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Second-harmonic generation (SHG) microscopy is currently the preferred technique for visualizing collagen in intact
tissues, but the usual implementations struggle to reveal collagen fibrils oriented out of the imaging plane. Recently, an
advanced SHG modality, circular dichroism SHG (CD-SHG), has been proposed to specifically highlight out-of-plane
fibrils. In this study, we present a theoretical analysis of CD-SHG signals that goes beyond the electric dipolar approxi-
mation to account for collagen chirality. We demonstrate that magnetic dipolar contributions are necessary to analyze
CD-SHG images of human cornea sections and other collagen-rich samples. We show that the sign of CD-SHG signals
does not reveal whether collagen fibrils point upwards or downwards as tentatively proposed previously. CD-SHG
instead probes the polarity distribution of out-of-plane fibril assemblies at submicrometer scale, namely homogeneous
polarity versus a mix of antiparallel fibrils. This makes CD-SHG a powerful tool for characterizing collagen organization
in tissues, specifically the degree of disorder, which is affected during pathological remodeling. CD-SHG may thus serve
to discriminate healthy and diseased collagen-rich tissues. ©2020 Optical Society of America under the terms of the OSA Open
Access Publishing Agreement

https://doi.org/10.1364/OPTICA.399246

1. INTRODUCTION

Collagen is the most abundant protein in mammals and a major

decipher the relationship between structure and function in tis-
sues and to implement sensitive and reliable diagnosis of diseases
affecting collagen structure.

The gold standard technique for iz sizu 3D visualization of
fibrillar collagen in intact tissues is second-harmonic generation
(SHG) microscopy [4,5]. Advanced implementations of this tech-
nique include polarization-resolved (P-SHG) and interferometric
(I-SHG) measurements [6-15]. Theoretical analyses of these
modalities approximate the collagen molecule as a cylinder and
neglect chiral components related to collagen helical structure in

component of connective tissues such as arteries, skin, bones
and cornea. Fibrillar collagens are characterized by a hierarchical
structure: triple helix molecules self-assemble into fibrils with
12 to > 500 nm diameter that further form various tridimensional
(3D) structures at larger scales [1]. This 3D multiscale structure is
a key distinctive feature of every tissue that governs its functional
behavior, notably its mechanical properties [2]. For example, type

I collagen thin fibrils self-assemble in a plywood-like structure
in cornea, which is transparent and rigid, while thick fibrils form
tangled threads in skin, which is opaque and resilient. A defective
collagen 3D structure leads to tissue malfunctions, which is the
case in many diseases featuring tissue remodeling [3]. Iz situ 3D
imaging of collagen is therefore a major biomedical concern to

2334-2536/20/111469-08 Journal © 2020 Optical Society of America

the SHG signal. They have shown that P-SHG and I-SHG provide
invaluable information about the distribution of collagen fibrils in
the imaging plane. However, these modalities do not provide any
information about the out-of-plane organization of collagen fibrils,
which is also of great interest to characterize collagen 3D structure.
Out-of-plane direction can be estimated from 3D image stacks or
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from P-SHG data (considering a fixed anisotropy parameter) in
tissues with well-isolated fibrils or homogeneous structure [16—18]
but cannot be reliably determined in most tissues composed of
dense collagen networks with complex 3D orientations.

Circular dichroism SHG (CD-SHG) microscopy has been
recently developed to address this issue. Similar to the first
CD-SHG measurements developed in surface SHG in the 1990s
[19,20], this new modality measures the normalized difference
of the SHG signals excited with left-handed versus right-handed
circular polarizations in chiral samples [21-27]. Recent reports
have demonstrated that CD-SHG reveals collagen fibrils that are
oriented out of the imaging plane, while in-plane fibrils show no or
very low CD-SHG [22,23,26,27]. It has also been suggested that
the sign of the CD-SHG correlates with the out-of-plane orienta-
tion (i.e., polarity) of the collagen fibrils, specifically that negative
(resp. positive) CD-SHG reveals fibrils pointing downwards (resp.
upwards) from the imaging plane [22,23,25,26]. However, no
experimental demonstration of the variation of collagen CD-SHG
with the out-of-plane orientation has been reported up to now.
Indeed, these are challenging measurements because of the diffi-
culty in having well-calibrated collagen samples with a perfectly
known homogeneous structure and because CD-SHG is prone
to experimental artifacts [27]. Moreover, no theoretical analysis
of CD-SHG microscopy including magnetic dipolar effects has
been reported up to now, although these magnetic effects have been
shown to contribute strongly to surface CD-SHG signals in most
chiral molecules [20,28,29], including collagen [30].

This study aims at deriving a theoretical analysis of CD-SHG
signals that includes magnetic dipolar contributions and at elu-
cidating what collagen structural information is provided by
CD-SHG imaging. We first derive analytically and numerically
the dependence of CD-SHG with the out-of-plane angle of col-
lagen fibrils. We then compare these theoretical considerations to
CD-SHG experiments on human corneas and other collagen-rich
samples, which advantageously exhibit a well-defined structure.
Our data show that the sign of CD-SHG does not indicate whether
collagen fibrils point upwards or downwards, but instead probes
the polarity distribution of out-of-plane fibril assemblies, which is
an important parameter for biological tissues.

2. THEORETICAL BACKGROUND

Analytical calculation including magnetic dipolar contribu-
tions. CD-SHG is measured as the normalized difference between
SHG signals If‘“ and Iﬁa’ excited with a left circular (LCP) and a
right circular (RCP) polarization [19,20]:

2w 2w
]L — ]R

CD-SHG= LR
(B + )2

(1)

In the electric dipolar approximation, the SHG response of
collagen fibrils is described by a unique second-order susceptibility
tensor, usually written as X @ or x“ here, which exhibits a cylin-

drical symmetry Cs, (Table 1). To take into account the chirality
of collagen, we must go beyond this approximation and include
the electric quadrupolar and magnetic dipolar contributions to
the SHG signal [31]. As these two contributions cannot be distin-
guished experimentally, we consider only the magnetic ones x “”
and x " for the sake of simplicity, following the pioneering work
by Persoons’ group [32]. These magnetic tensors have the same
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Table 1. Nonzero Components of the SHG
Susceptibility Tensors in the Cylindrical Symmetry C,.°

Electric Dipolar Magnetic Dipolar
M mee __ mee __ eem . __ eem
Achiral , s Yo = Koo' = X = = Xo's
mee _ ., mee eem . __ ., eem
XzyA - szy X)/xz - szy >
eem eem
. Xz = Xszy
)z Xzy
H eee __ eee __ mee eem
Chiral Xyzx - X)’xz - Ko > Ko >
eee __ eee mee __ mee eem __ eem
_Xzyx - sz_y Xx;/_y = Xszz > Xx_;y = Xuzz >
mee ., mee eem __ ., eem
Koy = Xy = Ky = Xawe >
mee __ mee eem __ eem
Xavz = Xzax - X}/)/x = Xz -

“Chiral (resp. achiral) components are nonzero only for chiral samples (resp.
for any sample).
cylindrical symmetry as the electric one x “ except that for x “”, it
is not possible to interchange the last two indices (Table 1). Thus,
we introduce a nonlinear magnetization at frequency 2w M® Qw)
besides the nonlinear polarization p@ (2w) [32]:

PP 2w) = €9 x““E(w) E () + 260 x“" E () B(w),
M? Qw) = €9 E () E (). )

They both actas sources for the second-harmonic field:
EQw) o (é2 x PPQw)) x é7—ézx M?Qw).  (3)

¢z is the direction of propagation of the incident field E (w)
at fundamental frequency. A circularly polarized incident field is
used: EL/R(Q)) = 5—%(2;( +iéy), where the subscript L (resp. R)
stands for LCP (resp. RCP).

The CD-SHG signal can be derived analytically in the plane
wave approximation, considering a homogeneous medium con-
sisting of collagen fibrils aligned with each other, with no or little
orientation dispersion in the focal volume. The associated frame is
xyz, called the fibril frame, where x represents the mean orienta-
tion of the fibrils. It is linked to the laboratory frame XY Z by the ¢
and ¥ Euler angles given in Fig. 1. Note that here the out-of-plane
angle v varies from —m /2 to /2, and the in-plane (azimuthal)
angle ¢ from —m to .

(@) Eyr(w) (b)

= cr
& ReP

OBJ

SHG

Fig. 1.  Principle of CD-SHG measurement in collagen. (a) A LCP
(EL) or RCP (Ey) incident field is focused on collagen fibrils organized
along one mean orientation. (b) ¢ and ¥ angles connect the fibril frame
xyz to the laboratory frame XY Z. The ¢ angle is the fibril mean angle in
the imaging plane X'V (light red color), ranging from —7 to 7, while the
¥ angle is the out-of-plane angle, ranging from —7 to +7.
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The components of the susceptibility tensors are complex
values and are referred to as chiral or achiral according to their
symmetry (Table 1). Considering that all the tensor components
of the same type have the same molecular origin, we assume that
all the achiral (resp. chiral) components of the electric tensor x
exhibit the same phase | (resp. y£), as well as all the achiral (resp.
chiral) components of the magnetic tensors x”* and x “” exhibit
the same phase y’ (resp. ¥/*). This hypothesis advantageously
results in tractable expressions that give an insight into the physics
of CD-SHG signals. As the CD-SHG sign is given by its numera-
tor since its denominator is always positive, we clarified here only
the CD-SHG numerator (detailed calculation in Supplement 1.1):

K(I? 2
cD-sHG = KU sy
X [( cy+ C;") sin(y — 1) (cross)
+ A" C5sin(yE — vi) (cross)
+ ( Ci+ C;) sin(y& — 1) (electric)
+ A" CY sin(pr =y 1, (magnetic),
4)
with

== | | - | |v = | |’
A =g = (et + e
C{ =2 siny cos® V1 Xyl (odd)
C5 =4 siny (1+sin” ¥)|x5l,  (odd)

. .2 eee
CS =8 sin 1//|Xyzv|’
Cr'=2cos> ¥ (cos2 Yxe ! = 1x5,"D)

)
- sin? Y+ DD = )

ol =1xgh

Cy' = 4sin® ¥ cos” ¥ (| x
+4(1 +sin® Y) (1 + D)
— 2 c08® Y (x| — 1 eel) — 8 sin® | x e,

Cy =2 siny [ cos” ¥ (21| —2Ix

eem | mee | )

oy = Do T 41Xy

+ 201 +sin® P+ Dl = 1 1. (odd)
5)

Equation (4) shows that each contribution to the
CD-SHG signal is a product between chiral and achiral tensor
components, provided there is a phase shift between these com-
ponents. Products of components from the same tensor types
are called inner contributions: either electric ones ( x red)
or magnetic ones (blue X pink). Products of components from
different tensor types are called cross contributions: either between
electric achiral components and magnetic chiral components (first
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term, x pink) or between magnetic achiral components and
electric chiral components (second term, blue x red).

Equation (5) shows that the sine of the out-of-plane angle sin
is a factor of all the electric and magnetic inner contributions,
involving the chiral terms C{, C5, and C5’, whereas sin Y appears at
an even power in the cross contributions, involving the chiral terms

$,CY",and C". Asa consequence, inner (resp. cross) contributions
are odd (resp. even) functions of the out-of-plane angle 1.

Numerical simulation of CD-SHG as a function of the
collagen fibrils out-of-plane angle. We performed numeri-
cal simulations to get insight into the behavior of the different
contributions to the CD-SHG. This behavior depends strongly
on the modulus and phase of the different components of the
three susceptibility tensors. Nevertheless, only the achiral electric
components have been consistently measured by use of P-SHG
imaging [6,7,9,33-35]. The main component is , which is
set to one and considered as the phase reference (7 =0). The
other achiral electric components are slightly smaller with the same
phase; we set them to 15z according to our measurements in rat-tail
tendon and in cornea [9,35]. Theoretical analysis [31] and experi-
mental measurements in other chiral molecules [36] show that all
the other components are much smaller (typically 75). Moreover,
magnetic contributions exhibit a 5 phase shift compared to the
electric ones [31]. y(. is therefore close to zero, while y' and y”
are close to 5. All our numerical simulations were then performed
according to these orders of magnitude, unless otherwise specified
(detailed values in Supplement 1 Tables S1and S2).

Figure 2(a) shows numerical simulations of the inner and
cross contributions to the CD-SHG as a function of the out-of-
plane angle ¥. Regarding the cross contribution, the phase of
the electric chiral component was set to zero and the one of the
magnetic chiral and achiral components to % as expected from

2
theory. Regarding the inner contributions, a Z phase shift was

imposed between the chiral and achiral compoilents of the same
tensors because the expected zero phase shift results in a vanishing
CD-SHG. Figure 2(a) confirms that inner contributions are odd
functions of the out-of-plane angle v, in agreement with previous
derivations [22,23,37]. In contrast, the cross contribution, which
is presumably the prevailing one as it complies with the expected 7
phase shift between electric and magnetic contributions, is an even
function of V.

The total CD-SHG obtained when merging all contributions
was then investigated. Figure 2(b) shows numerical simulations
of CD-SHG(y/) when the phase of the chiral component of the
electric tensor varies from ;’—2 (blue curve) to 5 (green curve), with
all other components remaining constant (Supplement 1 Table
S1). The increase of y¢ transforms the profile CD-SHG(/) from
an almost even function (blue curve) to an odd function that is
shifted upwards (green curve). Indeed, the larger the chiral phase
V&, the stronger the inner electric contribution, which scales as
sin(y& — (), which results in an odd behavior. On the contrary,
a small electric chiral phase ¥ reduces the phase shift with the
electric achiral components y& — . and increases the one with
the magnetic achiral components y¢ — y{”, which results in a
prevailing cross contribution, i.e., an even behavior.

To sum up, depending on the ¥ phase value, the CD-SHG(¥)
curve is either of an even type or an odd-shifted type. Changing the
phase and modulus of other tensor components can translate this
curve upwards or downwards, or mirror the curve with respect
to the horizontal axis. Typical examples are shown in Fig. 2(c)
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Fig.2. Numerical simulations of the CD-SHG signal as a function of the out-of-plane angle 1. (a) Each simulation corresponds to one isolated contri-
bution to the CD-SHG signal, namely, inner electric, inner magnetic, or cross contributions [Eq. (4)], while the other ones are set to zero. (b) Each simulation
corresponds to a particular phase )¢, of the chiral components of the electric tensor, varying from 5 (blue curve) to 7 (green curve), with all other compo-

s

nents remaining constant. Tensor phases are 2

:O,y/{}q:

and y = %” (c) Typical odd-shifted cases corresponding to prevailing inner contributions,

with either fully positive or negative CD-SHG values. (d) Typical even cases corresponding to predominant cross contributions, with either fully positive or
negative CD-SHG values. In (c) and (d), CD-SHG is plotted in solid lines and SHG intensity in dotted lines. Tensor components used for each simulation

are given in Tables S1 and S2.

[resp. Fig. 2(d)], where the odd-shifted (resp. even) curve is shifted
downwards to negative CD-SHG values (blue solid line) and
roughly mirrored with respect to the horizontal axis (red solid
line) (Supplement 1 Table S2). Figures 2(c) and 2(d) also show in
dotted lines numerical simulations of the mean SHG intensity
e = %([5“’ + I3®), which is consistently maximal when the
out-of-plane angle ¥ is small, namely for in-plane structures. At
this intensity maximum, the CD-SHG signal may be also quite

high, asin the odd-shifted case, or may vanish as in the even case.

3. CD-SHG EXPERIMENTS IN COLLAGENEOUS
TISSUES

Experimental setup. SHG imaging was performed on two
different setups. The first setup was a custom-built laser scan-
ning upright multiphoton microscope with femtosecond
titanium:sapphire laser excitation (MaiTai, SpectraPhysics) at
860 nm as previously described [27,38]. Laser power was less than
10 mW at the sample, with 10 to 20 ps/pixel dwell time and 0.1
to 0.2 pm pixel size. A high numerical aperture objective with
water immersion (25x, NA 1.05, Plan-Apochromat, Olympus)
was used to achieve approximately 0.4 pm lateral x 1.2 pm axial
resolutions near the sample surface. SHG signals were detected
in the forward direction (U-AAAC aplanetic condenser 1.4
NA, Olympus) using a photon-counting photomultiplier tube
(P25PC, SensTech) and suitable spectral filters (FF01-720/SB,

FF01-680/SP and FF01-427/10, Semrock). The second setup
used for fascia imaging is very similar as described in [39].

Two SHG images were recorded sequendially, using incident
RCP and LCP excitations. Then the CD-SHG (normalized differ-
ence of the two images) and the average SHG intensity (average of
the two images) were computed pixel-wise. A thorough protocol,
described in [27], was used to perform artifact-free CD-SHG
measurements. Specifically, we optimized: (i) the stability of the
sample holder in order to avoid artifacts due to a spatial drift of the
sample between the first acquisition with LCP excitation and the
second one with RCP excitation; (ii) the circularity of the incident
polarizations (ellipticity larger than 0.98, see Supplement 1.3)
in order to avoid artifacts due to linear dichroism. Moreover, we
accumulated several acquisitions to increase the accuracy of the
CD-SHG measurements. The precision was 0.1 for eight accu-
mulated images and SHG intensity of 20 photons. To verify the
validity of our measurements, we checked that the CD-SHG signal
did not depend on the in-plane angle ¢ of the sample as expected
for circularly polarized excitation (Supplement 1 Fig. S1). CD-
SHG images are presented using a blue-white-red color chart for
values in the [—1; 1] interval and saturated blue/red colors outside
this interval ([—2, —1 [and] 1,2] as CD-SHG signal belongs to the
interval [—2, 2]). Black pixels correspond to undefined CD-SHG,
due to a poor signal-to-noise ratio.

Experimental results. We explored the dependence of CD-
SHG on the out-of-plane orientation by imaging the very same
region of collagen thin samples in the up and down configurations,
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(a)

Human cornea
transverse section

£ 0

(d)

1%¢ (normalized)
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16

02 04 08 08V
| CD-SHG |

Fig.3. Up/down CD-SHG imaging of a human cornea transverse section. (a) Scheme of the sample and mean SHG intensity image in the #p configura-
tion. (b), (c) CD-SHG images of the same region of interest in the (b) #p and (c) down configurations and corresponding schemes. The sign of the CD-SHG
is the same in the two configurations for 80% of the pixels. (d) Profile plots of the SHG intensity (green) and the absolute value of CD-SHG (magenta),

along the yellow arrow in (a) and (b).

i.e., before and after rotation of the samples by 7 with respect to
the X axis of the laboratory frame. The down image is then digitally
flipped with respect to the same axis to facilitate the comparison
between the two images (top schemes in Fig. 3): the out-of-plane
angle is opposite Vdown = —Wyp, while the in-plane angle is
unchanged @gown = @up-

These up/down experiments were conducted on various thin
collagen-rich samples: six transverse sections of human corneas
(18 CD-SHG images in total), in vitro isolated collagen fibrils,
and collagen fibrillar membranes on a first setup and a section
of murine fascia on a second setup (Supplement 1.2). All sam-
ples were a few pm thin to avoid any distortion of polarization
upon propagation in depth and to enable up/down experiments.
The human cornea is composed of thin collagen fibrils aligned
within 1-3 pum thick lamellae superimposed along the depth of the
cornea, parallel to its surface [40] (Supplement 1 Fig. S2). These
lamellae are oriented mainly along two perpendicular directions, so
that cornea transverse sections exhibit regions with in-plane fibrils
and others with out-of-plane fibrils [inset in Fig. 3(a)]. Murine
fascia sections and collagen membranes also display a wide dis-
tribution of out-of-plane fibrils, while 7z vitro collagen fibrils are
mainly in-plane structures.

Typical results obtained on a transverse section of a human
cornea are displayed in Figs. 3 and 4. The other samples exhibit a
similar behavior, as shown in Supplement 1 Figs. S3 to S5. First,
we observe that the CD-SHG signal takes both positive and neg-
ative values in a same sample, while the CD-SHG absolute value
depends on the type of sample. In iz vitro isolated collagen fibrils
with vanishing out-of-plane angles, the mean CD-SHG absolute
value is low, around 0.1. In the other samples with out-of-plane
fibrils, the mean CD-SHG absolute value is higher: about 0.3 in
cornea, 0.2 in murine fascia, and 0.15 to 0.3 in collagen mem-
branes. More precisely, out-of-plane fibrils can be identified by a
smaller SHG intensity than the one exhibited by in-plane fibrils
because the SHG intensity has been shown to scale as the squared
cosine of the out-of-plane angle [16-18]. We therefore plotted
profiles of the CD-SHG absolute value and the SHG intensity
[Fig. 3(d)] and observed as expected an anti-correlation: a low
CD-SHG absolute value corresponds to high SHG intensity,

which is indicative of in-plane structures, while a high CD-SHG
absolute value corresponds to low SHG intensity, which is indica-
tive of out-of-plane structures. Quantitative processing of all the
cornea images shows that the normalized SHG intensity is 1.5
higher in pixels exhibiting a low CD-SHG absolute value (<0.2)
than in those exhibiting a large one (> 0.2) and that this difference
is significant (Supplement 1.4 and Fig. S6). This confirms previous
reports showing that CD-SHG efficiently reveals collagen fibrils
directed out of the imaging plane [22,23,26,27].

Second, we observe that the CD-SHG signal is the same in the
up and down configurations, as illustrated in Figs. 3(b), 3(c), 4(a),
and 4(b). Especially, we do not observe any sign reversal of the
CD-SHG signal between these two configurations: a positive (resp.
negative) signal for an angle ¥ remains a positive (resp. negative)
signal for the opposite angle —, as illustrated in the profiles dis-
played in Fig. 4(c). Quantitation of the CD-SHG images of the
six corneas under study show that the sign of the CD-SHG is the
same in 75£6% of the pixels for the up and down configurations
(Supplement 1.4). This unexpected result is also obtained in our

g
CD-SHG down

0 5 10 15 20
Position in pym

[ L
CD-SHG down

0 5 10 15 20
Position in ym

-1 05 0 05 1

Fig. 4. Up/down CD-SHG profiles in a transverse section of human
cornea. (a), (b) Zoomed-in CD-SHG images of the same region of interest
in the (a) #p and (b) down configurations (10x 10 pm?). (c) Profiles
of the CD-SHG signals along the lines in (a) and (b). The sign of the
CD-SHG is the same in 90% of the pixels.
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other collagen samples, regardless of the experimental setup used
for the measurements (Supplement 1 Figs. S3 to S5). Yet, this is
not observed in a LilOj crystal, which exhibits the same Coo sym-
metry as collagen fibrils and was therefore used as a control sample.
CD-SHG measurements on the two opposite sides of the crystal,
which corresponds to opposite orientations of the optical axis,
showed opposite CD-SHG signals (Supplement 1 Fig. S7).

We also performed experiments on tilted samples that pro-
vide the absolute value of the slope of the function CD-SHG(/)
(Supplement 1.5). Our results on human corneas show that the
slope of CD-SHG(y) is low for small CD-SHG signals and
increases for larger CD-SHG signals (Supplement 1 Fig. S8).

4. DISCUSSION

Chirality is present in collagen at all structural scales: peptide units
are L-amino acids, tropocollagen molecules are composed of three
left-handed o chains wound together as a right-handed triple helix,
and fibrils show a left-handed helical twist [41-43]. Collagen thus
exhibits optical activity, notably circular dichroism (CD), which is
theoretically accounted for by the introduction of magnetic dipolar
and electric quadrupolar terms [31]. CD-SHG is the nonlinear
analog of conventional (linear) CD. It was first demonstrated in
the framework of surface SHG experiments on chiral molecular
films, including collagen [19,30,32]. The underlying physical
mechanisms have been investigated by introducing nonlinearities
in the two classical models of conventional optical activity. The
one-electron model [44] describes chiral molecules exhibiting a
chiral center or an helical structure, i.e. an optical transition with
both an electric and a magnetic dipole [44]. The coupled-oscillator
model [45] describes molecules with a chiral arrangement of achi-
ral chromophores, i.e. the coupling of two noncoplanar electric
dipoles. Generalization of the one-electron model to SHG shows
that CD-SHG originates from magnetic dipolar and electric
quadrupolar contributions, as in linear optics [28,29]. This was
first observed by Persoons’ group [32], who introduced the x “”
and x™ susceptibility tensors. In contrast, the introduction of
nonlinearities in the coupled-oscillator model results in a nonvan-
ishing chiral component of the usual electric dipolar susceptibility
X;Z; [28,40]. It means that SHG optical activity can also exist in a
purely electric dipolar approach. Indeed, SHG susceptibility is a
third-rank tensor and therefore directly probes chirality in 3D, as
first proposed by Hicks’ group [47].

In this paper, we have extended this approach to the theoretical
analysis of CD-SHG microscopy. Equations (4) and (5) show what
conditions are required for nonzero CD-SHG: chiral susceptibility
components must be nonzero and phase shifted compared to the
achiral ones. This key feature of CD-SHG, also present in surface
SHG experiments, is obtained easily when the chiral components
come from the magnetic susceptibility tensors x“” and x
Indeed, magnetic dipolar components exhibit a 77/2 phase shift
compared to electric dipolar ones, which are the main achiral com-
ponents. This makes CD-SHG sensitive mainly to one-electron
chirality because chiral components in the one-electron model are
found mostly in the magnetic tensors x“” and x . In contrast,
in the coupled-oscillator model, the main chiral susceptibility

eee

component ¢ involves only electric dipolar transitions. It can

mee

eem

be phase shifted compared to achiral components only if these
two types of components are affected by different resonances,
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which cannot be ruled out in collagen, given the complexity of its
nonlinear response [48].

These two types of contributions to the CD-SHG signal were
therefore explored by numerical simulations. Electric chiral contri-
butions correspond to a ¥ phase close to 7r/2. It results in an odd
function of the out-of-plane angle ¥ because of the sin 9 variation
of C{ and C5 [(Eq. (5)], which means that the CD-SHG sign reveals
the out-of-plane orientation of collagen fibrils [purple curve in
Fig. 2(a)]. This curve may be slightly altered and shifted when
small magnetic contributions are also present [Fig. 2(c) and green
curve in Fig. 2(b)]. However, this odd-shifted curve still presents
different CD-SHG signals for opposite orientations. In contrast,
prevailing magnetic contributions correspond to prevailing cross
terms between electric achiral and magnetic chiral components
in Eq. (4). Given that C{" and CJ’ involve even powers of sin ¢
[(Eq. (5)], this contribution is an even function of the out-of-plane
angle [orange curve in Fig. 2(a)]. It is therefore not sensitive to the
fibrils’ polarity, even when small electric contributions alter slightly
the symmetry of the CD-SHG(/) function [Fig. 2(d) and blue
curve in Fig. 2(b)].

Up/down CD-SHG images recorded on several types of collagen
samples using two different setups unambiguously demonstrate
that the CD-SHG sign does not reveal the collagen out-of-plane
polarity. This result cannot be accounted for by previous phe-
nomenological approaches in the electric dipolar approximation
[22,24,26]. It therefore confirms the relevance of our theoreti-
cal analysis based on x“” and x”* susceptibility tensors. Most
importantly, it indicates that the collagen CD-SHG is domi-
nated by these magnetic contributions and originates largely from
one-electron chirality. Other materials characterized by excitonic
coupling chirality may behave differently [29,47]. It is presumably
the case for LilOj crystal, whose CD-SHG appears to be domi-
nated by inner electric contributions and changes sign in the up
and down configurations, as in Fig. 2(a).

Figure 3(d) and Supplement 1 Fig. S3, however, confirm that
CD-SHG highlights out-of-plane fibrils and vanishes for in-
plane fibrils. This is consistent with the numerical simulations
depicted in Fig. 2(d), which show even curves vanishing at y = 0.
Experiments on tilted samples also agree with these numerical sim-
ulations, as smaller slopes are observed around ¥ = 0 (Supplement
1 Fig. S8). The fully positive or fully negative even curve depicted
in Fig. 2(d) therefore appears to estimate at best the dependence of
CD-SHG with the out-of-plane collagen angle.

Strikingly, all our samples show positive and negative CD-SHG
signals in different regions. It means that our data can be repro-
duced by either the fully positive curve (red) or the fully negative
one (blue) depicted in Fig. 2(d), depending on every pixel. These
positive and negative CD-SHG curves are obtained for different
moduli of the chiral components used in the numerical simula-
tions, while the achiral ones are fixed (Supplement 1 Table S2).
It indicates that the relative values of these chiral components
compared to the achiral ones may vary within a sample. This is not
surprising because chiral and achiral susceptibility components do
not behave the same way as a function of fibril orientation. Achiral
components cancel out for assemblies of fibrils with opposite
orientations in the focal volume, while chiral components add
up [Supplement 1 Figs. S9(a) and S9(b)]. This is equally valid
for electric and magnetic susceptibilities because it derives from
intrinsic symmetry properties of third-rank tensors. Accordingly,
the values of the chiral components relative to the achiral ones vary
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in the parallel and anti-parallel geometries. These variations are,
however, complex because they depend on the directions of the
dipole transitions involved in the SHG response at the molecular
scale, so that it is not possible yet to link the sign of the CD-SHG
to a specific geometry. Our results still show unambiguously that
CD-SHG probes the polarity distribution of fibril assemblies,
which is the degree of polar order at sub-pm scale, for instance fib-
rils all pointing in the same direction versus a mix of fibrils pointing
upwards and downwards [Supplement 1 Figs. S9(c) an S9(d)]. Itis
complementary to P-SHG, which is not sensitive to polarity and
probes only the relative value of achiral components. This new
structural probe is presumably sensitive to scales down to a few 10s
of nm because thin fibrils may reverse orientation at these scale in
various tissues, including cornea, as shown by I-SHG for in-plane

fibrils [14].

5. CONCLUSION

CD-SHG is a unique SHG modality for two reasons. First, it high-
lights fibrils that are directed out of the imaging plane and therefore
provides an efficient way to characterize collagen 3D distribution.
This is crucial in dense and heterogeneous collagen networks as
well as in thin histological sections, where 3D measurements are
either ambiguous or impossible. Second, it probes the polarity
distribution of out-of-plane fibrils at sub-pm scale. Importantly,
it cannot discriminate whether the fibrils point mainly upwards
or downwards in the imaging plane. From this point of view, it is
in contrast to I-SHG, which reveals the fibrils’ relative orientation
in the imaging plane [14]. Sensitivity to the polarity distribution
of out-of-plane fibril assemblies is necessary to reveal regions with
random orientations or interfaces between domains with opposite
orientations. This is crucial in many tissues, as anticipated in the
pioneer article on collagen SHG by Freund ez 4/. in 1982 [49], and
particularly relevant in pathological remodeling, which is char-
acterized by disordered collagen. Thus, in addition to deepening
the microstructure/function relationship in complex tissues,
CD-SHG opens up new opportunities for diagnosis of
pathological tissues.
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