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Molecular Order of Arterial Collagen Using Circular Polarization

Second-Harmonic Generation Imaging
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ABSTRACT Second-harmonic generation (SHG) originates from the interaction between upconverted fields from individual
scatterers. This renders SHG microscopy highly sensitive to molecular distribution. Here, we aim to take advantage of the dif-
ference in SHG between aligned and partially aligned molecules to probe the degree of molecular order during biomechanical
testing, independently of the absolute orientation of the scattering molecules. Toward this goal, we implemented a circular po-
larization SHG imaging approach and used it to quantify the intensity change associated with collagen fibers straightening in the
arterial wall during mechanical stretching. We were able to observe the delayed alignment of collagen fibers during mechanical
loading, thus demonstrating a simple method to characterize molecular distribution using intensity information alone.
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Many cardiovascular diseases have been linked to altered
mechanical functions in arteries (1). Understanding their
pathomechanics and developing treatments require a deeper
understanding of the interplay between the mechanical
properties at the tissue level and the extracellular matrix
(ECM) organization at the microstructural level, a multi-
scale problem. Collagen fibers are one of the principal
ECM components involved in arterial wall mechanics and
can be imaged label-free with second-harmonic microscopy
(2). Extracting structural information, however, involves
time consuming analysis of multiple second-harmonic
images (3). Recently, circularly polarized nonlinear optics
was shown to have the ability to quantify molecular symme-
try after the acquisition of a minimal number of images
using exclusively intensity information (4). We therefore
set out to explore if circularly polarized illumination can
be exploited to quantify the molecular alignment in arterial
collagen with a single image during mechanical loading.
Second-harmonic scattering of a single molecule is a
coherent parametric process during which the energy of
two incident photons at frequency v; is redirected to a single
photon at frequency 2v;. The coherence of second-harmonic
scattering implies that the generated light depends on both
the amplitude and the phase of the incident field. Thus,
when multiple scatterers are present, the second-harmonic
fields will interfere together and generate an often complex
radiation pattern. This is second-harmonic generation
(SHG). For a given distribution, the SHG signal is maximal
when all scattering molecules possess the same orientation
(Fig. 1 a) (5,6). In biomedical applications, observing a per-

fect alignment of molecules is unlikely. Even highly orga-
nized structures, such as cell membranes or collagen
fibrils, are likely to have some angular distribution in their
dipole orientation (Fig. 1 b), resulting in weaker SHG
signal.

The above discussion implies that changes in molecular
organization on the scale of the phase coherence length
can be monitored by intensity measurements alone. The dy-
namics of dye reorientation within lipid bilayers was previ-
ously followed using the variation in second-harmonic
intensity relative to two-photon excited fluorescence
(TPEF) (5). The relative gain or loss in SHG signal was
quantified using: O, = gy /I35;. During mechanical
stretching of arterial tissue, collagen fibers are known to
straighten (3). This alignment of collagen is expected to
lead to changes in the molecular orientation, hence changes
in Igyg. Here, our goal is to demonstrate that such changes in
Ispe can be detected during the deformation of arteries, thus
enabling the characterization of fiber engagement with
simple normalized intensity measurements.

Second-harmonic imaging was performed on a custom
laser scanning microscope described in detail elsewhere
(7). Collagen was imaged at 30 frames/s with 25 mW
from a mode-locked Ti:sapph laser at 800 nm (Maitai-HP,
Spectra-Physics, Santa Clara, CA) through a 60X objective
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FIGURE 1 The intensity originating from second-harmonic
fields depends on molecular alignment for any incident polariza-
tion state. (a) The SHG signal is maximal if all molecules (1) are
aligned. (b) Partial alignment of molecules results in weaker
SHG signal.

lens (NA1.0 W, LUMPIlanN, Olympus, Waltham, MA) (3).
Circular polarization of the illumination light was obtained
by placing a quarter-wave plate just before the objective.
The polarization was verified to be maintained at the focus
by rotating mouse tail tendons (Alsys <35%) and imaging
spherical cells (NALMS6, a leukemic cell line) labeled
with Di-8-ANEPPS (Alzper <3%, n=60) (8). Imaging
was performed on the adventitia, the external portion of
arterial walls, of excised pig aorta down to a depth of
60 um. Arteries (n = 6) were placed on a stretching device
according to standard testing procedures (3).

To test for changes in second-harmonic intensity, we
imaged freshly excised aorta under equal biaxial strains
from 0 to 40% with 5% increments at multiple random loca-
tions (nine regions over a 1 cm? area). The strain was always
equal biaxial (i.e., the same in the longitudinal and circum-
ferential direction) and defined as 7 = (L; — L) /Lo, where
Ly is the unstretched tissue length and L; is the length at
strain i. Using this approach, together with a manual mea-
surement of fiber waviness or an automated fractal analysis
(3), we previously reported a delayed realignment of adven-
titial collagen. Collagen fibers are highly wavy at 0% strain
(Fig. 2 a) but are completely straight at 40% (Fig. 2 b). The
adventitial collagen undergoes large structural changes that
can be characterized with direct biophysical measurements,
making it an ideal site to validate new experimental strate-
gies. Analyses were performed on maximum intensity pro-
jection images of axial stacks over 110 x 110 um regions.
For image intensity measurements, a fixed threshold of 10
on a 8-bit scale was used to isolate all fibers, and the average
image intensity was calculated using only pixels where
fibers were present. This procedure ensured that the amount
of fibers did not bias the intensity evaluation. Fig. 3 a shows
that the intensity was constant between 0 and 20% strain.
The increase in intensity >20% strain revealed the same
delayed fiber recruitment, as described previously, without
the need to perform tedious manual measurements or
employ advanced image analysis methods.

FIGURE 2 Evaluation of the engagement of collagen fibers
during mechanical loading by systematic random imaging. Sec-
ond-harmonic images of adventitial collagen at strains of (a) 0%
and (b) 40% showing fiber straightening (scale bar, 180 um,
30 frames average).

Tissue stretching in the longitudinal and circumferential
axes also impacts the radial thickness (Fig. S1 in the Sup-
porting Material). Therefore, the absolute depth of objects
could be altered by volumetric deformation (i.e., collagen
fibers might become more superficial). To verify if the
increased Iy was due to volumetric deformation, /sy was
compared to I7pgr, a fully incoherent process. For this pur-
pose, arteries were incubated at 4°C overnight in a PBS
solution containing fluorescein, which possesses a strong
TPEF cross section. After imaging, the SHG and TPEF in-
tensities were evaluated in individual collagen fiber bundles
at strains of 0, 20, and 40% by cropping 18 x 18 um regions.
The SHG intensity from each region was then normalized to
the TPEF signal from fluorescein. A significant increase in
the SHG/TPEF ratio was observed at 40% strain, but not
20% (Fig. 3 b). This indicates that the increase in SHG in-
tensity is associated with changes in molecular organization
and not volumetric deformation.

The information on the molecular distribution within
a nonlinear excitation volume can be obtained using
polarimetric second-harmonic imaging (9,10). By acquiring
multiple images with a linearly polarized illumination with
different orientation, the nonlinear susceptibility tensor x (%)

can be probed (p; = Xzzz/Xz)cx and p, = szx/szx) using:
1529, 0) = Io | (p5in(26))” + (sir(6) + pycos*(9))’],
()

where Iy = ce}x? . |E(v:) |* (see Supporting Material for the
derivation of Eq. 1) (11-13). x? is a bulk property and
dependent on molecular arrangement. It is usually assumed
that the susceptibility of individual molecules remains
unchanged. Effective changes in susceptibility are instead
attributed to an increase or decrease molecular order. This
method was previously applied to mechanical testing on ten-
dons and shown to be sensitive to collagen fiber straight-
ening and alignment (10,14). To link our relative intensity
measurement to polarimetric imaging, we derived an
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expression equivalent to Eq. 1 for circularly incident illumi-
nation (see Supporting Material):

o I
I5ia(2) = 7 [405 + (0 = 1)°]. @

When a strain of 40% is applied on an artery, collagen
fibers are fully aligned, and it can be assumed that the sec-
ond-harmonic signal is maximal. The relative decrease in
intensity at lower strain can therefore be expressed as:

_ Iglg(} (21/1" 7)
) = iam,40%) @
4p3(7) + [py(7) — 1]°

- . 4
493(40%) + [p,(40%) — 1] @

Polarimetric second-harmonic imaging has the advantage
of providing absolute values for p;, but the imaging speed is
limited by the need to acquire multiple images at a single
location and to control the incident light polarization (15).
In contrast, our intensity measurement with circular polari-
zation provides relative values at greater imaging speed and
experimental simplicity, eliminating the need to acquire
multiple images at different polarizations. It should be
possible to implement the method for intravital imaging ap-
plications of rapidly deforming tissue, such as arteries and
contracting muscles (16).

Our method relies critically on the circularly polarized
excitation beam. Because this polarization will not be main-
tained after propagation in tissue, only the most superficial
layer of collagen was analyzed in this work. This was
accomplished by taking the maximum intensity projection
of the image stack. More sophisticated methods requiring
full polarimetry will be needed to account for altered polar-
ization due to birefringence and diattenuation when imaging
deeper into tissue (10,17).

In summary, we demonstrate a method for character-
izing mechanical functions of arterial collagen at the
molecular level with single SHG images acquired with
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FIGURE 3 Collagen fibers straightening.
(a) The fractal analysis from Chow et al.
(3) and the normalized intensity measure-
ment both show delayed collagen fiber
realignment (n = 6). (b) The ratio between
SHG and TPEF intensity in collagen fiber
bundles stained with fluorescein was eval-
uated at strains of 0 and 40%. Mann-Whit-
ney U-test with *** p = 3.6 x 108,

40%
Equal biaxial strain

circularly polarized light. During tissue stretching, we
observed an increase in second-harmonic intensity, attrib-
utable to increased molecular order and directly related to
changes in the nonlinear susceptibility tensor of the mate-
rial (Eq. 4). The SHG intensity with circularly polarized
light is not sensitive to the absolute orientation of the
scatterers, thus enabling characterization of their relative
degree of order with a single image per tissue state.
Finally, we believe that the simplicity of our approach
will enable characterization of tissue properties in several
biomedical applications, especially when fast image acqui-
sition is required.

SUPPORTING MATERIAL

Supporting Mathematical Derivation and one figure are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(16)00002-3.
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