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Fluorescence spectroscopy and birefringence of
molecular changes in maturing rat tail tendon
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Abstract. Tissue remodeling during maturation, wound healing, and
response to vascular stress involves molecular changes of collagen
and elastin in the extracellular matrix �ECM�. Two optical techniques
are effective for investigating these changes—laser-induced fluores-
cence �LIF� spectroscopy and polarizing microscopy. LIF spectroscopy
integrates the signal from both elastin and collagen cross-linked struc-
ture, whereas birefringence is a measure of only collagen. Our pur-
pose is �1� to evaluate the rat tail tendon �RTT� spectroscopy against
data from purified extracted protein standards and �2� to correlate the
two optical techniques in the study of RTT and skin. Spectra from
tissue samples from 27 male rats and from extracted elastin and col-
lagen were obtained using LIF spectroscopy �357 nm�. Birefringence
was measured on 5-�m histological sections of the same tissue. Mor-
phometric analysis reveals that elastin represents approximately 10%
of tendon volume and contributes to RTT fluorescence. RTT maximum
fluorescence emission intensity �FEImax�, which includes collagen and
elastin, increases with animal weight �R2=0.64�. Birefringence, when
plotted against weight, increases to a plateau �nonlinear correlation:
R2=0.90�, tendon having greater birefringence than skin. LIF spec-
troscopy and collagen fiber birefringence are shown to provide
complementary measurements of molecular structure �tendon bire-
fringence versus FEImax at R2=0.60�. © 2007 Society of Photo-Optical Instrumen-
tation Engineers. �DOI: 10.1117/1.2714055�
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1 Introduction

Proteins of the extracellular matrix �ECM� provide the foun-
dation for the mechanical behavior of tissues.1,2 For tendon
and ligaments, collagen is the dominating protein, providing
the qualities of strength and stiffness. The presence of elastin,
a protein with low stiffness and a high tolerance of deforma-
tion, indicates a tissue with a potential for high deformation
and elastic recovery.3 These are essential mechanical proper-
ties of skin, blood vessels, and tissues that are composites of
both elastin and collagen fibers. Tissue restructuring is neces-
sary for animal growth, for wound healing, and for any geo-
metric changes related to pathology, and includes protein re-
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modeling to maintain mechanical function. Two different
optical techniques provide a means to track these changes—
laser-induced fluorescence �LIF� spectroscopy and polarized
light microscopy. To investigate changes in the ECM during
the period of animal growth, we focused on rat tail tendon
�RTT�, a tissue predominantly of type I collagen,4 and over
the same maturation period RTT skin, a composite tissue of
collagen and elastin. LIF spectroscopy detects the natural
fluorescence of the collagens in addition to the stronger fluo-
rescence of elastin.5,6 The technique of polarizing microscopy
reveals the birefringence of the highly ordered molecular
structure of collagen fibers7,8 as well as their organization.9,10

Elastin lacks the quality of birefringence and is not visible on
the polarizing microscope.
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The tail tendon of the rat is a distinctive tendon in mam-
mals, dominated by the highly ordered parallel bundles of
type I fibers, each with a thin envelope of elastin.11,12 RTT is
well documented for mechanical and structural data, and has
been established as a standard reference for strength and elas-
ticity for type I collagen.13 For mature animals, the tendon has
closely packed and aligned fibers, with a slight waviness in
the unstressed state. Once straightened the aligned, parallel
fibers exhibit a virtual intolerance for further elongation. Over
the growth period of an animal, tendon collagen undergoes a
process of continuous restructuring. Skin is also a thoroughly
studied tissue, mainly composed of two layers, dermis and
epidermis, where the dermis is composed of approximately
80% type I collagen,14 a small percentage of type III
collagen,15,16 and elastin. The top skin layer �epidermis� is
where the keratin is located. During the maturation process,
skin must also undergo protein remodeling to meet the de-
mands of growth.16

Elastin and collagen types I, III, and IV are prevalent in the
ECM of many tissues and have been investigated in the arte-
rial wall, atheroma, and extensively in skin photoaging and
cancer.6,13,15–18 The covalent cross-links that contribute to
elastin fluorescence are desmosine and isodesmosine, and for
collagen fluorescence pyridinoline and deoxy-
pyridinoline.5,19,20 Excitation and emission maxima have been
published for collagen and elastin.5,20 The matrix proteins
have characteristic emission spectra when irradiated with UV
light. Composite spectra are produced when intact tissues are
similarly irradiated. As developed in other studies, the trans-
mission of the exciting radiation and the capture of data occur
through the same probe, enabling endovascular measurements
in vivo21 or surface measurements on intact tissues in vitro,22

as employed in this study.
By focusing on RTT in the maturing rat in the early weeks

of life, we are establishing a foundation for later studies in-
volving a broad range of tissue remodeling. Over the same
animal growth period we also made measurements on skin, a
tissue substantially different from tendon, having a wider rep-
resentation of collagen types, including I and III, as well as
elastin. We learned that the two optical techniques, responding
differently to RTT matrix structure, were correlated in their
response to the changing ECM over the early stages of matu-
ration in these small animals.

2 Methods
2.1 Tissue Preparation
Animals were available from other studies, supplied in accor-
dance with protocols approved by the Animal Care Commit-
tee at the University. Tissue samples were harvested immedi-
ately after death from 27 male rats �25 Wistar, 2 Sprague
Dawley�, weight range 35 to 560 g �aged 15 to 115 days�;
animals were euthanized by either carbon dioxide inhalation
or intraperitoneal injection of pentobarbital �80 mg/kg�.
Three or four tendon samples were dissected from the base
region of each tail along with two samples of skin �one
sample for measuring inner skin and one for outer skin�. Tis-
sue samples were stored in saline at 4°C until required for up
to 6 h prior to spectroscopic measurements followed by fixa-
tion in 10% formalin for 24 h for subsequent histological

studies.
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2.2 Age-Weight Correlation
The weights of all animals in the experiments were known
and for a few animals the actual age at sacrifice was also
known. Tabulated data on animal ages and weights from the
supplier �Charles River Company� were used to explore em-
pirical relations. Age versus weight had a sigmoidal relation-
ship fit to Age=459/ �1+ �w /w0�−2.6� with R2=0.998 and a
low standard error �SEE of ±4.4 day�, where age is measured
in weeks, w is weight in grams, and w0 is an empirical con-
stant, not necessarily newborn weight. We chose to use weight
for all graphical representations since weights were known for
all animals.

2.3 Laser-Induced Fluorescence Instrumentation
The method for obtaining fluorescence spectra was developed
for earlier research.23,24 Fluorescence emission was triggered
by UV excitation using an Argon laser �Innova 90, Coherent
Laser Products, Palo Alto, California� operating at 357 nm
with a chopped wave output �0.2-ms exposure time; 1.0-ms
delay� using a Uniblitz shutter producing an emission energy
of 0.5 to 1.5 mJ/pulse �Vincent Associates, Rochester, New
York� as previously described.25 By using a low laser power
well below that at which photobleaching had been demon-
strated in earlier pilot studies we avoided this complication.
The laser beam was focused onto a 6F �French� laser angio-
plasty ring catheter �CeramOptec, Bonn, Germany�. Spectra
were collected with the tip of the catheter in perpendicular
contact with the tissue surface, positioned using a micrometer
stage with three degrees of freedom. The excitation radiation
and collection of emission spectra occur through the same
probe as illustrated in Fig. 1. Spectra were recorded with an
Optical Multichannel Analyzer �Model 1462, EG&G PARC,
Toronto, Ontario�. Prior to each data recording session the
fluorescence emission intensity �FEI� spectra were calibrated

Fig. 1 Instrument capture setup for detection of emission spectra fol-
lowing UV excitation. Positioning of the fiber optic, in the x, y, and z
directions, is achieved with micrometer controls. The fiber optic is
placed perpendicular to tissue surface for optimal emission collection.
Far right is a cross section of the fiber optic illustrating the concentric
ring of silica fibers used to excite and collect light.
with a mercury lamp.

March/April 2007 � Vol. 12�2�2



Korol et al.: Fluorescence spectroscopy and birefringence of molecular changes…
Spectra were obtained from animal samples of tail tendon
and skin �dermal and epidermal surfaces� and separately from
standard preparations of ECM proteins �collagen types I, and
III and elastin� described in greater detail in the subsequent
section. Ten spectra were recorded for each sampling site after
background subtraction, and stored digitally for postprocess-
ing. The system has a diminishing sensitivity with tissue
depth, to a maximum penetration of 0.2 mm, with a sampling
area of 50�50 �m. Tissue sample thickness of skin and ten-
don increased with age with values of 1 and 2 mm, respec-
tively, for the oldest animal group.

2.4 Protein Reference and Tissue Spectra
We used ECM protein standards from Sigma Chemical to
establish separate reference spectra for each of collagen type I
�rat tail tendon C-7661, acid soluble powder, Sigma Chemi-
cal, St. Louis, Missouri�, collagen type III �calf skin C-3511,
acid soluble�, and elastin �bovine neck ligament E-6527, sa-
line soluble powder�. The proteins were placed in saline to
provide a moist contact with the fiber optic catheter tip and to
mimic the hydrated state of proteins in tissue. For tissue
analysis, measurements were acquired in vitro from rat tail
tendon and skin samples �epidermal and dermal surface�. The
27 animals were divided into three weight classes for detec-
tion of gross fluorescence changes and based on natural
weight clusters. Groups A, B, and C having 6, 6, and 15 rats
respectively �presented in Table 1 with results� with mean
weights and standard errors �SEs� of 70±14, 182±21 g, and
510±11 g. The animals were also divided into seven groups
with uneven n �n=2, 2, 4, 2, 2, 11, 4 in order of increasing
weight� based on the data clusters to obtain a regression fit as
a function of weight.

2.5 Analysis of Spectral Data
Statistical methods for spectral data included analysis of vari-
ance �ANOVA� and multiple regression, as previously
described.21,23,26 Postprocessing began with calculating the av-

22

Table 1 Summary of characteristic

Tissue Type Groups Number of Rats Mean Weight ± SE

Tendon A 6 70 ±14

B 6 189±18

C 15 510±11

Inner skin A 6 70±14

B 5 182±21

C 15 510±11

Outer skin A 6 70±14

B 5 182±21

C 15 510±11
erage intensity at each frequency for each sampling site.
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Mean values of maximum FEI were plotted as a function of
weight, where the error bars are standard error. The mean
spectra were then smoothed with a 15-point moving average
�software written in MATLAB 6.5� and normalized to peak
height by dividing fluorescence intensity at all wavelengths by
the maximum intensity of the smoothed spectra �similar meth-
ods incorporated by Marcu et al.27�. The wavelength edge
below 390 nm was not analyzed because these data included
components from the incident excitation beam.

The mean normalized FEI over the range of 390 to 600 nm
was analyzed with a one-way ANOVA using statistical soft-
ware �SPSS version 11.5, Chicago, Illinois�. A value of p
�0.05 was our reference for statistical significance. Least
significant difference �LSD� post hoc analysis was used to
evaluate all possible pairwise comparisons between the three
weight groups. Subsequent analysis of normalized average
tendon spectra for the three weight groups was performed
using stepwise linear regression; we used the extracted protein
signature spectra �collagen types I and III and elastin� as ref-
erence functions. Regression analysis was used to calculate
the relative weightings of each reference spectra that, when
combined, closely approximated the measured tendon spectra
�shown later in Fig. 6�.

2.6 Histological Preparation

Samples of fixed tissue for each weight range from rat tail
tendon and skin were processed for histology with paraffin
embedding, sectioned at 5 �m and stained with Movat’s pen-
tachrome stain for histological analysis28 �two sections per
slide�. We used a Zeiss Axioskop microscope equipped with a
color video camera �Sony Power HAD 3CCD� and Northern
Eclipse program �Empix Imaging Inc., Mississauga, Ontario�
for point counting. This was done to calculate volume frac-
tions of elastin and collagen in tendon and skin as a reference
for fluorescence spectroscopy measurements. For polarized
light, measurements were made on unstained sections cut par-

re measures �au, arbitrary units�.

Primary Peak

Wavelength ± SE �nm� FWHM ± SE �nm� FEImax ± SE �au�

445±0.6 90.5±3.6 500±35

445±1.5 100±3.3 498±33

435±1.0 91.0±1.4 724±58

440±1.4 96.0±2.6 562±94

450±1.6 95.0±1.3 587±87

440±1.4 93.5±0.5 524±90

440±3.0 96.0±1.5 812±97

450±2.0 95.0±1.1 1014±79

440±1.2 93.5±0.3 1684±58
signatu

�g�
allel to the surface of the tendon and from the inner and outer
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surfaces of the flattened skin samples �i.e., surface of dermis
and epidermis�.

2.7 Birefringence Measurements
The methods for measuring the strength of birefringence are
well established by other researchers7 and have been incorpo-
rated into previous studies by the authors.10,29 Measurements
were made on a Nikon Optiphot-Pol polarizing microscope
�Nikon, Melville, New York� using a Sénarmont compensator,
and a narrow-band interference filter that produces near
monochromatic light ��=546 nm�. Birefringent materials
such as collagen have two indices of refraction, no and ne,
associated with the “ordinary” and “extraordinary” rays of the
resolved incident light. When linearly polarized light passes
through the birefringent element of tissue, it is resolved into
two rays. These pass through the tissue at different velocities,
resulting in a phase difference, or retardation, of one ray rela-
tive to the other. The Sénarmont compensator is a � /4 plate
inserted between the specimen and the analyzer, which retards
one of the emerging rays by a quarter wavelength, converting
the elliptically polarized light emerging from the birefringent
tissue back to linearly polarized light at a rotated angle. This
angle � is proportional to the phase retardation or birefrin-
gence, and is measured by rotating the analyzer until extinc-
tion of the light is obtained. The birefringence B is calculated
from B �nm�= �� /180��, where � is the wavelength of the
incoming light. To determine the relationship between bire-
fringence and maturity, the animals were separated by weight
into seven groups. From each of the samples of tail tendon
and inner and outer skin, 10 measurements of collagen bire-
fringence were made from different fiber regions.

The geometry of the zigzag patterns of collagen is well
documented in the literature. We investigated age-related
changes in the geometry of fibers of RTT by making measure-
ment of the crimp angle, � and of the crimp period or wave-
length, 2�o.30,31 A representative sample of slides from the
three weight groups was measured with two sampling areas
per slide. Since the plane of the zigzag is not necessarily the
same as the plane of sectioning, we also made measurements
of the three dimensional �3-D� orientation of collagen fibers
using polarized light. The measurement of the 3-D orientation
of collagen fibers using a well-established technique is de-
scribed elsewhere.32 In brief, the alignment of collagen fibers
was measured using a Zeiss polarized light microscope with a
rotating universal stage attachment. The universal stage en-
ables the slide to be tipped and rotated in oblique planes.
Thus, the two angles that define the orientation of a collagen
fiber in 3-D space can be measured—the azimuthal angle �in
the plane of the stage� and the elevation angle �out of the
plane of stage�. The crimp angle and period for the three
weight groups were analyzed using ANOVA.

3 Results
3.1 Micrographs
The micrographs in Fig. 2, showing a tendon cross section
stained with Movat’s pentachrome and a polarizing micro-
graph of a longitudinal section stained with the picrosirius
red8 �for micrograph contrast enhancement�, demonstrate the

dimensions and general morphology of the tissue. The cross
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section shows the relatively unique feature of RTT having
collagen bundles surrounded by a thin sheath of elastin. The
micrograph of Fig. 2�a� and two other similar micrographs at
different RTT stages of maturation were used to calculate the
proportion of tail tendon that is elastin used for later compari-
sons with the calculations from fluorescence analysis. The
percentage of elastin, �10% of the tendon volume, was un-
changed among the three weight groups.

The variable fiber wave pattern appears as a zigzag, as
shown by circularly polarized light �Fig. 2�b��. In the planar
direction, the collagen fibers had a mean amplitude angle and
angular deviation of 32±8 deg �to the long axis� and no sig-
nificant differences between the three RTT age groups. How-
ever, the crimp period increased with weight from
48.6±9.8 �m ��35-g animal� to a maximum of
150.9±19.5 �m ��580-g animal� and did show a significant
change between the immature and mature groups p�0.01
�ANOVA�. The zigzag of the fibers defines a local plane in
three dimensions, which may be quite different from the sec-
tioning plane. These measurements are made from the projec-
tion of the zigzag crimp in the sectioning plane; hence, the
crimp angles will be underestimated when the plane of the
zigzag is substantially different from the sectioning plane.
Three-dimensional measurements of the angular orientation of
collagen fibers out of the sectioning plane showed that there
were distinct alignment differences among adjacent fiber
bundles and along individual fibers. These ranged to a maxi-
mum of 40 deg crimp angle out of the section plane. Our
measured crimp angles are greater than those described by
Diamant et al.30 but are within the range of values described
by Gathercole and Keller.31 The crimp period or wavelength
varies as a function of weight and was found to increase sig-
nificantly during maturation, being within the published
range.30 Results of the crimp period or wavelength are inde-
pendent of the plane of the zigzag.

3.2 Birefringence Measurements
Blinded sets of birefringence measurements from longitudi-
nally cut tissue sections of tail tendon and inner and outer skin
samples from each animal were obtained by two microsco-
pists. The data were grouped into the same seven weight

Fig. 2 �a� Micrograph of tendon cross section with Movat pentach-
rome stain where nuclei and elastin are stained black and fibrous
tissue is yellow, illustrating tissue organization, scale bar=0.2 mm;
and �b� circularly polarized light micrograph of a longitudinally sec-
tioned tendon stained with picrosirius red, scale bar=0.2 mm. The
schematic, lower right, illustrates the zigzag pattern of the collagen
fibers with crimp angle ��� and crimp period �2�o�.
groups as were used for the fluorescence study. Results for
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tendon and skin are shown in Fig. 3. Inner versus outer skin
birefringence data were found to be highly correlated
�y=0.96x+0.19,R2=0.95� and were therefore combined for
weight relationships. The strength of birefringence B in-
creased with animal weight W and reached a plateau for both
skin and tendon, described by B=a�1−e−bW�+c, where R2

=0.95 and R2=0.90, respectively. Birefringence values were
higher for tendon compared to skin, an expected finding due
to the dominance of type I collagen and larger fiber size.

3.3 Fluorescence Spectroscopy
The normalized and smoothed fluorescence emission spectra
of purified extracted proteins commonly found in skin and
tendon are shown in Fig. 4. The FEI spectra for elastin and
collagen types I and III have distinct spectral features. Elastin
has a broad peak with its maximum ranging from 435 to
445 nm and a full width at half maximum �FWHM� of
110 nm. Type I collagen has a narrower peak with a maxi-
mum at 415 nm and a FWHM of 71 nm, and type III col-

Fig. 3 Birefringence as a function of weight. Exponential fit described
by tendon, B=6.0�1−e−0.010W�+4.4 �R2=0.90�, and skin, B=7.8�1
−e−0.010W�−0.78 �R2=0.95�.

Fig. 4 Signature fluorescence emission spectra of the extracellular
matrix proteins elastin and types I and III collagen in saline normal-

ized to peak wavelength.
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lagen peaks at 440 nm with FWHM of 95 nm. These charac-
teristic spectral differences between the proteins enable
separation using statistical approaches.

Smoothed and averaged emission spectra of tendon and
inner and outer skin were obtained and grouped by animal
weight and are plotted in Fig. 5. Table 1 summarizes the num-
bers of animals in each group for analysis. The descending
portion of the spectra is the most discriminating, and is there-
fore of importance for analysis. Significant differences in the
one-way ANOVA �p�0.05� were observed over the entire
descending wavelength range for tendon, as illustrated in Fig.
5�a�, and specific ranges for inner skin �390 to 445 and 570 to
590 nm� and outer skin �390 to 440 and 555 to 590 nm� in
Fig. 5�b�. Spectra for the inner skin were similar to those of
tendon both in magnitude and peak wavelength.

The normalized spectral data for the three tendon weight
groups were analyzed using stepwise regression in the 390- to
600-nm range. Since collagen type I and elastin are the main
components of tendon, these basis functions were input for all
three weight groups. For tendon group A �70±14 g� the vari-
ance is explained by collagen I and elastin with a high corre-
lation of R2=0.96. Similarly for group B the variance is ex-
plained by collagen I and elastin with R2=0.98, and a sample
fit is illustrated in Fig. 6. For group C, the variance is ex-
plained by collagen types I and III and elastin with R2

=0.98 �p�0.0001�. The morphometric analysis of the

Fig. 5 Emission spectra divided into three age groups �A, B, and C� for
�a� rat tail tendon and �b� inner skin and outer skin.
pentachrome-stained section of tendon correlates with the re-
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gression analysis. The maximum fluorescence intensity is a
comparative measure of the molecular changes and increased
cross-linking that occurs during maturation. Figure 7�a� dis-
plays the positive correlation between maximum emission in-
tensity for rat tail tendon as a function of weight, using
weighted regression analysis to incorporate the nonuniformity
in error �R2=0.64�. For this part of the study the animals were
divided into seven groups based on weight. The measurement
process was repeated for RTT skin where there was a signifi-
cant positive correlation for the epidermal surface �R2

=0.65�; however, for the dermal skin surface there was no
correlation, as illustrated in Fig. 7�b�.

4 Discussion
Rat tail tendon during the early weeks of life has significant
mechanical changes that include increasing ultimate tensile
strength and reduced inelastic strain. These changes occur
with little or no proportional change in the two principal pro-
teins, collagen �type I� and elastin.1,33 Tendon, in histological
cross sections, reveals its composition of dominating collagen
fibers with a fine sheetlike structure of elastin surrounding
each bundle of collagen fibers �Fig. 2�a�� �a similar descrip-
tion is given by Caldini et al.11�. This tissue is well suited for
the investigation of its protein cross-linked molecular struc-
ture and how the results may complement the mechanical
changes in the same period of maturation.

It is known that several distinct fluorescing species are
activated with UV excitation including collagen �types I and
III� and elastin.5,16,34 Fluorescence spectroscopy specifically
signals the cross-linked structure of collagen and elastin. Deyl
et al.35 described tail tendon spectral characteristics at various
excitation wavelengths for collagen and reported that fluores-
cence from enzyme induced cross-linking increased during
maturation. For composite tissues comprised of both elastin
and collagen, the differences in spectral shape are influenced
by concentration effects and strong elastin fluorescence �nor-
malized spectra are illustrated in Fig. 4�. Statistical methods
are used in the analysis to incorporate multiple features that
are descriptors of the signature spectra of the individual pro-

Fig. 6 Normalized spectrum of tendon group B represented by data
points. A stepwise regression fit for tendon group B is represented by
the solid line where y=0.144collagen1+0.887elastin+0.003 with R2

=0.977.
teins. No single method has emerged as the standard in this
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field of research and the approach of analysis is varied. Meth-
ods include fluorescence intensity ratio analysis,34 classifica-
tion algorithms,36,37 and statistical methods using ANOVA and
multiple regression,23,26,38 the latter being the method chosen
for this research. An established approach is to use normalized
data that clearly show peak shifts, changes in FWHM, and
gradients with respect to frequency.21

The composite spectral analysis of tendon tissue showed
the strong presence of collagen type I and elastin as principal
signature components, results that fit with known tendon
structure. The peritendineum sheath �which surrounds each
tendon� is composed of collagen bundles with elastic fibers
interspersed.11,12 Due to the intrinsic attenuating sensitivity of
fluorescence spectroscopy, elastin is the large fluorescence
contributor, since it appears at the tendon surface and is also
scattered throughout the tendon. Also, we saw a steeper gra-
dient for the older group in both skin and tendon spectra. We
attributed this to the more developed tendon having larger and
more cross-linked collagen fibers �reported by others�, con-
firmed by histology. The tendon emission spectra had in-
creased fluorescence with animal maturation, which parallels
the results of Vogel,33 showing an increase in insoluble col-
lagen and total collagen content in the more mature tail ten-
don, thus indicating increased cross-linking, as illustrated in
Fig. 7�a�. However, spectral data from the inner skin did not

Fig. 7 Graphs of maximum FEI as a function of weight for �a� tendon
where the best fit line is FEImax=0.53w+453 �R2=0.64 and p=0.03�,
and �b� dermal surface, FEImax=0.22w+497 �R2=0.09 and p=0.51�,
and epidermal surface, FEImax=2.52w+445 �R2=0.65 and p=0.03�.
differ significantly from each other over the maturation period
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�Fig. 7�b��, conflicting with the birefringence measurements,
which increased to a plateau. The lack of increased fluores-
cence intensity is a result of changing skin thickness where at
low weight, the skin is thin and semitransparent. In this case,
the measurements are influenced by the hair follicles, which
explains the similar fluorescence intensity measurements in
both the dermis and epidermis during initial stages of matu-
ration ��100 g�. By contrast, the epidermis had a greater
fluorescence response at maturation than either tendon or in-
ner skin, a result that we interpreted to be due to keratin in the
hair, keratin being another fluorescing protein with its fluores-
cence overlapping both collagen and elastin.39 Note that UV
excitation has a high absorption coefficient and is highly scat-
tering, especially in complex layered structures such as skin,
limiting the penetration depth. In addition, it is acknowledged
that UV excitation can cause photodamage and
photobleaching;40 however, by using a low laser power �0.5 to
1.5 mJ/pulse�, which is below the laser power where in pre-
vious studies photobleaching was observed, we avoided the
complication of photobleaching. This was confirmed by as-
sessing the fluorescence intensity and spectral shape through-
out the measurement sequence.

The interrelationship of tissue strength, molecular struc-
ture, and collagen fiber birefringence was reported for remod-
eling due to wound healing in small animals.2,41,42 Our project
focused on RTT birefringence and LIF, but for a very different
biological process of tissue remodeling during maturational
changes in early animal life. The tissue birefringence as a
function of weight �Fig. 3� increased monotonically to a pla-
teau. Inner and outer skin fiber birefringence were measured
separately and the data were highly correlated �R2=0.95�.
Values of birefringence for tissue at a specific weight from
inner versus outer skin were not influenced by the high bire-
fringence of the hair follicles �follicles avoided at time of
measurement�. Compared to skin, the higher birefringence for
tendon was an expected finding because of the greater volume
fraction of collagen fibers and the known greater fiber size.

Fiber strength, that is, the maximum stress to failure, was
shown by others to increase monotonically with maturation to
a plateau—the results were influenced by strain-rate and pos-
sibly animal species.1,43 Although the time frame of animal
maturation for the mechanical studies only partially overlaps
our study, the graphical data have a similar shape and a posi-
tive correlation would be expected between tendon strength
and fiber birefringence.

The major advantage of using LIF spectroscopy �LIFS� in
comparison to polarizing microscopy is that the measure-
ments are done on fresh intact tissue with in vivo applications,
as we have previously established. It also has the potential for
automation and the advantage of including both collagen and
elastin, whereas birefringence is a property of collagen alone.
For tissue remodeling processes, if a priori structural infor-
mation is unavailable, sophisticated multivariate analytical
approaches would be required to deconvolve the fluorescence
spectra due to the overlapping spectra of collagen type III and
elastin. That being said, there are numerous tissue remodeling
processes that mainly involve collagen types I and III such as
wound healing, cerebral saccular, and fusiform aneurysm for-
mation, in which case, the current methodology could be ap-

plied.

Journal of Biomedical Optics 024011-
Our overall objective was to explore two optical methods
in the study of ECM remodeling during maturation of RTT
and skin. LIFS and birefringence are independent indicators
for assessing the degree of cross-linking of matrix proteins
and both measures were expected to change in concert for the
maturation phase being studied. A plot of maximum fluores-
cence against birefringence showed a significant but moderate
correlation, each having separate merits; weighted regression
analysis was used to incorporate the nonuniformity in error
�R2=0.60, Fig. 8�.

5 Conclusion
There was a linear increase in FEImax during the maturation
period �2 to 16 weeks� of the RTT, indicating increased col-
lagen cross-linking. Birefringence also increased, but nonlin-
early, reaching a plateau at maturation for both RTT and skin.
Although the two methods measure different aspects of ECM
remodeling, there was a moderate but significant correlation
between the two. FEI spectra obtained from purified protein
extracts �elastin and collagen types I and III� enabled us to
tease out the presence of the three components of the ECM in
RTT. While there is significant overlap between collagen type
III and elastin, stepwise regression was successful in tracking
protein component changes during RTT maturation. The LIFS
approach sets the stage for future applications studying ECM
changes during wound healing and cerebral vascular remod-
eling.
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