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Detection and Differentiation of 
Breast Cancer Sub-Types using a 
cPLA2α Activatable Fluorophore
Michael G. Chiorazzo1, Hanna Maja Tunset  2, Anatoliy V. Popov1, Berit Johansen3,4, 
Siver Moestue2,5 & E. James Delikatny1

Cytosolic phospholipase A2α (cPLA2α) has been shown to be elevated in breast cancer and is a 
potential biomarker in the differentiation of molecular sub-types. Using a cPLA2α activatable 
fluorophore, DDAO arachidonate, we explore its ability to function as a contrast agent in fluorescence-
guided surgery. In cell lines ranging in cPLA2α expression and representing varying breast cancer 
sub-types, we show DDAO arachidonate activates with a high correlation to cPLA2α expression level. 
Using a control probe, DDAO palmitate, in addition to cPLA2α inhibition and genetic knockdown, 
we show that this activation is a result of cPLA2α activity. In mouse models, using an ex vivo tumor 
painting technique, we show that DDAO arachidonate activates to a high degree in basal-like versus 
luminal-like breast tumors and healthy mammary tissue. Finally, we show that using an in vivo model, 
orthotopic basal-like tumors give significantly high probe activation compared to healthy mammary 
fat pads and surrounding tissue. Together we conclude that cPLA2α activatable fluorophores such as 
DDAO arachidonate may serve as a useful contrast agent for the visualization of tumor margins in the 
fluorescence-guided surgery of basal-like breast cancer.

Fluorescence guided surgery is an emerging technique that utilizes fluorescence contrast agents to aid in the iden-
tification of tumor margins during surgical resection1–10. Surgical resection of breast cancer remains the leading 
form of treatment and relapse free survival is directly correlated with complete removal of the primary tumor11–13. 
Fluorescent contrast agents, which enhance the ability to discern tumor margins, could therefore play a crucial 
role in improving disease treatment. In breast cancer specifically, there is a great a need for improved tumor resec-
tion as the positive surgical margin rates have been shown to range from 5–49% based on the study performed14.

Several fluorescent contrast agents have been explored for their potential clinical use as intraoperative 
agents including indocyanine green, fluorescein, and methylene blue2,3,7,8,15. These agents rely on the Enhanced 
Permeability and Retention (EPR) effect, a characteristic associated with disordered tumor vasculature which 
results in increased accumulation and retention of high molecular weight particles16. Optimization of dye dosage 
and plasma half-life is necessary in order to decrease background from systemic circulation while retaining high 
tumor signal17. Efforts to improve signal to noise have been made through the targeting of fluorophores to cancer 
signatures with varying success17–22. An alternative solution is the use of enzyme targeted activatable fluorophores 
that remain non-fluorescent until selectively acted upon23–31. A single enzyme, cleaving multiple substrates, can 
result in rapid signal amplification32. Unlike targeted fluorophores, activatable fluorophores provide a measure 
of enzyme activity that may differ from expression level. Additionally, activatable fluorophores could be applied 
to tissue in real-time during surgery, avoiding the need for systemic administration and potentially reducing 
off-target effects.

cPLA2α has been of increasing interest to the oncology field for its elevated activity in certain cancers33–35. In 
breast cancer, cPLA2α expression has been shown to be correlated with molecular sub-type, and is expressed at 
high levels in the basal-like, triple negative phenotype36–38. Using clinical mRNA expression data from a publically 
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available online tool, it can be shown that basal-like patients with higher expression of cPLA2α have a signifi-
cantly decreased rate of relapse free survival (p = 0.00024)39. In addition, cPLA2α inhibition has been shown to 
delay tumor growth in preclinical models40.

Activatable fluorophores with selectivity towards cPLA2α have been described based on a caged fluo-
rescence design41. DDAO arachidonate, consists of arachidonic acid esterified to the fluorophore DDAO 
(9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl, Fig. 1). Esterification of DDAO results in ablated fluores-
cence and serves as a caged mechanism of activation. cPLA2α has high selectivity towards arachidonic acid and 
therefore can cleave DDAO arachidonate but not DDAO palmitate, a control probe useful in the evaluation of 
non-specific probe cleavage. Following cleavage of esterified DDAO, fluorescence can be detected with a broad 
excitation between 600–650 nm and an emission maximum at 660 nm. This wavelength lies at the edge of the 
near infrared (NIR) window, a region of the electromagnetic spectrum with minimal absorption from biological 
tissue17. NIR fluorophores are therefore ideal for the development of contrast agents for fluorescence-guided sur-
gery. Here, we explore the use of DDAO arachidonate to detect cPLA2α activity in several breast cancer sub-types 
both in cells and in vivo mouse models.

Results
Intracellular evaluation of cPLA2α activity by DDAO arachidonate. Three breast cancer cell lines 
were chosen to represent the three most well defined sub-types of breast cancer. MDA-MB-231 is a basal-like cell 
line representing triple-negative breast cancer. SKBR3 is a HER2-like cell line representing HER2 overexpressing 
breast cancer. MCF-7 is a luminal-like cell line representing estrogen receptor positive breast cancer. An addi-
tional cell line, 4175-Luc+, is a lung metastatic derivative of the MDA-MB-231 cell line engineered to overexpress 
luciferase and green fluorescent protein42.

Cell lines were analyzed by immunoblot to determine the relative protein levels of cPLA2α (Fig. 2A). 
Consistent with previous literature, it was found that MCF-7 cells display the lowest levels of cPLA2α, with SKBR3 
cells having 2-fold higher expression and MDA-MB-231 cells having 4-fold higher expression36. 4175-Luc+ cells 
displayed the highest cPLA2α expression, even greater than their parent cell line, MDA-MB-231.

The cPLA2α activity within these established cell lines was evaluated using, the cPLA2α activatable fluoro-
phore, DDAO arachidonate. Cells were cultured in 96 well, clear bottom, black walled plates. DDAO arachidonate 
was added to cells with and without 10 µM of the cPLA2α inhibitor AVX235 (Fig. S1). The probe DDAO palmi-
tate, which is not sensitive to the actions of cPLA2α, was also utilized in separate wells as a control. Fluorescence 
was acquired after four hours in the 700 nm channel of the Odyssey imaging system (Fig. 2A). It was determined 
that 4175-Luc+ cells gave the highest increase in fluorescence, followed by the MDA-MB-231 cell line, then the 
SKBR3 cell line, then the MCF-7 cell line which had the lowest level of fluorescence generation (Fig. 2B). AVX235, 
a highly potent cPLA2α inhibitor, led to significant reduction of DDAO arachidonate fluorescence in 4175-Luc+ 
and MDA-MB-231 cells (p = 0.006 and p = 0.03, respectively). In contrast, DDAO arachidonate fluorescence was 
not significantly reduced by AVX235 in SKBR3 and MCF-7 cells (Fig. 2B). AVX235 had no effect on non-specific 
fluorescence generated by DDAO palmitate. The DDAO arachidonate fluorescence was adjusted by subtracting 
the non-selective DDAO palmitate fluorescence in order to quantify the relative cPLA2α activity within these cell 
lines (Fig. 2C). Correlation of cPLA2α protein expression with relative DDAO arachidonate signal resulted in a 
strong positive correlation (R2 = 0.9633) (Fig. 2D).

To determine whether the inability to significantly reduce fluorescence in MCF-7 and SKBR3 cells using 
AVX235 was the result of limitations in signal detection, we repeated our activation experiments using fluo-
rescence confocal microscopy (Fig. 3A). Similar to the spectroscopic analysis, DDAO fluorescence was high-
est in basal-like breast cancer cell lines and lowest in luminal-like cell lines. Furthermore, a clear reduction in 
fluorescence was observed in all cell lines following incubation with AVX235. In addition to differing fluores-
cence intensity between cell lines, a clear difference in sub-cellular distribution of DDAO was observed (Fig. 3B). 
MDA-MB-231 cells showed DDAO fluorescence evenly dispersed throughout the cytoplasm. SKBR3 cells showed 
cytoplasmic activation, but the fluorescence was confined to small vesicles. MCF-7 cells showed low general acti-
vation, with some fluorescence at the plasma membrane. Further investigation of this effect with time was per-
formed with wide-field fluorescence microscopy over the course of 70 minutes in 4175-Luc+ cells (Fig. S2). Here, 
fluorescence appeared at first concentrated in small vesicles near the perinuclear region. With time, the vesicles 
disappeared and the fluorescence was distributed evenly throughout the cytoplasm.

In order to further validate that the observed fluorescence signal was a result of cPLA2α activity, 4175-Luc+ 
cells were transfected with a cPLA2α targeted CRISPR knockout vector (Santa Cruz Biotechnology). Fluorescence 

Figure 1. DDAO arachidonate structure and activation. DDAO arachidonate, consisting of DDAO esterified 
to arachidonic acid is non-fluorescent at 600 nm. Cleavage of the ester linkage by cPLA2α, releases free DDAO, 
which becomes fluorescent with an ex/em maxima of 600/660 nm.
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cell sorting was used to isolate vector expressing cells (Fig. S3). Immunoblotting revealed a 40% decrease in 
cPLA2α protein expression in CRISPR treated cells (Fig. 4A,B). Although complete genetic knockout was 
not achieved, DDAO arachidonate activation was evaluated using fluorescence spectroscopy and a significant 
decrease in fluorescence intensity was observed in the cPLA2α knockdown cells (p = 8.2 × 10−7) (Fig. 4C,D).

Ex vivo detection of cPLA2α activity in mouse tumor models. In order to evaluate the use of DDAO 
arachidonate for tumor detection, 4175-Luc+ cells were grown as tumor xenografts in mice. DDAO arachidonate 
or DDAO palmitate were injected i.v. and whole-body fluorescence was monitored with time. High background 
fluorescence from probe cleavage in the intestines was observed, making resolution of tumor signal challenging 
(Fig. S4A). This activation was not significantly different between cPLA2α and control probes and is therefore 
likely related to non-cPLA2α mediated cleavage, probably due to pancreatic phospholipases in the digestive tract 
(Fig. S4B). This activation was confirmed through ex vivo organ analysis showing high intestinal fluorescence 
including the stomach, small intestine, and large intestine (Fig. S4C,D). Despite this, comparison of non-digestive 
tract organs revealed DDAO arachidonate tumor fluorescence to be significantly higher than heart, lungs, kidney, 
and muscle (p = 0.02, 0.03, 0.04, 0.04, respectively) (Fig. S4E).

Activatable fluorophores offer the advantage of direct application to the tumor during surgery. Therefore, in 
order to avoid the background signal association with systemic delivery, the feasibility of applying DDAO arachi-
donate directly to 4175-Luc+ tumors was tested. Orthotopic tumors were excised from non-treated mice, sliced, 
and immediately placed in culture medium. Tumors were given 1 hour to adjust to ex vivo culture, then DDAO 
arachidonate, DDAO palmitate, or saline was applied to the tumor. After 3 hours, tumors were washed 2x with PBS 
to remove background signal and fluorescence was acquired on the LI-COR Pearl Imaging System (700 nm chan-
nel). Fluorescence was confirmed to be detectable on the LI-COR Pearl channel through imaging of free fluoro-
phore at pH 7.4 and pH 5.0. At low pH the hydroxyl group in DDAO is protonated, which depletes fluorescence, 

Figure 2. DDAO arachidonate activation in cell lines varying in cPLA2α expression. (A) cPLA2α protein 
expression in four breast cancer cell lines representing three different molecular sub-types: Basal-like triple 
negative (4175-Luc+ and MDA-MB-231), HER2-overexpressing (SKBR3), and luminal-like (MCF-7). 
Membrane was cut and lower portion was blotted for ß-tubulin as a loading control. Full gel is provided in 
Fig. S6. (B) Fluorescence (ex/em: 685/720 nm) in cells treated with DDAO arachidonate or DDAO palmitate. 
cPLA2α inhibition through AVX235 treatment resulted in significant fluorescence reduction in 4175-Luc+ and 
MDA-MB-231 cells (p = 0.006 and 0.03, respectively). (C) Adjusted cPLA2α activity derived from (B) through 
the subtraction of DDAO palmitate fluorescence from DDAO arachidonate fluorescence, plotted relative to 
4175-Luc+ activity. (D) Correlation of cPLA2α expression (A) to cPLA2α activity (C) showed a strong positive 
correlation (R2 = 0.9633) between cPLA2α expression and activity.
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mimicking the caged fluorescence seen with esterification (Fig. S5). In the painted tumors, significantly higher 
activation of DDAO arachidonate was observed compared to DDAO palmitate (p = 7 × 10−6) (Fig. 5A). In addi-
tion, the DDAO palmitate fluorescence was significantly higher than saline control (p = 4.5 × 10−4). Ex vivo flu-
orescence activation with time was compared between 4175-Luc+ tumors, MCF-7 tumors, and non-inoculated 
mammary fat pad (Fig. 5B). Significantly higher fluorescence activation was observed in 4175-Luc+ tumor slices 
when compared to MCF-7 tumor slices and non-inoculated mammary fat pad at 30 minutes (p = 0.002 and 0.04, 
respectively) and 1 hour (p = 0.001 and 0.04, respectively) (Fig. 5C).

Application of DDAO arachidonate to assist in identification of tumor margins in vivo. In order 
to mimic painting of DDAO arachidonate in a surgical setting, 4175-Luc+ cells were grown as orthotopic tumors 
in the lower mammary fat pad directly below the peritoneal cavity. As an off-site control, cells were also grown as 
subcutaneous shoulder tumor xenografts, distal to the peritoneal cavity. DDAO arachidonate was then admin-
istered i.p. directly below the tumor. Following a one-hour incubation, mice were euthanized and the peritoneal 
cavity was exposed (Fig. 6A). High fluorescence was observed that overlapped with the tumor location (indicated 
with a white arrow). Minimal fluorescence activation was observed in the peritoneal cavity. Orthotopic tumor, 
mammary fat pads from opposing sides, and control shoulder tumor xenograft were excised, washed in PBS, 
and imaged for fluorescence (Fig. 6B). High fluorescence from orthotopic tumors was observed, which was sig-
nificantly higher than fluorescence from the inoculated mammary fat pad, non-inoculated mammary fat pad, 
and the shoulder tumor xenograft (anatomically distal to site of injection) (p = 0.002, 0.001, 0.001, respectively, 
n = 5). The radiance measured in orthotopic tumors ranged from 7 to 12 fold higher than mammary fat pad 
signal. MCF-7 tumors (n = 2) subjected to identical evaluation showed significantly lower levels of fluorescence 
compared to 4175-Luc+ (n = 3, p = 0.01). However, adjusting for lower overall signal intensity in MCF-7 tumors 
revealed a significant activation of DDAO arachidonate in MCF-7 orthotopic tumors vs. non-inoculated and 
inoculated mammary fat pad (p = 0.009 and 0.01, respectively) (Fig. 6C).

Figure 3. Confocal fluorescence microscopy of DDAO arachidonate and DDAO palmitate activation. (A) 
MDA-MB-231, SKBR3, and MCF7 cells treated with DDAO arachidonate or DDAO palmitate for four 
hours with and without cPLA2α inhibition. cPLA2α activated DDAO fluorescence is shown as a heat map 
with brighter areas representing higher fluorescence intensity. The highest fluorescence was observed in 
MDA-MB-231 cells, followed by SKBR3, then MCF-7. In all cases, cPLA2α inhibition appeared to decrease 
fluorescence. For all cell lines, DDAO palmitate resulted in considerably less fluorescence signal. (B) Subcellular 
distribution of DDAO arachidonate following four hours of probe incubation. DDAO fluorescence is shown in 
green, and nuclear stain (HOECHST 33342) is shown in blue. Fluorescence is not adjusted for relative intensity, 
but is optimized for visualization of probe distribution.
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Discussion
cPLA2α has recently been shown to have an important role in breast cancer progression and to be a potential 
therapeutic target in basal-like breast cancer. cPLA2α expression levels have been shown to correlate with molec-
ular sub-type, being highest in basal-like and lowest in luminal-like carcinoma36,37. cPLA2α is therefore is a pow-
erful biomarker for the detection of aggressive, basal-like breast cancer. Using a newly developed, red fluorescent, 
cPLA2α targeted, activatable fluorophore (DDAO arachidonate) and control (DDAO palmitate) we sought to 
exploit this biomarker for the detection and differentiation of breast cancer in cultured cells and tumors.

To begin, we sought to assess whether activation of DDAO arachidonate varied between breast cancer 
sub-types expressing different levels of cPLA2α. Fluorescence spectroscopy indicated that activation was highest 
in basal-like triple negative cells, followed by HER2-like cells, and lowest in luminal-like cells. Fluorescence was 
highly correlated to enzyme expression level, indicating that cPLA2α activity is closely linked to expression. 
The absence of high signal from the DDAO palmitate probe indicates low non-selective activation. Use of a 
cPLA2α inhibitor, AVX235, resulted in significant reduction of fluorescence in basal-like cells but not HER2-like 
or luminal-like cells, although a trend of lowered signal was seen. It is possible that difficulties in signal detection 
were related to the inherently low cPLA2α activity, and detection sensitivity simply was not high enough to obtain 
statistical significance. Using confocal microscopy to examine fluorescence activation in individual cells appeared 
to confirm this hypothesis and a clear drop in cellular fluorescence was observed in all cell lines tested following 

Figure 4. DDAO arachidonate fluorescence in cPLA2α knockdown 4175-Luc+ cells. (A) Protein expression 
in 4175-Luc+ cells, cPLA2α CRISPR knockout plasmid transfected cells, and scrambled CRISPR knockout 
plasmid transfected cells. Full gel is presented. (B) Quantitated cPLA2α protein levels, taken from (A), 
relative to beta-tubulin. Significant knockdown of cPLA2α protein was observed in cPLA2α CRISPR plasmid 
transfected cells (p = 8.2 × 10−7). (C) Relative fluorescence of DDAO arachidonate or DDAO palmitate with 
time in cPLA2α knockdown cell lines. (D) Quantitated relative fluorescence at 120 minutes, taken from 
(C). Significant reduction of fluorescence was observed in cPLA2α knockdown cells treated with DDAO 
arachidonate (p = 1.58 × 10−6). No significant changes in fluorescence were observed when treated with DDAO 
palmitate.
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incubation with AVX235. In addition to AVX235 inhibition experiments, CRISPR cPLA2α knockdown cells 
were generated to provide a more direct evaluation of the cPLA2α dependent activation of DDAO arachidonate. 
After treatment with a cPLA2α knockout plasmid, a 40% decrease in cPLA2α expression was observed, we refer 
to this cell line as cPLA2α knockdown. When analyzed for DDAO arachidonate activation, cPLA2α knockdown 
cells exhibited decreased fluorescence activation, which correlated to protein expression. This provides further 
evidence that the observed fluorescence signal is a direct result of cPLA2α activity. In all cell lines analyzed with 
confocal microscopy, several cells were observed with higher fluorescence intensity compared to surrounding 
cells. These cells had characteristic signs of stress including rounding up and detachment from the plate. It has 
previously been reported that cPLA2α signaling is active in apoptotic activation43–46. Therefore, DDAO arachi-
donate may have additional use in the evaluation of therapeutic response in cancer, or as a probe to guide the 
development of novel cPLA2α inhibitors.

Interestingly, the cell lines displayed differences in sub-cellular distribution of DDAO. Basal-like cells showed 
an even cytosolic distribution. SKBR3 cells showed signal contained to cytosolic vesicles. Finally, MCF-7 cells 
showed fluorescence distributed around the cellular membrane. Liposomes are taken up into cells through two 
main processes47. Membrane fusion between the liposome and cellular membrane can occur resulting in dis-
persion of the probe in the membrane. Alternatively, endocytosis of the liposomes followed by fusion or lipid 
exchange can occur48. Based on the extent of lipid exchange, transfer to lysosomes may occur and present a 
source for non-selective activation. It is possible that the cell lines display different uptake mechanisms resulting 
in different activation sites. Time course microscopy (Fig. S2) in 4175-Luc+ cells showed DDAO fluorescence 
appeared first in small cytosolic vesicles followed by dispersion of the signal throughout the cytoplasm. Therefore, 
it is also possible that the observed differences in subcellular distribution of fluorescence may be a function of 
time and may depend on the degree of cPLA2α activity.

An initial analysis of in vivo DDAO arachidonate activation was performed through systemic tail vein injec-
tion. This resulted in high background signal occurring most prominently in the intestines. DDAO arachidonate 
has also been shown to be susceptible to cleavage by pancreatic phospholipase (sPLA2 GIB)41. High intestinal 
fluorescence may therefore be attributed to sPLA2-mediated cleavage, leading to less native probe available 
for tumor tissue. Chemical modification of DDAO arachidonate to reduce sPLA2 activation might reduce this 
observed background. Furthermore, use of fluorophores similar to DDAO, with longer emission wavelengths, 
might improve detection following systemic administration49.

Due to the activatable nature of DDAO arachidonate, systemic administration may not be necessary. Instead 
topical application of probe to tissue in real-time during surgery could aid in the identification of tumor margins. 
In addition, DDAO arachidonate could potentially allow for rapid and sensitive detection of small cancer cell 
deposits in the form of ductal carcinoma in situ (DCIS) or in lymph nodes. In order to explore this potential use, 
we developed a technique for tumor painting, whereby non-treated tumors were excised, cultured and treated 
ex vivo. Tumor painting experiments showed, similar to cellular studies, that basal-like tumors activated DDAO 

Figure 5. Ex Vivo Tumor Painting. (A) 4175-Luc+ orthotopic tumor slices incubated with DDAO 
arachidonate, DDAO palmitate, or saline for 3 hours followed by washing with PBS. Fluorescence was acquired 
in the LI-COR Pearl Impulse imaging system (700 nm channel). Significant higher DDAO arachidonate 
fluorescence was observed compared to DDAO palmitate and saline (p = 7 × 10−6 and 6.5 × 10−6 respectively). 
DDAO palmitate gave significantly higher fluorescence than saline control (p = 4.5 × 10−4). (B) 4175-Luc+ 
and MCF-7 orthotopic tumor slices and non-inoculated mammary fat pad slices were incubated with DDAO 
arachidonate. Fluorescence was acquired without washing over the course of 1 hour in the IVIS Spectrum 
imaging system (ex/em 640/680 nm). (C) Quantification of tissue fluorescence in (B). per gram of tissue. 
Significantly higher fluorescence was observed in 4175-Luc+ tumors versus MCF-7 and saline controls at 
30 minutes (p = 0.002 and p = 0.04, respectively) and 1 hour (p = 0.001 and p = 0.04, respectively).
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arachidonate to a significantly higher degree compared to DDAO palmitate. The observed increase in signal 
from DDAO palmitate compared to saline indicates that there may be some contribution from non-cPLA2α 
mediated cleavage, either through other phospholipase A2 isoforms or non-specific hydrolysis. However, despite 
this, DDAO arachidonate showed a strong time-dependent activation that was significantly greater in basal-like 
tumors than luminal-like tumors.

In experiments designed to model fluorescence-guided surgical painting in vivo, we injected the probe i.p. 
close to the site of orthotopic tumor. We found that this approach substantially reduced background fluores-
cence from the intestine, producing strong signals localized to the region of the tumor. Distribution through 
this approach may be occurring through diffusion to nearby tissue or through lymphatic distribution. A previ-
ous comparison of routes for the administration of liposomes found that i.p. injected liposomes were absorbed 
through the lymphatic system50. Due to the heavy lymphatic nature of mammary tissue, it may be that the ortho-
topic tumors are receiving high doses of DDAO arachidonate before systemic distribution can occur. Regardless, 
the absence of signal from healthy mammary fat pads and surrounding tissue in the peritoneal cavity indicate 
activation through this route of administration occurs primarily in cancerous tissue. In one case, residual fluo-
rescence was observed from the mammary fat pad in which the orthotopic tumor was grown. This may be the 
result of non-specific activation, inflammatory mediated processes, or the presence of residual tumor that was 
not entirely excised. The cause of this residual fluorescence was not explored, however we believe this highlights 
the potential utility of cPLA2α activity for tumor detection. Similar experiments with MCF-7 tumors indicated 
significant activation in tumors versus healthy mammary fat pad, albeit at levels significantly lower than basal-like 
tumors.

Taken together, DDAO arachidonate appears to be a useful research tool for the detection of cPLA2α activity 
in breast cancer cells lines. In addition, DDAO arachidonate may be useful for the fluorescence guided surgery 
of basal-like breast cancer in applications including the visualization of surgical margins. Topical application 

Figure 6. Intraoperative study of DDAO arachidonate. (A) DDAO arachidonate was injected i.p. directly under 
orthotopic tumors growing in the lower mammary fat pad adjacent to the peritoneal cavity. Following 1 hour, 
mice were euthanized, the peritoneal cavity was exposed and fluorescence was acquired (ex/em: 640/680 nm). 
Strong fluorescence signal occurred in areas overlapping the orthotopic tumor (indicated with a white arrow). 
(B) Orthotopic tumors, xenograft tumors, and mammary fat pads were dissected from mice, washed 1x with 
PBS and fluorescence was acquired (ex/em: 640/680). High fluorescence was detectable from 4175-Luc+ 
orthotopic tumors. (C) Signal from MCF-7 orthotopic tumors in (B) was low, but became detectable when 
detection sensitivity was increased, revealing tumor fluorescence higher than that of mammary fat pad.
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represents a feasible approach, with low background signal and high specificity that avoids the high intestinal 
activation that occurs with systemic administration. However, the anatomic location of the breast, combined 
with imaging systems that can isolate fluorescence to only breast cancer tissue may mitigate this effect in human 
patients51–55. In conclusion, DDAO arachidonate may be highly useful for enhancing detection of basal-like breast 
cancer.

Methods
DDAO arachidonate and DDAO palmitate were synthesized as described previously41. HOECHST 333258 
(Cat. # H1398) was generously provided by the Cellular and Molecular Imaging Core Facility at the Norwegian 
University of Science and Technology. The cPLA2α inhibitor, AVX235 (Fig. S1), was provided by Avexxin AS 
(Trondheim Norway)56. Egg phosphatidylcholine was purchased from Avanti Polar Lipids (Cat. # 840051C). 
MDA-MB-231, SKBR3, and MCF-7 cells were purchased from the American Type Culture Collection (ATCC). 
4175-Luc+ cells were generously provided by Dr. Andy Minn42. Human cPLA2α monoclonal rabbit antibody 
(Cat. # 2832S) and human beta-tubulin rabbit monoclonal antibody (Cat. # 2128S) were purchased through Cell 
Signaling Technology. IRDye800 goat anti-rabbit secondary antibody (Cat. # 925–32211) was purchased through 
LI-COR Biosciences. Athymic NCR nu/nu 01B7 female mice were purchased through Charles River. CRISPR/
Cas9 knockout (Cat. # sc-400678-KO-2) and control (Cat. # sc-418922) plasmids and UltraCruz reagent (Cat. # 
sc-395739) were purchased through Santa Cruz Biotechnology.

Probe Formulation. DDAO arachidonate and DDAO palmitate were prepared in liposomes for all experi-
ments. Probe was mixed with egg phosphatidylcholine in chloroform at a mole fraction of 0.05. The solvent was 
removed under a stream of nitrogen gas followed by high vacuum to remove trace chloroform. The dry lipid cake 
was suspended in sterile saline or 10 mM HEPES (pH 7.0) with 0.1 μM EDTA and 1.1 mM CaCl2. The final probe 
concentration was 100 µM for in vitro and 400 µM for in vivo assays. Liposomes were formed through sonication 
in a water bath sonicator until an optically clear suspension was obtained. Liposomes were used immediately 
following constitution.

Cell Culture. All cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum (HyClone Laboratories), 1% L-glutamine (Mediatech), and 1% penicillin-streptomycin 
(Mediatech). 4175-Luc+ cells were maintained in 5 µg/mL blasticidin (Invitrogen, Cat. # ant-bl-05). For rou-
tine maintenance, cells were passaged at a ratio of 1:10 and used for up to 20 passages before being discarded. 
Following thawing, the cells were cultured for a minimum of one week before experiments. Mycoplasma eval-
uation was performed routinely using the MycoAlert Mycoplasma Detection Kit (Lonza Group, Cat. # LT07).

Cellular fluorescence activation assay. Cells were seeded in 96 well black-wall, clear bottom plates at 1.5–
3.5 × 104 cells per well, and incubated for 48 hours, optimized so that each cell line was ~80% confluent at the 
time of the experiment. Assays were initiated through addition of 10 µL of DDAO arachidonate or DDAO pal-
mitate liposomes to 90 µL medium per well. Phenol red free medium was used for all optical experiments. For 
the cPLA2α inhibition experiments, cells were treated with 10 µM AVX235 for 2.5 hours prior to probe addition. 
Fluorescence was monitored on a LI-COR Odyssey CLx Imaging System (700 nm channel, ex/em 685/720 nm). 
For CRISPR activation studies a Molecular Devices Spectra Max M5 plate reader was used at 37 °C (bottom read, 
ex/em 600/660 nm).

Fluorescence microscopy. Cells were seeded in 96 well black-wall, clear bottom plates as described above. 10 µM 
AVX235 was added to cells 1.5 hours prior to addition of probe. Probe was added as described above and cells 
were incubated for 2.5 hours. Medium was then removed and 100 µL of phenol red and FBS free medium (37 °C) 
was added. 1 µL of HOECHST 333258 nuclear stain was added. Images were acquired on a Leica SP8 imaging 
system and analyzed with Image J.

Animal studies. All animal studies were approved by the Institutional Animal Care and Use Committee at the 
University of Pennsylvania and all methods were performed in accordance with the relevant guidelines and regu-
lations. Mice were purchased at 4–6 weeks of age. Weight was measured on arrival and monitored biweekly. Mice 
were euthanized in the event of rapid weight loss.

Tumor inoculation. Cancer cells at ~80% confluency were trypsinized, washed twice in PBS, diluted to 2 × 107 
cells/mL, and placed on ice. To this suspension, an equal volume of 4 °C Matrigel (Corning, Cat. # CB-40234A) 
was added. Prior to inoculation, mice were anesthetized with isoflurane (2–4%, 1 L/min O2) and the area of injec-
tion was sterilized with 70% isopropanol. The suspension was mixed thoroughly and drawn into a 1 mL syringe. 
Air bubbles were removed through tapping and the syringe was depressed until a continuous stream of media 
was released. Tumor xenografts were generated through injection into the right or left lower flank or superior 
shoulder flank. Orthotopic tumors were generated through injection into the mammary fat pad inferior to the 
lower nipple of the mouse. 1 × 106 cells were injected per tumor.

Optical imaging. Fluorescence was acquired on either the PerkinElmer IVIS Spectrum using a 640 nm excitation 
filter and a 680 nm emission filter (Bin: (M)8, FOV: 22.3 cm2, f2, 3s exposure) or a LI-COR Pearl Impulse using 
the 700 nm fluorescence channel (ex/em: 685/720 nm). IVIS Spectrum mages were analyzed with LivingImage 
4.4 and fluorescence is reported as Average Radiant Efficiency ([p/sec/cm2/sr]/[µW/cm2]). LI-COR Pearl images 
were analyzed with Image Studio Lite and fluorescence is reported in relative fluorescence units.
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Ex Vivo tumor painting. Untreated mice bearing orthotopic tumor xenografts were euthanized and tumor tissue 
was resected. Tissue was washed 1x in PBS and sliced using a razor to approximately 1 mm sections, which were 
then weighed and placed in 37 °C DMEM with 10% serum and cultured for 1 hour. The medium was replaced 
with phenol red free and serum free DMEM. 100 µL of liposomes containing 20 nmol probe was then pipetted 
evenly on top of the tissue and the tumors were imaged in the IVIS Spectrum.

Intraoperative activation. Mice were inoculated with 4175-Luc+ or MCF-7 cells in the lower mammary fat pad 
to generate orthotopic tumors and in the upper shoulder to generate tumor xenografts. Following formation of 
palpable tumors, DDAO arachidonate was injected i.p. directly under orthotopic tumors growing in the lower 
mammary fat pad adjacent to the peritoneal cavity. Following 1 hour, mice were euthanized, the peritoneal cavity 
was exposed and fluorescence was acquired (ex/em: 640/680 nm). Tumors and fat pads were then removed by 
dissection, washed 1x with PBS, and imaged for fluorescence (ex/em: 640/680).

Whole body activation. Mice were anesthetized with isoflurane and 40 nmol of DDAO arachidonate or palmi-
tate was injected i.v. Fluorescence was acquired (ex/em: 640/680 nm) at indicated time-points in the PerkinElmer 
IVIS Spectrum. After completion of the study mice were euthanized, tumors and organs were removed via dissec-
tion, washed 1x in PBS, and evaluated for fluorescence (ex/em: 640/680 nm).

Protein immunoblot. Cells were seeded in 10 cm dishes at 2.5 × 105 cells/mL in 12 mL of medium. Following 
a 24 hour incubation, the cells were washed twice with 4 °C PBS and scraped on ice in radio immunoprecipi-
tation assay buffer containing cOmplete mini EDTA-free protease inhibitor cocktail (Roche). Cells were vor-
texed and subjected to three cycles of freeze-thaw in liquid nitrogen with thawing at 37 °C. Cells were sonicated 
in a water bath sonicator at 4 °C for 5 minutes, and left on ice for 15 minutes. Cellular debris was pelleted by 
centrifugation (13,000 rpm, 10 min, 4 °C). Supernatant was removed and protein concentration was measured 
with the bicinchonic acid (BCA) protein assay kit (Pierce). Following equalization of protein concentration 
throughout samples, the lysate was diluted, 1:1 in Laemmli loading buffer (5% 2-mercaptoethanol), and heated 
to 95 °C for 5 minutes. 30 µL of approximately 25 µg protein were loaded per well. Samples were separated on a 
10% SDS-PAGE gel and transferred to 0.45 µm pore nitrocellulose membrane (Invitrogen). The membrane was 
blocked in Odyssey blocking buffer (LI-COR Biosciences), incubated with primary and secondary antibodies, 
and visualized using the LI-COR Odyssey CLx Imaging System. Images were quantified with Image Studio Lite.

CRISPR genetic knockdown. 4175-Luc+ cells were seeded at 1.5 × 105 cells in 6 well plates in antibiotic free 
DMEM. Following 24 hours, 2 µg CRISPR cPLA2α or scrambled Plasmid (Santa Cruz Biotechnology) was diluted 
in 150 µL Plasmid Transfection medium (Santa Cruz Biotechnology). The solution was added to 150 µL Plasmid 
Transfection medium containing 10 µL UltraCruz® Transfection Reagent. Samples were left to incubate for 
20 minutes then added dropwise to cells. The cells were incubated for 72 hours. Successfully transfected cells were 
sorted for GFP fluorescence on a BD FACSJAZZ. Knockout of cPLA2α was analyzed using Western Blot, and cell 
stocks were frozen in liquid nitrogen. Complete knockout of cPLA2α was not achieved, but a knockdown was 
observed. cPLA2α knockdown cells were expanded in T25 flasks and used for 5 passages before being discarded.

Statistical analysis. All data are reported as mean ± standard deviation, unless otherwise noted. Data are listed as 
an average of three experimental results (n = 3), unless otherwise noted. P values were reported using a two-tailed 
Student’s t-test and P values of < 0.05 were considered significant.

Datasets. The datasets generated during and/or analyzed during the current study are available from the corre-
sponding author on reasonable request.

References
 1. Keating, J. et al. Near-Infrared Intraoperative Molecular Imaging Can Locate Metastases to the Lung. Annals of Thoracic Surgery 103, 

390–398, https://doi.org/10.1016/j.athoracsur.2016.08.079 (2017).
 2. Nguyen, Q. T. & Tsien, R. Y. Fluorescence-guided surgery with live molecular navigation–a new cutting edge. Nat Rev Cancer 13, 

653–662, https://doi.org/10.1038/nrc3566 (2013).
 3. Shinoda, J. et al. Fluorescence-guided resection of glioblastoma multiforme by using high-dose fluorescein sodium. Technical note. 

J Neurosurg 99, 597–603, https://doi.org/10.3171/jns.2003.99.3.0597 (2003).
 4. van Dam, G. M. et al. Intraoperative tumor-specific fluorescence imaging in ovarian cancer by folate receptor-alpha targeting: first 

in-human results. Nat Med 17, 1315–1319, https://doi.org/10.1038/nm.2472 (2011).
 5. Day, K. E. et al. Fluorescently labeled therapeutic antibodies for detection of microscopic melanoma. Laryngoscope 123, 2681–2689, 

https://doi.org/10.1002/lary.24102 (2013).
 6. Stummer, W. et al. Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant glioma: a randomised 

controlled multicentre phase III trial. Lancet Oncol 7, 392–401, https://doi.org/10.1016/S1470-2045(06)70665-9 (2006).
 7. Keating, J. et al. Identification of breast cancer margins using intraoperative near-infrared imaging. J Surg Oncol 113, 508–514, 

https://doi.org/10.1002/jso.24167 (2016).
 8. Judy, R. P. et al. Quantification of tumor fluorescence during intraoperative optical cancer imaging. Sci Rep 5, 16208, https://doi.

org/10.1038/srep16208 (2015).
 9. Low, P. S., Singhal, S. & Srinivasarao, M. Fluorescence-guided surgery of cancer: applications, tools and perspectives. Curr. Opin. 

Chem. Biol. 45, 64–72, https://doi.org/10.1016/j.cbpa.2018.03.002 (2018).
 10. Mahalingam, S. M. et al. Evaluation of Novel Tumor-Targeted Near-Infrared Probe for Fluorescence-Guided Surgery of Cancer. J. 

Med. Chem. 61, 9637–9646, https://doi.org/10.1021/acs.jmedchem.8b01115 (2018).
 11. Meric, F. et al. Positive surgical margins and ipsilateral breast tumor recurrence predict disease-specific survival after breast-

conserving therapy. Cancer 97, 926–933, https://doi.org/10.1002/cncr.11222 (2003).
 12. DeSantis, C. E. et al. Cancer treatment and survivorship statistics, 2014. CA Cancer J Clin 64, 252–271, https://doi.org/10.3322/

caac.21235 (2014).

https://doi.org/10.1038/s41598-019-41626-y
https://doi.org/10.1016/j.athoracsur.2016.08.079
https://doi.org/10.1038/nrc3566
https://doi.org/10.3171/jns.2003.99.3.0597
https://doi.org/10.1038/nm.2472
https://doi.org/10.1002/lary.24102
https://doi.org/10.1016/S1470-2045(06)70665-9
https://doi.org/10.1002/jso.24167
https://doi.org/10.1038/srep16208
https://doi.org/10.1038/srep16208
https://doi.org/10.1016/j.cbpa.2018.03.002
https://doi.org/10.1021/acs.jmedchem.8b01115
https://doi.org/10.1002/cncr.11222
https://doi.org/10.3322/caac.21235
https://doi.org/10.3322/caac.21235


1 0Scientific RepoRts |          (2019) 9:6122  | https://doi.org/10.1038/s41598-019-41626-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 13. Singletary, S. E. Surgical margins in patients with early-stage breast cancer treated with breast conservation therapy. Am J Surg 184, 
383–393 (2002).

 14. Vahrmeijer, A. L., Hutteman, M., van der Vorst, J. R., van de Velde, C. J. & Frangioni, J. V. Image-guided cancer surgery using near-
infrared fluorescence. Nat Rev Clin Oncol 10, 507–518, https://doi.org/10.1038/nrclinonc.2013.123 (2013).

 15. Schaafsma, B. E. et al. The clinical use of indocyanine green as a near-infrared fluorescent contrast agent for image-guided oncologic 
surgery. J Surg Oncol 104, 323–332, https://doi.org/10.1002/jso.21943 (2011).

 16. Maeda, H., Wu, J., Sawa, T., Matsumura, Y. & Hori, K. Tumor vascular permeability and the EPR effect in macromolecular 
therapeutics: a review. J Control Release 65, 271–284 (2000).

 17. Weissleder, R. A clearer vision for in vivo imaging. Nat Biotechnol 19, 316–317, https://doi.org/10.1038/86684 (2001).
 18. Moon, W. K. et al. Enhanced tumor detection using a folate receptor-targeted near-infrared fluorochrome conjugate. Bioconjug 

Chem 14, 539–545, https://doi.org/10.1021/bc0340114 (2003).
 19. Ke, S. et al. Near-infrared optical imaging of epidermal growth factor receptor in breast cancer xenografts. Cancer Res 63, 7870–7875 

(2003).
 20. Terwisscha van Scheltinga, A. G. et al. Intraoperative near-infrared fluorescence tumor imaging with vascular endothelial growth 

factor and human epidermal growth factor receptor 2 targeting antibodies. J Nucl Med 52, 1778–1785, https://doi.org/10.2967/
jnumed.111.092833 (2011).

 21. Arlauckas, S. P., Popov, A. V. & Delikatny, E. J. Direct inhibition of choline kinase by a near-infrared fluorescent carbocyanine. Mol 
Cancer Ther 13, 2149–2158, https://doi.org/10.1158/1535-7163.MCT-14-0085 (2014).

 22. Arlauckas, S. P., Kumar, M., Popov, A. V., Poptani, H. & Delikatny, E. J. Near infrared fluorescent imaging of choline kinase alpha 
expression and inhibition in breast tumors. Oncotarget, https://doi.org/10.18632/oncotarget.14965 (2017).

 23. Murakoshi, H. et al. Single-molecule imaging analysis of Ras activation in living cells. Proc Natl Acad Sci USA 101, 7317–7322, 
https://doi.org/10.1073/pnas.0401354101 (2004).

 24. Mochizuki, N. et al. Spatio-temporal images of growth-factor-induced activation of Ras and Rap1. Nature 411, 1065–1068, https://
doi.org/10.1038/35082594 (2001).

 25. Gao, Q. et al. PLA2-responsive and SPIO-loaded phospholipid micelles. Chem Commun (Camb) 51, 12313–12315, doi:10.1039/
c5cc04540a (2015).

 26. Weissleder, R., Tung, C. H., Mahmood, U. & Bogdanov, A. Jr. In vivo imaging of tumors with protease-activated near-infrared 
fluorescent probes. Nat Biotechnol 17, 375–378, https://doi.org/10.1038/7933 (1999).

 27. Mawn, T. M. et al. In vivo detection of phospholipase C by enzyme-activated near-infrared probes. Bioconjug Chem 22, 2434–2443, 
https://doi.org/10.1021/bc200242v (2011).

 28. Popov, A. V., Mawn, T. M., Kim, S., Zheng, G. & Delikatny, E. J. Design and synthesis of phospholipase C and A2-activatable near-
infrared fluorescent smart probes. Bioconjug Chem 21, 1724–1727, https://doi.org/10.1021/bc100271v (2010).

 29. Mawn, T. M., Popov, A. V. & Delikatny, E. J. A quantitative continuous enzyme assay of intramolecularly quenched fluorogenic 
phospholipase substrates for molecular imaging. Anal Biochem 422, 96–102, https://doi.org/10.1016/j.ab.2011.12.009 (2012).

 30. Ogata, F. et al. Activatable Near-Infrared Fluorescence Imaging Using PEGylated Bacteriochlorin-Based Chlorin and BODIPY-
Dyads as Probes for Detecting Cancer. Bioconjugate Chem. Ahead of Print, https://doi.org/10.1021/acs.bioconjchem.8b00820 
(2018).

 31. Liebov, B. K. et al. Nonprotecting Group Synthesis of a Phospholipase C Activatable Probe with an Azo-Free Quencher. ACS Omega 
3, 6867–6873, https://doi.org/10.1021/acsomega.8b00635 (2018).

 32. Rao, J., Dragulescu-Andrasi, A. & Yao, H. Fluorescence imaging in vivo: recent advances. Curr Opin Biotechnol 18, 17–25, https://
doi.org/10.1016/j.copbio.2007.01.003 (2007).

 33. Hong, K. H., Bonventre, J. C., O’Leary, E., Bonventre, J. V. & Lander, E. S. Deletion of cytosolic phospholipase A(2) suppresses 
Apc(Min)-induced tumorigenesis. Proc Natl Acad Sci USA 98, 3935–3939, https://doi.org/10.1073/pnas.051635898 (2001).

 34. Meyer, A. M. et al. Decreased lung tumorigenesis in mice genetically deficient in cytosolic phospholipase A2. Carcinogenesis 25, 
1517–1524, https://doi.org/10.1093/carcin/bgh150 (2004).

 35. Murakami, M. et al. Recent progress in phospholipase A(2) research: from cells to animals to humans. Prog Lipid Res 50, 152–192, 
https://doi.org/10.1016/j.plipres.2010.12.001 (2011).

 36. Caiazza, F., Harvey, B. J. & Thomas, W. Cytosolic phospholipase A2 activation correlates with HER2 overexpression and mediates 
estrogen-dependent breast cancer cell growth. Mol Endocrinol 24, 953–968, https://doi.org/10.1210/me.2009-0293 (2010).

 37. Caiazza, F. et al. Cytosolic phospholipase A2-alpha expression in breast cancer is associated with EGFR expression and correlates 
with an adverse prognosis in luminal tumours. Br J Cancer 104, 338–344, https://doi.org/10.1038/sj.bjc.6606025 (2011).

 38. Moestue, S. A. et al. Distinct choline metabolic profiles are associated with differences in gene expression for basal-like and luminal-
like breast cancer xenograft models. BMC Cancer 10, 433, https://doi.org/10.1186/1471-2407-10-433 (2010).

 39. Gyoerffy, B. et al. An online survival analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using 
microarray data of 1,809 patients. Breast Cancer Res. Treat. 123, 725–731, https://doi.org/10.1007/s10549-009-0674-9 (2010).

 40. Kim, E. et al. Anti-vascular effects of the cytosolic phospholipase A2 inhibitor AVX235 in a patient-derived basal-like breast cancer 
model. BMC Cancer 16, 191/191–191/111, https://doi.org/10.1186/s12885-016-2225-1 (2016).

 41. Chiorazzo, M. G., Bloch, N. B., Popov, A. V. & Delikatny, E. J. Synthesis and Evaluation of Cytosolic Phospholipase A(2) Activatable 
Fluorophores for Cancer Imaging. Bioconjug Chem 26, 2360–2370, https://doi.org/10.1021/acs.bioconjchem.5b00417 (2015).

 42. Minn, A. J. et al. Genes that mediate breast cancer metastasis to lung. Nature 436, 518–524, https://doi.org/10.1038/nature03799 
(2005).

 43. Enari, M. et al. Different apoptotic pathways mediated by Fas and the tumor-necrosis-factor receptor. Cytosolic phospholipase A2 
is not involved in Fas-mediated apoptosis. Eur J Biochem 236, 533–538 (1996).

 44. Gubern, A. et al. Group IVA phospholipase A2 is necessary for the biogenesis of lipid droplets. J Biol Chem 283, 27369–27382, 
https://doi.org/10.1074/jbc.M800696200 (2008).

 45. Guijas, C., Rodriguez, J. P., Rubio, J. M., Balboa, M. A. & Balsinde, J. Phospholipase A2 regulation of lipid droplet formation. Biochim 
Biophys Acta 1841, 1661–1671, https://doi.org/10.1016/j.bbalip.2014.10.004 (2014).

 46. Delikatny, E. J., Chawla, S., Leung, D. J. & Poptani, H. MR-visible lipids and the tumor microenvironment. NMR Biomed 24, 
592–611, https://doi.org/10.1002/nbm.1661 (2011).

 47. Duzgunes, N. & Nir, S. Mechanisms and kinetics of liposome-cell interactions. Adv. Drug Delivery Rev. 40, 3–18, https://doi.
org/10.1016/S0169-409X(99)00037-X (1999).

 48. Anikeeva, N., Sykulev, Y., Delikatny, E. J. & Popov, A. V. Core-based lipid nanoparticles as a nanoplatform for delivery of near-
infrared fluorescent imaging agents. Am. J. Nucl. Med. Mol. Imaging 4, 507–524 (2014).

 49. Levine, S. R. & Beatty, K. E. Synthesis of a far-red fluorophore and its use as an esterase probe in living cells. Chem. Commun. 
(Cambridge, U. K.) 52, 1835–1838, https://doi.org/10.1039/C5CC08764C (2016).

 50. Allen, T. M., Hansen, C. B. & Guo, L. S. S. Subcutaneous administration of liposomes: a comparison with the intravenous and 
intraperitoneal routes of injection. Biochim. Biophys. Acta, Biomembr. 1150, 9–16, https://doi.org/10.1016/0005-2736(93)90115-G 
(1993).

 51. Corlu, A. et al. Three-dimensional in vivo fluorescence diffuse optical tomography of breast cancer in humans. Opt Express 15, 
6696–6716 (2007).

https://doi.org/10.1038/s41598-019-41626-y
https://doi.org/10.1038/nrclinonc.2013.123
https://doi.org/10.1002/jso.21943
https://doi.org/10.1038/86684
https://doi.org/10.1021/bc0340114
https://doi.org/10.2967/jnumed.111.092833
https://doi.org/10.2967/jnumed.111.092833
https://doi.org/10.1158/1535-7163.MCT-14-0085
https://doi.org/10.18632/oncotarget.14965
https://doi.org/10.1073/pnas.0401354101
https://doi.org/10.1038/35082594
https://doi.org/10.1038/35082594
https://doi.org/10.1038/7933
https://doi.org/10.1021/bc200242v
https://doi.org/10.1021/bc100271v
https://doi.org/10.1016/j.ab.2011.12.009
https://doi.org/10.1021/acs.bioconjchem.8b00820
https://doi.org/10.1021/acsomega.8b00635
https://doi.org/10.1016/j.copbio.2007.01.003
https://doi.org/10.1016/j.copbio.2007.01.003
https://doi.org/10.1073/pnas.051635898
https://doi.org/10.1093/carcin/bgh150
https://doi.org/10.1016/j.plipres.2010.12.001
https://doi.org/10.1210/me.2009-0293
https://doi.org/10.1038/sj.bjc.6606025
https://doi.org/10.1186/1471-2407-10-433
https://doi.org/10.1007/s10549-009-0674-9
https://doi.org/10.1186/s12885-016-2225-1
https://doi.org/10.1021/acs.bioconjchem.5b00417
https://doi.org/10.1038/nature03799
https://doi.org/10.1074/jbc.M800696200
https://doi.org/10.1016/j.bbalip.2014.10.004
https://doi.org/10.1002/nbm.1661
https://doi.org/10.1016/S0169-409X(99)00037-X
https://doi.org/10.1016/S0169-409X(99)00037-X
https://doi.org/10.1039/C5CC08764C
https://doi.org/10.1016/0005-2736(93)90115-G


1 1Scientific RepoRts |          (2019) 9:6122  | https://doi.org/10.1038/s41598-019-41626-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 52. Leproux, A. et al. Assessing tumor contrast in radiographically dense breast tissue using Diffuse Optical Spectroscopic Imaging 
(DOSI). Breast Cancer Res 15, R89, https://doi.org/10.1186/bcr3485 (2013).

 53. Durduran, T. et al. Bulk optical properties of healthy female breast tissue. Phys Med Biol 47, 2847–2861 (2002).
 54. Durduran, T. et al. Diffuse optical measurement of blood flow in breast tumors. Opt Lett 30, 2915–2917 (2005).
 55. Shah, N. et al. Noninvasive functional optical spectroscopy of human breast tissue. Proc. Natl. Acad. Sci. USA 98, 4420–4425, https://

doi.org/10.1073/pnas.071511098 (2001).
 56. Kokotos, G. et al. Inhibition of Group IVA Cytosolic Phospholipase A2 by Thiazolyl Ketones in Vitro, ex Vivo, and in Vivo. J. Med. 

Chem. 57, 7523–7535, https://doi.org/10.1021/jm500192s (2014).

Acknowledgements
The authors sincerely thank Avexxin AS for providing AVX235 and A.J. Feuerherm for scientific discussions. We 
thank the Norwegian research council for cofounding the development of AVX235. We thank S.V. Gonzalez and 
N. Simic for assistance with liposome preparation. We thank the Cellular and Molecular Imaging Core Facility of 
the Norwegian University of Science and Technology for assistance with confocal microscopy. CMIC is funded 
by the Faculty of Medicine at NTNU and Central Norway Regional Health Authority. We also thank the Small 
Animal Imaging Facility (SAIF) of the University of Pennsylvania for assistance with in vivo imaging experiments. 
This work was financially supported by grants from the National Institutes of Health (T32 EB000814, UL1 
RR024134, R01 CA129176, R01 EB018645, R01 CA201328, and S10 OD010688), the Norwegian Cancer Society 
(no. 2209215), and the Research Council of Norway (no. 239940 and no. 228879).

Author Contributions
Conceived and designed the experiment: M.G.C., H.M.T., S.M. and E.J.D.; Performed the experiments: M.G.C. 
and H.M.T.; Analyzed the data: M.G.C. and H.M.T.; Contributed reagents/materials/tools for analyses: H.M.T., 
S.M., B.J. and A.V.P.; Contributed to manuscript writing: M.G.C., E.J.D.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41626-y.
Competing Interests: B. Johansen has ownership interests (including patents) in Avexxin AS.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-41626-y
https://doi.org/10.1186/bcr3485
https://doi.org/10.1073/pnas.071511098
https://doi.org/10.1073/pnas.071511098
https://doi.org/10.1021/jm500192s
https://doi.org/10.1038/s41598-019-41626-y
http://creativecommons.org/licenses/by/4.0/

	Detection and Differentiation of Breast Cancer Sub-Types using a cPLA2α Activatable Fluorophore
	Results
	Intracellular evaluation of cPLA2α activity by DDAO arachidonate. 
	Ex vivo detection of cPLA2α activity in mouse tumor models. 
	Application of DDAO arachidonate to assist in identification of tumor margins in vivo. 

	Discussion
	Methods
	Probe Formulation. 
	Cell Culture. 
	Cellular fluorescence activation assay. 
	Fluorescence microscopy. 
	Animal studies. 
	Tumor inoculation. 
	Optical imaging. 
	Ex Vivo tumor painting. 
	Intraoperative activation. 
	Whole body activation. 
	Protein immunoblot. 
	CRISPR genetic knockdown. 
	Statistical analysis. 
	Datasets. 


	Acknowledgements
	Figure 1 DDAO arachidonate structure and activation.
	Figure 2 DDAO arachidonate activation in cell lines varying in cPLA2α expression.
	Figure 3 Confocal fluorescence microscopy of DDAO arachidonate and DDAO palmitate activation.
	Figure 4 DDAO arachidonate fluorescence in cPLA2α knockdown 4175-Luc+ cells.
	Figure 5 Ex Vivo Tumor Painting.
	Figure 6 Intraoperative study of DDAO arachidonate.




