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ABSTRACT

Fluorescence spectra of dermal lesions on 48 rats were investigated using excitation wavelengths of 275, 300,
and 340 nm. Emissions at 340 and 460 nm were measured in both the forequarter and hindquarter lesions as
function of time after incision. Unlike the 460-nm emission, intensity at 340 nm increased with time and then
saturated. Control studies on intact skin and lesions in dead rats failed to demonstrate any time-dependent
changes at these wavelengths. It appears that the increase in the 340-nm intensity is due to changes in the
tryptophan level, and may reflect accumulation of fibrinogen in the early wound healing process. © 1997 Society

of Photo-Optical Instrumentation Engineers.
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1 INTRODUCTION

The use of optical spectroscopy to observe and in-
fluence biological processes is of growing interest
for many medical applications. Recently, optical
spectroscopy has been used to detect physical and
chemical changes in cells and tissues and distin-
guish cancerous tissues from healthy ones in vari-
ous orlgansl"10 and in normal and atherosclerotic
aorta.!"™ Various investigators have also reported
that laser irradiation at low energies might acceler-
ate wound healing in both humans and animal ex-
perimental models.'>*

In the work reported here, fluorescence spectros-
copy was used to investigate initial changes in der-
mal wound healing. It is hoped that this methodol-
ogy will lead to the development of noninvasive
tools and procedures in the real time for clinical
treatment and evaluation of wounds and burns.

2 EXPERIMENTAL METHOD AND
MATERIALS

Spectroscopic measurements were performed using
a Mediscience Technology Corp. CD Scan. This in-
strument is based on a Perkin-Elmer LS50 spectro-
photometer with key software. A schematic optical
layout is shown in Figure 1. The light source is a
xenon flash lamp. The power of the excitation light
source incident on the sample is about 1/2 uW.
There are two monochrometers, one in the excita-
tion beam path and the other in the emission beam
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path. The excitation wavelengths are selected by
adjusting the angle of the grating, which is con-
trolled by a stepping motor, and an adjustable slit.
The selected excitation beam is focused by a mirror
into a bifurcated optical fiber bundle, with a small
portion of the excitation beam reflected by a beam
splitter into a reference photomultiplier. The output
signal of the reference photomultiplier is used to
correct the emission signal for variation in excita-
tion intensity. The emission light is collected by the
fiber bundle and is passed to the entrance slit of the
emission monochrometer. The emission wave-
length is selected by adjusting the angle of its grat-
ing, which is also controlled by a stepping motor.
Only the emission light at the selected wavelength
is passed into the signal photomultiplier for detec-
tion. The probe consisted of a UV transmitting
quartz fiber bundle. The sample end of the probe is
a 6-cm diameter circular aperture, recessed 2 mm
from the end of its ferrule. The individual fibers in
the probe are randomly split into two separate
bundles, with 2X6-cm rectangular apertures to
match the spectrometer optics. During measure-
ments, the probe was positioned normal to the
scanned region. Special software was used for data
collection, processing, and plotting.

The fluorescence spectra from dermal lesions
were obtained using 275, 300, and 340 nm as exci-
tation wavelengths. The excitation intensity at 300
nm (340 nm) was approximately 25% (80%) greater
than the excitation intensity at 275 nm; however,
the spectrophotometer normalized the signal by the
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Fig. 1 Schematic diagram of fiber-based fluorescence measure-
ment system.

excitation intensity. Two methods were employed
to examine changes in the spectral response. (1) The
whole spectrum was examined at 5-min intervals
over a 2-h period. (2) The intensity of nine emission
wavelengths was measured at 1-min intervals up to
150 min after incision. In addition the in vitro re-
sponses of separated blood plasma and various
photoresponsive bioactive molecules in 0.9% so-
dium chloride solution were measured and the
measured wavelengths are displayed in Table 1.

Table 1 Measured excitation and emission wavelengths from se-
lected biological molecules.

Excitation (nm) Emission (nm) Origin

275 310 Collagen Il

275 340 Tryptophan

275 395 Collagen Il

300 340 Tryptophan

300 375 Pyridoxal 5’-phosphate
300 435 Pyridoxic acid
340 390 Collagen Il

340 410 Elastin

340 460 NADH
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Fig. 2 Typical emission spectra of wound site and intact skin ex-
cited by 275 nm.

Forty-eight 250 to 400-g male Wistar rats were
employed in the in vivo study. This study consisted
of six experimental groups. The first group had a
single lesion placed in either the right or left fore-
quarter. Following the collection of data from the
first lesion, the second group had an additional le-
sion placed on the opposite forequarter. The third
group had a single lesion placed in either hindquar-
ter. The fourth had two lesions, one in the forequar-
ter and one in the hindquarter. The fifth group were
controls consisting of shaved rats without lesions.
The sixth group were controls consisting of shaved
rats with lesions that died during the course of the
study.

To prevent movement during measurements, all
animals were anesthetized with a 40-mg/kg body
weight dose of sodium pentobarbital administered
intraperitoneally. The area of the wound sites was
first shaved and cleaned with sterile alcohol swabs
and air dried. Then, taking advantage of the loose
pelt of this species, 1-cm long lesions made with
sterile scalpel blades were extended through the
dermis about 0.5 mm deep but no further. During
the course of data collection the anesthetized rat
was placed in a prostrate position and the optical
fiber bundle was placed proximal to the lesion or to
the shaved intact skin. The time course was re-
corded after t=0 when the lesion was made.

For in vitro examinations, 5 ml of femoral blood
was extracted from each of 6 anesthetized rats. To
prevent clotting, an equal volume of heparinized
saline (50 units/0.9% NaCl) was added to each
sample. A tabletop clinical centrifuge spinning at
3000 rpm for 20 min was then used to separate
plasma from hematocrit. Four-milliliter quartz cu-
vettes were then filled with the separated plasma
and the emission spectra determined in the stan-
dard manner.

3 RESULTS

Figure 2 shows a typical fluorescence spectrum for
intact shaved skin and a wound. In the shaved in-
tact skin, fluorescence spectra for excitation wave-
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Fig. 3 The temporal behavior of the spectra of the wound site area
after incision, excited by 275 nm.

lengths 275 or 300 nm are similar. For these wave-
lengths, there are two emission intensity peaks; one
is near 340 nm and the other is near 460 nm. The
amplitude of these two peaks varies with excitation
wavelength. The dermal wound site also exhibited
two peaks at 340 and 460 nm. When a wound is
compared with intact skin, the amplitudes of these
peaks are quite different. The peak emission near
460 nm is markedly decreased and the peak emis-
sion at 340 nm is enhanced. When excited at either
300 or 275 nm, both forequarter and hindquarter
lesions exhibited emissions at 340 and near 460 nm.

The most important observation was that in the
wound site, the intensity of the 340 nm emission
markedly increased with time after incision before
finally reaching a plateau while that at 460 nm did
not change in time (Figure 3). This observation at
340 nm was not dependent on the measuring meth-
ods (whether the whole spectrum was measured
every 5 min or only the amplitude of the fluores-
cence spectrum was measured at 1-min intervals).
The emission kinetics at 340 nm was in sharp con-
trast to the emission at near 460 nm, which was
unaffected by the passage of time (Figure 4) from
the time after incision of the wound.

The analysis of the average rise time of 340-nm
emissions for the first wound (Figure 5) was calcu-
lated using 15 rats with one forequarter lesion. The
average rise time of a 340-nm emission for the sec-
ond wound was calculated using 9 rats with fore-
quarter lesions (Figure 5). Emission intensities were
monitored at 1-min intervals. Rise-time curves were
then constructed for each rat. The curves were then
normalized and their combined means and stan-
dard deviations calculated. The average rise time of
90% maximum is 52.6+37 min for forequarter and
44+31 min for hindquarter. It was found that the
second wound’s pattern of spectral emissions did
not statistically differ from that of the first. As in the
first wound, the intensity of emission at 340 nm
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Fig. 4 The peak intensity from a wound area at 340 nm and near
460 nm as a function of time after incision. The sample is excited
by 275 and 340 nm, respectively.

increases with time while the intensity near 460 nm
is unaltered.

To determine whether the observed emissions
were due to the inadvertent selection of a unique
portion of the skin, single lesions were made on the
contralateral side in 6 rats and on the hindquarter
in another group of 6 rats. Both contralateral and
hindquarter lesions exhibited emissions at 340 and
460 nm. The two curves appear to be similar and
neither the order of the lesion nor its location al-
tered the wound’s rise time. In the control groups,
emissions at 340 nm from intact skin and emissions
from wounds in dead animals showed no alter-
ations in intensities with time, as shown in Figure 6
for either 340- or 460-nm wavelengths.

The fluorescence peak at 340 nm excited by 275
nm, and the peak at 460 nm excited by 340 nm is
associated with tryptophan and reduced nicotina-
mide adenine dinucleotide (NADH) (Table 1), re-
spectively. It is possible that the presence of tryp-
tophan and NADH in dermal wounds is due to
proteins leaking from the blood. Since whole blood
does not respond to optical excitation, testing the
above hypothesis required the separation of plasma
from hematocrit. The emission spectra shown in
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Fig. 5 Average intensity at 340 nm at first wound site area as a
function of time (n=15 rats) and average intensity of second
wound area at 340 nm as a function of time (n=9 rats).
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Fig. 6 Average intensity at 340-nm emission, excited by 275 nm,
for intact skin in live rats and lesions in dead rats, as a function of
time.

Figure 7 confirm that tryptophan and NADH were
found in the plasma samples. This suggests that the
leakage of tryptophan into the wound increased
while the NADH was unaltered with time. The hy-
pothesis of leakage from the blood is not sup-
ported. Blood does not produce this level of signal.

It is also possible that the presence of tryptophan
in the wound is due to the selective leaking of fibrin
and fibrinogen from blood vessels. To test this con-
cept, the in vitro spectrum of fibrin and fibrinogen
in the solid state and dissolved in saline solution
were measured. The spectra were nearly same for
the two situations. Normalized spectra of fibrin and
fibrinogen in saline and the wound area of rats are
shown in Figures 8 and 9. When excited with 275
nm, fibrin and fibrinogen emit with a peak near 340
nm. The peak shift for fibrin is small. When excited
with 340 nm, the spectrum of fibrin emits a broader
peak from 400 to 450 nm. When excited with 275
nm, however, fibrinogen emits a peak near 340 nm
and a very small intensity at 460 nm. The change in
the spectrum emitted from fibrinogen would be
closer to the emission spectrum of the wound area
than that of fibrin.

Spectrum of rat plasma
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Fig. 7 Emission spectra of rat plasma excited by 300 and 340

nm.
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Fig. 8 Emission spectrum of the fibrin in saline excited by 275,
300, and 340 nm, and the spectrum of the wound area excited by
275 nm as reference. The normalized factor excited by 340 nm is
37.6.

4 DISCUSSION

The significant observation was that when optically
excited at 300 and 340 nm, rat skin induces peak
emissions at 340 and 460 nm, respectively. The in-
tensity from dermal wounds at 340 nm emissions
grew, reaching 90% of its plateau value in 52.6 min,
which the 460 nm did not change after incision of a
wound. Several questions arise from these observa-
tions. What produced the 340-nm emission? Would
the rising intensity of 340-nm emissions occur in
lesions on other areas of skin? Were the 340- and
460-nm emissions due to simple bleeding? Was the
340-nm emission due to the lesion stimulating the
release of a blood-borne hormonelike factor? Or
was the 340-nm emission a sign of local, perhaps
wound-healing processes? The initial observations
were made on right forequarter lesions. The inten-
sity of the 340-nm emission from the wounds in-
creased with time. This is consistent with an accu-
mulation of a tryptophan-like factor. To determine
if this accumulation of a tryptophan-like factor was
unique to right forequarter wounds, one and two
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Fig. 9 Emission spectrum of the fibrinogen in saline excited by
275, 300, and 340 nm, and the spectrum of wound area of a rat
excited by 275 nm as reference. The normalized factor excited by
340 nm is 5.3.



transdermal lesions were made on other dorsal ar-
eas. All lesions emitted a similar spectrum.

It is possible that the tryptophanlike factor in der-
mal wounds is due to the stimulated release of a
hormonelike blood-borne factor containing tryp-
tophan. If such were the case, having already been
stimulated, the tryptophanlike spectrum in a sec-
ond wound would be expected to be more intense
or at least to plateau earlier. To examine this hy-
pothesis, the emission spectra of the second
wounds were compared with those of the first. The
second wound’s pattern of spectral emissions did
not differ from the first. The intensity of emission at
340 nm rose at the same apparent rate and intensity
as in the first wound, while emission intensity at
460 nm was unaltered. These results suggest that
whatever the origin of the 340-nm emission, it is
most likely not due to hormonal action. It is likely
that the 340-nm emission is due to extravasation
from unchanging blood stores or from dermal tis-
sue.

A common observation was the accumulation of
clear fluid in the wound. These observations sug-
gested that the 340-nm emissions might be due to
diapedesis from blood plasma. Since whole blood is
spectrally inert, this hypothesis was examined by
investigating the induced emission of blood
plasma. When optically stimulated, plasma sepa-
rated by centrifugation was found to generate emis-
sions at 340 and 460 nm. Furthermore, these emis-
sions were unaltered with time. Since only the
340-nm emission factor and not the 460-nm emis-
sion factor accumulated in the wound, the above
observation supports the proposal that the source
of wound tryptophanlike factor is not due to the
unfiltered accumulation of blood plasma. Since nei-
ther shaved dermis nor dermal wounds in dead
rats accumulated this tryptophanlike factor, it ap-
pears that the factor was not released from dermal
stores. Since fibrin, when excited at 340 nm wave-
length, emits a peak near 460 nm, and fibrinogen
does not, it appears most likely that the apparent
accumulation of tryptophan is derived from fi-
brinogen. It appears that fibrinogen is a reasonable
molecule for a built-up signal at 340 nm in a
wound. When the dermis is damaged, the blood
vessels in the region become selectively more per-
meable to fibrinogen. Our hypothesis that dermal
wounds lead to a selective increase in fibrinogen
permeability in the local vascular bed requires fur-
ther study.
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