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Second harmonic generation (SHG) microscopy is nowadays the gold standard tech-
nique for collagen structural imaging in intact tissues with sub-micrometer resolution.
This multiphoton modality can be combined with polarimetry to provide key infor-
mation about the 3D hierarchical organization of collagen. Notably, the so-called
anisotropy parameter processed from polarization-resolved SHG (P-SHG) has been
shown to vary with the orientational disorder of the fibrils within the focal volume
and with their out-of-plane orientation. However, analytical equations describing
both effects within the same formalism are still lacking. In this work, we present a
unified multiscale theoretical approach of the intrinsic variations of the anisotropy
parameter. We then measure these variations in the very same collagen samples to
ensure reliable comparisons. To that end, we use parchments, which are materials
made from animal skins and which contain almost exclusively collagen. These parch-
ments are manufactured in different ways to obtain different collagen distributions.
Our series of measurements exhibit a good agreement with our theoretical approach,
which shows the relevance of P-SHG measurements to probe collagen multiscale or-

ganization in tissues.

2)Electronic mail: marie-claire.schanne-klein@polytechnique.edu
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I. INTRODUCTION

Collagen is a major structural protein in mammals®. It is found in many organs such as
skin, tendons, arteries, bones, cornea, etc... and as such is involved in many pathologies.
There are many collagen types, which are all characterized by triple helical domains com-
posed of three « chains at the molecular scale (Fig. 1.a). In collagen fibrillar types, these
triple helices align to form fibrils with diameters ranging between 10 nm and 300 nm. Fib-
rils can further organize in various ways, most usually in fibers that are tight assemblies of
aligned fibrils'. This so-called hierarchical organization of collagen is specific to each tissue
and crucial for its biological function. Collagen remodeling in the course of pathologies such
as fibrosis or cancer may affect this three-dimensional (3D) organization and impede the
tissue function. Accurate multiscale characterization of collagen distribution in tissues is

therefore a major biomedical issue.

Second harmonic generation (SHG) microscopy is nowadays the gold standard technique
for collagen structural imaging with sub-micrometer resolution?. As SHG is a coherent
multiphoton process specific for dense and non-centrosymmetric materials, it provides three
dimensional (3D) imaging of fibrillar collagen without any staining and with unequaled
specificity and sensitivity®. Moreover, it can be combined with other multiphoton modalities,
notably two-photon excited fluorescence (2PEF), to provide multimodal 3D images of thick

collagen-rich tissues?.

Polarization-resolved SHG microscopy (P-SHG) has been shown to provide more accurate
information about collagen distribution in tissues* . P-SHG consists in recording series of
SHG images for different orientations of the linear polarization of the incident laser excita-
tion. A polarimetric diagram is thus measured in every voxel and its main axis provides the
mean direction of the collagen fibrils within this voxel. The so-called anisotropy parameter,
which is noted p (or alternatively ), is also of great interest for collagen structural imaging:
it is defined as the ratio of the SHG signal measured for an incident polarization parallel to
the collagen fibrils to that for an incident polarization perpendicular to these fibrils. This
anisotropy parameter has been shown to be directly related to the pitch of the collagen triple
helix®17.

However, P-SHG measurement of the anisotropy parameter is a complex issue and has

been shown to be affected by several experimental artifacts. First, collagen-rich tissues can
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exhibit birefringence and diattenuation that distort the incoming polarization and affect

14,6.7,18,19

the polarimetric diagrams in dept . Second, high focusing scrambles polarizations,

which affects the polarimetric diagrams in a different way for forward versus backward SHG

detection?.

Third, these measurements can also be affected by the noise background?!22.
Fortunately, all these experimental artifacts have been extensively studied and can be either

corrected or at least estimated to provide reliable error bars.

Besides these experimental measurement issues, the anisotropy parameter also exhibit
intrinsic variations due to the variety of collagen hierarchical organizations in tissues. P-
SHG microscopy probes this multiscale three-dimensional (3D) structure at the optical scale,
within the focal volume (usually around 1 gm?) that may contain several fibrils with different
directions. The anisotropy parameter has been shown to vary with the orientational disorder
of these fibrils®®10:13:16 and with their out-of-plane orientation'!*®. Both effects have been
described theoretically, but tractable analytical equations describing both effects within the
same formalism are still lacking. Moreover, these effects have been evidenced experimentally

in different samples, which is prone to experimental artifacts.

In this work, we present a unified multiscale theoretical approach of the intrinsic varia-
tions of the anisotropy parameter measured in collagen using P-SHG microscopy. We then
measure these variations in the very same collagen samples to get rid of experimental ar-
tifacts affecting the P-SHG measures. To that end, we use parchments, which are animals

skin that are preserved by liming, scraping, and drying under tension?.

Parchments thus
contain almost solely collagen. Due to the last manufacturing step, the collagen fibers are
stretched and well aligned parallel to the parchment surface, that is in the imaging plane®*.
However, a different finishing treatment can result in the presence of out-of-plane fibrils at
the surface of some limited region of the same parchment. In the same way, artificial aging
by heat for different durations of samples from the same parchment can induce increasing
levels of disorder in the fibrillar structure. Our series of measurements in these parchments

exhibit a good agreement with our theoretical approach and show the relevance of these

P-SHG measurements of collagen multiscale organization in tissues.
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II. ANALYTICAL THEORY OF SHG SIGNAL FROM FIBRILLAR
COLLAGEN

A. A multiscale approach

Second harmonic generation from fibrillar collagen has been shown to originate from
the peptide bonds at molecular level>>!725 These peptide bonds exhibit delocalized
electrons between electro-donor (N) and electro-acceptor (O) groups that provide a non
centrosymmetric environment. The induced dipole thus exhibits a second-order nonlinear

optical response characterized by a so-called hyperpolarizability tensor [3:

p=BEE (1)

=

Here E is the complex amplitude of the incident electric field: E(t) = E e=*“! + cc, and
the dependence on the position r has been dropped for simplicity.
On a larger scale, up to the optical scale, all these dipoles sum up to build a polarization

P, which acts as a source term for the second harmonic signal:

P=> p=cx?EE (2)

(2) is thus obtained as the summation of all hyperpolarizability

The susceptibility tensor x
tensors within a unit volume. Equally, it means that the SHG signal measured in a multi-
photon microscope is obtained as the coherent summation of all SH electric fields radiated
by the elementary nonlinear dipoles of each peptide bond within the focal volume.

Importantly, collagen exhibits a hierarchical organization from the « chain to the triple
helix, the fibril and the assembly of fibrils as depicted in Fig. 1.a. Due to this multiscale

structure, the summation of the hyperpolarizability tensors must be considered on two

increasing scales:

e On the sub-micrometer scale that corresponds to the « chain, the triple helix or the
fibril. On this scale, all the peptides bonds have the same polarity, so that the coherent

summation of their contributions results in constructive interferences.

e On the micrometer scale, that is the optical scale of the focal volume. On this scale,
there are multiple fibrils with various 3D orientations, including opposite polarities,

which can lead to partially destructive interferences. The resulting polarization thus

4
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depends on the precise spatial distribution of the collagen fibrils within the focal
volume, which is specific to each tissue. Furthermore, this assembly of fibrils may have

different orientations with respect to the light propagation axis Z of the microscope.

[a) :.-1:1"m d-wteonm {b]

e y

gonain e e LT
(d} (e}
Jﬂ_) w Granaarhan .
s, L

L BTH]

FIG. 1. Multiscale structure of collagen. (a) The collagen triple helix is composed of 3 superwound
a chains. These triple helices self-assemble to form fibrils with diameter ranging from ~ 10 nm to
300 nm. The elementary sources of SHG signal are the peptide bonds along the « chains. (b) In
the frame of the « chain, the pitch angle 6y, is defined as the orientation of the peptide bond to the
triple helix axis. (c¢) Euler angles § and ¢ parametrizing the transformation from the fibril frame
(z,y,z) to the laboratory frame (X,Y, Z). The red arrow represents the propagation axis of the
excitation laser. (d) Assembly of in-plane fibrils. The red spot represents the focal volume. (e)
Assembly of aligned out-of-plane fibrils. The out-of-plane angle is defined as 1. (f) Assembly of
disordered fibrils in the imaging plane. The disorder of the fibril distribution p(#) increases when

the variance o increases.

In many tissues such as skin and tendon, fibrils assemble to form fibers that can be
considered as tight assemblies of aligned fibrils'. Because parchments are made from animal
skin composed of collagen fibers, SHG microscopy probes these fibers at the micrometer
scale. Whatever the scale under consideration, the collagen susceptibility tensor xy® is

calculated from the peptide bond hyperpolarizability £ in two steps:
e Changing the frame of reference from the peptide bond frame to the « chain/triple

bt
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helix/fibril frame or from the fibril frame to the laboratory frame

e Summation over all the peptide bonds within the « chain/triple helix/fibril or over all

fibrils within the focal volume

B. From the peptide bond to the fibril scale

Let’s first calculate the susceptibility of a collagen « chain, triple helix or fibril composed
of N,, peptide bonds par unit volume. As usually assumed®*!7? we consider here that
only one component (3, of the hyperpolarizability tensor contributes to the SHG signal, v
standing for the peptide bond direction. The usual formula for tensor summation is then

simplified as follows:

ngk - ZTn w T n,jv Tn kv ﬁuuu (3)

Here n is the peptide bond number and 7, is the transformation matrix between the peptide
bond frame and the frame of the « chain, triple helix or fibril, which is parameterized by Euler
angles (Fig. 1.b). The « chain is characterized by a pitch angle 6, so that all peptides bonds
have the same nutation angle 6, to the axis of the o chain and a random precession angle

d®1725  we neglect the slight orientation dispersion

wp, around this axis. As usually assume
introduced by the triple helical structure, so that the same Euler angles can be used at the
triple helix scale. We make the same assumption at the fibril scale and assume that all triple
helices are perfectly parallel along the fibril. Therefore, the same Euler angles are used on
the « chain, triple helix and fibril scales.

Furthermore, these structures exhibit a cylindrical symmetry, so that we expect only four

independent tensor components: X\, X;S;Qy)y 2, Xﬁ)m = Xl(,x)y 2 =2, (achiral) and

X?(ng)x = Xg(,,?,;)z = —Xg,)z = —Xg;y (chiral), where z is the axis of the a chain, triple helix or

fibril. Using Eq. 3, we obtain only 2 nonzero independent components:

Xm:m: - E n,rv 61’1/1’

2 2) __ 2
X(zy)y Xl(/y)ﬂﬁ - 5 Z Tn v Tn ,yv /BI/VI/ (4)

X2 =x2 =0
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Thus,

Ny
Xga:)a? = £ C083 Hh /BVI/V
€0
2 2 N, b 2 2 N. b (5)
X(my)y — ngy)z =2 cosf, sin®0), < cos®ep > B, = 2_ cos 0y, sin? 0y, Buw
(&) €0

The anisotropy parameter pg, is then defined as the ratio of these two components and

can be expressed as a function of the pitch angle 6, of the triple helix:

B 2, _ 2cos?0, 2 (©)
Pab = X%)y "~ sin%6,  tan26),

This anisotropy parameter pg, is thus a constant characterizing the collagen triple helical

structure.

C. From the fibril scale to the optical scale
1. Frame transformation

There are usually several fibrils within the focal volume on the micrometer scale. They
are parameterized by their Euler angles § and ¢ in the laboratory frame (X, Y, Z), where Z

is the laser propagation axis in the microscope (Fig. 1.c). The transformation matrix 7" is:

cos 6 —sinéd 0
T(0,p) = | cospsind cospcosd —sinyp (7)

sinsinf sinpcosf cosy

The susceptibility tensor components on the optical scale are then written:

=3 [[ 000 T06,9) T55(6.9) Taa(6.0) X% db ®)

ijk

Here p(6, ) is the probability of the fibril orientation (6, ) within the focal volume.
For the sake of simplicity, we consider identical fibrils (same diameter) and a constant total
volume density. This assembly of fibrils may have any type of symmetry, so that there
are usually more tensor components than on the fibril scale. However, we assume here
that the plane wave approximation is valid because we use an air objective lens with a

low numerical aperture (NA=0.5). As a consequence, the susceptibility components with

7
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a Z coordinate are not used to calculate the SHG signal, so we only need to calculate the

following components:

XXXX —// (cos 30 2 +3 cosfsin’ Gxxyy) df de
2 :
Xg(%fy = XYXY XYYX = // COS Osin” 0 cos” @ x (2,

+ [Cos 6 cos® ¢ + cosfsin® ¢ — 2 cos @ sin? 6 cos® cp} Xxyy ) de dy

2 2 :
Xg()XY = ngng = X(X%/X = //p(e, ©) (C052 Osin 6 cos g X2,

sm 30 cosp —2 cos? 6 sinf cos go} ) do dy

Xa:yy
ngg,y = / / ) (sin® @ cos® ¢ X2 43 cos?6 sinf cos® o XSCQy)y) do dy

Note that this calculation can be generalised to the strong focusing regime, beyond the

1920 " In this regime, numerical calculations based on the Green

plane wave approximation
functions formalism have to take into account the tensor components with a Z coordinate,
which calculation is similar to Eq. 9.

We now consider specific fibril assemblies that correspond to common geometries in tis-
sues. The aim is to simplify Eq. 9 to gain insight into the effect of multiscale collagen

organization on the P-SHG signal.

2. Assembly of aligned in-plane fibrils

Let’s first consider the basic case of collagen fibrils all aligned together within the imaging
plane, such as fibers in stretched tendons or fibrils in corneal lamellae®?° (Fig. 1.d). In
parchments, it corresponds to fibers (tight assembly of aligned fibrils) within the parchment
plane. This geometry corresponds to § = 0 and ¢ = 0, which greatly simplifies Eq. 9:

2
2
Xg(%’Y = ng;{y = Xg/gfx X;y)y (10)

2
Xg()XY = ng;(X chgfx nggfy =0

E’ The anisotropy parameter on the optical scale measured for this in-plane aligned assembly

'u':':u pé’;t is therefore equal to the one on the fibril scale:

O N

a Popt = (5~ = Phib- (11)
XXyy

8
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P-SHG imaging of collagen samples exhibiting well-aligned fibrils in the imaging plane
thus provides a measure of pgp. Such measurements have been reported in stretched tendons
and corneal lamellae and give values of 1.36 and 1.45 respectively®?°. This corresponds to a
pitch angle of around 50°, close to the pitch angle of 45° measured by X-rays diffraction?®.
The difference is attributed to mainly three effects: (i) the nonlinear dipole may be not
perfectly aligned along the peptide bond, as shown by quantum-chemistry simulations®” 2%
(i) the pitch angle may vary with the hydration state of collagen®’; (iii) the triple helical
structure leads to a dispersion of the peptide bond angles to the main axis. Moreover,
fibrils can exhibit a super-coiled structure that also leads to a dispersion of the peptide

31,32

bond angles®*°“. These effects can be taken into account by a more complex calculation and

provides a better agreement with the collagen structure’!3:33,

3. Assembly of aligned out-of-plane fibrils

Now let’s consider an assembly of well-aligned fibrils with an out-of-plane angle of
relative to the imaging plane (Fig. 1.e). In parchments, it corresponds to fibers pointing out

of the parchment plane. This geometry corresponds to ¢ = ¢ and ¢ = —F and Eq. 9 is

simplified as follows:

Xoxy = cos® 9 x&, +3 cosyp sin? ¢ (2,

X%/Y = X%{Y = x%x = cosy X;(BZy)y (12)

2 2 2 2
Xg()XY = X;;(X = Xg(%fx = ngz/y =0

The anisotropy parameter on the optical scale for this out-of-plane geometry pgg§ is then
written as:
ngx
R (13)
XXyy
It increases from pg, to 3 as the out-of-plane angle 1 increases from 0 to F'12.

4. Assembly of disordered fibrils in the imaging plane

Finally, let’s consider a disordered assembly of fibrils, with an dispersion p(#) of the
nutation angle and a random precession angle ¢ with respect to the axis X (Fig. 1.f)%. In

this case, the cylindrical symmetry is preserved in the (XY, 7) frame. Taking advantage of

9
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< cos? p >=< sin® ¢ >=1/2 and < cos® p >=< cos p >= 0, one obtains from Eq. 9:

Xg?)xx = /p(@) (cos® 0 x {2, + 3 cosfsin’ @ Xffy)y) do

1
X%fy = X%{Y = ng/X =3 /p(ﬁ) (cos@sin2 0 X:(1:2:13)x + [3 cos® @ — cos 9] X%)y ) do  (14)

2 2 2 2
Xg()XY = Xg/gcx = Xg(%fx = ngg/y =0

The anisotropy parameter on the optical scale for this disordered in-plane assembly pgift
is then written as:
dis Xg?)xx 2pn (cos® 0) + 6 (cos@sin*6)
popt = ) = 0 si 20 350 0 (15)
Xxyy  Pfib <COS sin > + 3 (cos® 8) — (cos B)

where <> stands for the averaging over the 6 distribution. Numerical calculation of Eq. 15

thus necessitates to define the distribution p(#). First, for simplicity, we assume a Gaussian

distribution g(0) = G\}Eemp(—%) and consider that the disorder increases when the Gaus-

sian variance o increases®. Second, we use a Van Mises distribution, which is better suited
for an angular distribution: V() = %I—z(n)exp(/fcos(e)), where Iy(k) is the zero-order modi-
fied Bessel function and & is the concentration. The latter parameter is analogous to 1/0?
for a Gaussian distribution, so that the disorder is considered to increase with 1/4/(k) =~ o.

dis

As expected, the two calculations give very similar results: pgi

increases from pgp, to around
2.5 when the disorder increases (see section IV.C below).
This calculation also applies to a disordered assembly of collagen triple helices within a

single fibril within the focal volume, that is a partial loss of the fibril structure.

D. Polarization-resolved SHG signal

The SHG signal Isgq is obtained as the squared modulus of the nonlinear polarization P
introduced in Eq. 2. No polarization analysis of this signal is performed in our experimental
setup because of backward detection, so we have to sum the X and Y contributions:

2
—+

2

Ispa o Z th)m E; Eg (16)

JK

Z X&?;K E; Ex

JK

Isyc then varies with the polarization orientation « of the linearly-polarized incident

10
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field:

Cos «
E =Ey ™ | sina (17)

0
(X0,Y0,2)

We have introduced the stage frame (X, Yo, Z), where X is the reference axis for the
incident linear polarization in the microscope and corresponds to the X, axis of the mi-
croscope stage and of the laser scanning direction (Fig. 2.b). It can be different from the

axis X that is attached to the collagen sample and corresponds to the direction of the fibril

assembly in the imaging plane (Fig 1). We thus introduce the angle oy = Xo X (Fig. 2.b).
As mentioned above, the susceptibility tensor on the optical scale does not always exhibit

a cylindrical symmetry. However, in all the examples described in subsection II.C. there

are only two independent non-zero components as in cylindrical symmetry: XS?)X v and

X()?%’Y = X%{Y = ngf +, where X corresponds to the main orientation of the collagen fibrils

in the imaging plane. Thus we set: p = Xg?)x «/ X%/Y and we obtain:

Ispc(a) o< I Xg?)yy

mc

’ <[p cos?(a — ag) + sin®*(a — ozo)]Q + [sin 2(a — ao)]2> (18)

Here I, is the intensity of the laser excitation. Isyg shows 2 peaks and 2 minima in the
range [0-180°] and p corresponds to the square root of the ratio of the 2 minima: p =

V1(ap)/I(cg + m/2) (see theoretical curve in Fig. 2.d and Sup. Fig. S1).

In the specific case of well-aligned fibrils with out-of-plane orientation 1, Eq. 12 shows
that Xg?)x  and x%,Y are both proportional to cos. As a consequence, gy is proportional
to cos?1): the SHG signal decreases as the out-of-plane orientation increases!!2,
Importantly, Eq. 18 does not hold for more complex tissues, such as disordered assemblies

of collagen fibrils oriented out of the imaging plane. In the latter case, there are additional

terms and the parameter p has no direct physical interpretation.

III. P-SHG MICROSCOPY SETUP AND DATA PROCESSING
A. Experimental setup

Multiphoton imaging was performed using a custom-built laser scanning upright micro-

scope as previously described®! (Fig. 2.a). Briefly, the excitation source is a femtosecond

11
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Ti-Sa laser tuned to 860 nm and scanned in the XYy directions using galvanometric mir-
ror. It is focused by a 10x air objective (TL10X-2P, LWD Super Apochromat, Thorlabs)
with a high working distance: WD=7.77 mm to guarantee non-contact imaging even for not
perfectly plane parchments, and a medium numerical aperture: NA=0.5 to enable analyses
in the plane wave approximation. The resolution (FWHM) was measured as 0.7 ym in the
lateral direction and 5.8 pm in the axial direction® and the full field of view was 750 x 750
nm?2. The excitation power at the objective focus was adjusted between 10 and 30 mW. We
checked that no degradation of the parchments was induced under these conditions by veri-
fying the reproducibility of the SHG measurements in a set of images recorded sequentially
in the same area. SHG and 2PEF signals were epi-detected by photon-counting photomulti-
plier tubes (P25PC, Sentech) using dichroic mirrors (695DCXRU, Chroma and FF458-Fi01,
Semrock) and appropriate spectral filters ( FF01-680/SP and FF01-427/10, Semrock, for
the SHG signal).

First, Z-stacks of en face SHG images were recorded with circularly polarized excitation,
using 200 kHz pixel rate, 0.78 x 0.78 nm? pixel size and 1 pm z-step over 20 to 70 pm
depth. Transverse reslices were then numerically processed (Fig. 2.b). In the following,
these SHG images are displayed using a green look-up table and correspond to maximum
intensity projections of the Z-stack for en face images or along a transverse direction for

transverse reslices.

Secondly, P-SHG imaging was performed by controlling the orientation of the linear
polarization of the incident laser beam by two motorized achromatic waveplates at the back
pupil of the objective (Fig. 2.a). First, a quarter waveplate (MRAC2/40070707M, Fichou,
France) was used to compensate for any ellipticity introduced by the microscope optical
components and obtain a well-defined linear polarization: the resulting ellipticity, defined
as the ratio of the minimal to maximal electric fields, was less than 3% in a central reduced
field of view (FOV) of 351 x 351 pm?. Second, a half waveplate (MRAC2/20070707M,
Fichou, France) was used to rotate this linear polarization from 0° to 170° using 10° steps.
A P-SHG image stack was recorded in the reduced FOV at every depth Z using these 18
incident polarizations. The pixel rate and voxel size were the same as for SHG imaging with

circularly polarized excitation.

12
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FIG. 2. P-SHG microscopy. (a) Scheme of the P-SHG set-up showing simultaneous epi-detection of
the SHG and 2PEF signals by use of dichroic mirrors. The polarization state of the laser excitation
is controlled by a quarter waveplate and a half waveplate. (b) Schema of the stage frame (X, Yp, Z),
where X is the reference axis for the incident linear polarization and corresponds to the X axis
of the microscope stage, and of the laboratory frame (X,Y,Z) where the axis X corresponds to
the direction of the collagen fiber in the imaging plane. «g is the angle of the collagen fiber to
the stage axis X, while « is the angle of the incident laser polarization to the stage axis Xj. (c)
Z-stack of XYy en face (SHG) images. The X(Z image is a transverse reslice. Every XY, (SHG)
image is obtained as the average of 18 images acquired at different polarization angles of the laser
excitation, ranging from 0° to 170° every 10°. (d) Polarimetric diagram showing the variation of
the SHG signal in the orange ROI in (c) as a function of the laser polarization angle: the main
direction corresponds to the orientation of the collagen fibril and the square-root of the ratio of the
two minima (orange dots) corresponds to the anisotropy parameter p. (e) Map of the anisotropy

parameter p processed in every pixel of the P-SHG stack in (c).
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B. P-SHG data processing

Equation (18) can be expressed as a function of its Fourier components to facilitate the

processing of the P-SHG data*:
Isgg(a) = ag + azcos [2(a — )] + ay cos [4(a — ap)] (19)

where:

2
X%Y‘ and other experimental parameters. The param-

ag + a2 + a
)= ) 2 4 (21)
ag—a2+a4

In order to process our experimental data in a faster way, we use a Fast Fourier Transform

K is a constant related to I2

mc’

eter p is then obtained as:

(FFT). Eq. 19 is thus rewritten using complex coefficients:
Ispa(a) = Ag + (Aze%o‘ + Aget™ + cc) (22)

Here |Ag| = |ao|, |As| = |as| and |A4] = |ay| and the phases of A; and A, are related to
the fibril orientation ag. Our FFT image-processing workflow in Matlab (MathWorks Inc.)

thus provides 4 types of information in each pixel:

e The SHG signal averaged over all incident polarization angles a: (SHG) = (Isug) =
|Ag|. This (SHG) image is similar to the usual SHG image acquired with circularly
polarized excitation and the same total acquisition time. For the sake of simplicity, it

is only noted SHG in the following.
e The orientation «q of the collagen fibrils in the imaging plane. It is calculated from
the phases of Ay and A42%:

—arg(4s)
2

Qo =1
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e The anisotropy parameter p that is calculated as:

N PN NEPIYN
Aol — 2 |As — 2|44

(24)

The minus sign before A, is due to the fact that a4 is negative as p < 3 (it also explains
the 7 shift of arg(A,) in Eq. 23). There is a positive sign before Ay because as is

positive as p > 1.

e The coefficient of determination R? that compares in each voxel the experimental data
and the data obtained when inserting the FFT parameters |Ao|, |A2|, |A4| and oy into
Eq. 22. Indeed, the FFT analysis provides Ay, Ay and Ay coefficients even if the
experimental data do not match the theoretical equation (22) at all. In the latter
case, there are higher order coefficients such as Ag, Ag, etc... and R? is low. Higher R?
could be obtained by including the susceptibility component X§3)YY in the calculation
of Eq. 16 to account for fibril assemblies that do not exhibit cylindrical symmetry
as in Eq. 9.3639 However, we focus in this study on model collagen assemblies with
cylindrical symmetries, which is obtained by eliminating voxels with low R? in our

approach without ng)yy.

The precision of these measurements is related to the total number of detected photons?'.
We first apply a 2 x 2 binning filter to all images to improve the signal to noise ratio, so

that the precision is around 0.05 for p in our experimental conditions.

C. Quantitative data analysis

The parameter R? is used to determine the pixels considered as valid for subsequent
quantitative analyses: pixels with R? < 0.7 are filtered out and depicted as black pixels in
the images. We thus obtain R?-filtered maps of (SHG), ap and p at every depth Z.

We first perform a global quantitative analysis of the p parameter. The percentage of
valid pixels (i.e. pixels with R? > 0.7) is calculated at every depth Z and a threshold is set
at 10% and used to select valid Z-planes. The p parameter is then analyzed as follows: (i)
the values of p are averaged over the valid pixels at every valid depth Z; (ii) these averaged
values are averaged over all valid Z-planes to obtain a mean value and a standard deviation

of p in the Region Of Interest (ROI) under study. The standard deviation is calculated the
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same way. Several ROIs can be studied in the same parchment. This quantitative analysis
is performed using homemade routines written in Matlab or ImageJ.

The p parameter is also analyzed locally in selected fibers of interest 3D renderings. In-
stance segmentation of fibers is automatically performed using the following Python pipeline:
application of a median filter (o e, = 3), Otsu thresholding, sphere binary erosion, masked
Voronoi labelling, and removing of small labels using CLIJ via pyclesperanto-prototype
Python library?® (Fig. Sup S3). The mean value and standard deviation of p are calculated
on the mask of selected fibers of interest using regionprops from skimage Python library*!.
The out-of-imaging-plane angle v of every fiber is then calculated by using coordinate points
placed by hand on the Z upper and lowest pixels in the fiber using Napari point layer*?. The

measurement error is estimated to be roughly 10°.

IV. IMAGING OF PARCHMENTS
A. Parchments

Two parchments are used in this study and imaged on the flesh side, the grain side or
both. The first one is a goat parchment, which was crafted in 2020 by one of the authors
(L. Robinet). Two types of finishing treatments were applied in two different areas on the
flesh side (Sup. Fig. S2.a). The area that was just scrapped while the skin was wet is called
Scrapped, and the area that received chalk as the parchment was wet and sanded once dry
is called Chalk and sanded. For each finishing treatment, three samples of 1x2 cm? were
collected. Each sample was imaged in four different ROIs on the flesh side. In total, 4x3=12
Z-stacks of P-SHG images were thus recorded for each finishing treatment (Sup Table T1).

The second parchment under study is an ancient sheep parchment dating from 1816
(Sup. Fig. S2.b). Three samples of 1x2 cm? were collected, one was kept as a reference
(reference, DO), whilst the two others were artificially aged by heat in an oven at 100°C for
14 days (D14) and 32 days (D32). For each side of the 3 samples, four Z-stacks of P-SHG
images were recorded in different ROIs. In total, 4x2=8 Z-stacks of P-SHG images were
thus recorded for each of the 3 heat exposure durations (Sup Table T2). Each sample was
analysed by Differential Scanning Calorimetry (DSC) to assess the degradation state of the

collagen by the measurement of the shrinkage temperature (Ts)*®. Parchment pieces of 1
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mm? were soaked in water for 1 h, sealed in an 30 pL aluminium capsule and heated from
5°C to 120°C at 10°C/min on a Perkin Elmer DSC 8000. The measurements was repeated
three times for each sample and averaged.

The parchment samples were placed under the objective of the microscope and maintained
flat using lead weights (Sup. Fig. S2.c). The multiphoton analyses were non contact, non

destructive and carried out without any labeling.

B. P-SHG imaging of in-plane versus out-of-plane fibers

To study experimentally the variation of the anisotropy parameter p in an assembly of
out-of-plane fibrils versus an assembly of in-plane fibrils, we choose to use the modern goat
parchment because the two different finishing treatments on the flesh side result in different
organizations of the collagen fibers at the parchment surface on a macroscopic scale. The
Scrapped area surface is smooth and flat compared to the Chalk and sanded area, where
collagen fibers are oriented out of the sample plane with various angles, as clearly observed
in white-light side images of the sample section (Fig. 3.a-b).

Figs. 3.c-f display SHG images of the two types of parchment that correspond to XZ
and XY projections of en face Z-stacks. All SHG images show long and straight structures
attributed to collagen fibers, as previously reported?*3*. En face SHG image of the Scrapped
area (Fig. 3.e) shows disordered collagen fibers with homogeneous distribution, and the
transverse reslice shows that all the fibers lie within the imaging plane (Fig. 3.c). In contrast,
en face SHG image of the Chalk and sanded area (Fig. 3.f) shows a less homogeneous collagen
distribution and the transverse reslice shows that some fibers are spread out of the imaging
plane with random orientations (Fig. 3.d).

Figs. 3.g-h display maps of the anisotropy parameter in a reduced FOV (dotted yellow
square in Figs. 3.e-f), and at a specific Z depth (dotted yellow line in Figs. 3.c-d). The Z
plane chosen for the Scrapped sample is the one with the highest SHG signal. For the Chalk
and sanded sample, the Z plane is selected to view a maximum number of out-of-plane fibers,
which corresponds to a higher Z position than for the Scrapped sample. We observe that p
is larger in the Chalk and sanded map (in Fig. 3.h) than in the Scrapped one (Fig. 3.g).

This observation is quantified by calculating the average values of p in every Z-stack of

P-SHG data. The results for the two types of sample are quite reproducible for all ROIs
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FIG. 3. SHG and P-SHG imaging of Scrapped and Chalk and sanded areas from the same parch-
ment. (a,b) White-light image from the side of (a) the Scrapped sample and (b) the Chalk and
sanded one. (c-d) Transverse reslice of SHG images (with projection along Yj) and (e,f) en face
SHG images (with projection along Z) of (c,e) the Scrapped sample and (d,f) the Chalk and sanded
one. (g,h) Maps of the anisotropy parameter p of (g) the Scrapped sample and (h) the Chalk and
sanded one, obtained from P-SHG imaging at the depth Z indicated by a dotted yellow line in
(c,d) and in a reduced field of view delineated by yellow dotted square in (e,f). The look-up table
is indicated on the right. (i) Averaged p data in the 12 ROIs under study of the Scrapped and the
Chalk and sanded samples. The thickest line E%presents the mean of these data and the thinner

line is the associated standard deviation.
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under study (12 ROIs per type of sample), as displayed in Fig.3.i and listed in Sup Table
T1. We obtain: pscrapped = 1.33 £ 0.02 and pchaik & sanded = 1.61 = 0.04. It confirms that
the presence of the out-of-plane fibers in the Chalk and sanded sample results in a larger
anisotropy parameter p than in the Scrapped sample that contains only in-plane fibers, in
agreement with our theoretical calculation (Eq. 13).

As the Chalk and sanded sample contains both in-plane and out-of-plane fibers (Fig.3.d),
a more accurate approach consists in a local analysis of the anisotropy parameter p and the
out-of-plane orientation v of these two types of fibers. For that purpose, we use a transverse
reslice of a P-SHG image with a large Z range in order to visualize out-of-plane fibers over
their full length (Fig. 4.a). In-plane fibers are also easily identified as they are grouped at
the bottom of the SHG image. When selecting an out-of-plane fiber within a transverse
plane, the associated anisotropy parameter map shows clearly that p is higher in this fiber
than in the fibers parallel to the imaging plane (Fig. 4.b). Connected Component Analysis
in Python then allows processing of local averages of p in fibers or group of fibers, which can
be plotted as a function of the out-of-plane angle 1) measured by use of the coordinates of
the voxels at the two fiber ends. Fig. 4.c displays these 8 measurements, where the 1) angle

varies from 10° to 25° with an estimated measurement error of 10°. They are superimposed

out

8,44
opt 6

on the theoretical behavior of p2% (1)) given by Eq. 13, where py;, is set to 1.3 as in
previous reports or to 1.48 that is the average measurement in the in-plane fibers of this
sample. A good agreement is observed between the experimental measurements and the

theoretical curves.

C. P-SHG imaging of disordered fibril assemblies

Let’s now address the variation of p as a function of disorder. For this study, series
of samples were artificially aged by heat exposure to mimic collagen degradation through
oxidation.?® If the collagen is in an advanced stage of degradation, it eventually leads to
the denaturation of collagen into gelatin that is the unfolding of the collagen triple-helical
structure at molecular scale. In this extreme case, no more SHG signals is detected due to the
loss of the hierarchical organization.?* However, early steps of degradation only correspond
23,34

to a disorganization of the collagen structure that preserves the fiber distribution.

The state of degradation of collagen in parchments is first characterized by means of
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FIG. 4. Variation of p with the collagen out-of-plane orientation. (a) Transverse reslice of SHG
image (projection along Yp). (b) Anisotropy parameter map at a specific Y in the region delimited
by the orange dotted rectangle in (a). (c) Theoretical variation of the anisotropy parameter p as a
function of the out-of-plane angle v according to Eq. 13, starting from two different values of py;,.

Experimental data obtained from 8 out-of-plane fibers as in (b) are superimposed in red color.

DSC measurements in every sample. As expected, the three samples under study exhibit a
decreasing shrinkage temperature Ty for increasing heat aging duration: 51.5°C' £ 2.8°C' for
the reference sample D0, 38.1°C'+£0.2°C' for the D14 sample and 35.3°C' + 3.1°C for the D32
sample (Sup Table T2). It is attributed to a progressive disorganization of collagen when the
duration of the heat exposure increases, as already observed in previous studies.?3* This
disorganization is expected to include an orientation disorder in the fibril assembly within

fibers as depicted in Fig. 1.f. and a disorder in the molecular packing within every fibril.>

P-SHG stacks recorded on the grain and flesh sides of each sample are displayed in Fig.
5. SHG images of the DO and D32 samples show similar distribution of the collagen fibers at
the millimeter scale (Figs. 5.a,c, projections of the Z- stacks). Note however that the SHG
signal decreases from DO to D32, as already reported3*, which is not visible here because the
look-up table is defined arbitrarily for every sample. This decrease is consistent with a loss
of collagen order at submicrometer scale. The associated p maps at a specific Z plane and in

the same ROIs show larger values for the D32 sample than for the D0 sample (Figs. 5.b, d).
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FIG. 5. Variation of p with collagen disorder. (a, ¢) En face SHG images (projection along Z) and
(b, d) p maps (single Z plane) of (a,b) the reference sample D0 and (c,d) the aged-one D32 . The
SHG look-up table is arbitrary. The p look-up table is depicted in the bottom. (e) Experimental
measurements of p on the flesh side (blue dots) and the grain side (orange triangles) as a function
of the heat exposure duration. (f) Theoretical variation of p as a function of the variance o of the
orientational disorder of the fibrils. Eq. 15 is plotted for Von Mises (dotted line) and Gaussian

(solid line) distributions.

The same behavior is observed in all P-SHG stacks on both the flesh and grain sides (4 ROIs
per condition), as displayed in Fig. 5.e and listed in Sup Table T2. It is consistent with the
theoretical variation of p as a function of disorder that is expressed in Eq. 15 and plotted
in Fig. 5.f. p increases from the ps; value to 2.50 for a Van Mises distribution or 2.48 for
a Gaussian one, when the variance o of the fibril orientation distribution increases. As this
theoretical calculation also applies to an orientation disorder of collagen molecules within
a single fibril, we attribute the increase of p in the degraded parchments to an increase of

disorder at sub-micrometer scale.
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V. DISCUSSION

In this paper, we have developed a comprehensive study of the variation of the anisotropy
parameter p in P-SHG microscopy of collagen. This parameter quantifies the contrast of the
polarimetric SHG signal in collagen tissues: it is equal to the squareroot of the ratio of the
SHG signal for incident linear polarization parallel to the collagen fiber to that for incident

polarization perpendicular to the fiber.

First, we have performed a theoretical multiscale analysis of the variation of p as a func-
tion of the distribution of the collagen fibrils within the focal volume. We have obtained
analytical expressions valid for any collagen distribution and then considered three model
distributions leading to simplified equations: (i) assembly of aligned fibrils within the imag-
ing plane, (ii) assembly of aligned fibrils oriented out of the imaging plane, (iii) assembly of
disordered fibrils within the imaging plane (Fig.1). Our calculations show that the anisotropy
parameter p increases when the out-of-plane angle or the disorder increase, starting from its
value around 1.4 for a unique fibril lying within the imaging plane up to 3 for out-of-plane
fibrils or around 2.5 for disordered fibrils. Our analytical approach shows two main limita-
tions: (i) it is performed in the plane wave approximation, while moderate to strong focusing
is used in SHG microscopy, (ii) it only considers model collagen distributions that do not
reflect the complexity of collagen organization in tissues. To address these two limitations,
more advanced numerical approaches can be developed, for instance using Green function
formalism and modeling complex 3D geometries of collagen'®4®. It would enable to consider
assemblies of fibrils with different sizes that cross at any angle and exhibit a super-helical

32,3846 However, the advantage of our analytical approach with model distribu-

structure
tions is to provide simple expressions that can be used in a straightforward way to analyze
experimental data and get insight into the collagen structure. Moreover, as discussed below,
we obtain a good agreement with experimental P-SHG imaging of parchment with a 0.5 NA

air objective, which shows that the plane wave approximation provide reliable results for

moderate focusing.

Secondly, we have performed P-SHG microscopy experiments in parchments in order to
verify the predictions of our theoretical calculations. Parchments are relevant collagen mate-
rials for this study because they are obtained from animal skins that have been dried under

tension after removal of mainly hair and fat. Parchments are therefore mainly composed of
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stretched collagen fibers parallel to the parchment surface, that is parallel to the imaging
plane. These fibers are thus appropriate models for tight assembly of aligned in-plane fibrils.
Moreover, specific finishing treatment with chalk and pumice, performed to remove remain-
ing fat and to have a white and opaque surface suitable for writing, can result in the presence
of out-of-plane oriented fibers at the surface of the parchment. These type of parchments
are then appropriate models for tight assembly of aligned out-of-plane fibrils. Finally, early
steps of degradation by heat have been shown to induce disorder in the fiber structure, so
that heat-degraded parchments are appropriate models for assembly of disordered in-plane
fibrils**. Advantageously, tight assemblies of aligned in-plane and out-of-plane fibrils are
obtained from the same parchment, which is separated in two regions subjected to two dif-
ferent finishing treatments. Similarly, several samples are collected in the same parchment
and exposed to heat for different durations. Each of these 2 series of p-SHG measurements
is thus performed in a unique parchment, which ensures reliable comparison with the refer-
ence measurement of in-plane aligned fibrils. Indeed, p measurements may result in different
values from one parchment to the other because of the variability of the animal skins from
which they are made and of the differences in the parchment manufacturing.

Our theoretical calculations and experimental P-SHG data exhibit a good agreement. It
demonstrates that an increase of the anisotropy parameter p can be attributed to an increase
of the disorder or of the out-of-plane angle and that in both cases, p is affected with the
same order of magnitude. It may thus be difficult to discriminate between disorder and out-
of-plane orientation, both in thin sections and in dense tissues, where transverse reslices do
not enable the visualization of the fiber out-of-plane orientation. However, in most tissues,
this out-of-plane orientation can be characterized in transverse reslice or 3D rendering, so
that an increase in p can be attributed to disorder or not in a reliable way. It is notably the

case in parchments that exhibit only in-plane fibers®*.

V1. CONCLUSION

This study aimed at implementing a comprehensive study of the variation of the
anisotropy parameter p, which quantifies the polarimetric contrast in P-SHG microscopy of
collagen. We developped an analytical multiscale approach of collagen P-SHG and demon-

strated that the anisotropy parameter p increases when the disorder or the out-of-plane
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angle increases. These theoretical calculations were confirmed by P-SHG experiments in
series of parchments samples exhibiting different geometries of collagen fibers. Our study
therefore provides an efficient way to attribute a variation of p to a variation of the collagen
distribution and to get insight into the collagen structure in different tissues. It may be gen-
eralized to other proteins assemblies that exhibit SHG signal, such as myosin and tubulin,

although it would require to take into account the specific structure of these proteins'®.

VII. SUPPLEMENTARY MATERIAL

Supplementary Figure S1: P-SHG imaging and processing.

Supplementary Figure S2: Parchments under study.

Supplementary Figure S3: Processing pipeline of out-of-plane fiber images.

Supplementary Table 1: P-SHG data for the handmade goat parchment with different
finishing treatments.

Supplementary Table 2: P-SHG data for the ancient sheep parchment. Artificial aging
was induced by heat exposure (100°C) during 0 (reference), 14 and 32 days.
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