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Abstract. We describe the potential of 5-aminolevulinic acid �ALA�–
induced protoporphyrin IX �PpIX� fluorescence as a source of contrast
for margin detection in commonly diagnosed breast cancer subtypes.
Fluorescence intensity of PpIX in untreated and ALA-treated normal
mammary epithelial and breast cancer cell lines of varying estrogen
receptor expression were quantitatively imaged with confocal micro-
scopy. Percentage change in fluorescence intensity integrated over
610–700 nm �attributed to PpIX� of posttreated compared to pre-
treated cells showed statistically significant differences between four
breast cancer and two normal mammary epithelial cell lines. How-
ever, a direct comparison of post-treatment PpIX fluorescence intensi-
ties showed no differences between breast cancer and normal mam-
mary epithelial cell lines due to confounding effects by endogenous
fluorescence from flavin adenine dinucleotide �FAD�. Clinically, it is
impractical to obtain pre- and post-treatment images. Thus, spectral
imaging was demonstrated as a means to remove the effects of endo-
genous FAD fluorescence allowing for discrimination between post-
treatment PpIX fluorescence of four breast cancer and two normal
mammary epithelial cell lines. Fluorescence spectral imaging of ALA-
treated breast cancer cells showed preferential PpIX accumulation re-
gardless of malignant phenotype and suggests a useful contrast
mechanism for discrimination of residual cancer at the surface of
breast tumor margins. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction

omen with early stage breast cancer are eligible for breast
onserving surgery �BCS�. The goal of BCS is to remove the
ntire tumor while minimizing removal of surrounding nor-
al tissue. The commonly accepted pathologic criterion for a

egative margin is a 2-mm rim of malignancy-free tissue.1

here are no widely adopted intraoperative tools to assess
umor margins, and all decisions are made postoperatively by
pathologist. If the margin is positive, then a secondary sur-

ical procedure is performed to excise additional tissue and
revent local recurrence of cancer. On average, four out of ten
omen undergoing BCS return for a reexcision surgery.2–10

hus, a critical need exists for new tools that can be used
ntraoperatively to determine if a tumor margin is positive or
egative at the time of the first surgery.

ddress all correspondence to: Stacy R. Millon, Duke University, Department of
iomedical Engineering, 3000 Science Drive Hudson Hall, Box 90281,
urham, North Carolina 27708-0281; Tel: 919-660-8473; Fax: 919-684-4488;
-mail stacy.millon@duke.edu
ournal of Biomedical Optics 018002-
Optical techniques that exploit exogenous contrast agents,
such as antibody-conjugated gold nanoparticles11,12 or fluores-
cence molecules,13,14 are currently being investigated to en-
hance a surgeon’s ability to identify malignancy, with one
possible use being intraoperative margin assessment. A con-
trast agent such as 5-aminolevulinic acid �ALA� is one poten-
tial candidate for margin assessment. ALA has been exten-
sively tested in cells, animal models, and humans15–41 and is
widely used today for detection and treatment of malignancy.
Addition of exogenous ALA causes a preferential accumula-
tion of protoporphyrin IX �PpIX� in cancerous cells when
compared to normal cells.15–31,33–36,39,40 PpIX is naturally pro-
duced by all nucleated cells during the heme cycle and me-
ticulously controlled to prevent its natural accumulation.37

This negative feedback system is thought to be modified in
cancerous tissues due to �i� enzymatic defects that lead to an
increase in protoporphyrinogen IX oxidase and/or �ii� reduced
activity of ferrochelatase.35

1083-3668/2010/15�1�/018002/8/$25.00 © 2010 SPIE
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ALA and its derivatives have shown great potential to pho-
odynamically detect and treat cancer in a wide variety of
rgans and applications. Clinical approval of ALA derivatives
as been granted in the European Union for photodynamic
iagnosis of cancer of the bladder, brain, and skin, but has
nly been approved for use on skin by the Food and Drug
dministration in the United States.22 Preferential accumula-

ion of PpIX in tumor cells, specifically residual glioma cells

ithin the excision cavity,37,42 followed by photodynamic
herapy of those cells, demonstrates the potential of ALA for
se in a “see-and-treat” paradigm in breast cancer.22,37,43

LA-induced PpIX has been shown to have a higher accumu-
ation in cancerous breast cells as compared to prostate, ova-
ian, and brain cancer cell lines, which implies higher contrast
nd effective visualization of cancerous cells.18,30 ALA-
nduced phototherapy in breast cancer cells �MDA-MB-231�
as demonstrated high photoefficiency, further demonstrating
he potential for the see-and-treat paradigm within breast
issue.43

Previous studies illustrate that ALA-induced PpIX has the
apability to differentially detect breast cancer in multiple
iological model systems.18,20,29,30,36,40 Fluorescence quantifi-
ation of PpIX in breast cancer cell lysates treated with ALA
as higher as compared to patient-matched normal cell ly-

ates treated with ALA in explanted cell cultures from five
reast cancer patients.28 Studies on an in vivo animal model
ave shown that ALA-induced fluorescence can be used to
nhance early detection of neoplastic and metastatic tissue
rom normal tissue.36 Transgenic mice with induced ductal
arcinoma in situ, the earliest form of breast cancer, were
hown to have an increase in 635 nm fluorescence �attributed
o PpIX� in cancerous tissues over the surrounding normal
issues, after tail-vein injection of ALA 60–75 min prior to
maging.36 In a clinical study, ALA-induced PpIX fluores-
ence was significantly greater in 13 ex vivo primary breast
umors relative to surrounding normal tissue.24 Metastatic ax-
llary and sentinel lymph node tissues imaged ex vivo also
howed an increase in mean PpIX fluorescence as compared
o nonmetastatic lymph nodes in seven breast cancer
atients.15

The clinical applicability of ALA-induced PpIX has been
emonstrated by the early clinical work of Ladner et al.,24 but
efore diagnosis of breast cancer with ALA is widely ac-
epted, more fundamental cellular, animal, and clinical studies
ill be required to characterize the effects of breast cancer

ubtype on uptake and contrast. Breast cancer is highly het-
rogeneous and has been shown to exhibit large variations in
haracteristics that may potentially affect metabolism of con-
rast agents, such as ALA-induced PpIX.

The goal of the study reported here was to evaluate ALA-
nduced PpIX fluorescence of a variety of breast cancer cell
ines of varying phenotypes that are most commonly seen
linically44 and compare their ALA-induced PpIX fluores-
ence to those of normal mammary epithelial cells.23 Specifi-
ally, confocal microscopy at 405 nm excitation was utilized
o image ALA-induced PpIX fluorescence in a panel of six
ifferent breast cell lines—two normal, two estrogen receptor
egative �ER− �, and two ER positive �ER+ �—before and
fter treatment with ALA. This is the first study to establish
he sources of contrast in different breast cancer and normal
ournal of Biomedical Optics 018002-
epithelial cells after application of PpIX. Confocal micros-
copy is an ideal modality for cell studies due to its high-
resolution capabilities. Imaging of ALA-induced PpIX fluo-
rescence for intraoperative margin assessment will likely need
full-field imaging techniques, with a larger field of view and
higher speed than confocal fluorescence imaging.

2 Methods and Materials
2.1 Cell Culture
Six breast cell lines were used in this study; two were normal
mammary epithelial cells �MCF10A and human mammary
epithelial cells �HMEC�� and four were breast cancer �MDA-
MB-231, MDA-MB-361, MDA-MB-435, and MCF7�. All
cell lines, except for HMEC, were obtained from the Ameri-
can Type Culture collection �Manassas, Virginia�. HMEC pri-
mary cells were obtained from Lonza �Basel, Switzerland�
and infected with a retrovirus encoding human telomerase re-
verse transcriptase for immortalization. All cells remained
free of contaminants and were propagated by adherent culture
according to established protocols.44 All breast cancer cell
lines were cultured in �-MEM �Minimum Essential Media,
Gibco, Carlsbad, California� supplemented with 6% fetal bo-
vine serum, 1% hepes, 1% nonessential amino acids, 1% of
100 mM sodium pyruvate, 10 �g /mL insulin, 10 �g /mL
hydrocortisone, and 5 �g /mL epidermal grown factor �EGF�.
All normal mammary epithelial cell lines were cultured in
mammary epithelial basal media �MEBM� �Lonza, Basel,
Switzerland� with 0.4% bovine pituitary extract, 0.01% hy-
drocortisone, insulin, and human EGF. Plated cells were incu-
bated at 5% CO2 and cultured every 3–4 days. Cells were
double washed in 3 mL of phosphate buffer saline and de-
tached from flasks with 0.25% trypsin before centrifugation.

After 3 min of centrifugation at 120 relative centrifugal
force �rcf�, a standard hemocytometer was used to count the
number of cells per milliliter. Approximately 200,000 cells
were plated on a 35-mm coverslip dish �Mat-Tek, Ashland,
Massachusetts� to be tested.

2.2 Confocal Microscope and Imaging Parameters
All confocal images were collected at the Duke University
Light Microscopy Core Facility on a Leica SP5 laser scanning
confocal microscope �Wetzlar, Germany�. All cells were im-
aged in a temperature-controlled �37 °C� live cell chamber. A
405-nm diode laser source with a mean power of 2.4 mW at
the sample plane and scanning rate of 400 Hz was coupled to
an inverted Leica DM16000CS microscope with a 40X oil-
immersion objective �Leica Plan NeoFluor, NA=1.25�. The
imaging field of view was 242�242 �m with 512
�512 pixels per image. An acousto-optic beamsplitter
�AOBS� served as a dichroic mirror to allow the 405-nm
excitation light to reach the sample and to allow selection of
emission wavelengths. Cooled photomultiplier tubes �PMTs�
were used to measure fluorescence through a 121-�m pinhole
in a confocal arrangement with a theoretical axial resolution
of 2 �m.

The emission bandpass for integrated fluorescence inten-
sity measurements was set to 610–700 nm, which was cho-
sen from preliminary spectroscopy data on cells that showed a
fluorescence peak at 630 nm, corresponding to PpIX, as pub-
January/February 2010 � Vol. 15�1�2
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ished in the literature.42 Images were taken at two separate
elds of view and line averaged �16X per line� for improved

mage quality. Each fluorescence intensity image was ac-
uired in �20 s per image �1 /400 per second 16 averages per
ine�512 lines per image�. Spectrally resolved fluorescence
mages at 405 nm excitation were collected at each of 34
mission wavelengths between 420 and 750 nm with a line
verage of 1. The AOBS had a collection bandwidth of
0 nm. A prism with a sliding mirror placed in the optical
ath prior to the PMT was scanned every 10 nm to ensure
yquist sampling was fulfilled across all wavelengths. Total

cquisition time was 43.5 s for all wavelengths in each spec-
ral image �1 /400 per second 1 average per line�512 lines

34 wavelengths per spectral image�. Leica LAS AF 1.8.2
oftware �Wetzlar, Germany� was used for data acquisition.
ll images �intensity and spectral� were acquired with a gain
f 1200 V, offset 0.7% and zoom of 1.6.

Prior to imaging, a calibration intensity image of standard
uorescent beads was obtained �FocalCheck Fluorescence
icroscope Test Slide No. 2, Invitrogen, Carlsbad, California�

o correct for daily variations in microscope throughput. The
ean fluorescence intensity over all experiments was
08�5 units. Integrated fluorescence intensity images were
ormalized by dividing the measured intensity by the intensity
f the calibration standard measured on the same day.

.3 Cell Imaging
wenty-four hours after plating, the original cell media was
emoved from the culture dish, and cell lines were treated
ither with 500 �g /mL of ALA in standard cell media or
tandard media alone and incubated for 2 h prior to imaging.
ecause ALA is not fluorescent, it was not removed before

maging. The concentration of ALA �data not shown� was
hosen experimentally. At 500 �g /mL of ALA, no photo-
oxic effects were seen in any cell line tested for this paper.
ell viability was verified by a trypan blue exclusion assay as

Table 1 Experimental samp

Sample size definitio

Integrated
fluorescence

intensity

Treated 1 Sample=
intensity of

per im

Untreated 1 Sample=
intensity of

per im

Spectrally
resolved

fluorescence

Treated 1 Samp
spectra av
from a clu

cells �3–5 c
imag

Untreated 1 Samp
spectra av
from a clu

cells �3–5 c
imag
ournal of Biomedical Optics 018002-
determined by a previously tested protocol.45 Viable cell con-
centration was then determined by counting the ratio of cells
that were still viable �unstained� to all cells, and 89%�6% of
ALA-treated and 85%�8% of untreated cells were found to
be viable. Finally, 500 �g /mL of ALA was found to be
within the range of concentrations used in previous cell cul-
ture studies.18,40

To determine the optimal time to measure the fluorescence
of PpIX �data not shown�, a subset of cells �normal mammary
epithelial MCF10A, MDA-MB-435 �ER− �, and MCF7
�ER+ �� was tested. The fluorescence intensity increased lin-
early from 0 to 6 h post-ALA treatment, as seen in previous
studies,40 and therefore, the peak intensity window was as-
sumed to be �6 h post-ALA treatment for all cell lines. The
2-h time point was chosen because it is clinically practical
and showed distinct differences between normal mammary
epithelial and breast cancer cell lines �see Sec. 3�.

The sample size for each cell line included 12 treated and
seven untreated plates. Fluorescence intensity images were
obtained from six of the treated and six of the untreated
plates. Confocal spectral imaging was completed on six addi-
tional treated plates and a single untreated plate for each cell
line. Sample size calculations for imaging of integrated fluo-
rescence and confocal spectral imaging are summarized in
Table 1.

2.4 Analysis of Integrated Fluorescence Intensity
Images

Integrated fluorescence intensity images were analyzed using
NIH ImageJ software. Integrated fluorescence intensity for
each breast cell line was determined by manually segmenting
each cell in the image and then computing the average fluo-
rescence intensity. Background intensity was subtracted, and
the resulting data normalized by the fluorescence of the cali-
bration was standard. The background was defined as an area

for confocal microscopy.

No.
Images/

plate
No.

plates

Total No.
of

samples

e
s

6 2 12 per
cell line

e
s

6 2 12 per
cell line

r

6 2 12 per
cell line

r

1 1 1 per cell
line
le size

n

Averag
all cell

age

Averag
all cell

age

le=3
eraged
ster of
ells� pe
e

le=3
eraged
ster of
ells� pe
e
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ithout cells that was approximately equivalent to the size of
n entire cell �2000–5000 pixels, depending on the cell line�.
luorescence intensity values for all cells within each image
ere then averaged to represent one sample �each image had

pproximately 10–50 cells within a field of view, depending
n the cell line�. A total of n=12 fields of view �two images
er sample� were imaged, from which the average integrated
uorescence intensity per cell line was derived for both

reated and untreated cells.

.5 Analysis of Spectrally Resolved Fluorescence
Images

or spectrally resolved fluorescence images, a spectrum was
alculated by the Leica software from an area of 3–5 adjacent
ells �6000–15,000 pixels, depending on the cell line�. Three
roups of adjacent cells were manually segmented, and all
pectra were averaged to obtain a single spectrum �three per
mage�. A background spectrum was obtained from a cell-free
egion in each image �2000–90,000 pixels, depending on the
ell-line growth pattern� and subtracted from each of the three
pectra. These three spectra were imported into MATLAB
Mathworks, Inc., Natick, Massachusetts� to calculate Frac-
ional PpIX contribution �FPC�. �See Section 3 for further
iscussion of this calculation�. The three FPC values from
ach image were averaged to obtain a single FPC per image.

total of n=12 FPCs �two images per sample� was calcu-
ated for all six treated cell plates, from which the average
PC for the cell line was calculated.

.6 Statistics
ll statistics were computed with JMP �SAS, Cary, North
arolina� software. ANOVAs and t-tests were completed with
Tukey–Kramer correction for multiple comparisons to de-

ermine statistical significance. Exact two-sided p-values were
omputed, and all p�0.05 were considered significant. All
alculated correlations are reported with a Pearson coefficient.

Results
.1 Integrated Fluorescence Intensity Images
igure 1 shows representative integrated fluorescence inten-

ig. 1 Representative confocal integrated fluorescence intensity im-
ges �uncalibrated� of normal mammary epithelial �Normal� and
reast cancer �Malignant� cells treated with ALA for 2 h. Excitation
as at 405 nm, and emission was collected between 610 and
00 nm.
ournal of Biomedical Optics 018002-
sity images of untreated and treated cell lines with different
ER phenotypes. The untreated normal mammary epithelial
cell line image has much higher pretreatment endogenous
fluorescence than either breast cancer cell line, which is likely
due to the endogenous fluorophore, FAD. Bright specks out-
side of the cells in the normal column are cellular debris
caused by plating on untreated glass and were not included in
subsequent analyses. Untreated ER− and ER+ breast cancer
cell lines qualitatively show similar distributions of endog-
enous fluorescence, which is diffusely distributed throughout
the breast cancer cells prior to treatment and a few areas of
high intensity around the nucleus. All cells showed an in-
crease in PpIX fluorescence after 2 h of ALA treatment, as
seen in the “Treated” row in Fig. 1. The normal mammary
epithelial cell line shows bright points of PpIX fluorescence
within an even distribution of cellular fluorescence. Breast
cancer cell lines show brighter fluorescence in the perinuclear
cytoplasm, and although the edges of the cells are clearly
visible in the post-treatment images, the edges are not as in-
tense. PpIX fluorescence is only in the cellular cytoplasm �as
opposed to the nucleus� in all cell lines.

3.2 Cellular Fluorescence Spectra
Figure 2 shows normalized representative fluorescence spec-
tra from one untreated �Fig. 2�a�� and one ALA-treated plate
�Fig. 2�b�� of normal mammary epithelial, ER−, and ER+ cell
lines at 405 nm excitation. Excitation at 405 nm is expected
to elicit fluorescence from FAD and PpIX.46 Normalized rep-
resentative spectra in Fig. 2 show a single broad emission,
which is due to FAD, and spectra from treated cells show an
additional distinct ALA-induced PpIX emission peak at
630 nm with a shoulder at 700 nm �Fig. 2�b��, similar to that
observed by others.46 It should be noted that the tail of the

Fig. 2 Representative normalized fluorescence spectra at 405-nm ex-
citation of �a� untreated cells and �b� ALA-treated cells. Spectra were
normalized to the peak intensity.
January/February 2010 � Vol. 15�1�4
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AD fluorescence spectrum overlaps with the PpIX fluores-
ence between 610 and 700 nm �Fig. 2�b��, and therefore, it is
ssumed to contribute to integrated fluorescence intensity im-
ges collected over a bandpass of 610–700 nm.

.3 Quantitative Integrated Fluorescence Intensity
Measurements

n Fig. 3, the six cell lines were grouped in pairs by ER
xpression �normal mammary epithelial, malignant ER−, and
alignant ER+�. All cell lines exhibited significantly greater
uorescence intensity following treatment �p�0.05�. The
ormal mammary epithelial cell lines �MCF10A and HMEC�
ntreated fluorescence intensity was significantly greater than
ll untreated breast cancer �MDA-MB-231, MDA-MB-435,
CF7, and MDA-MB-361� cell lines �Fig. 3�a�, p�0.01�.
alibrated fluorescence intensity of the ALA-treated HMEC
ell line was significantly greater than the treated MDA-MB-
31 breast cancer cell line, but not significantly different com-
ared to the other ALA-treated breast cancer cell lines. Figure
�b� shows that the percentage change in PpIX fluorescence
ntensity following treatment was significantly greater in all
reast cancer cell lines as compared to both normal mammary

ig. 3 Average and standard error of the �a� calibrated integrated fluo-
escence intensity �c.u.� per cell line �n=12� and �b� percentage
hange in integrated fluorescence intensity of treated compared to the
ntreated controls �n=12�. Asterisks denote that each ALA-treated
reast cancer cell line has a statistically higher percentage change in

ntegrated fluorescence compared to ALA-treated normal mammary
pithelial cell lines �Normal� �p�0.05�.
ournal of Biomedical Optics 018002-
epithelial cell lines by at least 150% �Fig. 3�b�, p�0.05�. No
significant differences in the percent change of fluorescence
intensity were observed between or within the ER− and
ER+ breast cancer cell lines.

3.4 Quantitative analysis of the fluorescence spectral
data

Although the breast cancer cells demonstrated a significant
percentage increase in fluorescence following ALA treatment,
it may be clinically impractical to obtain a pretreatment mea-
surement. Post-treatment intensity measurements alone were
not useful in discriminating normal mammary epithelial cell
lines from breast cancer due to cell-to-cell variability in en-
dogenous FAD fluorescence. A method for differentiating be-
tween normal mammary epithelial and breast cancer cells us-
ing only post-treatment measurements would be desirable.
Fluorescence spectral images that capture both FAD and PpIX
fluorescence have the potential to directly address this prob-
lem as presented below.

The contribution of FAD fluorescence to the PpIX fluores-
cence was quantified and removed as shown in Fig. 4. First,
the spectrum between 520–600 nm and 700–750 nm ���
was fit with a fourth-order polynomial to approximate an un-
treated spectrum ���. All polynomials were shown to have a
goodness-of-fit coefficient �r� of 0.93. The fitted curve ���
was then subtracted from the measured data �—�, which re-
sulted in an FAD-subtracted PpIX spectrum �--�. The area
under the curve of the resulting PpIX spectrum was calculated
over 610–700 nm and represents integrated PpIX fluores-
cence intensity. The area under the curve of the fitted FAD
spectrum was calculated to represent the integrated baseline
FAD fluorescence intensity. Then, FPC was calculated as the
ratio of integrated PpIX and FAD fluorescence intensities.

Figure 5 shows the FPC for each cell line. All breast can-
cer cell lines have a significantly higher FPC than normal
mammary epithelial cell lines. It is not surprising to note that
the FPC and percentage change in fluorescence intensity,
�Figs. 3 and 5�, are significantly and positively correlated
�Pearson coefficient=0.92, p�0.05�. No differences in FPC
were observed between ER+ and ER− cell lines. Therefore, it
can be said that PpIX fluorescence is preferentially accumu-
lated in all breast cancer cells studied here, regardless of ER
expression.

Fig. 4 Representative spectral data �—�, spectral data used in fit ���,
polynomial fit ���, and the resulting PpIX spectrum �--�.
January/February 2010 � Vol. 15�1�5
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Discussion
his study demonstrates the ability of ALA-induced PpIX to
iscriminate breast cancer cell lines from normal mammary
pithelial cells. Breast cancer cell lines used in this study
omprised a variety of phenotypes, including ER− and ER+
ER is expressed in �60% of all breast cancers�.47 The re-
earch showed that fluorescence of ALA-treated cells �two
ormal mammary epithelial and four breast cancer cell lines�
as significantly greater than the equivalent untreated cell

ines. Also, breast cancer cell lines could be easily discrimi-
ated from normal mammary epithelial cell lines by determin-
ng the percentage change in fluorescence intensity after PpIX
reatment. However, the high endogenous FAD fluorescence
resent in untreated normal mammary epithelial cells resulted
n overall greater post-treatment fluorescence in normal mam-

ary epithelial cells compared to breast cancer cells and dem-
nstrated the need for a method to account for the cell-to-cell
ariability in FAD fluorescence in the absence of pretreatment
mages. Spectroscopy provided a means of separating endog-
nous fluorescence contribution from ALA-induced PpIX
uorescence and enabled discrimination of normal mammary
pithelial and breast cancer cells based on a single post-
reatment measurement.

Ratiometric methods have been used previously for ALA
tudies in oral, bladder, and head and neck tissues31,41,48 to
ccount for the contribution of endogenous fluorescence.
luorometric ratios of red fluorescence to green or blue fluo-
escence were able to detect malignancies in these various
rgan sites.31,41,48 However, implementing these methods to
ccount for endogenous fluorescence in the present study did
ot produce statistically significant differences in the breast
ancer cell lines compared to the normal mammary epithelial
ines. The probable reason for the lack of significant differ-
nces in this study was that the high endogenous fluorescence
n the green or blue wavelength range overwhelms the red
pIX contribution. Instead of calculating the ratio in the blue
r green, decoupling PpIX fluorescence from the overall re-
itted fluorescence to compute fractional PpIX fluorescence

ontribution was required for discrimination of normal mam-
ary epithelium from all breast cancer cell lines and could be

ompleted with a single post-treatment spectroscopic mea-
urement.

ig. 5 Average and standard error of the FPC. Asterisks denote that the
PC of each breast cancer cell line is significantly higher than those of
oth normal mammary epithelial cell lines �p�0.05�.
ournal of Biomedical Optics 018002-
Spectroscopic approaches similar to that presented here for
separating PpIX fluorescence from endogenous tissue fluores-
cence has been previously reported by Klinteberg et al.,21 who
used a similar technique for separation of PpIX fluorescence
from tissue autofluorescence in photodynamic therapy of
basal cell carcinoma. The endogenous fluorescence was re-
moved by exponentially fitting the FAD fluorescence and then
subtracting the FAD signal out to determine the photoproducts
after photodynamic therapy. Also, spectroscopic deconvolu-
tion of the endogenous signal from PpIX spectra has been
previously shown by Gibbs-Strauss et al.49 Comparison of the
detected signals to a liquid tissue phantom containing PpIX
allowed for delineation of the PpIX signal from nonspecific
fluorescence transmitted through normal and cancerous tissue
in a mouse brain.49 The results from the study by Gibbs-
Strauss et al.49 provided evidence of high endogenous fluores-
cence background when measuring PpIX fluorescence from
ALA-treated cancer.

The breast cancer cell lines in this study exhibited a sig-
nificant increase in fluorescence intensity compared to normal
mammary epithelial cells after administration of ALA, as seen
previously in vitro.16,23,29 Only one other in vitro study has
compared PpIX production in a breast cancer and correspond-
ing normal cell line. Specifically, Rodriguez et al.29 showed
that HB4-A R-ras breast cancer cell lines had higher PpIX
fluorescence compared to immortalized cells not transfected
with the Ras oncogene.

The cellular origin of the MDA-MB-435 cell line has re-
cently been questioned. It has previously been shown that the
MDA-MB-435 has a gene-expression profile consistent with
M14 melanoma cells.50 However, more recently it has been
argued that the MDA-MB-435 cell line is indeed of breast
cancer origin.51 The MDA-MB-435 originated from a female,
and the original M14 melanoma line was reported to be de-
rived from a male patient.51 The current M14 melanoma line
stock does not contain a Y chromosome, which indicates that
the M14 was most likely compromised.51 In spite of the con-
troversy surrounding the origin of the MDA-MB-435 cell
line, the results from this study demonstrate concordance be-
tween MDA-MB-435 and the other breast cancer cell lines
studied in terms of its uptake of ALA.

This paper presents an examination of the diagnostic po-
tential of PpIX with a panel of normal mammary epithelial
and breast cancer cell lines. It was found that the relative
change in PpIX fluorescence intensity could discriminate
breast cancer from normal mammary epithelial cell lines and
was not affected by varying ER expression in cell lines. The
ability to discriminate cells post-ALA treatment shows the
potential for the use of spectroscopic methods in margin as-
sessment of breast cancer with PpIX fluorescence, regardless
of ER status. The MDA-MB-361 cell line tested here also
expressed the HER2+ /NEU phenotype model, but did not
have a significantly different PpIX fluorescence intensity as
compared to all other cancer cells tested. Therefore,
HER2+ /NEU cell lines were not further explored by our
group, and we believe PpIX would have similar results in
other phenotypes, as shown by the lack of difference in the
HER2+ /NEU phenotype MDA-MB-361 cells.

This study is an important initial step in characterizing
PpIX fluorescence expression within different biological sub-
types of breast cancer cell lines and comparing them to nor-
January/February 2010 � Vol. 15�1�6
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al mammary epithelial cell lines. Because of the limitations
f an in vitro study, it was not possible to evaluate the pos-
ible effects of vascular transport of ALA to the target tissues
nd the corresponding effect on uptake of ALA and conver-
ion to PpIX. Thus, further work is required to address this
ssue, and the work presented here is a first step toward real-
zing the utility of ALA for breast cancer delineation. In future
tudies, ALA-induced PpIX fluorescence will be examined in
enograft breast cancer models, including ER and
ER2+ /NEU phenotypes.
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