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ABSTRACT: New exogenous probes are needed for both imaging
diagnostics and therapeutics. Here, we introduce a novel
nanocomposite near-infrared (NIR) fluorescent imaging probe
and test its potency as a photosensitizing agent for photodynamic
therapy (PDT) against triple-negative breast cancer cells. The
active component in the nanocomposite is a small molecule,
pyropheophorbide a-phosphatidylethanolamine-QSY21 (Pyro-
PtdEtn-QSY), which is imbedded into lipid nanoparticles for
transport in the body. The probe targets abnormal choline
metabolism in cancer cells; specifically, the overexpression of
phosphatidylcholine-specific phospholipase C (PC−PLC) in
breast, prostate, and ovarian cancers. Pyro-PtdEtn-QSY consists
of a NIR fluorophore and a quencher, attached to a PtdEtn moiety. It is selectively activated by PC−PLC resulting in enhanced
fluorescence in cancer cells compared to normal cells. In our in vitro investigation, four breast cancer cell lines showed higher probe
activation levels than noncancerous control cells, immortalized human mammary gland cells, and normal human T cells. Moreover,
the ability of this nanocomposite to function as a sensitizer in PDT experiments on MDA-MB-231 cells suggests that the probe is
promising as a theranostic agent.

■ INTRODUCTION

Triple negative breast cancers (TNBC) are heterogeneous
tumors that share common phenotypic features: low
expression of the estrogen receptor, progesterone receptor,
or human epidermal growth factor receptor 2 (HER2). TNBC
are associated with poor prognosis and overall survival.1 Since
TNBC lacks most common biomarkers of breast cancers, the
options for detection and therapy are limited, and novel
molecular targets are urgently needed.2

Despite the incredible genetic and histological heterogeneity
of tumors, malignancy seems to involve the common induction
of a finite set of metabolic pathways to support core functions.3

Because many cancers exhibit altered lipid metabolism, it is
possible to develop imaging probes, targeting specific enzymes
in these pathways. Abnormal choline metabolism has known
associations with oncogenesis and tumor progression4,5 leading
to elevated levels of phosphocholine (PC) in prostate,6−10

brain,6,8,11−14 ovarian,15−21 and breast6,11,22−26 cancer cells and
solid tumors. Multiple metabolic pathways lead to PC
production, including the anabolic phosphorylation of choline
by choline kinase and the catabolism of phosphatidylcholine by
PC−PLC.27−34 The contribution of PC−PLC to PC

production was estimated to be between 20% and 50% in
breast cancer and ovarian cancer cell lines.16,20 The activity of
the enzyme increased 2- to 6-fold and was associated with a
similar elevation of PC−PLC protein expression compared to
immortalized noncancerous cells.21,35 Immunohistochemical
examinations of epithelial ovarian cancer sections revealed high
levels of PC−PLC in 87% of samples.21 PC−PLC over-
expression is accompanied by subcellular redistribution of the
enzyme to the plasma membrane and/or the perinuclear
compartment leading to further enrichment of the enzyme in
subcellular compartments by up to 17-fold.17 Translocation of
PC−PLC to subcellular compartments is associated with the
overexpression of EGFR and metastatic markers such as HER2
in breast and ovarian cancer cells and beta-1 integrin in
epithelial ovarian cancer cells.21,36 Inhibition of PC−PLC led
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to impaired cancer cell proliferation.19,37 In highly metastatic
TNBC cells, inhibition of PC−PLC was also accompanied by
increased differentiation and decreased migration and
invasion.35 It has been suggested that PC−PLC is involved
in controlling the molecular pathways responsible for
maintaining a mesenchymal-like phenotype in metastatic
breast cancer cells. Recent data have shown that the inhibition
of PC−PLC activity selectively affects the most aggressive and
tumor promoting subpopulation of squamous cancer cells
possessing different proliferative and stemness potential.37

These data indicate that PC−PLC may be an effective target
for breast cancer therapy, particularly for tumors with high
metastatic potential.
We have developed smart near-infrared (NIR) fluorescent

phospholipid probes that fluoresce after selective cleavage by
PC−PLC.27,29,38 Smart probes that only fluoresce upon
enzymatic activation specific to malignant cells are currently
at the forefront of cancer imaging research, offering potential
for improved selectivity.10−15 PC−PLC shows a high degree of
selectivity to phosphatidylcholine (PtdCho) and phosphatidy-
lethanolamine (PtdEtn) when a bulky substituent is attached
to the sn-2 position of these phospholipids.27−29 This principle
is exploited in our probe, pyropheophorbide a-phosphatidyle-
thanolamine-QSY21 (Pyro-PtdEtn-QSY, Figure 1a), which is
selectively cleaved in the presence of PC−PLC.38

Pyro-PtdEtn-QSY has a PtdEtn core, substituted with a
bulky pyropheophorbide a (Pyro) fluorophore at the sn-2
position, as well as a quencher moiety attached to the
phosphate headgroup of the phospholipid, designed to
suppress the fluorescence until the probe is cleaved. Pyro is
a NIR fluorophore (λabs = 670 nm, λem = 720 nm) with well-
established photosensitizing properties. Absorption of NIR
light by the fluorophore induces production of singlet oxygen
with high quantum yield making the probes useful for
PDT.39−41 The reactive oxygen species released in this process
can selectively kill cancer cells. Thus, in addition to its
potential role as a diagnostic tool, the probe can also be used as
a PDT therapy agent. QSY21 has been selected as the
quencher of choice for this study. A variety of activatable smart

probes incorporating QSY21 have been reported, targeting
various biological processes.42−56

Here, the imaging and therapeutic potential of the probe was
evaluated in a series of in vitro experiments. To deliver the
probe to cells, we incorporated Pyro-PtdEtn-QSY into lipid-
based nanoparticles (LNPs) as carriers. Full quenching of the
probe prior to PC−PLC activation was confirmed by the
absorbance and fluorescence spectra of LNPs, incorporating
Pyro-PtdEtn-QSY and pyropheophorbide a-phosphatidylcho-
line (Pyro-PtdCho, a nonquenched positive control probe,
Figure 1b). Probe uptake and activation levels in various types
of cells were obtained from flow cytometry experiments, and
the kinetics of activation were explored. The specificity of the
probe activation was evaluated using a PC−PLC inhibitor.
Activated fluorophore localization and the overall feasibility for
imaging were addressed in live cell microscopy experiments.
Diffuse optical tomography (DOT) was utilized to determine
the depth to which the fluorophore can be detected in a breast
phantom. Finally, the therapeutic potential of the probe was
assessed by measuring the dark toxicity of the probe and then
by performing PDT experiments, which include cell prolifer-
ation and colony formation assays following irradiation with
light.

■ RESULTS AND DISCUSSION
Pyro-PtdEtn-QSY and Pyro-PtdCho were synthesized follow-
ing procedures reported previously (Schemes S1, S2).38,57−59

In earlier studies, NIR Black Hole Quencher-3 (BHQ-3,
absorbance range 620−730 nm) had been incorporated into
the structure of the quenched probe.27−29 The BHQ-3
quencher fully absorbed the fluorescence emitted by Pyro
through Förster resonance energy transfer (FRET).27 Pyro-
PtdEtn-BHQ showed successful activation in DU145 human
prostate cancer cells;27−29 however, BHQ-3 has experienced
stability problems in vivo due to the presence of an azo bond in
the structure.42,60−62 Complicated synthesis and short shelf life
make its use impractical for clinical applications, and as a
result, a more stable quencher is required. QSY21 has a similar
quenching range (580−720 nm), but does not contain an azo
bond and proves to be more stable.38,63

Pyro-PtdEtn-QSY is a modified lipid. In order to be
activated, the probe has to intercalate into the tumor cell
membrane. The nature of our probe requires the use of a
lipophilic carrier that delivers the probe to the cancer cell
membrane. Lipid-based nanoparticles (LNPs), such as lip-
osomes and micelles, are ideally suited for this purpose.64 To
deliver our PDT probe, we utilized lipid micelles with
polyethylene glycol-phosphatidylethanolamine (PEG-PtdEtn)
conjugate as a major constituent.65 The hydrophilic PEG
prevents adsorption of proteins and cells, decreasing in vivo
removal of the particles from circulation by the reticuloendo-
thelial system.66 Due to their small size, LNPs should have low
immunogenicity compared to large PEGylated liposomes.67,68

For cell delivery, nanoparticles loaded with 13.5 mol % of
either Pyro-PtdEtn-QSY or Pyro-PtdCho were prepared using
an established protocol;38 the complete procedure is provided
in the Experimental Section. Nanoparticle size distribution was
determined by dynamic light scattering, using nanoparticles
that did not carry the photosensitizer; these micelles had
uniform size with diameter of 10.8 ± 2.9 nm (Figure S1), in
agreement with our previous results.65

Quenching efficiency was evaluated by comparing the
absorbance and fluorescence spectra of the micelles carrying

Figure 1. Phospholipid NIR fluoroprobes: (a) quenched Pyro-
PtdEtn-QSY; (b) permanently fluorescent Pyro-PtdCho.
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Pyro-PtdEtn-QSY and Pyro-PtdCho (Figures 2 and 3). As is
evident from the fluorescence spectrum (with 665 nm

excitation), full quenching is achieved in Pyro-PtdEtn-QSY
micelles. This indicates that any pyropheophorbide a acid
impurity, as observed earlier,38 was excluded in the micelle
formation process, likely due to the lack of the lipid backbone
in Pyro molecule’s structure.
To evaluate probe activation in vitro, we utilized breast

cancer cell lines of different subtypes, including triple-negative
basal-like EGFR-positive MDA-MB-231, triple-negative lumi-
nal androgen receptor positive MDA-MB-453, HER2-positive
SKBR-3, and estrogen receptor positive MCF-7 cells. Non-
tumorigenic mammary epithelial cells MCF-12A and CD8 T
cells were used as negative controls.
Fluorophore activation levels in different cell lines were

quantified in a series of flow cytometry experiments (Figure 4),
in which cells were incubated with 1 μM Pyro-PtdEtn-QSY
nanoprobe for 6 h, and the average fluorescence of individual
cells was determined. The cancer cells (blue, purple, and
magenta bars) exhibited a 2- to 6-fold increase in probe
activation levels, compared to noncancerous control cells
(green bars). The highest probe activation occurred in MDA-
MB-231 cells, followed by the MDA-MB-453 and SKBR-3 cell
lines. These results are in agreement with previous studies by
Podo’s group where PC−PLC accumulation and activity were
studied using custom-made polyclonal antibodies and with an
Amplex Red PC−PLC assay.35,36,69 The activity of PC−PLC
was significantly higher in triple negative breast cancer lines

MDA-MB-231 and MDA-MB-453 compared to MCF-7 cells.
Nontumoral cells possessed the lowest level of PC−PLC
activity compared to breast cancer lines. To verify this
correlation, we determined PC−PLC activity in the breast
cancer cell lines using an Amplex Red PC−PLC Assay
(Sigma). Analysis of PC−PLC activity in total cell lysates
confirmed that TNBC cell lines, MDA-MB-231 and MDA-
MB-453, have approximately 2-fold increased activity of PC−
PLC compared to the estrogen-receptor-positive MCF-7 line
(Figure S2).
The ability of breast cancer cell lines to accumulate

fluorescence may also depend on the rate of the probe uptake.
TNBC cell lines may possess increased uptake of nanoprobes.
To assess the effects of cellular uptake, breast cancer cell lines
were treated with a nonquenched fluorescent Pyro-PtdCho
nanoprobe. For all tested cell lines, the fluorescence arising
from Pyro-PtdCho incubation was marginal and roughly an
order of magnitude lower than the fluorescence from cells
treated with the Pyro-PtdEtn-QSY probe (Table S1). This
could have occurred for any of the following reasons: (1) Pyro-
PtdCho-loaded nanoparticles have a net negative charge
resulting in repulsion from negatively charged cell membranes;
(2) lipid exchange between the Pyro-PtdCho nanoparticles
and the cell membranes is slow; (3) Pyro-PtdCho cannot be
incorporated into the cell membrane; (4) Pyro-PtdCho is not a
substrate for PC−PLC. However, the fact that only the PC−
PLC specific Pyro-PtdEtn-QSY probe can cross the cell
membrane would be of benefit for in vivo imaging; impurities
or degradation products involving pyropheophorbide a or
Pyro-PtdCho moieties would remain extracellular and carried
away with blood flow in vivo.
To elucidate the effects of cellular uptake on fluorescence,

we have developed nanoparticles containing both activatable
Pyro-PtdEtn-QSY probe and nonactivatable permanently
fluorescent (TopFluor) AF488 (1,2-distearyl-sn-glycero-3-
phosphoethanolamine-N; PtdEtn-AF488, λex = 488 nm, λem
= 519 nm) lipids at 13.5 and 3 mol % correspondingly (Figure
S3a). Two breast cancer cell lines MCF-7 and MDA-MB-231
with different levels of PC−PLC activity were tested. The
cellular probe uptake70−72 was measured using Alexa Fluor 488
fluorescence, while probe activation was measured using Pyro
fluorescence (Figure S3b). Probe uptake was slightly higher in
MDA-MB-231 cells than in MCF-7 cells (Figure S3c),
calculated in molecules of equivalent soluble fluorochrome
(MESF) units using calibrated AF488 fluorescent beads. The
probe activation level was normalized relative to probe uptake.
We found that the probe was activated more efficiently in
MDA-MB-231 cells than in MCF-7 cells even after correction

Figure 2. Absorbance of micelles containing 13.5 mol % Pyro-PtdCho
and Pyro-PtdEtn-QSY in HEPES buffer, total photosensitizer
concentration, 2.36 μM.

Figure 3. Fluorescence of micelles containing 13.5 mol % Pyro-
PtdCho or Pyro-PtdEtn-QSY following 665 nm excitation, measured
in HEPES buffer at total photosensitizer concentration 2.36 μM.

Figure 4. Extent of Pyro-PtdEtn-QSY probe activation in different cell
lines as measured by flow cytometry. Cells were incubated with 1 μM
of the probe for 6 h. Each experimental value represents the mean of
three independent experiments. Standard deviations are indicated for
each mean as error bars.
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to the uptake (Figure S3d). The observed difference correlates
with higher activity of PC−PLC in MDA-MB-231 cells
compared to MCF7 cells (Figure S2).
The specificity of probe activation in cancer cells was

confirmed using tricyclodecan-9-yl-xanthogenate (D609), a
competitive inhibitor of PC−PLC. Treatment of cancer cells
with 50 μg/mL of D609 has been demonstrated to induce a
3.5-fold decrease in PC−PLC activity within 1 h.36 At high
doses (>500 μM) and prolonged incubation times, the
inhibitor induced apoptosis in breast cancer cells.35,73 MDA-
MB-231 cells were incubated with 5 or 50 μg/mL of D609 for

1 h prior to treatment with Pyro-PtdEtn-QSY probe for 1 h.
Compared with the untreated control, D609 effectively
inhibited the probe activation at 50 μg/mL concentration,
and inhibition at the lower dose was still evident (Figure S4).
A series of fluorescent imaging experiments were performed

to confirm cellular uptake of the probe, fluorophore activation,
and probe localization within the cell structure (Figure 5).
From the images, it is clear that the probe was successfully
delivered and activated inside the cells. The activated probe
was found in the cytoplasm of all cells, with higher probe
accumulation observed in the organelles surrounding the

Figure 5. Live cell microscopy images, 40× magnification, stained by the Pyro-PtdEtn-QSY probe (red) and Hoechst (blue). Left panels are white
light transmission images, second panels are Pyro-PtdEtn-QSY photosensitizer fluorescence images (Cy5 channel, 628/40 nm Ex, 692/40 nm Em,
0.5 s exposure time), and third panels show the fluorescence of the Hoechst nuclear stain (DAPI channel, 357/44 nm Ex, 447/60 nm Em, 0.01 s
exposure time), with the right panels showing the overlaid images. Brightness and contrast settings of images are adjusted independently. Cell lines
in panels: A−D (MDA-MB-231), E−H (MDA-MB-453), I−L (MCF-7), M−P (SKBR3), and Q−T (MCF-12A).
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nucleus; this effect is especially profound in MCF-12A cells. It
is clear that the probe does not penetrate through the nuclear
membrane. Ultimately, understanding the probe distribution
within the cells may play a key role in defining the mechanism
of action of the probe as a therapeutic agent.
PDT experiments were conducted using the triple negative

MDA-MB-231 cells. To define the initial set of concentrations
and the drug−light interval (probe incubation time) for PDT
experiments, we measured concentration-dependent probe
activation (Figure 6) and the kinetics of probe accumulation

and activation (Figure 7). MDA-MB-231 cells were incubated
for 6 h with quenched Pyro-PtdEtn-QSY (Figure 6a) at various
concentrations, and the fluorescence intensities of these
samples were obtained using flow cytometry. Mean fluo-
rescence intensity values from these experiments are plotted in
Figure 6b.
The Pyro-PtdEtn-QSY probe is thus readily absorbed by the

cells, and a linear dependence between probe activation and
concentration was observed at concentrations up to 1 μM. At
higher concentration, the rate of probe activation was slightly
decreased. To avoid probe saturation, a concentration lower
than 1 μM, i.e., 0.66 μM, was chosen for the kinetics
experiment.
The kinetics of the probe activation was investigated further.

Cells were incubated with 0.66 μM Pyro-PtdEtn-QSY probe
for various time intervals, and the fluorescence was measured
(Figure 7a). A plateau in fluorescence was achieved after 8 h of

incubation with the probe (Figure 7b). An incubation time of
12 h was chosen for PDT studies, as this time point provided
high and stable activation levels.
PDT experiments were carried out using MDA-MB-231 cells

to assess cell proliferation and the colony formation ability
following 12 h incubation with the probe and illumination with
665 nm light.
MDA-MB-231 cell proliferation was studied using an MTT

colorimetric assay following PDT. Pyro-PtdEtn-QSY probe
concentrations of 0.66 μM and 6.6 μM were used with four
different light doses of 0.5, 1, 2, and 4 J/cm2 at 665 nm (Figure
8).
As evident from the experiment, 6.6 μM probe concen-

tration is associated with stark dose-dependent cytotoxicity
following PDT, leading to a 50-fold reduction in viability upon
exposure to 4 J/cm2 light dose. Incubation with the probe at
0.66 μM concentration reduced cell viability to 19.6 ± 7.5% of
the baseline at the maximum light dose. Controls included cells
that had no probe treatment and no light exposure, as well as
cells incubated with either 0.66 μM or 6.6 μM probe but not
subjected to light exposure. Results of control experiments
were plotted as part of the concentration-dependent dark
toxicity graph (Figure 9), along with three other concen-
trations0.066 μM, 25 μM, and 66 μM, all in the absence of

Figure 6. Dependence of MDA-MB-231 cell fluorescence on
fluorophore concentration. The cells were incubated with Pyro-
PtdEtn-QSY probe at different concentrations for 6 h before analysis
by flow cytometry (a). The experiments were repeated three times
and done in duplicate for each sample. Mean fluorescence intensity
value and SD are plotted in (b) for each experimental point.

Figure 7. Pyro-PtdEtn-QSY probe activation over time. MDA-MB-
231 cells were treated with 0.66 μM Pyro-PtdEtn-QSY probe in
micelles for various incubation times, and the cell fluorescence was
measured by flow cytometry (a). Each experimental point was tested
in duplicate at least in three independent experiments. Mean values
and standard deviation are calculated for each experimental point and
plotted in (b).

Bioconjugate Chemistry pubs.acs.org/bc Article

https://doi.org/10.1021/acs.bioconjchem.1c00295
Bioconjugate Chem. 2021, 32, 1852−1863

1856

https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00295?fig=fig7&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.1c00295?rel=cite-as&ref=PDF&jav=VoR


665 nm light exposure. A control for light exposure in the
absence of probe was conducted with cells lacking the probe
treatment and illuminated with the highest light dose of 4 J/
cm2, resulting in 87.8% proliferation compared to untreated,
unilluminated controls. The dark toxicity study revealed the
probe toxicity at concentrations of 6.6 μM or greater. As a
result, preference was given to the lower concentration of 0.66
μM.
While the MTT assay evaluates cell viability by assessing the

mitochondrial reductive capacity, clonogenic assays assess the
long-term proliferative potential of cells following PDT
treatment. Clonogenic assays were conducted using 0.66 μM

probe concentration and light doses of 0.5, 1, 2, and 4 J/cm2 at
665 nm. Data were normalized to the plating efficiency of
probe-free control cells, which did not undergo PDT treatment
(Figure 10).

The ability of cells to form colonies was dramatically
impaired by PDT treatment, where the highest light dose is
suppressing the colony formation ability by more than 1000-
fold compared to the untreated control. Both the probe-free
control cells treated with 4 J/cm2 PDT and the probe-exposed
cells receiving no PDT treatment showed a similar colony
formation ability as the probe-free, PDT-free control cells
(Table 1).

It is clear that treatment with the Pyro-PtdEtn-QSY probe
followed by illumination for PDT significantly impairs the
ability of MDA-MB-231 cells to multiply. The effect cannot be
attributed to the 665 nm light exposure alone or dark toxicity
from mere probe intake by cells without 665 nm light
exposure. QSY21 is a FRET-based quencher. It has been
shown that there is a strong correlation (R2 = 0.98) between
the fluorescent quenching of Pyro by FRET-based quenchers
and singlet oxygen quenching.74 Thus, the quencher
deactivates the photosensitizer excited singlet state, drastically
diminishing the PDT-induced toxicity of the quenched probe.
As a result, the PC−PLC probe, Pyro-PtdEtn-QSY, does not
have the properties of a photosensitizer prior to PC−PLC-
induced cleavage. PDT could mediate unquenched (cleaved)
probe self-bleaching due to the interaction of singlet oxygen
with the Pyro moiety. However, it has been shown that the
Pyro self-bleaching effect is minimal at the low light doses used
for in vitro studies.75

The tissue penetration depth of the probe signal was also
tested by diffuse optical imaging (DOT). In this case, micelles
were loaded with unquenched Pyro-PtdCho and immersed
into a scattering solution in an ∼1.6-cm-diameter cylindrical

Figure 8. Relative proliferation (%) of the MDA-MB-231 tumor cells
following PDT treatment as measured by an MTT assay. Cells were
irradiated at 665 nm with a power density of 5 mW/cm2 to doses of
0.5, 1.0, 2.0, and 4.0 J/cm2 (for 100, 200, 400, and 800 s,
respectively), and cell viability was measured by MTT assay. Light
blue curve − 0.66 μM probe concentration; dark blue curve − 6.6 μM
probe. Standard deviations from mean values are depicted by error
bars (N = 3).

Figure 9. Cytotoxicity of Pyro-PtdEtn-QSY probe without light
exposure. The dark toxicity experiment was performed by
administering the probe at various concentrations to MDA-MB-231
cells without subjecting them to light exposure. Relative proliferation
(%) is assessed by an MTT assay. The open circle (at 100% mark)
represents the control cells, which were not treated with Pyro-PtdEtn-
QSY probe, the light blue circle corresponds to the 0.66 μM probe
concentration, and the dark blue circle to 6.6 μM. Mean values and
standard deviation are indicated for each experimental point (N = 3).

Figure 10. Normalized colony forming ability of MDA-MB-231 cells
after treatment with PDT. Cells were incubated in the dark for 12 h
with 0.66 μM probe prior to 665 nm light exposure using a 5 mW/
cm2

fluence rate and different exposure times. Error bars show the
mean with SD for each point from three separate experiments.

Table 1. Average Plating Efficiency of Colony Formation for
Control Conditions

Probe-free, PDT-free control cells 40.8 ± 5.6%
Probe-free control cells with 4 J/cm2 PDT 43.9 ± 7.6%
Probe-exposed cells with no PDT treatment 40.2 ± 2.8%
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container. The background scattering solution was designed to
simulate human breast/breast-cancer tissue. The target
(containing the probe solution) was placed at varying depths
in a tank filled with an intralipid scattering solution. The tissue
phantom surface was illuminated with a 670 nm excitation
laser, and target fluorescence was detected using a 700 nm
long-pass filter. The maximum detected fluorescence signal is
plotted as a function of the probe immersion depth in Figure
S5a. The control experiment, represented by the red line on
the graph in Figure S5a, measured the maximum fluorescence
background signal, originating from the target filled with
HEPES buffer alone. The detected fluorescence levels
generated by the Pyro-PtdCho probe were well above the
background for depths of up to 3 cm. For the sample cell
centered at 1.2 cm depth, the shape and the position of the
target were successfully reconstructed based on the detected
intensity on the tissue phantom surface (Figure S5b,c); these
reconstructions used the NIRFAST DOT reconstruction
suite.76 The results provide feasibility for the fluorescence
detection of activated Pyro-PtdEtn-QSY, intraoperatively.
In summary, we have shown that Pyro-PtdEtn-QSY can

successfully penetrate cells, wherein it is activated and
produces a detectable NIR fluorescence signal sufficient for
imaging. All the breast cancer cell lines tested revealed
increased probe activation levels compared to noncancerous
control cells. The selectivity toward cancerous tissue is further
enhanced by the inability of the unquenched probe, Pyro-
PtdCho, to penetrate cells. PDT experiments showed that the
Pyro-PtdEtn-QSY probe can be an effective agent against
highly aggressive triple-negative MDA-MB-231 breast cancer
cells. With both the absorbance and the fluorescence in the
NIR range, optimal for tissue penetration, the probe could be
employed in tumors located substantially below the surface. In
the future, in vivo studies will be conducted to assess the ability
of the probe in combination with PDT to detect and reduce
the extent of cancer tumors in mouse models.

■ EXPERIMENTAL SECTION
Materials and General Methods. Pyropheophorbide a

acid (Pyro) was purchased from Frontier Scientific, Newark,
DE, USA. 1-Palmitoyl-2-hydroxy-sn-glycero-phosphoethanol-
amine (16:0 Lyso-phosphatidylethanolamine, LysoPtdEtn), 1-
palmitoyl-2-hydroxy-sn-glycero-phosphocholine (16:0 Lyso-
phosphatidylcholine, LysoPtdCho), 1,2-distearoyl-sn-glycero-
3-ghosphoethanolamine-N-[methoxy(molyethylene glycol)-
1000] ammonium salt (DSPE-PEG1000) in chloroform, 5
mg/mL, and 1,2-distearyl-sn-glycero-3-phosphoethanolamine-
N-(TopFluor) AF488 in chloroform, 250 μg/mL (18:0 PE-
TopFluor AF488, PtdEtn-AF488) were purchased from Avanti
Polar Lipids, Inc., Alabaster, AL, USA. QSY21, succinimidyl
ester (QSY-SE), was purchased from ThermoFisher Scientific,
Grand Island, NY, USA.
Dry solvents were purchased from ACROS Organics.

Regular solvents were purchased from Fisher Scientific.
Other reagents/reactants were purchased from Sigma-Aldrich
and used without further purification. Silica Diol (Premium Rf,
70A, 40−75 μm, product #62570−01) and Silica Diol thin
layer chromatography plates (w/UV254, glass-backed, 200 μm,
10 × 20 cm 25/pk, product #2914136) were purchased from
Sorbtech Chromatography, Norcross, GA, USA. All chemical
reactions with QSY21 and/or Pyro were carried out in the dark
under dry argon. MALDI-TOF mass-spectra were recorded on
a Bruker Ultraflex III MALDI TOF/TOF (Bruker Daltonics,

Billirica, MA, USA) using positive-mode ionization with a
terthiophene (Ter; 2,2′:5′,2″-Terthiophene) matrix. Absorb-
ance and fluorescence data were measured using a SpectraMax
M5 fluorescent plate reader (Molecular Devices, San Jose, CA,
USA) and an IVIS Spectrum In Vivo Imaging System
(PerkinElmer, Hopkinton, MA, USA). Cell imaging experi-
ments were perfomed using an EVOS Fluorescence Micros-
copy Imaging System (Thermo FisherScientific, Grand Island,
NY, USA).

Synthesis of Molecular Probes and Lipid Nano-
particles. Pyro-PtdEtn-QSY and Pyro-PtdCho probes were
synthesized and incorporated into lipid nanoparticles using
established protocols38 (Scheme S1) and57−59 (Scheme S2),
respectfully (SI).

Assembly and Characterization of Nanoparticles.
Each fluorescent probe was dissolved in chloroform, and the
absorption of the solution was measured at 410 nm. Using the
extinction coefficient for Pyro (ε = 110,000 M−1 cm−1),27 the
concentration of the probe solutions were determined. DSPE-
PEG1000 was mixed with Pyro-PtdEtn-QSY or Pyro-PtdCho
probe in dry chloroform at a molar ratio of 86.5:13.5 in a glass
tube. In the experiments measuring nanoparticle binding and
uptake, 3 mol % of phospholipids conjugated with Alexa Fluor
488 (PtdEtn-AF488) were included in a mixture containing
quenched Pyro-PtdEtn-QSY. The chloroform was evaporated
using argon flow, and the lipid film was dried under high
vacuum for at least 3 h. The tube was flushed with argon, and
the lipid film hydrated with hot (80 °C) degassed HBS buffer
(10 mM Hepes, 140 mM NaCl) and intermittent vortexing.
The resulting solution was cooled to room temperature and
filtered through 0.2 μm filters (MILLEX-GV).65 The micelle
solution was kept in the dark at 4 °C.
The size distribution of the LNPs was measured by light-

scattering photon correlation spectroscopy (Zetasizer NanoZS,
Malvern Instruments, Malvern, UK) utilizing a 10 mW He−Ne
laser operating at 633 nm and a detector angle of 90°. The data
were modeled assuming spherical particles undergoing
Brownian motion.65

The absorbance and fluorescence spectra of the micelles,
carrying Pyro-PtdEtn-QSY and Pyro-PtdCho, were obtained in
HEPES buffer (pH = 7.0) using a SpectraMax M5 fluorescent
plate reader (Molecular Devices, San Jose, CA).

Cell Culture. Four breast cancer cell lines, MDA-MB-231,
MDA-MB-453, MCF-7, and SKBR3 were obtained from the
American Type Culture Collection (ATCC) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Corning, 10-
013-CM). The medium was supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin and streptomycin. The
immortalized human mammary gland cell line MCF-12A was
purchased from ATCC and cultured in DMEM F12 medium,
supplemented with 5% horse serum, hydrocortisone (0.5 μg/
mL), insulin (10 μg/mL), hEGF (20 ng/mL), and gentamicin
(0.25 μg/mL)/amphotericin-B (10 μg/mL) (Gibco Labora-
tories, Grand Island, NY, USA). Cells were grown in 75 cm2

flasks and passaged when 70−90% confluent. The cells were
maintained in a humidified incubator at 37 °C and 5% CO2
atmosphere.

Flow Cytometry Analysis of Probe Activation. Breast
cancer cells were plated into 96-flat-well plates at 5 × 104 cells/
well and grown overnight. The cytotoxic CD8 T cell line
CER43 was utilized as a negative control.65 Pyro-PtdEtn-QSY
or Pyro-PtdCho probes were added at indicated concen-
trations and incubated for the chosen time interval. Cells
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incubated with nanoparticles without fluorescent probes were
utilized as negative controls. The wells were washed with
DPBS buffer and incubated with DPBS containing 5 mM
EDTA for 5 min at room temperature. Detached cells were
washed with DPBS/1% BSA buffer and analyzed using a BD
LSR II Flow Cytometer (BD Biosciences, San Jose, CA).
Pyrofluorescence was measured with 633 nm laser and 670/30
bandpass filter.
Double-labeled nanoparticles containing both the quenched

Pyro-PtdEtn-QSY and the PtdEtn-AF488 lipid were used to
simultaneously measure cellular nanoparticle uptake (AF488
fluorescence) and probe activation (Pyro fluorescence). AF488
fluorescence was measured using a 488 nm laser and 530/30
bandpass filter. Each time when AF488 cellular fluorescence
was measured, Alexa Fluor 488 Quantum MESF microspheres
(Bangs laboratories Inc., Fishers, IN, USA) were used.
Microsphere populations are surface-labeled with increasing
amounts of the fluorochrome calibrated in MESF units. The
microbeads served both as a quality control and as an AF488
intensity calibrator. Probe uptake was calculated using the
AF488 fluorescence intensity of nanoparticle-treated cells with
values expressed as MESF. Pyro-PtdEtn-QSY probe activation
measured as cell fluorescence using the Pyro channel was
normalized relative to probe uptake employing the equation

(MFI(Pyro) MFI(negative))/(MESF(AF488)

MESF(negative))

−

−

where MFI(Pyro) is cellular fluorescence of activated Pyro-
PtdEtn-QSY probe, MFI(negative) is cell autofluorescence in
the Pyro channel, MESF(AF488) is the number of AF488
fluorophores per cell, and MESF(negative) is the cell
autofluorescence in the AF488 channel expressed in MESF
units.
The effects of the PC−PLC inhibitor D609 on Pyro-PtdEtn-

QSY probe activation were monitored. D609 was dissolved in
dry DMSO at 25 mg/mL and stored desiccated at −80 °C.
Cells were plated in a 96-well plate. After incubation overnight,
cells were treated with 5 or 50 μg/mL D609 for 1 h. Micelles
bearing the quenched Pyro-PtdEtn-QSY and the PtdEtn-
AF488 lipids were added to the wells to a final concentration of
1 μM, and incubation continued for one more hour. The cells
were collected, washed, and analyzed by flow cytometry, and
probe activation was normalized relative to probe uptake as
described above. D609 inhibition of the probe activation was
calculated relative to the untreated control and expressed as a
percentage.
Amplex Red Assay of PC−PLC Activity in Whole Cell

Lysates. Breast cancer cell line were grown until confluent.
Cell lysis was performed using a lysis buffer (12 mM Tris-HCl,
pH 7.2; 140 mM NaCl; 0.75 mM EDTA, 0.25% Triton X-100)
on ice for 20 min in the presence of protease and phosphatase
inhibitors (5 μg/mL aprotinin, 5 μg/mL pepstatin A, 5 μg/mL
leupeptin; 100 μM sodium orthovanadate, and 100 μM
PMSF). The lysates were spun at 13,000 rpm, and super-
natants were collected. Protein concentration was measured
using a BCA Protein Assay (Pierce). When needed, the
supernatants were diluted in order to have the same
concentration of protein. PC−PLC activity was measured in
supernatant using an Amplex Red Phosphatidylcholine-Specific
Phospholipase C Assay Kit (Molecular Probe, Inc., Eugene,
OR, USA).29 Briefly, the supernatants were mixed with equal
amounts of working solution containing 2 U/mL horseradish

peroxidase (HRP), 8 U/mL alkaline phosphatase, 0.2 U/mL
choline oxidase, 1 mM phosphatidylcholine, and 0.4 mM
Amplex Red reagent in 1× Reaction Buffer (50 mM Tris-HCl,
pH 7.4, 0.14 M NaCl, 10 mM dimethylglutarate, 2 mM
CaCl2). The experiment was performed in triplicate.
Phosphocholine released from phosphatidylcholine by PC−
PLC is converted to choline by alkaline phosphatase, which is
further oxidized to form H2O2. In the presence of HRP, H2O2
reacts with Amplex Red to generate the fluorophore, resorufin,
which was detected using λex = 560 nm and λem = 590 nm on
the SpectraMax M5 plate reader.

Analysis of Probe Activation by Microscopy. For
microscopy experiments, cells were grown in phenol-red free
DMEM media with 10% FBS. Cells were treated with a Pyro-
PtdEtn-QSY probe solution in HEPES buffer, resulting in a 6.6
μM Pyro-PtdEtn-QSY concentration. After 30 min incubation
in a 5% CO2 environment at 37 °C, the media was replaced
with the original media without the probe, and cells were
imaged. Nuclei were stained with 1.5 μM Hoechst solution 3 h
prior to microscopy. Images of different cell lines were
obtained using an EVOS Fluorescence Microscopy Imaging
System equipped with a Cy5 filter cube set and DAPI channel
cube set.

MTT Viability Assay. MDA-MB-231 cells were seeded in
black-walled 96-well plates (PerkinElmer, 6005182) at 1.5 ×
104 cells/well in 150 μL of media and incubated for 24 h. The
cells were washed with 200 μL of HBSS solution (Gibco,
14175−079) and bathed in 100 μL of freshly prepared media
containing either 0.66 μM or 6.6 μM probe; controls received
fresh media without the probe. All samples were tested in
triplicate. After 12 h of incubation, the media was removed, the
wells were washed with 200 μL of HBSS, and the wells filled
with 50 μL of media containing 5% FBS. The plates were
irradiated at 665 nm with a power density of 5 mW/cm2 to
doses of 0.5, 1.0, 2.0, and 4.0 J/cm2 (for 100, 200, 400, and 800
s, respectively). Illumination was provided by a B&W Tek Inc.
diode laser and delivered through microlens-tipped fibers.
Light was measured via a Labmaster power meter (Coherent).
After irradiation, 50 μL of media containing 15% FBS was
added to each well, bringing the overall FBS concentration to
10% for subsequent incubation. Plates were incubated in the
dark for 24 h. Cell viability was measured by the MTT
colorimetric assay (Roche, 11465007001) and recorded as the
percentage of live cells in the illuminated samples compared to
the percentage of live cells in the control with no light
exposure for each concentration.
Dark toxicity experiments were carried using the same

protocol, except no illumination was involved.
Clonogenic Assay for Colony Formation. MDA-MB-

231 cells were seeded into two 75 cm2
flasks at 1.5 × 106 cells

per flask. Cells were allowed to grow for 60 h, and then the
flasks were rinsed with 10 mL of HBSS. 10 mL of 0.66 μM
probe solution in low serum media (5% FBS) was added to the
treatment flask, and 10 mL of low serum media was added to
the control flask. After 12 h of incubation, both flasks were
rinsed with HBSS, and 10 mL of low serum media was added
to each flask, followed by 1 h incubation. The cells were
trypsinized, counted, and resuspended in low serum media as 2
× 105 cells/mL. 2 mL aliquots of probe-exposed cells were
transferred to 60 × 15 mm Petri dishes, and treated with 665
nm PDT at 5 mW/cm2 to a total fluence of 0.5, 1, 2, and 4 J/
cm2 (100, 200, 400, and 800 s, respectively). A 2 mL aliquot of
the probe-free control cells was treated to the highest dose of 4
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J/cm2. Irradiated cells were then plated in triplicates in 100 ×
20 mm2 tissue culture dishes filled with 10 mL of regular
growth media (10% FBS in DMEM) at 102, 103, 104, and 105

cells/plate. In addition, both the probe-exposed cells and
probe-free control cells with no irradiation were plated at 102

cells/well. Dishes with cells were placed in a 37 °C incubator
(5% CO2) for 12 days. Following incubation, the media was
drained, and the dishes were allowed to dry and stained with
0.25% Methylene Blue solution in 95% ethanol. Colonies were
then counted. This experiment was repeated three times. The
plating efficiency was determined as [(#colonies counted/#
cells plated) × 100%], and survival fractions were calculated by
normalizing to the plating efficiency under control conditions.
Averaged results were plotted in a log scale as a function of the
light dose.
Fluorescence Diffuse Optical Tomography. A contin-

uous-wave (CW) 670 nm diode laser (Thorlabs, HL6756MG)
was collimated, passed through a laser line filter (Thorlabs,
FL670−10), and then directed to a galvanometer scanner
(Thorlabs, GVS012). The source laser light was scanned over a
9 × 9 grid of source locations spanning a total area of 12 cm ×
12 cm on the side of an imaging tank; a similar setup is
employed and described in previous work.77 An imaging
camera (Hamamatsu, ORCA-Flash 4.0 C11440) was placed
beside the galvanometer scanner to capture fluorescence
emission in the reflection geometry; the emitted fluorescence
light was filtered by a 700 nm long-pass filter (Edmund Optics,
64703). For each point on the scanned grid, the image was
captured with a 1 s exposure time. A cylindrical target,
approximately 1.6 cm in diameter and height,78 was filled with
a solution of 8 μM Pyro-PtdCho micelles in HEPES buffer.
The cylindrical target was placed inside a tank filled with
Intralipid solution that mimicked the scattering properties of
breast tissue (reduced scattering coefficient μs′ = 8 cm−1 at 785
nm). The target was immersed in the tank and positioned
approximately in the center of the camera’s field of view. The
target depth from the illumination surface was varied from 1.2
to 3.7 cm, as measured to the center of the target, in 0.5 cm
increments. A measurement was taken using the pure HEPES
buffer solution, i.e., without the fluorophore, in the target to
provide background data and to facilitate a “difference”
reconstruction algorithm. The reconstruction was performed
using a fluorescence finite difference method available in the
NIRFAST software suite.76
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■ ABBREVIATIONS

AF488, Alexa Fluor 488 carboxylic acid, 2-(6-amino-3-iminio-
4,5-disulfonato-3H-xanthen-9-yl)-(4 and 5)-carboxybenzoate
dilithium salt; Amplex Red, 1-(3,7-dihydroxy-10H-phenoxazin-
10-yl)ethan-1-one; ATCC, American Type Culture Collection;
BCA, bicinchoninic acid; BHQ-3 carboxylic acid, black hole
quencher-3, 3-diethylamino-5-phenylphenazium-7-diazoben-
zene-4″-(N-methyl)-N-butyric acid; Cho, choline; CW, con-
tinuous-wave; D609, tricyclodecan-9-yl-xanthogenate; DMEM,
Dulbecco’s modified Eagle’s medium; DMSO, dimethyl
sulfoxide; DOT, diffuse optical tomography; DSPE-PEG-
(1000), 1,2-distearyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-1000] (ammonium salt;
DU145, a human prostate cancer cell line. DU stands for
Duke University; EGFR, epidermal growth factor receptor;
Etn, ethanolamine; FBS, fetal bovine serum; FRET, Förster
resonance energy transfer; HBSS, Hank’s Balanced Salt
Solution; HEPES, 2-(4-(2-hydroxyethyl)piperazin-1-yl)-
ethane-1-sulfonic acid; HER2, human epidermal growth factor
receptor 2; HRP, horseradish peroxidase; LNPs, lipid-based
nanoparticles; MALDI-TOF, Matrix Assisted Laser Desorp-
tion/Ionization Time-of-Flight Mass Spectrometry; MCF-7, a
human breast cancer cell line. MCF stands for “Michigan
Cancer Foundation”; MCF-12A, nontumorigenic mammary
epithelial cells; MDA-MB-231, a human triple-negative breast
cancer cell line. MDA stands for “M.D. Anderson” and MB
stands for “Metastasis Breast cancer”; MDA-MB-453, a human
triple-negative breast cancer cell line.; MESF, Molecules of
Equivalent Soluble Fluorochrome; Methylene Blue, N-(7-
(dimethylamino)-3H-phenothiazin-3-ylidene)-N-methylme-
thanaminium chloride; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazol-3-ium bromide; NIR, near-infrared;
NIRF, near-infrared fluorophore; PC, phosphocholine; PC−
PLC, phosphatidylcholine-specific phospholipase C; PDT,
photodynamic therapy; PBMC, peripheral blood mononuclear
cells; PMSF, phenylmethylsulfonyl fluoride; PtdCho, phospha-
tidylcholine; PtdEtn, phosphatidylethanolamine; PtdEtn-
AF488, 1,2-distearyl-sn-glycero-3-phosphoethanolamine-N-
(TopFluor) AF 488 ammonium salt; Pyro, pyropheophorbide
a; Pyro-PtdCho, 1-palmitoyl-2-pyropheophorbide a-sn-glycero-
3-phosphocholine; Pyro-PtdEtn-BHQ, 1-palmitoyl-2-pyro-
pheophorbide a-sn-glycero-3-phosphoethanolamide of BHQ-3
carboxylic acid; Pyro-PtdEtn-QSY, 1-palmitoyl-2-pyropheo-
phorbide a-sn-glycero-3-phosphoethanolamide of QSY21
carboxylic acid; QSY21 carboxylic acid, (E)-1-(9-(2-((4-
carboxypiperidin-1-yl)sulfonyl)phenyl)-6-(indolin-1-yl)-3H-
xanthen-3-ylidene)indolin-1-ium chloride; Resorufin, 7-hy-
droxy-3H-phenoxazin-3-one; SKBR3, a human breast cancer
cell line. SK stands for Sloan-Kettering; BR, BReast cancer;
Tris, tris(hydroxymethyl)aminomethane
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