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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 (β) of molecules [2-4]. Indeed, the nonlinear 
coefficient or related hyperpolarizability for collagen type I ( ,ௌுீߚ = ( 1.7±0.2) × 
10−37 m4 V−1)[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, KH2PO4) [13]. 

SHG is a second order, non-linear optical process, wherein two photons of frequency ω 
are spatially and temporally overlapped at the sample, to produce a single photon with 
frequency of 2ω. 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) “ܲ”, which can be expressed as a power series 
expression as follows: ሬܲԦ = ఠܧଵߙ + ଵଶ ఠܧఠܧଶߚ + ଵ  ఠ+…                                                                        (1)ܧఠܧఠܧଷߚ

Here, ߙଵ  is the polarizability, ߚଶ  is the second-order polarizability (or first-order 
hyperpolarizability), and ߚଷ 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: ܧௌுீ ∝ หܲ(ଶ)ห = ߯(ଶ)ܧ௪ܧ௪, where ߯(ଶ) is the second order non-

linear susceptibility. With ܧௌுீ = ඥܫௌுீ		 , or ܫௌுீ = 	 [߯(ଶ)ܧ௪ܧ௪]ଶ , ߯(ଶ) being proportional 
to the number density of molecules (N) contributing to SHG and hyperpolarizability (ߚ), ߯(ଶ)	~	ܰ	ߚ. Hence, SHG signal has quadratic dependency (SHG ~ N2) 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 (ߚ௧ = (2.9±0.3) × 10−40 m4 V−1)[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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