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ABSTRACT

The purpose of this research was to find correlations between thermocalorimetric properties, linear dichroism
and birefringence of collagen-Ponceaus SS complex as compared to pure collagen fibers. In this work, we
show that the binding of the dichroic sulfo-azo dye Ponceau SS to highly oriented collagen fibers results in
increased crystallinity, as measured by differential scanning calorimetry and optical anisotropy. Collagen
fibers formed a complex with Ponceau SS that showed higher crystallinity and molecular order than the
fibers alone. Differential scanning calorimetry revealed that the denaturation (peak) temperatures (Tm) of the
complex were higher than for the pure collagen fibers. In addition, the dye-collagen complex showed high
linear dichroism and stark interference colors in birefringence dispersion. These photo-optical properties
are caused by periodic differences in the refractive indices along the molecules in the ordered collagen-dye
complex, and indicate that this complex is a non-linear optical supramolecular chiral object.
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INTRODUCTION

Dichroic azo dyes have been extensively studied
because of their optical properties. The molecular
ordering of dye molecules has been observed in
liquid crystals (LC) containing azo dyes, as shown
by the birefringence, preferential absorption, and
dichroic indices of these crystals [1,7,8]. In addition,
the properties and functionality of multilayered films
assembled with dichroic dyes and LC have been
investigated [1,2,5,22], although the self-assembly of
functional dye Ponceau SS in a multilayered structure
with electro-optical properties was unrelated to
the dyes linear dichroism (LD) and birefringence
dispersion properties [22]. The complexation of
dichroic azo dyes with highly oriented and optically
anisotropic biopolymers could increase the overall
optical anisotropy and even produce photoelectric
properties by combining the characteristics and
properties of the dyes and biopolymer. Type I
collagen is an example of a biopolymer that can
interact with an azo dye to form a complex endowed
with crystallinity and high optical anisotropy.
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Type I collagen self-assembles to form supers-
tructures, such as tendons, that can be considered to
be multilayered helical films [14,18-21]. The ordered
assembly of acidic sulfonic azo dyes with collagen
fibers can provide information on the relationship
between supramolecular order and functionality. In
addition, the analysis of multi-layered superstructu-
res, such as Ponceau SS-collagen fiber complexes
can contribute to our understanding of the optical
LD of dye-liquid crystal interactions.

In this work, we used differential scanning
calorimetry, linear dichroism and birefringence to
examine the changes in the crystallinity, denaturation
(peak) also temperature (Tm) and enthalpy of
collagen fibers complexed with Ponceau SS. We
examined changes inthe linear dichroism (LD)
and birefringence of the Ponceau SS molecules
complexed with collagen fibers.

MATERIAL AND METHODS

Collagen bundles were isolated from the tails of 40-
day-old male rats and cleaned of all extraneous tissue.
Distilled water was used during all procedures. Differential
scanning calorimetry (DSC) measurements of 5 mg samples
were done using a DSC 2910 from TA Instruments, with an
argon flow of 50 mL/min and a heating rate of 10°C/min.
The parameters determined include the phase transition
temperature (T ), which corresponded to the maximum
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temperature at which there was complete denaturation
of the collagen samples, and the enthalpy of fusion (J/g).
Ponceau SS (Aldrich, CI127 190, #AS 6226-78-4; M 556.49,
Fig. 1) was prepared in bidistilled water (final concentration
1 nmol dm™. The optical anisotropies were studied using
polarized light microscopy to allow comparison with data
for the Ponceau SS-collagen complex obtained by DSC.
This analysis was done with pure, fixed, non-fixed and
lyophilized collagen bundles.

Tendons were fixed in 4% paraformaldehyde in 0.1
M phosphate buffer, pH 7.4, for 3 h under vacuum and
subsequently for 24 h in a refrigerator. After washing in
distilled water, the tendons were processed for inclusion
in Histosec (Merck KgaA, Darmstadt-Germany) and
sections 7 pm thick were obtained with a Microm HM 315
microtome (Walldorf, Germany). After deparaffinization
and hydration, the sections were treated with Ponceau SS
solution for 3 min followed by washing in 3% acetic acid
for 2 min and then in water. The slides were subsequently
air dried, cleared in xylene and mounted in natural Canada
balsam (refractive index = 1.54).

Anisotropic optical phenomena, linear dichroism
(LD) and birefringence were studied in tendon sections
and in extended collagen fibers. Linear dichroism was
measured by the image analysis method [18,21]. A 100 W
halogen lamp was used as the light source. Monochromatic
light was obtained using a narrow bandpass interference
filter, wavelength of 546 nm (Edmund Industrial Optics,
Barrington, NJ, USA).LD was observed and measured by
removing the analyzer from the light path and rotating the
microscope stage until the collagen bundles were oriented
parallel or perpendicular to the electric vector of polarized
light (EVPL) [21]. To examine whether the Ponceau SS-
collagen complex had polarizing properties, the polarizer
was removed from the light path and the sections were
illuminated by non-polarized light with the analyzer in
place. The microscope stage was then rotated until the
collagen bundles were oriented parallel or perpendicular to
the EVPL of the analyzer [21]. This procedure allowed the
detection of LD resulting from light polarization caused by
the oriented binding of Ponceaus SS to collagen bundles.
LD was expressed as the difference betwee the relative
absorption at the polarizer, where ALD = Al] — Al
AL is the absorption with the collagen fibers parallel to
the EVPL and A(] is the absorption perpendicular to the
EVPL, respectively. Statistical treatments were based on
the dichroic ratio where DR = A[1/A[].
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Figure 1. Ponceau SS formula (Aldrich, CI 27,190).

Braz. J. morphol. Sci. (2005) 22(3), 105-111

B.C. Vidal and Pedro L.O. Volpe

RESULTS

Under the conditions used here, an increase in
the temperature of denaturation (T, ) resulted in
a marked reduction of the thermogram area (the
thermogram areas for pure collagen fibers were
larger) and a drop in the corresponding values of
enthalpy for the dye-collagen complex as compared
to pure collagen fibers. Table I and Figure 2 illustrate
the differences in the thermograms of pure collagen
and the dye-collagen complex. Fixation and
lyophilization reduced the enthalpy and increased
the T . The complexation of fixed and lyophilized
collagen fibers with Ponceau SS yielded similar
results to those indicated above, i.e. a decreased
thermogram area and increased peak denaturation
temperatures (Fig. 2).

Table 1. Enthalpy of fusion and maximum temperature
of denaturation (Tm) for collagen in different states. The
samples were used in natura. The values correspond to
the average of three measurements each.

. Enthalpy Tm
Experiment
P (/g) (‘C)
Pure collagen 212.7 98.8
Pure, lyophilized collagen 39.9 20.3
Pure fixed colagen 32.6 18.0
Dye-Collagen complexes 39.9 22.8
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Figure 2. Differential scanning calorimetric curves for
collagen samples. (A) Pure collagen, (B) Lyophilized col-
lagen, (C) Collagen treated with Ponceau SS, (D) Colla-
gen fixed with paraformaldehyde. These curves are the
mean of three experiments for each collagen preparation.
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Collagen fibers complexed with Ponceau SS
showed LD (Fig. 3), with an average dichroic ratio
(DR) of 1.842; the extended collagen fibers from rat
tendon collagen bundles showed a marked LD (DR
= 2.2). However, completely parallel collagen fibers
were not obtained when mechanical strain to produce
the parallel alignment of the fibers was applied (Fig.
4). The straightest bundles of fibers had the highest
DR (up to 5.23) when compared to non-strained
fibers in sections 7-um-thick sections.

The Ponceau SS-collagen fiber complexes
showed intense birefringence with the interference
colors red, yellow and green depending on the
thickness of the section or the extended fibers (Figs.
3C and 4C).

Figure 3. A 7 um thick section of rat tendon. (A, B)
LD images, (C) interference colors of birefringence. (A)
Tendon axis parallel to the azimuth of polarized light
(APOL) to give higher absorption. (B) Tendon axis per-
pendicular to the APOL. (C) Image obtained with the
tendon axis oriented at 45 degrees with respect to the
crossed polarizers. Bar =21 um.

DISCUSSION

There is a general agreement that crosslinking
promotes the thermal stability of collagen fibers
[3,10-11,15,17]. In the present study, the increase in
denaturation temperature (T ) was a consequence of
the increase in intermolecular crosslinking produced
by the presence of rod-like dye molecules. Similar
interpretations were reported by Melling et al. [11]
for collagen glycation, which agrees with the finding
that collagen glycation in vitro increases the intrinsic
and textural birefringence of these fibers.

The rod-like Ponceau SS molecules bind to
collagen molecules with their long axis parallel
to that of collagen, thereby allowing multi-point

Figure 4. Extended collagen fibers. (A,B) LD images.
(C) Interference colors of birefringence. (A) Tendon axis
parallel to the azimuth of polarized light (APOL) to give
higher absorption. (B) Tendon axis perpendicular to the
APOL. (C) Image obtained with the tendon axis oriented
at 45 degrees with respect to the crossed polarizers, inter-
ference colors of birefringence. Bar = 300 um.
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attachments via electrostatic, hydrophobic and van
der Waals forces, and hydrogen bridges, all of which
contribute to the thermal stability of collagen [11]. An
increased crosslinking density among the collagen
molecules could promote higher chain reaggregation,
thereby protecting against denaturation [6]. The
Ponceau SS molecules could have a similar effect
since they bind to collagen in an ordered multi-point
manner that introduces a higher ordered aggregational
state and crystallinity, as demonstrated by dichroism
and birefringence. On the other hand, the complexation
of Ponceau SS to collagen fibers may replace water,
thereby contributing to the decrease in enthalpy
and to the oriented aggregation of the collagen. The
importance of water in the stabilization of the collagen
fibers is recognized [6].

Lyophilized collagen bundles studied by DSC
had a T_= 120.3°C, similar to that of fixed and
Ponceau SS-treated fibers. The fixation of collagen
fibers in paraformaldehyde increased the T , an
observation that was expected since this fixation
creates crosslinks (methylene bridges) between
the collagen chains; a simultaneous decrease in the
enthalpy of fusion values was seen. A decrease in
entropy reflects stabilization by crosslinking or by
rigid matrices [6,9], which agrees with the higher
crystallinity of the fiber—Ponceau SS complex.

The alterations in the thermograms induced
by the complexation of Ponceau SS to collagen
fibers supported the inference that the Ponceau SS
molecules became highly oriented when bound to
collagen molecules. This was proven by the linear
dichroism (LD) measurements and detection of the
birefringence. LD is dependent on the selective
absorption of light photons and is caused (in the
case of Ponceau SS) by electronic transitions along
the long axis of the dye, which agrees with Nordén
concept of LD for the geometry of the molecule
[13] (see Fig. 1). Dichroism and the dispersion of
birefringence contain the same information in terms
of molecular order; birefringence is an algebraic
sum of all electronic transitions while, in the case of
Ponceau SS, LD is caused by electronic transitions
along the major axis of the rod-like dye, where the
chromophores —N=N- are aligned. This finding
supports the conclusion that the dye molecules
are parallel to the principal axis of the collagen
molecules.

In terms of functionality, the anisotropic optical
properties reported here fit the reported characteristics
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and properties of the dichroic sulfo azo-dyes
complexed with liquid crystals, multilayer films of
polycations and/or cast films [1,2-4,5,7,8,22]. The
commom denominator in all of these cases is the
importance of molecular order as one of the factors that
produces optical properties. Further, collagen fibers
themselves have structural conditions to determine
optical non-linearity and photonic characteristics
when complexed with Ponceau SS.

In conclusion, the binding of Ponceau SS
to collagen fibers increased the denaturation
temperature (T ) and decreased the area under
the DSC curve and the enthalpy of fusion, all of
which indicate increased crystallinity. The optical
anisotropic properties of the collagen fibers were also
increased after complexation with Ponceau SS. The
LD of these materials indicated that collagen fibers
caused the oriented binding of dye molecules. These
findings support the hypothesis that the collagen-dye
complexes display nonlinear optical properties.
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