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Abstract

The second order nonlinear optical properties and
orientation of collagen fibers were measured
simultaneously using polarization modulation and
phase sensitive detection.

Introduction

Collagen is a structural protein found throughout
animal and human tissues. It plays a key role in the
structure and function of virtually every organ
system. Collagen, which has a very long half-life,
undergoes progressive modification over months to
years after original synthesis due to both natural and
pathological causes. Pathological change in collagen
is induced by cancer (loss of basement membrane
integrity and disruption of extracellular matrix), non-
enzymatic glycation (diabetes), abnormal wound
healing, and vascular disease. In many cases, rapid
and noninvasive diagnostic tools to detect these
changes are highly desirable. Often, time-consuming
biopsy is the only choice in the clinic.

Recently, second harmonic generation (SHG) has
been used to image cell membra.rlf:sl'2 and other
macromolecules such as collagen®™. Collagen
possesses  non-zero  second order  nonlinear
susceptibility due to its micro-and macro-structure
which is a necessary condition for SHG. Thanks to
recent advances in femtosecond laser technology, it
has become possible to image collagen without
damaging it. In this article, we present recent results
that show that SHG from collagen is dependent on
light polarization and that relatively rapid
characterization of collagen can be performed using a
polarization modulation technique that employs an
electro-optic modulator. Also, we present a
mathematical model that describes the polarization
dependence of SHG in collagen.

Materials and Methods

Current study was done using rat-tail tendon, for the
following reasons: (1) it contains only one type of
collagen (type I); (2) it is highly organized on both
the molecular and macroscopic level; (3) rat-tail
tendons have been extensively studied and there are
many data available on their biochemical and
biomechanical properties. Therefore, this study will
lead to an improved understanding of the relationship
between SHG and these properties.

We used a Ti:Sapphire oscillator (Tsunami,
Spectra-Physics) to generate 5 nJ, 100 fs pulses at a
wavelength of 800 nm and with a repetition rate of
82 MHz. The femtosecond beam was reflected off of
a dichroic mirror and focused down to a rat-tail
tendon sample using a NA=0.42 microscope
objective. The generated second harmonic light was
collected using the same objective, transmitted by the
dichroic mirror, and collected by the photomultiplier
tube.

Results and Discussion

For the cylindrical symmetry of bundles of parallel
collagen fibrils, the second order nonlinear
polarizability becomes,

P=as(3 E) +05(E, L) + cE(5-E) ey

where §is a unit vector in the direction of the fibrils,
E, is the electric field of the incoming laser beam,

and a, b, and ¢ are constants. Making the paraxial
approximation and assuming Kleinman symmetry,
the second harmonic signal is given by’,

Lo = é(3 +20y + 407" + é(] +67 + 8y cos(2ar)

+ é(] + 4y )cos(4ar) @)

= G, + C,cos(2a) + C, cos(4ux)

where y is a parameter that is defined by the
coefficients of the second order nonlinear
susceptibility tensor @ and o is the angle between

the linear polarization of the excitation pulse and the
normal to the collagen fibers.

Equation (2) implies that SHG is dependent on
the polarization angle. The image in Fig. 1 was
obtained by continuously rotating the half-wave plate
and thus rotating the beam polarization at different
depths (z) in the rat-tail tendon. The model was fit
to these data and the fit produced values of y=-0.7 -
-1.0 throughout the depth.

Since rotating the half wave plate is tedious and
time-consuming, we implemented a fast polarization
modulation scheme by inserting an electro-optic
modulator (EOM} and quarter wave plate into the
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Fig. 1. One dimensional image of the rat-tail tendon with varying
polarization angle of the excitation pulse. It shows reasonable fit
with the model presented (y is approximately —0.75).

beam path. A 3 kHz sawtooth voltage signal was
applied to the EOM, thus continuously sweeping the
polarization angle from —90° to +90°.

In Equation (2), the coefficients C, and C; of the
first and second modulation harmonic, respectively,
can be measured separately by using a lock-in
amplifier and providing the sawtooth modulating
signal as the reference. By taking the ratio between
C, and C,, the nonlinear susceptibility parameter, vy,
can be calculated. Fig. 2. shows the measured ratio
between C, and C; and also the ratio between C; (the
coefficient of the third modulation harmonic) and C,
which is supposed to be zero according to our model.
From this figure, it is clear that the parameter ¥ does
not change significantly with depth.
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Fig. 2. SHG intensity and the ratio between C,, C,, and C;.

Equation (2) also shows that the orientation of the
collagen fibers can be estimated by measuring the
phase shift of the lock-in signal relative to the
sawtooth reference signal. The relative orientation of
a collagen fascicle is given by half of the lock-in
amplifier’s phase measurement. We tested this by
imaging two rat-tail tendon fascicles oriented
perpendicular to each other and mounted between two
glass slides. We scanned along one of the tendons.
As predicted by the model, the 90° difference in
collagen orientation angles shows up as a 180° phase
shift.
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Fig. 3. Lock-in measurement of phase shift for superimposed rat-
tail tendons at right angle.

In conclusion, a parameter related to the second
order nonlinear susceptibility and the collagen fiber
orientation can be measured simultaneously by using
polarization modulation and phase sensitive
detection. This technique may have application in
the characterization of different collagen types or in
studying various pathologies that alter collagen
structure, such as skin cancer, non-enzymatic
glycation (diabetes), abnormal wound healing, or
vascular disease.
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