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Differences in fluorescence profiles from breast
cancer tissues due to changes in relative tryptophan
content via energy transfer: tryptophan content
correlates with histologic grade and tumor size

but not with lymph node metastases
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Abstract. The correlation between histologic grade, an increasingly important measure of prognosis for patients
with breast cancer, and tryptophan levels from tissues of 15 breast carcinoma patients was investigated.
Changes in the relative content of key native organic biomolecule tryptophan were seen from the fluorescence
spectra of cancerous and paired normal tissues with excitation wavelengths of 280 and 300 nm. Due to a large
spectral overlap and matching excitation—emission spectra, fluorescence resonance energy transfer from tryp-
tophan-donor to reduced nicotinamide adenine dinucleotides-acceptor was noted. We used the ratios of fluo-
rescence intensities at their spectral emission peaks, or spectral fingerprint peaks, at 340, 440, and 460 nm.
Higher ratios correlated strongly with high histologic grade, while lower-grade tumors had low ratios. Large tumor
size also correlated with high ratios, while the number of lymph node metastases, a major factor in staging, was
not correlated with tryptophan levels. High histologic grade correlates strongly with increased content of trypto-
phan in breast cancer tissues and suggests that measurement of tryptophan content may be useful as a part of
the evaluation of these patients. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.19.12.125002]
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1 Introduction biomolecules in the tissue. Fluorescence spectroscopy using
excitation wavelengths from the ultraviolet light region, for
example, can highlight key biomolecules such as tryptophan,
reduced nicotinamide adenine dinucleotides (NADH), and col-
lagen in the tissue. It has been reported that cancerous tissue
samples have an increased amount of the amino acid tryptophan
(emission intensity peak maximum at ~340 nm) compared with
collagen or NADH (emission intensity peaks maxima at ~380
and ~440 nm, respectively).>”!” Most recently, Zhang et al.!”
showed, using fluorescence spectroscopy, that increased trypto-
phan is linked to an aggressive cancer cell line. Tryptophan is
required for protein synthesis and thus increased fluorescent lev-
els can be expected in cancerous breast tissue due to higher cell
density and uncontrolled cell division. Recently, the spectral fin-
gerprints of tissues from patients with different breast cancer
histologies were examined using a novel fluorescence device
known as the S3-LED ratiometer unit and an LED excitation
wavelength of 280 nm.'>'° In those reports, we showed consis-
tently higher ratios of the 340 over 440 nm and 340 over 460 nm
emission intensity peaks in malignant samples of breast cancer
patients compared with their paired normal samples, regardless
of the characteristics of the patient’s cancer.'?

At an excitation of 280 nm, aromatic amino acids (phenyl-
alanine, tyrosine, and tryptophan residues) can be excited;
however, the emission is most likely from the indole ring of tryp-
tophan. Tyrosine and phenylalanine will contribute significantly

Tumor histologic grade is a recognized, but underappreciated,
predictor of prognosis in breast cancer patients.' Despite
the importance of grade, it has historically not been included
as one of the criteria for staging of this cancer. The current TNM
staging system for breast carcinoma utilizes only tumor size and
extent of local invasion (T), number of axillary lymph nodes
with metastases (N), and presence of distant metastases (M)
as measures of the stage of the cancer.* As a result, patient prog-
nosis (and thus the need for adjuvant chemotherapy) is often
assessed using only these measures. Rakha et al.! noted, how-
ever, that tumor histologic grade is at least as important an
indicator of patient prognosis as the number of lymph node
metastases and is more important than tumor size. In a review
of 22,616 patients with breast cancer, Henson et al.’ found that
patients with low-grade cancers and sizes less than 2 cm had a
99% 5-year survival despite the presence of lymph node meta-
stases. In another study of patients with estrogen-receptor pos-
itive breast cancer and one to three positive axillary lymph
nodes, the 10-year relapse rate was 43% for high-grade tumors,
but only 24% and 5% for intermediate- and low-grade cancers.®

In 1984, Alfano et al.”® showed that optical spectroscopy
could be used as an alternative technique to detect cancer by
determining the different emission properties of key organic
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less to the overall emission at this excitation due to fluorescent
quenching attributed to the energy transfer of phenylalanine to
tyrosine and tyrosine to tryptophan. Apart from an intraprotein
energy transfer from phenylalanine to tyrosine, phenylalanine is
unlikely to produce fluorescence energy transfer due to a low-
quantum yield. Similarly, tyrosine can be quenched due to an
energy transfer from tyrosine to tryptophan residues. There-
fore, tryptophan residues dominate emission and are ideal for
fluorescence resonance energy transfer. At a selective longer-
wavelength excitation of 300 nm, only tryptophan residues in
proteins will be excited.'® From these excitation wavelengths,
the longer-wavelength (red-shifted) 'L, emitting state of tryp-
tophan will occur at a maximum emission intensity peak of
~340 nm. Additional contributions to the emission spectra at
these excitations can occur from proximal fluorophores in the
tissue such as NADH (a highly fluorescent coenzyme with
absorption and emission peaks at 340 and 440 to 460 nm,
respectively). Table 2 highlights the absorption and emission
peaks of key organic biomolecules in tissue. Due to a large spec-
tral overlap and matching excitation—emission spectra, fluores-
cent resonance energy transfer from excited tryptophan (donor)
to NADH (acceptor) (a dipole—dipole interaction shown by
Forster to be an interaction of coupled electronic dipoles
known as donor and acceptor molecules) can occur and affect
the overall fluorescent spectrum of tryptophan. Studies by
Torikata et al.'®* have shown that energy transfer from trypto-
phan to neighboring NADH in pig lactate dehydrogenase and
malate dehydrogenase causes a decrease in its fluorescence life-
times and leads to quenching of tryptophan fluorescence.

In this study, the spectral emission profiles from 15 patients
with breast carcinoma were obtained using the conventional LS
50 Perkin-Elmer luminescence spectrometer with excitations at
280 and 300 nm. Dual excitation wavelengths were used to
show energy transfers among key fluorophores. These spectral
profiles were analyzed using a combination of emission inten-
sity peak ratios. We used the ratios of fluorescence intensities at
their spectral emission peaks, or spectral fingerprint peaks, at
340, 440, and 460 nm. The relative intensities or ratios (R) of
emission intensity peaks, from these excitations, at 340, 440,
and 460 nm from malignant (M) tissue samples (Ry =
L340/ 1440 and Ry, = I340/1460) and from paired normal (N) tis-
sue Samples (RNI = 1340/1440 and RN2 = 1340/1460) were calcu-
lated. The extent of the increase in tryptophan was measured
from the ratios of cancerous ratios (Ryy; and Ryp,) over normal
ratios (Ry; and Ryp) to give Ry =Ry /Rn; and R, =
Ry /Rno- We report that increased tryptophan levels demon-
strated by increases in R; and R, correlate strongly with
high histologic grade and with large tumor size, but not with
lymph node metastases, or with estrogen receptor, progesterone
receptor, or HER-2-Neu receptor statuses. This suggests that
measurement of tryptophan content may be useful as a part
of the evaluation of patients with breast cancer.

2 Experiment

2.1 Tissue Specimen

Spectral profiles were acquired from 30 breast tissue samples
from 15 breast cancer patients (15 cancerous and 15 paired

Table 1 Characteristics of 15 breast cancer patients.

Patient number (n) Age (years) Grade Tumor size (cm) Number of nodes Histology

1 63 3 4.8 1 Invasive ductal carcinoma

2 66 3 25 4 Invasive ductal carcinoma

3 59 3 2.8 4 Invasive ductal carcinoma

4 54 1 2.2 >10 Invasive ductal carcinoma

5 59 3 5.4 >10 Invasive ductal carcinoma

6 74 3 8.5 16 Micropapillary breast carcinoma

7 61 3 4.0 11 Multifocal invasive ductal carcinoma

8 76 3 4.5 Not sampled Invasive ductal carcinoma

9 48 2 3.5 2 Invasive lobular carcinoma, pleomorphic variant

10 51 3 * * Recurrent invasive ductal carcinoma

11 62 2 1.8 >10 Invasive ductal carcinoma, lobular features

12 53 3 3.0 1 Invasive ductal carcinoma

13 60 1 0.9 1 Invasive ductal carcinoma

14 57 3 2.7 0 Invasive ductal carcinoma

15 64 2 41 1 Invasive carcinoma with ductal and lobular
features

* Not assessed, recurrent cancer.
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Table 2 Absorption and emission peak maxima of key organic biomolecules.

Molecules Tyrosine Tryptophan Collagen Elastin NADH Flavins
Absorption peak maximum (nm) 275 280 to 300 325 325 340 450
Emission peak maximum (nm) 280 to 300 340 400 410 440 to 460 525

normal samples). Tissue samples were supplied by the National
Disease Research Interchange and the Cooperative Human
Tissue Network under an Institutional Review Board protocol.
None of the samples were chemically treated (no phosphate
buffer saline immersion). The samples were kept on ice except
during the experiments. The tissues from paired normal and
malignant samples were done under the same exact conditions.
In general, the tissue samples were analyzed within 24 h of
resection. The malignant sample and its paired normal sample
were always done at the same time. The patient ages ranged
from 48 to 76 years old (Table 1). Three were premenopausal,
11 were post-menopausal, and 1 was peri-menopausal. Fourteen
were Caucasian and one was Black. One had received prior neo-
adjuvant chemotherapy without shrinkage of the tumor, while
14 were treatment naive. One patient (n = 10) had had a
prior surgery and the sample analyzed was a recurrent cancer.
Characteristics of the 15 cancers patient are given in Table 1.
Measurements were acquired from multiple random locations
along the surfaces of the samples. Cuvettes were used to
hold tissue samples.

Intensity (a.u.)

Intensity (a.u.)

800 -

600 -

400 -

200

2.2 Optical Setups

2.21 LS 50 fluorescence spectrometer

The conventional LS 50 Perkin Elmer luminescence spectrom-
eter is a computer controlled device which uses a Xenon (Xe)
discharge lamp light source. It is equipped with excitation, emis-
sion, and synchronous scan functions in the spectral range of
200 to 800 nm and has 1-nm wavelength accuracy. The slit
widths can be varied to give resolutions between 2 and
15 nm. The emission spectra from the tissue samples were
acquired using excitation wavelengths of 280 and 300 nm,
with a 280- and 300-nm full-width half-maximum 25 45 nm
bandpass filters. The focal spot size of the excitation beam is
approximately 7 mm in length and 2 mm in width.

3 Results and Discussion

Spectral profiles from patients with breast carcinoma were
acquired using the LS 50 fluorescence spectrometer at 280
and 300 nm excitations. Table 2 highlights the optimal absorption

Normal
Cancer
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0 T T T \
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Fig. 1 (a) Microscopic image of the pathology slide (20x magnified) from malignant breast tissue from
patient n = 10; and (b) and (c) corresponding fluorescent spectra from malignant (MAL) and normal
(NORM) breast tissues after 280 and 300 nm excitations.
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and emission peak maxima of key organic biomolecules tyrosine,
tryptophan, collagen, elastin, NADH, and flavins. With light at
excitation peak wavelength maxima of 280 to 300 nm, biomole-
cules in tissue such as tryptophan, collagen, and NADH will
absorb this Gaussian-shaped excitation spectrum of light and
emit a spectrum of light due to a combination of biomolecules
with peak maxima at ~340, 380, and 440 to 460 nm (largely
due to tryptophan, collagen, and NADH, respectively). The
most intense of these peaks (due to tryptophan) is located at
~340 nm. A weak secondary peak at 440 to 460 nm is due to
NADH and is said to occur due to resonance energy transfer
of protein-NADH complexes.'®?* A large spectral overlap and
matching excitation—emission peaks at 340 nm from tryptophan
and NADH, respectively, make tryptophan and NADH a good
donor-acceptor pair. The Forster distance R, for this pair in sol-
ution has been reported as 25 A [where R, is obtained using the
average value of the orientation factor (angle between the donor
and acceptor dipoles) k2, where k> = x> = 2/3 to account for the
fast-rotatory Brownian motion which occurs during the lifetime
of the donor].”

Figure 1(a) is a microscopic image of the pathology slide
(20x magnified) from malignant breast tissue from patient
n = 10. The breast cancer sample from this patient with invasive
ductal carcinoma was grade 3 (high grade) and this correlates
with higher ratios of emission peaks. Figures 1(b) and 1(c)

show the corresponding average fluorescence spectra from nor-
mal and malignant breast tissue samples with excitations of 280
and 300 nm. A peak emission maximum can be seen at
~340 nm in both the malignant and normal samples. This result
is consistent with previous studies.!>!® The emission spectra
show similar peak maxima at ~340 nm using an excitation
of 280 and 300 nm and suggest that the fluorescence is domi-
nated by tryptophan residues.

Ratios (R) of emission intensity peak maxima from biomole-
cules in malignant (Ryy; = I340/ls40and Ryy = I340/1460) and
normal (Ry; = I349/ 1440 and Ryy = T340/ 14¢0) Samples were cal-
culated. Figures 2(a) and 2(b) show that Ry and Ry from
patients with high-grade breast cancer have higher bar graphs
than Ry; and Ry, from excitations 280 and 300 nm. These figures
demonstrate that malignant tissue samples have higher 340 over
440 nm and 340 over 460 nm ratios compared with corresponding
ratios from their paired normal tissue samples.

Normalized, averaged, and cancerous over normal ratios
(Ry = Ryi; /RNy and R, = Ryp/Ryp) are given in Tables 3
and 4, respectively. Tables 3 and 4 compare the histologic
grade with ratio results R; and R,. Patients with high histologic
grade breast cancer had higher R,, whereas patients with inter-
mediate-/low-grade breast cancer had lower R; results. R; for
high-grade tumors, from 280 and 300 nm excitations, had aver-
age values of 2.77608 (with standard deviation of 1.36389 and
p-value of 0.00138 <0.05) and 2.910345 (with standard

deviation of 1.49592 and p-value of 0.00260 < 0.05).
S 100 + L__ISN Similar results can be seen for R,, with a higher overall R,
s 2Ry, for patients with high-grade cancer and a lower R, for patients
% 30 4 [ I3V with intermediate-/low-grade cancer. R, for high-grade tumors,
2 L Vo)
3;‘ 60 - Table 3 Normalized ratios (R4) of emission intensity peaks from
§ Rmt = 340/ 1240 OVer Ry = lza0/lao-
E 40
s Patient Excitation Excitation
8 204 number (n) Grade 280 nm 300 nm
5 \r )
o 7 é 1 High 3.55559 4.24868
oM I
1 2 3 5 6 7 8 10 12 14 2 High 2.97966 1.81906
Patient number (n)
3 High 1.94209 3.68094
[ SN 5 High 1.77844 1.45143
~ 40+ V/)r
3 N2 6 High 2.97260 2.62358
S R,
_2 . -RMZ 7 High 1.06760 0.98885
& 8 High 1.14453 1.50294
>
2 10 High 3.04503 2.97847
g 20
£ 12 High 5.58090 4.30446
[ Z
2 é High
w2 [}
2 104 g ? 14 ig 3.69436 5.50504
- 2 %
é ? g 4 Low or intermediate 0.96124 1.03272
7 1
04 7 211 9 Low or intermediate 0.51636 1.10069
1 2 3 5 6 7 8 10 12 14
. 11 Low or intermediate 0.93561 1.00690
Patient number (n)
. . . 13 Low or intermediate 1.03057 0.69261
Fig. 2 (a) and (b) Normalized ratios Ry1, Ru2, Rn1, @and Ryo from
high-grade tumors with intensity peaks at excitations 280 and 15 Low or intermediate 0.78371 0.86216
300 nm, respectively, using the LS 50 spectrometer.
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Table 4 Normalized ratios (R,) of emission intensity peaks from
Ruz = I340/laso OVer Ana = l3a0/laso-

Table5 Correlation between tumor size and ratio (Ry = Ry /Rn1) of
emission intensity peaks from Ry = 340/ l440 Over Ryy = laso/l440-

Patient Excitation Excitation Patient Tumor Excitation Excitation
number () Grade 280 nm 300 nm number (n) size (cm) 280 nm 300 nm

1 High 5.52591 5.63311 1 Above 4.5 3.55559 4.24868
2 High 2.97966 1.64052 5 Above 4.5 1.77844 1.45143
3 High 2.57668 4.71759 6 Above 4.5 2.97260 2.62358
5 High 4.06914 4.29812 2 2510 4.5 2.97966 1.81906
6 High 1.39372 1.68522 3 251045 1.94209 3.68094
7 High 1.33370 1.35229 7 251045 1.06760 0.99885
8 High 1.07624 1.61274 8 251045 1.14453 1.50294
10 High 5.11103 4.64725 h 251045 0.51636 0.37816
12 High 8.65770 5.08158 12 251045 5.58090 4.30446
14 High 6.29456 5.90878 14 25t04.5 3.69436 5.50504
4 Low or intermediate 0.88474 1.06531 152 251045 0.78371 0.86216
9 Low or intermediate 0.55638 0.44834 4 0to <2.5 0.96124 1.03272

11 Low or intermediate 1.18821 1.15523 11 0to <2.5 0.93561 1.10069

13 Low or intermediate 1.20407 0.52290 13 0to <2.5 1.03057 0.69261

15 Low or intermediate  0.88429 0.85510 #Low-grade tumor, grade acts as a confounder.

from 280 and 300 nm excitations, had average values of 3.90183
(with standard deviation of 2.49327 and p-value of
0.00484 < 0.05) and 3.65772 (with a standard deviation
of 1.759722 and p-value of 0.00081 < 0.05). The averages of
ratios R; and R, were 3.31149 for high-grade tumors and
0.88436 for low-grade tumors. Higher ratios correlated strongly
with grade 3 (high) histologic grade, while tumors that were
grade 2 or 1 (intermediate/low) demonstrated low ratios.

Large tumor size also correlated with high ratios. This is not
surprising as tumor size frequently correlates with the degree of
tumor grade.'! Exceptions to the association of high ratios and
large tumor sizes occurred where the tumor was lower grade
(n =9 and 15) and the histologic grade could be regarded as
a confounder. Tables 5 and 6 compare the tumor size with
the ratios R, and R,.

With the exception of n = 9 and 15, the average of R; and
R,, from 280 and 300 nm excitations at different tumor sizes,
was 2.99007 with a standard deviation of 1.16402 (above
4.5 cm), 3.41884 with a standard deviation of 2.32900 (2.5
to 45 cm), and 098116 with a standard deviation of
0.20324 (0 to <2.5 cm).

Although histologic grade and tumor size (to a lesser degree)
correlate with high ratios, the number of axillary lymph node
metastases, a major determinant of staging, was found not to
correlate with the ratios, with tumors from patients who had
a small number or zero positive nodes demonstrating high ratios
if high grade, and tumors from patients with a large number of
positive nodes showing low ratios if they were lower grade. For
example, analysis of the samples from patient n = 14 showed
high R and R, because the cancer was high grade, despite the
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Table 6 Correlation between tumor size and ratio (R, = Ryp/Rnp) of
emission intensity peaks from Ry = 340/ l460 OVer Rno = la40/ l4e0-

Patient Tumor Excitation Excitation
number (n) size (cm) 280 nm 300 nm

1 Above 4.5 3.55559 4.24868
5 Above 4.5 4.06914 4.29812
6 Above 4.5 1.39372 1.68522
2 251045 2.97966 1.64052
3 2510 4.5 2.57668 4.71759
7 2510 4.5 1.33370 1.35229
8 2510 4.5 1.07624 1.61274
h 251045 0.55638 0.44834
12 251045 8.65770 8.08158
14 2510 4.5 6.29456 5.90878
152 2510 4.5 0.88429 0.85510
4 0to <25 0.88474 1.06531

11 0 to <2.5 1.18821 1.15523
13 0to <25 1.20407 0.52290

#Low-grade tumor, grade acts as a confounder.
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fact that this patient had zero positive lymph nodes. The sample
from patient n = 12 demonstrated a high ratio presumably
because it was high grade, despite the fact that only one
lymph node was positive for cancer. On the other hand, analysis
of samples n = 4, 7, and 11 gave low ratios presumably because
their cancers were lower grade, despite the fact that each of these
patients had more than 10 positive lymph nodes. No correlation
of increased ratios could be found with estrogen receptor, pro-
gesterone receptor, or HER-2-Neu receptor statuses.

4 Conclusion

A number of researchers have shown that cancerous tissues have
an increase in their tryptophan content compared with normal
tissues and cells.””'” The emission spectra show similar peak
maxima at ~340 nm using an excitation of 280 and 300 nm
and suggest that the fluorescence is dominated by tryptophan
residues. We note possible energy transfer between tryptophan
(donor) and NADH (acceptor) in breast tissue samples with
excitation wavelengths of 280 and 300 nm. Further studies are
needed in order to determine the tryptophan residues involved in
this event and the efficiency of such an energy transfer. We also
report that the increase in tryptophan content is correlated with
the degree of tumor histologic grade. Indeed, the difference in
tryptophan content between higher and lower grade tumors that
we observed in our study was marked. The averages of ratios R,
and R, were 3.31149 for high-grade tumors and 0.88436 for
low-grade tumors. Tumor size also correlates with increased
tryptophan content, but this appears to be due to the known asso-
ciation of large tumor size with high histologic grade.! As his-
tologic grade is becoming recognized as an increasingly
important measure of prognosis for patients with breast carci-
noma, the measurement of tryptophan ratios may also be useful
in the assessment of these cancers. Further studies will be
needed to determine whether very high breast cancer tryptophan
levels in those patients with high-grade tumors might carry a
worse prognosis, and thus necessitate more aggressive treatment
than would be done in patients with only slightly elevated levels.
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