the P-SHG response for tilted molecules

In this section, we derive the P-SHG response for tilted collagen molecules. The SHG response of
collagen is known in the frame (xyz) of the triple helices, using Eq. 1, and it has to be translated
in the laboratory frame (XYZ) [34]. Indeed, the incident electric field lies in the (XY) plane, at
an angle 6 to the X axis (see Fig. 2(a)), so that its vectorial components are expressed in the
laboratory frame (XYZ) as follows (considering a non-focusing regime):

EQ = Eycos(0), Ey = Eysin(0) and EZ =0 7)

We use the Euler matrix M to describe the change of coordinates from the triple helices frame
to the laboratory frame:

cos@cosy —sing@ cos@siny
M= |sin@cosy cos¢ sin@siny ®)
—siny 0 cosy

where the angles 6 and ¢ are defined in Fig. 3(a). In order to simplify this matrix, we set
¢ = 0° and get the proper in-plane orientation by replacing 0 by 6 — ¢. In that case,

cosy O siny
M=| 0 1 0 ©
—siny 0 cosy
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and EY = Egcos(0 — @), EY = Eysin(6 — @) and E? = 0.
The tensor ¥ connecting P)%)‘%Z and Eyy ; in the laboratory frame is then calculated as
follows: oy @
Lok =Y, MMy Mk i Xk (10)
irjk
We obtain only two independent values for the non zero components for in-plane excitation and
detection:

23y = cosw(xcos? y+3xZsin’ )

Xivy = Xoxy = Xovx = cosyrly an

20 . .
PX7Y then writes:

2 2) .
R® = Eg(tx 05’ (6 = 9) + 1y sin(0 — 9))
Y = 2E§x)<,§,)x cos(6 — @) sin(6 — @) (12)
Finally, the total SHG signal intensity is obtained as:
720(0) o< | P30 + | P (13)

It writes:

() (2) )2 ( (Z)Y)Z
]

720(9) o Ig[(xxxx_glxn ~ xy cos(4(6 — )

2 2 2 2
(%)(o?X - X)((Y)Y) (X)(ng + X)((Y)Y)

vl | Jeos(2(0— ¢)
2 2 2 2 2
2 (96)(()@)(4'%)(()/))/)2 (Z)(()gx _X)((Y)Y)2 ( )((Y)Y)z
+ I 1 + 3 > ] (14)

2) (2)
We now define p = X}({g{)x in the (XYZ) frame and p, = % in the (xyz) frame. From
Xxyy Xxyy

Eq. (11), we get:

p = pucos’(y) + 3sin®(y) (15)
Then,
790) « (a2 Lcosia(o-g)
+ R PP Do a0 - )
2 12
T ORIt M (16)
so that .#2?(8) can be written as in Eq. (3):
S22(6) = cos” () x [A(y) cos(4(6 — @) + B(y) cos(2(6 — @)+ C(y)]
with
Aly) = K(xg;)%g[@ -3 (17)
By) = k()P AP LD, (18)
2 12
cw) =k@ppet e (19)

4 8 2
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p is then obtained from these parameters as in Eq. (5).

A(y), B(y) and C(y) depend on the susceptibility components for a triple helix in the (xyz)
frame, on the disorder among triple helices in the excitation volume, and on their mean out of
plane angle y (see Eq. (6)).

Finally, the mean intensity writes at first order [13]:

Fmean = C() cos” () (20)

so that it is proportional to cos? ().
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