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1. Extended Discussion

Collagen is the primary component of the cardiac extracellular matrix (ECM). The three
polypeptide alpha chains of the collagen are held together via hydrogen bonding between
amide bonds. The individual collagen molecules self-assemble into fibrils of 10-300 nm in
width and up to a few hundred microns in length in connective tissues and can further
assemble into large bundles or fibers with diameters of ~ 500 nm to several micrometers [1-
4]. The three-dimensional organization and structural network of collagens in the extracellular
matrix plays a critical role in the proper function of cardiac tissues and organs. Multiple
features of the ECM affects mechanical function of the heart, including collagen content [5],
types of collagen [6], fiber length and thickness [7], fiber orientation [8], and level of cross-
linking [9, 10]. Fibrillar collagens due to their inherent non-centrosymmetric geometry
exhibit large nonlinear coefficient originating from ordered tight alignment of large number
of polarizable peptide bonds in collagen molecules (1000 amino acids/triple helix) referred as
harmonophores along the same direction contributes to amplified SHG signals and is typically
governed by strong hyperpolarizability (B) of molecules [2-4]. Indeed, the nonlinear
coefficient or related hyperpolarizability for collagen type I (B™LSHG = (1.7+0.2) x
107" m* V')[11, 12] is determined to be quite competitive, ~ 0.4-0.6 that of commercially
available frequency doubling (SHG) non-linear crystals of KDP (potassium di hydrogen
phosphate, KH,PO,) [13].

SHG is a second order, non-linear optical process, wherein two photons of frequency ®
are spatially and temporally overlapped at the sample, to produce a single photon with
frequency of 2m. According to the electric dipole approximation, centrosymmetric or
isotropic materials do not produce SHG. This is because the net dipole moment and
polarizability of the system become zero due to the random orientations of the probed
molecular dipoles [2-4, 14]. When electromagnetic fields interact with a medium, they can
induce a material polarization (dipole) “P”, which can be expressed as a power series
expression as follows:

P = a'Ey+3B2EuEy + ¢ BPEuEuEut... (1)

Here, a' is the polarizability, 2 is the second-order polarizability (or first-order
hyperpolarizability), and 83 is the third-order polarizability. This polarizability describes the
charge oscillation in molecules depending on the strengths of the interacting fields. The SHG
signal can be expressed as: Esyg « |P®| = yPE,E,,, where @ is the second order non-
linear susceptibility. With Egyg = /Isug > of sy = [XPEWEW]? , x® being proportional
to the number density of molecules (N) contributing to SHG and hyperpolarizability (f),
x@® ~ N B. Hence, SHG signal has quadratic dependency (SHG ~ N?) with the density of
collagen molecules [14-16, 40]. Collagen structures showed very strong hyperpolarizability
due to its high density, fibrillar non-centrosymmetric structural organization, and associated
alignment of repeating peptide bonds (8PPt = (2.940.3) x 10°*m* V )[15] with polarizable
electrons. This arises from coherent amplification of radiation fields through constructive
interferences by all peptide bonds directed along the collagen triple helix within the
interacting laser focal volume. Therefore, SHG signal is a function of concentration and type
of organization of collagen. Hence, it is possible to utilize SHG signal modulation for
qualitative and quantitative assessment of cardiac fibrosis as shown in this work.
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2. Schematic of Ml injury model and PSF analysis
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Fig. S1. Schematic representation of MI injury model and characterizing resolution of the two-
photon microscope. (a) MI is induced through surgical ligation of the left coronary artery to
suppress the blood flow resulting in MI. (b) Extraction and slicing of heart tissue sections for
structural characterization and quantification of extracellular matrix (ECM) proteins. (c) The
schematic shows the regional remodeling of the heart tissue after MI. It shows the progression
of left ventricular (LV) remodeling, infarct expansion, LV wall thinning, ischemic zone
dilation, and reparative fibrosis. Assessment of lateral (xy) and depth (xz) resolution of SHG
microscopy system using the SHG scattering intensity profile of 100 nm BaTiO3 bead in (d)
Xy, (e) yz-plane. Point spread function (PSF) collected from SHG image of the bead in (f) xy,
(g) yz, (h) xz-plane. (i) TEM image of the BaTiO3 beads. (j) 3D scattering images of beads
embedded in agarose gel to mimic scattering in tissues. (k) Representative echocardiographic
images showing the thinning of left ventricular free wall and dilation of left ventricle after MI.
Here, LVEDD: Left Ventricular End Diastolic Diameter; LVESD: Left Ventricular End-
Systolic Diameters. (1) Experimental set up of SHG microscope and related instrumentation for
imaging collagen. The SHG emission from the tissue collagen is captured with a band-pass
SHG filter transmitting 320-435 nm light while two photon fluorescence (TPF) is collected
through a narrow range band pass filter from 486-506 nm. 63x, 1.4 NA oil objective was used
to obtain the PSF from individual nanoscale beads.
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3. ImageJ Analysis Methods

LV AREA

CONTROL

Fig. S2. Image segmentation method implemented in ImagelJ to calculate the left ventricular
(LV) area. The selected area is shown by yellow line in the images.

LV THICKNESS

Fig. S3. Image segmentation method implemented in ImageJ to calculate the LV thickness.
The blue arrow indicates the segmented LV region (yellow enclosure) used for the analysis.
10x, 0.4 NA air objective was used to collect the SHG from all tissue specimens.

Steps to calculate the collagen contents in SHG images using Image].

Open Image J (https://imagej.net/Fiji)
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Save as Measurements Recorded as Excel files.

WHOLE TISSUE COLLAGEN & AUTOFLUORESCENCE (GLOBAL)

Fig. S4. SHG image analysis implemented in ImageJ using the whole heart tissue section to
calculate the collagen content (green channel) and the amount of autofluorescence (red
channel). Sample analysis is shown for the tissue collected from MI induced mice on day 1 and
day 28. The “matched” pixel selected by the analysis is shown by yellow color for each
channel.

LV COLLAGEN & AUTOFLUORESCENCE

RED CHANNEL ll .- GREEN CHANNEL

Fig. S5. SHG image analysis implemented in ImageJ using the LV region of the tissue section
to calculate the collagen content (Green Channel) and the amount of autofluorescence (Red
Channel). Sample analysis is shown for the tissue collected from MI induced mice on day 1
and day 28. The “matched” pixel selected by the analysis is shown by cyan color for each
channel.
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Fig.S6. Image segmentation method implemented for analysis of a representative PSR image
for control (top panel) and on day 14 post-MI (bottom panel). The selected pixels for analysis
are shown in red.

4. Picrosirius red (PSR) imaging of cardiac tissues

No injury/Control 1d Ml 2d Ml 3dMl I 4d Ml 5d Ml
‘ 7dMi 14 d Ml I 21d Ml 28d MI

Fig. S7. Representative picrosirius red (PSR) stained heart tissue images under bright field
mode using transmitted light microscopy at specified time points post-MI.
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5. Polarized light microscopy images of the cardiac tissues

No injury/control 1d M 2d Ml 3d Ml I 4dMi 5d M

Fig. S8. Representative picrosirius red (PSR) stained heart images for PSR-enhanced
birefringence detection using polarized light microscopy at indicated time points following MI.
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6. Collagen fiber analysis post-Ml

3dMl 7 d Ml
SHG Image Original Fibers with Indexing SHG Image Original Fibers
Selected Fibers 10 Longest Fibers Selected Fibers 10 Longest Fibers
14 d Ml 28 d Ml

SHG Image Original Fibers SHG Image

Selected Fibers 10 Longest Fibers Selected Fibers

Original Fibers

10 Longest Fibers
Fig. S9. Collagen fiber analysis of the cardiac tissues post-MI using CT-FIRE program.
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Fig. S10. Distribution of the length (um) of collagen fibers on different days post-MI.



7. Inmunofluorescence imaging of collagen | and Il

a

Anti-Col1 Anti-Col1 Anti-Col1
Control 5d Ml d Mi

Anti-Col1 Anti-Col1
14 d Ml 28 d Ml

Anti-Col3 Anti-Col3 Anti-Col3
Control 5dml 7dMI

Anti-Col3
14 d Ml

Fig. S11. (a) Immunofluorescence imaging using fluorescently labeled collagen antibodies to
highlight collagen isoform distributions, anti-Coll (Left Ventricle) and (b) anti-Col3 fibers in
the infarcted mouse hearts post-MI injury at indicated time points in days.
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8. Comparison of SHG and immunofluorescence staining

Merged Anti-Col1 Colocalization Merged Anti-Col3 Colocalization

Control

3dMl

5d Ml
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14 d Ml

28 d MI

Merged Anti-Col1 Colocalization Merged Anti-Col3 Colocalization

Fig. S12. Nonlinear SHG and immunofluorescence images of Alexa 647 dye labeled anti-Col
1 (Left panels) and anti-Col3 (Right panels) tissue specimens in the selected LV scar zone at
different time points in days post-MI in order to determine colocalization extent between SHG
and fluorescence from collagens shown by pseudo white colored pixels representing
colocalization. 25x, 0.95 NA water objective lens is used to capture the images.
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9. Image analysis for the immunofluorescence staining

Collagen | Collagen lll

3D MI CONTROL

5D MI

Collagen |

Fig. S13. Image analysis employed in ImageJ for the immunofluorescence antibodies targeting
Collagen type I and 111 in the cardiac tissues.

7D MI

2W MI

4W MI
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10. Colocalization analysis for SHG and immunofluorescence data

Anti-Col1 Anti-Col1 Anti-Col1 ! Anti-Col1
Control 7D MI ‘ 14D MI 28D MI

Anti-Col3 Anti-Col3 I Anti-Col3 Anti-Col3
Control 7D MI 14D MI 28D MI

Fig. S14. Selected scatter plots of pixel intensities in SHG channel and Alexa-647 labeled anti-
collagen 1 (top panels) and anti-collagen 3 (bottom panels) fluorescence Channel as a function
of Ml infarction time in days. The intensity of a given pixel in the green channel (SHG) is used
as the yllcoordinate of the scatter plot and the intensity of the corresponding pixel in the red
channel (FL) as the x[lcoordinate. Scatterplots show the relationship between the signal
intensity for two channels of individual SHG and FL images.
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Fig. S15. Experimentally measured lateral point spread function (PSF) afforded by 10X, 0.40 NA (Top panel) and
25X, 0.95 NA (Bottom panel) objectives using sub-diffraction BaTiO; nanoparticles.
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