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Polarization-Modulated Second Harmonic Generation in Collagen
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ABSTRACT Collagen possesses a strong second-order nonlinear susceptibility, a nonlinear optical property characterized
by second harmonic generation in the presence of intense laser beams. We present a new technique involving polarization
modulation of an ultra-short pulse laser beam that can simultaneously determine collagen fiber orientation and a parameter
related to the second-order nonlinear susceptibility. We demonstrate the ability to discriminate among different patterns of
fibrillar orientation, as exemplified by tendon, fascia, cornea, and successive lamellar rings in an intervertebral disc. Fiber
orientation can be measured as a function of depth with an axial resolution of ~10 um. The parameter related to the
second-order nonlinear susceptibility is sensitive to fiber disorganization, oblique incidence of the beam on the sample, and
birefringence of the tissue. This parameter represents an aggregate measure of tissue optical properties that could potentially

be used for optical imaging in vivo.

INTRODUCTION

Collagen, the most abundant structural protein in the body,
is diverse in its structural and functional properties: trans-
parent and rigid in the cornea, flexible and strong in tendons
and ligaments, mineralized in bone, deformable in fascia.
The specific properties of collagen (there are more than
twenty genetically distinct types) in a given tissue or organ
are determined not only by its primary structure but also by
post-translational modifications and interactions with other
connective tissue elements. The different collagens are gen-
erally categorized as either fibrillar or nonfibrillar, based on
the pattern of supramolecular organization. In the present
study, we focus on the fibrillar collagens, particularly type
I collagen, the predominant type in the body. The fiber-
forming collagens typically consist of a triple-helical mac-
romolecule with short, nonhelical extensions at each end.
Following secretion from the cell, part of the nonhelical
extension at each end is cleaved off enzymatically, which
triggers spontaneous self-assembly into fibrillar arrays.
Fibrillar self-assembly has been studied most extensively in
type I collagen; less is known about the process in the other
collagen types. The basic organizational unit in the type I
collagen array is the microfibril, consisting of five or six
molecules. Higher levels of organization have also been
defined, including subfibril, fibril, and fascicle, depending
on the tissue (Beck and Brodsky, 1998; Kadler et al., 1996;
Prockop and Fertala, 1998).

In several disease states, there are characteristic changes
in fibrillar organization of collagen that could potentially
serve as an early diagnostic marker. Early changes in col-
lagen structure have been observed in samples analyzed
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using electron microscopy (Eyden and Tzaphlidou, 2001),
x-ray diffraction (James et al., 1991), biochemical analysis,
histological analysis, and physiological assessment. How-
ever, a major drawback of these techniques is that they are
often destructive and can only be done on samples obtained
through tissue biopsy. In many cases, it may not be feasible
to obtain a tissue biopsy for diagnostic screening, nor may
it be practical to monitor treatment with sequential biopsies.
At present, there are no nondestructive, in vivo imaging
techniques for detecting changes in those aspects of colla-
gen structure and organization that define many types of
pathological processes, including collagen type ratios, pack-
ing structure, fibrillar size, interaction with other matrix
components, degree of fibrillar organization, and cross-
linking (Reiser, 1991, 1996; Reiser et al., 1992; Knott and
Bailey, 1998).

Because collagen molecules are organized naturally into
structures on the scale of the wavelength of light and lack a
center of inversion symmetry, they are able to generate
second harmonic light, a phenomenon first observed in
1971 (Fine and Hansen). Since then, studies of second
harmonic generation (SHG) in rat-tail tendon, cornea, teeth,
and other tissues have been performed (Delfino, 1979; Roth
and Freund, 1979, 1981; Freund et al., 1986; Altshuler et al.,
1995; Georgiou et al., 2000; Theodossiou et al., 2001;
Hovanessian and Lalayan, 1997; Bailey et al., 1995). The
advent of ultra-short pulse lasers has allowed SHG micros-
copy to be performed in biological tissue without the high-
intensity laser damaging the sample (Guo et al., 1996, 1997;
Kim et al., 1999, 2000a,b; Campagnola et al., 2001). The
works of Roth and Freund (1979, 1981) and Freund et al.
(1986), and our own recent studies (Stoller et. al., 2001;
Stoller et. al., in press) suggest that the polarization depen-
dence of the second harmonic signal provides information
about fiber orientation and nonlinear susceptibility not
available from intensity measurements alone. The key
drawback to measuring the polarization dependence is that
it requires making time-consuming, repeated measurements
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at a single point in the sample at different polarization
angles.

In this work, we present a new SHG technique for study-
ing collagen: imaging tissue using second harmonic light
generated by a polarization-modulated ultra-short pulse la-
ser beam. Our technique allows us to image simultaneously
second harmonic intensity, collagen fiber orientation, and a
parameter related to the second-order nonlinear susceptibil-
ity tensor— on microscopic scales. We use this technique to
image collagen fiber orientation in tissues with very differ-
ent organization: rat-tail tendon, bovine fascia, porcine cor-
nea, human intervertebral disk, and fibrils precipitated in
vitro. We also discuss changes in the second-order nonlinear
susceptibility parameter as a function of tissue hydration
and present preliminary findings on the effect of collagen
cross-linking. The potential effects of tissue birefringence,
oblique incidence of the beam on the collagen fibers, and
multiple fiber orientations within the focal spot are also
considered.

EXPERIMENT
Optical setup

We used a Ti:Sapphire oscillator (Mira; Coherent Inc.,
Santa Clara, CA) to generate linearly polarized 200-fs
pulses at a wavelength of 800 nm, with a maximum energy
of 5 nJ, and at a repetition rate of 76 MHz. The beam passed
through a half-wave plate followed by a polarizing beam-
splitter; the half-wave plate was rotated to control the power
incident on the sample. The p-polarized light from the
beam-splitter was rotated 45° using a second half-wave
plate and was then passed through an electro-optic modu-
lator (EOM) (360-80; Conoptics, Danbury, CT) with its
axes oriented at 45° to the polarization of the light. The
beam was then passed through a spatial filter and beam
expander, and, after reflecting off of several dielectric mir-
rors, through a quarter-wave plate with its axes oriented at
45° to those of the EOM. A microscope objective (infinity-
corrected plano apochromat; Mitutoyo, Aurora, IL) focused
the beam onto a sample mounted on an x—y—z, computer-
controlled translation stage. The objective had focal length
f = 1 cm, numerical aperture N.A. = 0.42, transverse
resolution around 1.5 wm, and axial resolution around 10
um. We used an objective with a relatively low numerical
aperture to ensure that the polarization state of the laser
beam was not substantially altered in the focus. The trans-
mitted second harmonic signal was collected using a second
objective. Several dichroic mirrors and a dielectric filter
were used to reject the first harmonic and allow only the
second harmonic signal to reach the photomultiplier tube
(PMT) (H6780; Hamamatsu Photonics K.K., Hamamatsu
City, Japan). A fiber-lamp (used while not scanning to
illuminate the sample through the collecting objective),
lens, and CCD camera were used to image the sample and
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FIGURE 1 Illustration of the experimental setup.

the focal spot of the laser. The experimental setup is shown
in Fig. 1.

We used the EOM and quarter-wave plate combination to
rotate the polarization direction of the linearly polarized
laser light. An EOM functions as a variable wave plate
where the phase delay is proportional to the voltage applied
across it. For linearly polarized input light, the EOM pro-
duces elliptically polarized light. The quarter-wave plate
that follows the EOM converts the elliptically polarized
light into linearly polarized light rotated by some angle with
respect to the laser polarization direction. The degree of
rotation is directly proportional to the applied voltage: from
0° for 0 V to 180° for the full-wave voltage of the EOM.
The voltage across the EOM can be modulated at high
frequencies; our system is limited to a bandwidth of 1 MHz.

A function generator (DS345; Stanford Research Sys-
tems, Sunnyvale, CA) provided a saw-tooth waveform at
4 kHz that was amplified to have an amplitude equal to
the full-wave voltage of the modulator using a high-
voltage power supply (Conoptics 302A). The polariza-
tion-modulated beam produces SHG in the sample that is
modulated at the first and second harmonic of the mod-
ulation frequency (the origin of these modulations is
discussed in Theory, below). After passing through a
current preamplifier (SR570; Stanford Research Sys-
tems), the modulated signal from the PMT was amplified
using two lock-in amplifiers (EG&G 7260; PerkinElmer,
Inc., Wellesley, MA) set to detect the amplitude and
phase of the SHG signal at both the first and second
harmonic of the EOM modulation frequency. A Labview
program was used to coordinate motion of the translation
stage using a motion controller (ESP300; Newport, Ir-
vine, CA) and Newport 850F actuators and to acquire
data from the lock-in amplifiers.
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Tissue source

Rat-tail tendon from 3—4-month-old Sprague-Dawley rats
was frozen at —20°C until scanned. We previously had
found that freezing and thawing did not affect the second
harmonic signal. Individual tendon fascicles were removed
from the tendon bundles under a dissecting microscope.
Typical fascicles were several centimeters long, and had a
diameter of only a few tenths of a millimeter.

Porcine cornea was obtained from a local abattoir. Frozen
sections prepared from human intervertebral disk specimens
were a kind gift of Jeff Lotz and Ellen Liebowitz of the
University of California, San Francisco. Bovine fascia was
obtained from bovine Achilles tendon from commercially
available beef hooves.

Histological preparation
Dehydration treatment

Dehydrated rat-tail tendon was obtained by drying a rat-tail
fascicle in ethanol. Baths of 30, 50, 70, 80, 90, 95, and
100% ethanol in distilled water were used in succession for
thirty minutes each.

Distilled water treatment

Rat-tail tendon fascicles were also placed in distilled water;
the tenuous, gel-like structure that formed after ~15 min
was placed on a slide and allowed to dry. Control rat-tail
tendon fascicles were maintained in 250 mM sodium phos-
phate, but blotted dry before scanning. Fresh bovine tendon
fascia and previously refrigerated porcine cornea were
placed on glass slides. The porcine cornea sample was
allowed to dry before scanning; it was also scanned after
being placed in distilled water, and again after it had dried.

Tissue sectioning

Frozen sections (4 wm) were prepared from some of the
rat-tail tendon fascicles. Slices were obtained from the sur-
face of the fascicle and from ~20 and 40 wm below the
surface. The frozen sections were left unstained and placed
on glass slides beneath a cover slip. Sections of human
intervertebral disk (30 wm thick), cut parallel to the lamellar
rings, were prepared in a similar manner.

In vitro fibrillogenesis from soluble collagen

Collagen fibrils were also prepared in vitro. Fibrillogenesis
was initiated in neutral salt-soluble collagen and acid-solu-
ble collagen, using techniques developed by several earlier
investigators (see, for instance, Williams et al., 1978).
Briefly, type I collagen from rat-tail tendon (Sigma, St.
Louis, MO) was dissolved in either 0.05 M acetic acid or 20
mM sodium phosphate, pH 7.4. Solutions were clarified in

Biophysical Journal 82(6) 3330-3342

Stoller et al.

a microfuge at 10,000 X g before use. Fibrils were precip-
itated from the acid-soluble collagen by adding 0.5 M
NaOH until the pH was 8. The collagen in the sodium
phosphate was kept at 4°C until fibrillogenesis was ther-
mally initiated by increasing the temperature to 38°C in an
oven. Precipitated fibrils were collected on a glass slide and
allowed to air dry. In some cases, the precipitated fibrils
were allowed to remain in solution for up to one week to
allow cross-linking to occur, as has been previously de-
scribed (Gelman et al., 1979). The presence of cross-links
(formed from aldehydes already present on the soluble
collagen) was confirmed by observing the effects of revers-
ing the conditions. Collagen fibrils that had been precipi-
tated the same day readily returned to solution if conditions
were returned to the initial state. Collagen fibrils that had
incubated for a week remained in their fibrillar state. A
slurry of type I collagen in 0.5 M acetic acid (10 mg/mL)
was lyophilized in a petri dish.

THEORY
SHG in collagen fibers

An analytical model for SHG in collagen fibers, based on
the assumption of cylindrical symmetry, has been devel-
oped and extensively discussed previously (Roth and
Freund, 1979, 1981; Freund et al., 1986; Stoller et. al., 2001;
Stoller et al., in press). We present only a brief summary of
the derivation. It is important to note that we are interested
primarily in calculating the dependence of the second har-
monic intensity on the polarization angle of the input beam.
For any material with cylindrical symmetry (C,, symmetry),
the most general vector expression for the second-order
nonlinear polarization is

P=as(s-E) +bS(E,-E\) + cE\(s-E), (1)

where § represents the unit vector along the symmetry
(fiber) axis, E, is the input electric field, and a, b, and ¢ are
coefficients related to the second-order nonlinear suscepti-
bility tensor of the material. The nonlinear susceptibility
tensor is given by

X = asisisy + bsidy + (¢/2)(s;8y + 5,55). ()

Under the assumption of Kleinman symmetry, b = c¢/2.
Kleinman symmetry means that all of the elements in the
nonlinear susceptibility tensor that are connected by permu-
tation of indices are equal (see, for instance, Boyd, 1992).
The assumption of Kleinman symmetry is valid because the
second harmonic wavelength (400 nm) is far from the
wavelength of the first electronic transition in collagen
(~310 nm). Thus, we can write

P=as(s-E)*+ bsS(E,-E)) + 2bE,(§-E)). (3)

We further assume a Gaussian input beam, make the parax-
ial approximation (the interaction length is much larger than
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the wavelength), and assume the laser beam is normally
incident on the sample. Under these assumptions, the input
laser and generated second harmonic polarization is con-
fined to the plane normal to the laser propagation direction
k. Given the nonlinear polarization, P, we can write down
expressions for the second harmonic field E,; generated
along the fiber axis () and the second harmonic field £, |
generated along the normal to that axis (§ X ),

EZH(;:’ t) =

expli(kyz — w,t) — /Wl [1 + i(z/zp) ]}

Az(2)$ 1+ i(z/zg) ’

Ey (7, 1) = 4, (2)(S X k)

explilkyz — wyt) — PP/w?[1 + i(z/zx) ]}
x 1+ i(zlzy) ’

“4)
where 4, and 4, , are given respectively, by the differential
equations,
eiAkz

2ik a_ _ (P S) v
2 oz p@: 1 +i(z/zp)’

9 eiAkz

As,
1 +i(z/zg)” ®)

2ik, = —pi(P- (s X k)
0z

Here, w, and k, are the second harmonic frequency and
wave number, respectively; » and z are the radial and
axial position, respectively; w, and zy are the focused
beam waist and Rayleigh range, respectively; Ak = 2k, —
ky (k, is the wave number at the laser frequency and £k,
the wave number at the second harmonic); and w is the
magnetic permeability. Refer to, for instance, Boyd
(1992) for a detailed derivation of these expressions from
Maxwell’s equations. Neglecting the effect of linear bi-
refringence (Ak is taken to be independent of the polar-
ization direction), the polarization dependence of the
second harmonic intensity (proportional to the square of
the electric field) is contained entirely in the terms P-s
and P - (§ X k). Thus, we can write

Iy & (ﬁSA)Z + (i) (§ X k)™ (6)

Polarization modulation technique

We can now apply the model discussed above to under-
standing our polarization modulation technique and how it
can be used to obtain information about fiber orientation
and nonlinear susceptibility. To simplify the discussion, we
choose a coordinate system where the laser beam is incident
along the z axis and polarized at an angle « with respect to
the x axis. The fiber is located in the x—y plane; we let it be
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FIGURE 2 Sketch of the fiber orientation and laser beam propagation
direction and orientation.

oriented at an angle ¢ from the y-axis. This geometry is
shown in Fig. 2. Using this geometry, we can obtain an
expression from Eq. 3 and Eq. 6 for the second harmonic
intensity as a function of « and ¢,

Lsug = (3 + 20y + 409?)
—3(1 + 6y + 8y)Cos(2a + 2¢)

+ %(1 + 4y)Cos(4a + 4¢). )

Here we define 'y = b/a; unlike a and b, y can be determined
without making any absolute intensity measurements. vy is a
fundamental parameter of the second-order nonlinear sus-
ceptibility tensor—it is the ratio of the tensor’s two inde-
pendent elements.

To efficiently measure this fundamental parameter, the
linear polarization of the laser beam is continuously rotated
by driving the EOM with a saw-tooth pattern at frequency,
Q (see Fig. 3), so that @« = Qart. Thus, we can rewrite Eq.
7 as

Isug  5(3 + 20y + 409?)
—3(1 + 6y + 8y")Cos(2mQt + 2)

+5(1 + 4y)Cos(4mOt + 46). )

It is apparent from this equation that signal can be measured
at both the first modulation harmonic and second modula-
tion harmonic (FMH and SMH) of the frequency applied to
the EOM. A lock-in amplifier is capable of measuring both
the amplitude and phase of a signal at a reference frequency
and at harmonics of the reference frequency. The signal at
the FMH is proportional to

I = — 3(1 + 6y + 892), )
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FIGURE 3 Sketch of the technique we use to obtain fiber orientation information using polarization-modulation of the input laser beam. For convenience,
we assume a fiber oriented at an angle of 30° from the y axis. We assume that R = 0.5. All plots have a common time axis. The case for the FMH of the
signal is shown on the left and the case for the SMH of the signal is shown on the right. The vertical line is drawn through the curves at the point in time
when the input beam is polarized in the direction of the fiber; the SHG signal peaks at this time. From the plots, it is evident that twice the orientation angle
is equal to the phase shift of the signal at the FMH, and four times the orientation angle is equal to the phase shift of the signal at the SMH.

whereas the signal at the SMH is proportional to

T > 5(1 + 47). (10)
The ratio R of the amplitude of the signal at the FMH and
SMH can thus be written as
R= —;+8y. (11)
Eq. 11 shows that y can be rapidly measured using ampli-
tude measurements from two lock-in amplifiers. Further-
more, the intensity of the second harmonic signal at the
FMH and SMH is independent of the fiber orientation. All
of the information about orientation is conveyed by the
phase of the FMH and SMH signal. A lock-in amplifier
measuring the phase at the FMH will measure 2¢, and a
lock-in amplifier measuring the phase at the SMH will
measure 4¢. Thus, half of the phase of the FMH signal is
equal to the fiber orientation, ¢. The phase of the SMH
signal provides redundant information about the fiber ori-
entation, but the phase difference between twice the FMH
phase and the SMH phase (0° or 180°) gives the sign of the
ratio R. Refer to Fig. 3 for a diagram illustrating the use of
polarization modulation and phase-sensitive detection to
determine fiber orientation.
Eq. 11 indicates a direct relationship between the observ-
able R and a tissue optical property y. However, several
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assumptions are required for this relationship to hold. First,
we have assumed that the beam is normally incident on the
rat-tail tendon fascicle and that all of the fibers in the
fascicle are perfectly aligned. Second, we have assumed that
the effect of linear birefringence in the tissue on the polar-
ization state of the input laser light can be neglected. For a
given value of vy, what is the effect of relaxing each of these
assumptions on the observable R? Calculating the effect of
non-normal incidence on the fiber is straightforward. The
generated second-order polarization is simply split into a
component along the propagation direction and a compo-
nent normal to it; we assume that the component in the
propagation direction does not contribute to a significant
degree; this is strictly true only in the plane-wave approx-
imation, but is a reasonably good approximation even for a
focused beam (Huse et al., 2001). Let ¢y be the angle
between the laser propagation direction and the normal to
the fiber. The resulting change predicted in the absolute
value of the measured ratio R as a function of s is plotted in
Fig. 4 for a typical value of y = —0.7 (based on Stoller et
al., in press). This effect becomes less important as the
absolute value of y increases. A similarly simple calculation
can be performed to take into account the presence of
multiple fibers oriented at different angles within the focal
spot of the laser beam. For illustration, we show, in Fig. 5,
the results for the simple case of two fibers oriented at
varying angles with respect to each other.
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FIGURE 4 Plot of R versus the angle iy between the laser propagation
direction and the normal to the fibers, for the case of y = —0.7.

Adding the effect of birefringence to our calculation is
more complicated. Collagen is birefringent because the in-
dex of refraction for light polarized along the fiber axis is
higher than that for light polarized perpendicular to the axis.
An arbitrary linearly polarized beam will transform into an
elliptically polarized beam as it propagates into a birefrin-
gent medium. The change in polarization state must be
incorporated into the equations that propagate the light
through the nonlinear medium (Egs. 4 and 5). For simplic-
ity, we assume a coordinate system where the collagen fiber
is oriented along the y axis. We must calculate both the
component of the second harmonic signal /,, polarized
perpendicular to the fiber and the component /,, polarized
parallel to the fiber. The nonlinear susceptibility tensor
allows three possibilities: 1) a component of the input beam
along the fiber and a component normal to it can produce
second harmonic light normal to the fiber, 2) a component
of the input beam normal to the fiber can produce second
harmonic light parallel to the fiber, and 3) a component of
the input beam parallel to the fiber can produce second
harmonic light parallel to the fiber. If we integrate Eq. 5 for

N
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° A¢: Angle bet\queen averlapplng“ﬂbers ®

FIGURE 5 Plot of R versus A¢ (for y = —0.7), where A¢ is the angle
between two overlapping fibers, both located in the plane normal to the
propagation direction.
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FIGURE 6 The effect of birefringence on R. Plot of R versus thickness
of tissue (for y = —0.7). The plots are shown for dispersion n,, — n,, =

0 and birefringence n; — n, = 0.003. The Rayleigh range has been taken
to be 5 wm, and the beam was focused at the center of the sample.

each of these cases (taking into account the different wave
vectors for different polarization directions), we have

Iy, ZbA]xAly
2
s Exp[l(klx + kly - k2x) (Z + L) dZ
X 1+ i(zlzy) ’
-L
(13)
S Expli(2ki, — kyy) (z + L)
Tsia, = Mﬂj 1+mé&
-L
2
“L+S EXp[l(2k1 - k2 ) (Z + L)]
+ (a + 3b)Any | :_ i(Z/;R) .

-L
(14)

In these expressions, L represents the distance from the front
surface to the focal point, and S refers to the sample thick-
ness. 4, and 4,, depend on the input polarization angle «,
and the Fourier components of I, = Igg, + Lipg, are
readily calculated to obtain R. The change in the measured
ratio due to birefringence in a structure with uniform col-
lagen orientation throughout depends on several parameters:
the size of the focal volume, the depth of the focus in the
material, and the degree of birefringence (which is sensitive
to the index of refraction of the surrounding medium).
Figure 6 shows plots of the absolute value of R versus
thickness in a sample with the beam focused at the center
(we again take y = —0.7). Measurements of birefringence
in collagen indicate that n; — n, ~ 0.003 (Bolin et al.,
1989; Maitland, 1995; Poh, 1996); for simplicity, we ne-
glect dispersion and use this value in calculating the plots

Biophysical Journal 82(6) 3330-3342
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shown in Fig. 6. The effect of birefringence will be smaller
in tissues (such as cornea or intravertebral disk) where
fibers are not aligned along one direction consistently
throughout the depth of the tissue.

Birefringence, oblique incidence, and fiber disorganiza-
tion all affect the value of R measured for a given value of
v. Thus, except in the case of thin sections with fibers
organized on the scale of the beam waist and oriented in the
plane normal to the beam, R is related only indirectly to the
nonlinear susceptibility tensor.

RESULTS
Images of fibrillar orientation in tissue

We selected tissues with increasingly complex fiber orien-
tation patterns for study. We wanted to determine whether
our scanning technique could clearly distinguish among
these patterns; in addition, we wanted to see whether fibril-
lar organization determined by SHG analysis correlated
with morphological information obtained by conventional
methodologies such as electron microscopy (Eyden and
Tzaphlidou, 2001). We first chose a tissue, rat-tail tendon
fascicle, in which the fibril bundles lie parallel to each other
and the orientation is very homogeneous throughout. Figure
7 shows a scan across a section of rat-tail tendon fascicle.
The section scanned lies in the plane perpendicular to the
laser beam (the x—y plane; refer back to Fig. 2). The line
segments in the figure are oriented along the local fiber
direction.

We next wanted to observe the second harmonic orien-
tation image when fibrillar orientation changed in a con-
trolled way. We performed a two-dimensional scan in a
model of orientation change consisting of two overlaid
fascicles at right angles to each other. We performed a depth
scan in which the beam traveled from the top of the upper
fascicle down to the bottom of the lower fascicle. In other
words, we obtain data in the x—z plane through two fascicles
lying parallel to the x axis and y axis, respectively. The
orientation data from this model are shown in Fig. 8. The
transition from one orientation to the other is abrupt, occur-
ring within the 10-um axial optical resolution of the micro-
scope objective used. In this case, the y-scan axis refers to
an arbitrary direction in the plane of the rat-tail tendon
fascicle, normal to be the beam. The z-scan axis refers to the
direction along which the laser propagates. Increasing z
coordinate corresponds to increasing depth in the tissue (z =
0 has been chosen to approximate the surface). Note that the
orientation line segments in this figure still lie in the x—y
plane and not in the x—z plane.

We next analyzed a tissue characterized by regular
changes in fibrillar orientation in the lamellar rings of
intervertebral disks. Fibrillar orientation alternates by ~60°
(relative to the vertical axis of the spinal cord) in successive
lamellar rings. Figure 9 4 shows a visible light micrograph
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FIGURE 7 Orientation image of an x—y section of rat-tail tendon (fas-
cicle aligned in the plane normal to the laser beam propagation direction).
The orientation line segments indicate the very uniform fiber orientation.
All segments are drawn to the same length.

(obtained from the CCD camera) of a 30-um-thick frozen
section of intervertebral disk. Figure 9 B gives a plot of the
orientation data in approximately the same region as shown
in the micrograph. Figure 9 C is a histogram of fiber
orientation, indicating that the difference in orientation be-
tween the two regions is ~60°.

We chose to image cornea because of its unique, inter-
woven collagen structure (Kay, 1988). Figure 10 illustrates
fiber orientation in a 0.5 X 0.5-mm region near the top
surface of a porcine cornea. We observe a pattern of many
discrete regions (with a length scale of ~50 wm) of parallel
fibers. We saw a similar pattern of discrete regions contain-
ing parallel fibers in bovine tendon fascia (Fig. 11 4). It is
striking that these regions were ~1/25 the area of those in
cornea (Fig. 11 B).

Images of fibrillar orientation in lyophilized fibrils

We also obtained orientation images in lyophilized fibrils
precipitated from type I collagen to have more direct control
over specific structural features that may play a role in SHG.
Figure 12 4 shows fiber orientation in lyophilized Type I
collagen—there is very little organization on a scale larger
than our scan resolution of 5 wm. Interestingly, the collagen
at the intersection between the wall and the bottom of the
dish appeared to be more organized to the naked eye. Figure
12 B shows fiber orientation in this region, showing marked
homogeneity of orientation.
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FIGURE 8 Orientation image of a y—z section of two overlapping rat-tail
tendon fascicles (fascicles aligned in the plane normal to the laser beam
propagation direction, at an angle of ~90° to each other). The samples
have been slightly compressed between glass slides. The point z = 0 refers
approximately to the surface of the top fascicle; depth in the fascicles
increases with increasingly positive z. Note that the orientation lines in the
image are not in the y—z plane; they are in the x—y plane, normal to the
beam.

Measurement of R

The same scans that yielded the orientation data also pro-
vide information about the second-order nonlinear suscep-
tibility of the material. Values of R measured in frozen
sections of rat-tail tendon, where fiber overlap, birefrin-
gence, and oblique incidence are not significant, are con-
sistently around R = 1.0, with a standard deviation of ~0.4.
The effect of fiber disorganization on R is readily apparent
in thicker tissues where birefringence, oblique incidence,
and fiber overlap can influence the measurement in an
unpredictable manner. The average measured value of R
varies considerably from fascicle to fascicle, even when
tissue from the same rat was studied; mean values between
+0.3 and +0.9 have been measured. In some of the
rat-tail tendon frozen sections, the sectioning technique
led to folding or crumpling of the tissue rather than
producing uniform sections. Unlike in the uniform frozen
sections discussed above, fiber overlap and oblique inci-
dence of the beam on the collagen fibers can have a
significant effect on R in these sections. The disorder is
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FIGURE 9 (4) Visible light micrograph of a small region of an x—y
section of intervertebral disk showing two different regions of fiber orien-
tation. (B) Orientation image of approximately the same region. (C) His-
togram showing the frequency of fiber orientation in the intervertebral disk
scan shown in (B). Note that there are two peaks in the distribution,
separated by ~60°.
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buffered

saline and dried in baths of increasingly concentrated

alcohol. The mean ratio R

tendon samples were removed from phosphate

(4) Orientation image of an x—y region of bovine tendon
fascia, with a spatial resolution of 5 um. (B) Orientation image of the
region between (—25, —25) and (25, 25) in (4), but measured with a spatial
resolution of 1 wm. Note the similarity between this image and the one in

FIGURE 11

+0.89 with a standard

deviation of 0.51 was observed in a sample moistened in

250 mM NaPO, and dried in air for ~10 min

whereas a

>

aside from a tenfold change in scale.

>

Figure 10

+0.05 with a standard deviation of 0.19 was

observed in the alcohol

ratio R

dried to

dried sample. Samples

lesser degree in alcohol (dried only through the 70%

alcohol step, as discussed in Experiment

significantly lower than the value observed in native rat-tail

tendon. The intensity of the SHG signal was

above) showed

>

of R. These changes were not asso-

ciated with any significant change in the intensity of the

intermediate values
signal.

orders of magnitude below that observed in rat

We initially thought that low values of R could be associ-

ated with the lack of a discernible pattern of fibrillar orien-

similar R measurements in the region where a highly orga-

tation (refer back to Fig. 12 4). However

Fibrillar organization

parallel array of collagen fibrils formed (Fig. 12 B).

For the organized precipitated fibrils, R = +0.03 = 0.17,

]

samples of lyophilized pure Type I  nized

We measured R in

0.17 was observed,

+0.01 =

collagen. A value of R
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FIGURE 12 (4) Orientation image of lyophilized collagen fibers. The
SHG scan was performed near the center of the petri dish in a region of
typically random fiber orientation. (B) Orientation image of lyophilized
collagen fibers. The SHG scan was performed near the edge of the petri
dish.

but the intensity is comparable to that measured in rat-tail
tendon.

Conditions of fibrillogenesis

We also looked at the effect of the conditions of fibrillo-
genesis. Similar results were observed in collagen fibers
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FIGURE 13 (4) Visible light image of a small region of a frozen section
of rat-tail tendon. The image shows how parts of the section have been
folded and twisted. (B) Orientation image of the approximate region shown
in (4). (C) Measurement of R in the same region as (B), plotted as a
function of position in the sample.

precipitated from both acid-soluble and neutral salt-soluble
type I collagen. The signal intensity (FMH) was two to three
orders of magnitude below that observed in native rat-tail
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tendon. The SMH intensity was too close to the noise
threshold to allow accurate determination of R (but R was
clearly <~0.2). We initially suspected that the dramatically
decreased values of R could be attributed to lysyl-oxidase-
mediated cross-linking between collagen molecules. We
compared data from fibrils precipitated one hour before
scanning with fibrils precipitated one week earlier. As noted
in Experiment, a one-week incubation is sufficient for cross-
link formation. The crosslinked collagen had the same ratio
as the uncross-linked collagen.

Suprafibrillar organization

We decided to disrupt fascicular structure in step-wise fash-
ion by inducing lyotropic swelling within the fascicle. This
phenomenon involves no denaturation or disruption of the
fibril itself; rather, it loosens the bonds between adjacent
fibrils by causing them to swell laterally (Gustavson, 1956).
In the case of fascicles, the swelling fibrillar bundles will
first lose their crimp angle and eventually burst the enclos-
ing fascial sheath. Fascicles placed briefly in water (1 min)
will, upon drying, return to a grossly normal appearance,
including the presence of crimp angle. However, once the
fascial sheath has burst, the fascicle does not regain a
normal appearance after dehydration. The individual fibril-
lar bundles remain dispersed in an amorphous gel-like struc-
ture. In fascicles in which swelling was induced up to the
point of loss of crimp angle (1 min), and which were
subsequently dehydrated, we observed little change in R and
in signal intensity. In contrast, in dehydrated samples that
had been subjected to water until the fascial sheath burst, R
and signal intensity were both significantly lower.

To determine that the water-induced disruption of supra-
fibrillar organization rather than the water per se caused the
changes in R, we examined lyotropic swelling in a very
different tissue. Collagen in cornea imbibes water to the
same degree as fascicular collagen. However, there is no
permanent structural alteration resulting from the fibrillar
swelling. We observed that the signal intensity and R in
both hydrated and dehydrated cornea were not signifi-
cantly different.

DISCUSSION

Our images of second harmonic signal—both those of the
fiber orientation (from the phase information) and those of
the ratio of the two modulation harmonics, R— demonstrate
that these parameters can be measured at high resolution in
tissue. Because SHG depends on the square of the input
laser intensity, the effect is localized to the focal volume of
the microscope objective (~1 wm in the transverse direction
and ~10 wm in the axial direction). Orientation information
is not limited to surface regions that might be accessible to
other techniques for determining orientation. Techniques
such as polarization-sensitive optical coherence tomography

Biophysical Journal 82(6) 3330-3342
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are also able to obtain information related to collagen fiber
orientation as a function of depth (Tadrous, 2000). How-
ever, they yield data that depends on the depth through
which the light propagates; to the best of our knowledge,
direct information about the orientation is not available
from this technique.

Using thin, highly organized sections of rat-tail tendon
fascicle, we are able to determine from the measured values
of R that y is between —0.6 and —0.7 for this type of
collagen. In less ideal samples, our results show that there
are many other things that can affect the measured value of
R, besides the second-order nonlinear susceptibility tensor
itself. For instance, the value of R (for values of y relevant
to collagen fibers) is largest in those fibers oriented normal
to the laser beam propagation direction and decreases pro-
gressively for fibers oriented with some component along
this direction. Although this might provide useful in deter-
mining orientation in the direction along the laser beam in
some situations, it makes measuring vy, the actual ratio of the
elements in the second-order nonlinear susceptibility tensor,
more difficult. Fibers located within the Rayleigh range
(~10 wm) of each other can add coherently to the second
harmonic signal; if these fibers are oriented at different
angles, this may also lead to a reduction in R. The birefrin-
gence of the tissue, especially in highly organized structures
such as rat-tail tendon where all of the fibers are oriented
parallel to each other, can also change the value of R
measured.

Under many of the conditions used in our experiments,
we observed a decrease in R to very low levels. What does
a low value of R mean physically? Assuming that the effects
of birefringence, oblique incidence, and overlapping fibers
are small (true for the thin, highly oriented sample of
lyophilized collagen, for example) as R approaches zero, 7y
approaches negative infinity. Because y = b/a is the ratio of
the two independent elements of the second-order nonlinear
susceptibility tensor, this implies that a goes to zero as R
goes to zero. In the other extreme, for a large ratio, vy
approaches —0.5 and a approaches —2b. If we take the
simple case of a beam polarized at 45° to the fiber axis, a =
0 implies that (see Eq. 13 and 14) the ratio between SHG
intensity parallel to the fiber and SHG intensity perpendic-
ular to the fiber is 4:1. In contrast, « = —2b implies that this
ratio is 1:1. Therefore, as R decreases, the SHG signal
produced by an input beam polarized at 45° to the fiber axis
becomes increasingly polarized along the fiber axis. We
suspect, for instance, that, in tissue dried in alcohol, the
reduction of highly polar water molecules reduces the non-
linear polarizability normal to the fiber direction and thus
leads to a low value of R.

Many of the experiments were aimed at identifying which
features of the structure and organization of fibrillar colla-
gen play the largest role in determining the signal intensity
and R. Based on the studies of alcohol-dried rat-tail tendon
fascicles we suspect that hydration level significantly low-
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ers R, but not the signal intensity. We also examined col-
lagen fibrils precipitated in vitro to avoid possible con-
founding effects of other connective tissue elements. Cross-
linking does not appear to affect either R or the signal
intensity. Our studies suggest that fibrillar organization
plays an important role in determining the properties of
SHG in collagen. In rat-tail tendon, where R is of order 0.5,
disrupting the fibrillar orientation (through lyotropic swell-
ing) results in a decrease in R and in the signal intensity.
Similarly, in lyophilized collagen, the signal intensity is
significantly lower in unorganized regions than in regions
where fibrils appear grossly in parallel arrays. However,
increased second harmonic signal intensity is not associated
with an increase in R. Furthermore, previous studies have
shown that the packing structure of precipitated fibrils is the
same as that of the native fibrils, manifested by the 67-nm
periodicity observed in electron microscopy images (Wil-
liams et al., 1978). Therefore, we conclude that the level of
organization that plays a major role in determining R is
neither at the molecular nor at the fibrillar level. Our data
suggest that a level of organization involving alignment
within fibrillar bundles is responsible; the nature of this
alignment is not known. If this alignment is disrupted in
native fascicles, it appears to be irreversible.

CONCLUSION

Our technique provides a fairly robust measurement of fiber
orientation, even at depths of order 100 wm in tissue. In
samples prepared in optimal ways (parallel fibers in thin
sections aligned in the plane normal to the beam) the ob-
servable R may be used to extract vy, the ratio of the two
independent elements of the nonlinear susceptibility tensor.
In the more general situation, R is influenced by birefrin-
gence, by the degree of fiber disorganization, and by non-
normal incidence of the laser beam on a fiber. It can be used
as an aggregate measure of tissue optical properties. Our
experimental data suggests that the property with the most
influence on SHG in fibrillar collagen is the degree of
organization at the suprafibrillar level.
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