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ABSTRACT: Lung cancer, the most common cause of cancer-related death in
the United States, requires advanced intraoperative detection methods to
improve evaluation of surgical margins. In this study we employed DDAO-
arachidonate (DDAO-A), a phospholipase A2 (PLA2) activatable fluorophore,
designed for the specific optical identification of lung cancers in real-time during
surgery. The in vitro fluorescence activation of DDAO-A by porcine sPLA2 was
tested in various liposomal formulations, with 100 nm extruded EggPC showing
the best overall characteristics. Extruded EggPC liposomes containing DDAO-A
were tested for their stability under various storage conditions, demonstrating
excellent stability for up to 4 weeks when stored at −20 °C or below. Cell studies
using KLN 205 and LLC1 lung cancer cell lines showed DDAO-A activation was
proportional to cell number. DDAO-A showed preferential activation by human
recombinant cPLA2, an isoform highly specific to arachidonic acid-containing
lipids, when compared to a control probe, DDAO palmitate (DDAO-P). In vivo studies with DBA/2 mice bearing KLN 205 lung
tumors recapitulated these results, with preferential activation of DDAO-A relative to DDAO-P following intratumoral injection.
Topical application of DDAO-A-containing liposomes to human (n = 10) and canine (n = 3) lung cancers ex vivo demonstrated the
preferential activation of DDAO-A in tumor tissue relative to adjacent normal lung tissue, with fluorescent tumor-to-normal ratios
(TNR) of up to 5.2:1. The combined results highlight DDAO-A as a promising candidate for clinical applications, showcasing its
potential utility in intraoperative and back-table imaging and topical administration during lung cancer surgeries. By addressing the
challenge of residual microscopic disease at resection margins and offering stability in liposomal formulations, DDAO-A emerges as a
potentially valuable tool for advancing precision lung cancer surgery and improving curative resection rates.
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■ INTRODUCTION
Lung cancer is the leading cause of cancer-related death in the
United States, with a 5-year survival rate of less than 20%.
Lung cancers encompass small cell lung cancer (SCLC) and
non-small cell lung cancer (NSCLC), with NSCLCs
accounting for approximately 85% of all cases. NSCLC can
be further categorized into adenocarcinomas, squamous cell
carcinomas, and large cell undifferentiated carcinomas.1−3 The
primary treatment for NSCLCs is surgery followed by adjuvant
chemotherapy.3,4 The current intraoperative identification of
tumor tissue and delineation of margins relies primarily on
finger palpation and visual inspection. However, these
conventional approaches lack specificity, resulting in disease
recurrence in approximately 40% of patients.4−6

Preoperative imaging offers essential information on tumor
localization and nodule count. However, during surgery, the
lung is collapsed so there is an inherent shift in the organ
position compared to presurgical imaging which poses
challenges for accurate tumor margin delineation during

resection. Furthermore, the need to preserve lung function in
patients with compromised respiratory systems requires
conservative tissue removal, increasing the risk of residual
disease in the lungs. Thus, there is an urgent need for the
development of specific intraoperative imaging and tumor
identification methods to enhance the rates of successful
curative resections.

Fluorescence-guided surgery (FGS) is an emerging field
aimed at addressing this issue by utilizing fluorophores
targeted at tumors, disease biomarkers, or cell types to identify
tumor margins and micrometastases intraoperatively.7−12 By
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targeting overexpressed disease biomarkers and exploiting the
enhanced permeability and retention (EPR) effect, fluoro-
phores can be designed to preferentially partition into specific
tissues. Such probes can be invaluable for achieving complete
malignant tissue resections and for visualizing healthy tissues
such as nerves, thereby reducing the rates of disease recurrence
and postoperative complications.13,9,14−17 Despite being a
nascent technology, FGS holds substantial promise. However,
only a limited number of fluorescent probes have received
clinical approval, and only a few are specifically designed for
cancer imaging, such as ICG, 5-aminolevulinic acid (5-ALA),
and pafolacianine (OTL-38).15,18−21 There is considerable
interest in developing near-infrared (NIR) fluorophores for
FGS. At these longer wavelengths, tissue light penetration is
increased and scattering is reduced relative to visible
light.7−9,18−20,22

Activatable fluorophores have been devised to enhance
fluorescence signal intensity by increasing probe accumulation
at sites of high target expression. The use of enzyme-activaated
probes has demonstrated the potential to increase signal-to-
background ratios (SBR) by as much as 10-fold compared to
constitutively active fluorophores.23−29

We previously reported a NIR-I phospholipase A2 (PLA2)
activatable fluorophore, DDAO-arachidonate (DDAO-A Sup-
porting Information Scheme S1), for the targeted imaging of
triple-negative breast cancer (TNBC).30,31 DDAO-A is
composed of the fluorophore DDAO (7-hydroxy-9H(1,3-
dichloro-9,9-dimethylacridin-2-one)) conjugated to arachidonic
acid through an ester linkage, effectively quenching fluo-
rescence.30,32,33 DDAO-A must be formulated into liposomes
due to the hydrophobicity of the probe. When DDAO-A-
containing liposomes are exposed to PLA2 activity, the ester
linkage is cleaved resulting in free DDAO (λex, λem = 600, 660
nm) with measurable fluorescence in the NIR-I window.30,31

Cytosolic PLA2 (cPLA2) is a highly selective PLA2 isoform
that catalyzes the release of arachidonic acid from phospho-
lipids for inflammation signaling and is overexpressed in
approximately 45% of non-small cell lung cancers
(NSCLCs).34,35 Additionally, cPLA2 is activated by phosphor-
ylation through the Ras/Raf/MAPK pathway, which has well-
documented mutations in as many as 30% of NSCLC
adenocarcinomas alone.36,37

In translating this probe from TNBC imaging to NSCLC,
we hypothesized that DDAO-A would be preferentially
activated in NSCLCs compared to normal lung tissue due to
the overexpression and increased activation of cPLA2 in
NSCLC, as well as the increased density of lung cancer tissue.
As a result, we expected to observe a strong contrast between
malignant and normal tissues that could be translatable for
intraoperative and ex vivo tumor margin identification. Here,
we demonstrate the preferential activation of DDAO-A in vitro
and in vivo NSCLC cells and animal models, as well as in ex
vivo human (n = 10) and canine (n = 3) lung tumor tissues.

■ MATERIALS AND METHODS
All reagents for chemical synthesis were obtained from Santa Cruz
Biotechnology. Chloroform, hexanes, salts for buffers, and cell culture
supplies were purchased from ThermoFisher Scientific unless
otherwise stated. Tris base was purchased from Bio-Rad. Lipids for
liposomal formulations and materials for membrane extrusion were
obtained from Avanti Polar Lipids. Porcine pancreas pancreatic
secretory phospholipase A2 (sPLA2) was purchased from Milli-
poreSigma. Recombinant human cPLA2 was obtained from Abcam.
All cell lines were purchased from the American Type Culture

Collection (ATCC), unless specified otherwise. Normal human
parathyroid and prostate tissues were purchased from OriGene. Mice
were purchased from Charles River Production. The rabbit primary
antibody for cPLA2 was purchased from Cell Signaling Technologies.

Ethical Statements
Mouse Studies. Ethical approval for the use of mice in this study

was obtained and monitored under the Institutional Animal Care and
Use Committee (IACUC) through the University of Pennsylvania;
Protocol #: 804641.
Canine Tissue Studies. Informed consent for the use of all canine

tissues was obtained through the University of Pennsylvania School of
Veterinary Medicine, and ethical approval was obtained and
monitored under the IACUC through the University of Pennsylvania;
Protocol #: 804435.
Human Tissue Studies. Informed consent for the use of all

human tissues was obtained through the Hospital of the University of
Pennsylvania with ethical approval and monitoring through Internal
Review Boards (IRB): 822153 and 842586.

Chemical Synthesis
DDAO-arachidonate (DDAO-A, 3) and DDAO-palmitate (DDAO-P,
5) were synthesized as previously reported.30 Briefly 25 mg (0.081
mmol) of DDAO (1) were dissolved in 75 mL of anhydrous pyridine
(Millipore Sigma) (Scheme S1). The solution was cooled to −40 °C
by swirling in a liquid N2 bath. 100 mg (0.310 mmol) of arachidonoyl
chloride (2) or 90.6 mg (0.330 mmol) of palmitoyl chloride (4,
Sigma-Aldrich) were then added to the solution and stirred until the
solution equilibrated to room temperature (Scheme S1). Pyridine was
removed by rotary evaporation at rt. The resulting solids were
reconstituted in 1:1 (v:v), hexanes:chloroform and purified by flash
column chromatography (silica gel, porosity 60 Å, particle size 40−63
μm, Sorbent Technologies) in 100 mL gradients of 3:7, 2:8, 1:9 (v:v),
hexanes:chloroform followed by 100 mL of pure chloroform. Yellow
solids were obtained by rotary evaporation followed by high vacuum
drying to remove residual solvents. Yields: DDAO arachidonate 32.2
mg (67%); DDAO palmitate 21.8 mg (49%). The purified products
were confirmed by mass spectroscopy (MALDI-TOF)30 and 1H
NMR.30

Liposomal Formulation
Egg phosphatidylcholine (EggPC) liposomes were prepared to be
95:5 mol % EggPC:DDAO-A by combining 1.9 μmol EggPC with 0.1
μmol DDAO-A in chloroform. EggPC-cholesterol liposomes were
prepared to be 52:43:5 mol % EggPC:cholesterol:DDAO-A in
chloroform by combining 1.05 μmol EggPC with 0.85 μmol
cholesterol and 0.1 μmol DDAO-A in chloroform. Hydrogenated
soybean phosphatidylcholine (HSPC) 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-
PEG2000) liposomes were formulated to be 50:40:5:5 mol %,
HSPC:cholesterol:DSPE-PEG2000:DDAO-A by combining 1 μmol
HSPC, 0.8 μmol cholesterol, 0.1 μmol DSPE-PEG2000, and 0.1 μmol
DDAO-A in chloroform. DDAO-P was similarly dissolved in
chloroform and combined with the desired lipid composition.
Chloroform was removed under a constant stream of N2 gas creating
lipid films. The films were reconstituted in 1.0 mL Dulbecco’s
phosphate buffered saline (DPBS) by vigorous pipetting and
vortexing. Membrane extrusion was performed using the Avanti
Mini Extruder. Liposomes were extruded 20 times across a 50, 100, or
200 nm membrane.

Liposomal Characterization
Absorbance and fluorescence spectra were acquired using a Molecular
Devices SpectraMax M5. Reference absorbances were acquired for the
solvent before the addition of the probe. Absorbance spectra for
DDAO-A- and DDAO-A-containing liposomes were obtained by
measuring the absorbance every 1 nm from 300 to 850 nm and
normalizing to the wavelength with the highest absorption.
Absorbance spectra for DDAO-A were obtained in 3 mL of
chloroform using a quartz cuvette. Spectra for DDAO-A liposomes
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were determined in 100 μL of DPBS at pH 9.0 in a Costar 96-well
black wall clear bottom plate.

Size and polydispersity indices (PDIs) of liposomes for each
formulation were determined using dynamic light scattering (DLS),
and Zeta potentials were determined by electrophoretic light
scattering (ELS). All characterization experiments were run in
triplicate in 0.1X PBS on the Malvern Panalytical Zetasizer.

To test the stability of EggPC-DDAO-A lipid films, the films were
stored under N2 gas at room temperature with ambient light or in the
dark covered in aluminum foil at room temperature, 4 °C, −20 °C,
and −80 °C. After 1 day, 2 days, 7 days, 14 days, and 28 days, lipid
films were used to formulate liposomes as described above. The
amount of remaining DDAO-A, as well as, the amount of DDAO
released by nonspecific hydrolysis, was assessed by measuring
absorbance and fluorescence spectra, respectively.
Cell Culture
Lewis lung carcinoma (LLC1), LKR and KLN 205 cells were
obtained from ATCC. 4175-Luc+ cells were obtained from Dr. Andy
Minn. TC1 cells were generously provided by Dr. Sunil Singhal.
Frozen stocks were maintained in liquid nitrogen cryogenic storage.
Cells were tested every 6 months using the MycoAlert mycoplasma
testing kit (Lonza). LLC1 and LKR cells were passaged in full Gibco
high glucose (4.5 g/L) DMEM. KLN 205 cells were passaged using
full EMEM from ATCC. TC1 cells were passaged using folate-
deficient RPMI (Mediatech). 4175-Luc+ cells were passaged in
DMEM supplemented with 5 μg/mL blasticidin (Invitrogen). All
media were supplemented with 10% fetal bovine serum (FBS)
(Hyclone), 1% L-glutamine (Gibco), and 1% penicillin/streptomycin
(Gibco).
Western Blot
Cells were seeded in 10 cm dishes at 2.5 × 105 cells/mL in 12 mL of
media. After incubation for 24 h at 37 °C and 5% CO2, cells were
washed with ice-cold DPBS and scraped on ice in radioimmunopre-
cipitation assay buffer containing complete, mini EDTA-free protease
inhibitor cocktail (Roche). The resulting samples were vortexed and
rapidly frozen and thawed in three cycles using liquid N2 followed by
heating in a 37 °C heat block. Samples were then sonicated for 5 min
at 4 °C and kept on ice for 15 min. Cell debris was pelleted by
centrifugation at 13,000 rpm for 10 min. The supernatant was
removed, and protein concentration measured using a bicinchonic
acid (BCA) protein assay kit (Pierce). Protein concentrations were
equalized before diluting 1:1 with Laemmli loading buffer containing
5% 2-mercaptoethanol and heating for 5 min at 95 °C. Thirty μL (25
μg protein) were loaded into each lane for each corresponding cell
line and resolved on a 10% SDS-PAGE gel. Transfer was conducted
onto a 0.45 μm pore nitrocellulose membrane (Invitrogen). The
membrane was blocked in Odyssey blocking buffer (LI-COR) and
incubated with primary antibodies to cPLA2 and β-tubulin (Cell
Signaling). The membrane was incubated with secondary goat anti-
rabbit antibody conjugated to IRDye 800CW (LI-COR) and
visualized using the LI-COR Odyssey CLx. Bands were quantified
using ImageStudio Lite.
Activation Assays
For detecting activation by sPLA2, 100, 50, 10, or 0 units of the
enzyme were added in triplicate to each well of a Costar 96-well black
wall clear bottom plate. One nmol of liposomal DDAO-A or DDAO-P
was added to each well to start the assay. Reactions were conducted in
100 μL total volume DPBS. To test fluorescence activation by cPLA2,
2 nmol of liposomal DDAO-A or DDAO-P were incubated with 2.5−
5 μg of recombinant human cPLA2 or with no enzyme. The reaction
volume was made uniform at 100 μL using a 50 mM Tris, 500 mM
NaCl and 10 mM CaCl2 buffer (pH = 8). Reactions were conducted
at 37 °C. Probe activation was monitored by measuring DDAO
fluorescence at 660 nm using a 600 nm excitation in the Molecular
Devices SpectraMax M5 plate reader.

KLN 205 cells were seeded in duplicates in a Nunc Lab-Tek II 8-
well Chamber Slide System at 0, 1.5 × 105 or 3.0 × 105 cells/mL in a
total volume of 200 μL EMEM. LLC1 cells were seeded in triplicate

into a 96-well plate at 0, 1.5 × 105 or 3.0 × 105 cells/mL in a total
volume of 100 μL DMEM. Cells were incubated overnight at 37 °C
and 5% CO2. Media was aspirated and replaced with 200 or 100 μL of
supplement-free media containing 10 μM DDAO-A in EggPC
liposomes and incubated at 37 °C and 5% CO2 for 3.5 h. Media
was aspirated, and wells were rinsed twice with ice-cold DPBS before
imaging for fluorescence at 700 nm using the LI-COR Odyssey for the
chamber slides or the LI-COR Pearl for the 96-well plate.
Fluorescence was quantified for each sample using ImageStudio Lite.
In Vivo Imaging
Eight DBA/2 mice (Charles River) were injected in the shoulder with
1 × 106 KLN 205 cells in 100 μL of 1:1 (v:v) Matrigel Matrix:DPBS.
Tumors were allowed to grow for 2 weeks to be about 1 cm2. The
mice were imaged for baseline autofluorescence in the LI-COR Pearl
Trilogy at 700 nm. This was followed by three rounds of successive
imaging. For experiment 1, four mice were injected intratumorally
(IT) with 40 nmol of DDAO-A. Four mice were injected IT with 40
nmol of DDAO-P as negative controls. The probes were allowed to
activate for 5 min prior to imaging at 700 nm. In experiment 2, two of
the mice injected with DDAO-P were chased with 40 nmol of DDAO-
A IT, and the mice were imaged 5 min postadministration at 700 nm.
In experiment 3, the remaining two control mice were chased IT with
40 nmol of DDAO-A. Fluorescence imaging was repeated. Pretreat-
ment autofluorescence was subtracted from flank fluorescence after
each imaging round to determine the Mean Fluorescence Intensity
(MFI) for each mouse and normalized to the highest tumor
fluorescence intensity. Following the euthanasia of the mice, all
tumors were excised and imaged at 700 nm in the LI-COR Pearl
Trilogy alongside flank muscle from the corresponding mice to
determine TNR. Fluorescence for all images was quantified using
ImageStudio Lite (LI-COR).
Canine and Human Tissue Staining and Imaging
Deidentified canine lung tumor and normal lung tissues were
obtained from surgeries in patient dogs with spontaneous lung
tumors. Deidentified human lung tumor and normal lung tissues were
obtained from lung tumor resection. Fresh tissues were maintained in
DPBS on ice for transport and equilibrated to 37 °C prior to
treatment. Tissues were imaged for baseline fluorescence at 700 and
800 nm using the LI-COR Pearl or by exciting at 640 nm and
measuring emission at 680 nm using the PerkinElmer IVIS Spectrum.
The tissues were then placed in 1 mL of DPBS before treating with 20
nmol of liposomal DDAO-A. Samples were incubated at 37 °C for 15
min before reimaging using the same conditions as at baseline.
Fluorescence was quantified using ImageStudio Lite (LI-COR) or
LivingImage (PerkinElmer), TNRs were determined by dividing the
average fluorescence intensity of the tumor by the average
fluorescence intensity of the normal tissue.
Histology/Immunohistochemistry
Human and canine tissues from ex vivo experiments were placed in
10% paraformaldehyde and stored at room temperature in the dark
until needed. Five μm thick paraffin sections were mounted on
ProbeOn slides (Thermo Fisher Scientific). Immunostaining was
performed using a Leica BOND RXm automated platform combined
with the Bond Polymer Refine Detection kit. After dewaxing and
rehydration, sections were pretreated with the epitope retrieval
BOND ER2 high pH buffer (Leica) for 20 min at 98 °C. Endogenous
peroxidases were inactivated with 3% H2O2 for 10 min at room
temperature. Nonspecific tissue-antibody interactions were blocked
with Leica PowerVision IHC/ISH Super Blocking solution for 30 min
at room temperature. The blocking solution also served as a diluent
for the rabbit primary antibody against cPLA2 (Cell Signaling
Technology) at a concentration of 1:200 and incubated on the
sections for 45 min at room temperature. A biotin-free polymeric IHC
detection system consisting of HRP-conjugated goat anti-rabbit IgG
was then applied for 25 min at room temperature. Immunoreactivity
was revealed with the diaminobenzidine (DAB) chromogen reaction.
The resulting slides were counterstained in hematoxylin, dehydrated
in an ethanol series, cleared in xylene, and permanently mounted with
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a resinous mounting medium (Thermo Scientific ClearVue cover-
slipper). Sections of normal canine and human parathyroid and
prostate were included as positive and negative controls, respectively.
Limit-of-Detection
Human lung tumor tissue was imaged whole and following each of
multiple dissections for fluorescence at 700 nm using the LI-COR
Pearl Trilogy. Normal human lung tissue from the same patient was
imaged alongside each tumor dissection at its original size. TNRs
were then determined for each dissection using ImageStudio Lite.
Imaging areas for each dissection were determined by measuring the
length and width of tumors in each dissection. Imaging area was
compared to the TNR for each dissection.

■ RESULTS AND DISCUSSION
To determine the optimal liposomal formulation for in vitro, in
vivo, and ex vivo studies, four different formulations were tested
for size, PDI, and zeta potential (Table 1, Figure S1).

Nanoparticles measuring less than 200 nm partition preferen-
tially into cancer tissues via the EPR effect.38−40 Thus,
developing a formulation with sizes around 100 nm and low
PDIs was important for ensuring experimental reproducibility
and maximizing tumor tissue accumulation. Zeta potentials
were considered optimal within the range of −5 to −15 mV.
Within this interval the liposomes bear a sufficiently negative
charge to minimize interliposomal fusion, while still retaining a
low enough charge to enhance in vivo liposomal retention by
reducing cellular fusion.38,41 Among the four formulations
tested, only two exhibited the desired physical characteristics:
membrane-extruded EggPC liposomes and 55:45 EggPC:cho-
lesterol liposomes (Table 1). Nonextruded EggPC liposomes
displayed varying sizes with their average liposomal size being

nearly four times larger than the optimal size, whereas the Zeta
potential for the HSPC liposomal formulation was below −15
mV (Table 1, Figure S1).

All four formulations were evaluated for their activation by
sPLA2, a less specific isoform that cleaves phospholipids during
digestion to release various fatty acids, including arachidonic
and palmitic acids.42−44 The activation of DDAO-A in each
liposomal formulation was tested using 0−100 units of porcine
pancreas sPLA2 (Figure 1). Nonextruded and membrane-
extruded EggPC liposomes exhibited the most rapid activation
of DDAO-A and the highest overall fluorescence after 3.5 h.
These formulations displayed distinguishable fluorescence
proportional to the enzyme concentration as early as 30 min
following reaction initiation (Figure 1A,B). The addition of
cholesterol to the EggPC formulation resulted in slower
activation and a lower maximum fluorescence which was
reached at 10 h (Figure 1C). HSPC liposomes exhibited
virtually no activation of DDAO-A in the presence of any
amount of sPLA2 (Figure 1D).

The primary purpose of this probe is for imaging lung cancer
margins following topical administration during surgical
resections or for back table imaging of surgical specimens,
thus rapid activation is needed to ensure its surgical utility.
Fluorescence imaging of tumors ex vivo relies on the rapid
uptake and activation of the fluorophore to assess positive
tumor margins. Thus, the kinetics of DDAO-A were critical in
determining the formulation to be used in later studies. The
maximum fluorescence of 55:45 EggPC:cholesterol liposomes
was notably below the maximum observed in membrane-
extruded EggPC liposomes. Due to the combination of the
high fluorescence signal at maximum activation and the
optimal physical properties, membrane-extruded EggPC lip-
osomes were selected for use in future experiments. While the
other liposomal formulations showed little promise as DDAO-
A carriers in vitro, the HSPC or 55:45 EggPC:cholesterol
formulation may be useful for in vivo systemic administration
due to the increased circulation times associated with
cholesterol-containing liposomes, allowing for increased
partitioning to the tumor and tumor microenvironment prior
to activation.45,46

EggPC lipid films formulated with DDAO-A were assessed
for stability under different storage conditions. Lipid films were
stored at temperatures ranging from −80 °C to room
temperature (RT) for up to 28 days, with and without light

Table 1. Physical Characteristics of DDAO-A Liposomes

Formulationa Size (nm) PDIb Zeta Potential (mV)

EggPC 809.3 0.258 −8.47 ± 1.2
100 nm EggPC 105.7 0.094 −15.13 ± 2.4
55:45 EggPC:Cholesterol 109.1 0.093 −12.9 ± 8.14
100 nm HSPC 100.1 0.087 −17.20 ± 3.6

aEggPC = L-α-egg phosphatidylcholine:DDAO-A, 95:5 mol %.
HSPC = Hydrogenated soybean phosphatidylcholine:cholester-
ol:1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene gly-
col 2000:DDAO-A, 50:40:5:5 mol %. bPDI = Polydispersity index.

Figure 1. Fluorescence activation of DDAO-A in various liposomal formulations using sPLA2. A. EggPC liposomes without membrane
extrusion exhibited strong activation of DDAO-A by sPLA2 within 30 min. B. 100 nm membrane-extruded EggPC liposomes exhibited strong
activation of DDAO-A by sPLA2 within 30 min. C. 100 nm membrane-extruded 55:45 EggPC:Cholesterol liposomes demonstrated slow
fluorescence activation of DDAO-A. Maximum fluorescence was reached at 10 h postreaction initiation. D. 100 nm membrane-extruded HSPC
liposomes showed almost no activation of DDAO-A by sPLA2.
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exposure, and were regularly tested for initial absorbance and
fluorescence of liposomes, as well as fluorescence resulting
from activation by sPLA2 (Figure 2, Figures S2, S3). Light
exposure at ambient temperature resulted in rapid photo-
bleaching of the lipid film, as demonstrated by low initial
fluorescence at all time points (Figures 2A, S3). Additionally,
the light-exposed lipid film exhibited no fluorescence activation

in the presence of sPLA2 or in the absence of the enzyme
(Figures 2D, S3). When lipid films were stored in the dark, the
initial fluorescence of liposomes increased slowly with storage
time, correlating with storage temperature (Figure 2A). This
indicated slow decomposition over time and at higher
temperatures.

Figure 2. Effects of storage temperature on DDAO-A lipid film stability. A. Initial fluorescence of liposomes as a function of time following
storage at different temperatures and light exposures. B. Absorbance spectra of liposomes after 1 day under various storage conditions. Absorbance
peaks at 430 nm were indicative of intact DDAO-A. C. Absorbance spectra of liposomes after 28 days under various storage conditions. The
absorbance of free DDAO at 600 nm increased as a function of time and with increasing storage temperatures. D. Fluorescence activation of
liposomes after 4 weeks of storage when incubated with 100 units of sPLA2. E. Fluorescence activation by low concentrations of sPLA2 was
distinguishable from higher concentrations after 4 weeks storage at −20 °C.

Figure 3. DDAO-A activation by recombinant cPLA2 and KLN 205 cells. A. Recombinant human cPLA2 specifically activated DDAO-A
compared to DDAO-P or nonspecific aqueous hydrolysis when no enzyme was present. B. Quantification of the fluorescence after 3.5 h. DDAO-A
exhibits high fluorescence in a concentration dependent manner. DDAO-P shows no significant fluorescence as compared to the control. C. KLN
205 cells exhibited significantly increased activation of DDAO-A. D. Quantification of the cellular fluorescence from KLN 205 showed a significant
dependence on cell number. Unpaired t tests (*p-value <0.05, **p-value <0.01, ****p-value <0.0001).
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The absorbance spectra of liposomal DDAO-A has a maxima
peak at 430 nm, while free DDAO has a maximum absorbance
at 600 nm.30 A gradual decline in signal at 430 nm was
observed over 28 days, with lipid films stored at lower
temperatures exhibiting higher absorbance at 430 nm (Figure
2B, C). Additionally, the absorbance of each formulation at
600 nm increased with higher storage temperatures (Figure
2B, C). When stored at temperatures above −20 °C,
absorbance at 430 nm decreased while absorbance at 600
nm increased, consistent with nonspecific cleavage of the ester
bond and release of free DDAO.

Despite this degradation, films stored at temperatures as
high as 4 °C exhibited similar increases in fluorescence as films
stored at lower temperatures when incubated with sPLA2.
Fluorescence activation was observed for all formulations when
incubated with 100 units of sPLA2 except for the light-exposed
film, at all time points from Day 1 to Day 28 (Figure 2D,
Figures S2, S3). Incubation of liposomes stored at −20 °C with
0−100 units of sPLA2 showed increased fluorescence with
high sPLA2 concentrations (50 and 100 units) compared to
lower concentrations of the enzyme (0 and 10 units) (Figure
2E). Overall, the data demonstrates that the probe remained
viable for assessing activation for at least 28 days after storage
at temperatures below 4 °C, with the least probe degradation
observed at temperatures of −20 °C or lower.

Formulating liposomes, while not inherently complex,
necessitates specialized resources and equipment that may
not be readily accessible in clinical settings. Streamlining the
formulation process without compromising probe integrity is
vital to enhance the probe’s accessibility and clinical utility.
The formulation of DDAO-A liposomes involved an initial step
of combining the probe with lipids in chloroform, followed by
solvent evaporation under N2 gas to create a lipid film.
Subsequently, reconstitution in PBS and extrusion through a
100 nm membrane were performed. Given the probe’s proven
stability, we propose that the initial step can be conducted
prior to distribution to clinical settings, followed by the use of
automated membrane extrusion equipment for reconstituting
preprepared lipid films.

The relatively high cost of purified cPLA2 made sPLA2 an
economical alternative for early testing of DDAO-A. However,
it remained necessary to validate the activation of our probe by
the designated target enzyme. To this end, we measured the
ability of recombinant human cPLA2 to activate both DDAO-
A and DDAO-Palmitate (DDAO-P) in vitro. While DDAO-A
has demonstrated the ability to be activated by multiple
phospholipase A2 isozymes, including cPLA2 and sPLA2, it is
important to note that the control probe, DDAO-P, exhibits
lower sensitivity to cPLA2 due to this enzyme’s specificity for
lipids containing arachidonic acid.30,31,47 DDAO-A exhibited a
significant increase in fluorescence as early as 30 min
postinitiation, with the magnitude of activation being propor-
tional to the concentration of the enzyme (Figure 3A). In
contrast, DDAO-P displayed no significant activation by
cPLA2 when compared to nonspecific hydrolysis in the
absence of the enzyme. Therefore, we confirmed that
DDAO-A is indeed activated by the intended target enzyme,
cPLA2.

Western blot analysis of cPLA2 expression in TNBC and
NSCLC cell lines demonstrated high expression of the target in
NSCLC cell lines (Figure S4). Therefore, DDAO-A activation
was surveyed in two NSCLC cell lines: KLN 205 and LLC1.
Both cell lines exhibited increased fluorescence activation after

a 3.5-h incubation with the probe, underscoring the potential
of DDAO-A for ex vivo NSCLC imaging (Figure 3C,D, S5).

We conducted further assessment of DDAO-A activity using
the KLN 205 cell line. KLN 205 cells were incubated for 3-h
with either DDAO-A or DDAO-P, followed by costaining with
Hoechst nuclear stain. The cells were subsequently analyzed
using wide-field fluorescence microscopy (Figure 4). Our

observations revealed robust intracellular fluorescence in cells
treated with DDAO-A, in stark contrast to the absence of
fluorescence in cells exposed to DDAO-P. The fluorescence
emanating from DDAO-A displayed a characteristic distribu-
tion throughout the cytoplasm, notably featuring a high
concentration of fluorescence in the perinuclear region. This
observation aligns with the expected subcellular localization of
cPLA2 activity and provides further validation of DDAO-A’s
specificity and effectiveness.31,48,49

DBA/2 mice bearing subcutaneous shoulder KLN 205
tumors were injected intratumorally with DDAO-A and
DDAO-P, and probe activation imaged to differentiate
between sPLA2- and cPLA2-mediated cleavage (Figure 5A,
Figure S6). This experiment was conducted to demonstrate the
feasibility for local administration of DDAO-A intraoperatively
for NSCLC imaging. Mice treated with DDAO-A displayed
robust fluorescence at 700 nm as early as 5 min postinjection
(Figure 5B, C). Mice injected with DDAO-P showed minimal
alterations in fluorescence from baseline. A chase experiment
was conducted in which mice treated with DDAO-P were
subsequently administered DDAO-A, which led to an increase
in tumor fluorescence. After this experiment, tumors were
excised and fluorescence was compared ex vivo to muscle
fluorescence with ex vivo TNR ranging from 2.78:1 to 9.47:1
for each tumor (Figure 5D).

In a previous study with TNBC tumor-bearing mice,
intravenous administration of DDAO-A and DDAO-P

Figure 4. Activation of DDAO-A by KLN 205 cells. KLN 205 cells
were incubated with DDAO-A or DDAO-P for 3 h. Wide field
fluorescent microscopy was used to visualize free DDAO fluorescence.
Nuclei were counterstained with Hoechst dye. Separate and merged
fluorescence images are shown with pink showing overlap in the
merged image. Cells treated with DDAO-A showed increased
fluorescence throughout cytoplasm and in the perinuclear region
while cells treated with DDAO-P or in the absence of any probe
showed no DDAO fluorescence.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Article

https://doi.org/10.1021/cbmi.4c00026
Chem. Biomed. Imaging 2024, 2, 490−500

495

https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00026/suppl_file/im4c00026_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00026/suppl_file/im4c00026_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00026/suppl_file/im4c00026_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00026/suppl_file/im4c00026_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00026?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00026?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00026?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00026?fig=fig4&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


demonstrated limited tumor uptake and activation of the
probe, likely attributable to the insufficient circulation time of
liposomes.31 However, the current data have shown that direct
administration via intratumoral injection or by topical
administration ex vivo is effective in identifying tumor tissue
using the DDAO-A probe. These findings suggest that DDAO-
A has potential as an agent for backbench imaging or topical
administration in the surgical cavity.

To further confirm the utility of DDAO-A for back-table
imaging, deidentified tissues from canine patients (n = 3)
undergoing a clinical trial at the University of Pennsylvania
School of Veterinary Medicine for the detection of NSCLC
using the NIR-I fluorophore JAS23950,51 were obtained during
surgery and tested for topical DDAO-A activation. Baseline
fluorescent images were obtained at 700 nm on the LI-COR
Pearl to determine the initial fluorescence of the tissues
resulting from systemic administration of JAS239, an NIR-I
fluorecent agent developed in our lab (Figure S7). Initial
TNRs were determined for each tissue set and compared to
the TNRs following immersion in DDAO-A (Figure 6A, Table
2). In each case, topical administration of DDAO-A increased
the TNR from 1.8, 2.5, and 2.4 to 2.5, 4.6, and 3.5 respectively.
TNRs of 2:1 or higher were considered optimal to distinguish
between tumor and normal tissues. Hematoxylin and eosin
(H&E) staining of the tissues was conducted to confirm the
tissue identification as tumor or normal. IHC staining for
cPLA2 was conducted in normal lung and lung tumor samples
and showed qualitatively higher expression in lung tumor
tissues for all three specimens (Figure 5B).

Deidentified human lung tumor and normal lung tissues (n
= 10) were obtained during surgeries at the Hospital of the

University of Pennsylvania, and assessed for their ability to
activate DDAO-A with topical application. Most of the tissues
came from patients with early- to midstage adenocarcinomas
and were evenly distributed between male and female patients
(Table 3). All tissue sets except one were obtained fresh. The
remaining tissue set was retrieved from −80 °C storage, 18
months postresection. Fluorescence was measured at 700 nm
following treatment with DDAO-A. Preferential activation of
DDAO-A by tumor tissues was observed in all tissue sets
(Figure 6C, S8); 8 out of 10 tissue sets had fluorescent TNRs
of 2:1 or higher (Table 3, Figure S8). Hematoxylin and eosin
staining followed by IHC for cPLA2 expression was conducted
for the tissue sets to confirm tissue identification. cPLA2
expression was qualitatively higher in tumor tissues than
normal lung tissues (Figure 6D, Figure S9).

In 8 out of the 10 human tissue sets and in all canine tissue
sets treated with DDAO-A, tumor fluorescence at 700 nm was
at least 2-fold greater than the associated normal tissues. These
data indicate that DDAO-A is a strong candidate for
delineating lung tumor from normal lung tissues and could
be useful in back-table imaging for identifying positive tumor
margins in freshly resected specimens. By employing a targeted
imaging agent for lung tumors, surgeons will be able to
improve intraoperative identification and total resection of
NSCLC lesions compared to relying on nonspecific detection
such as tissue palpation and visual inspection.

Notably, one of the tumor and normal lung tissue sets was
frozen at −80 °C for 18 months. DDAO-A activation was
tested in these tissues following thawing and equilibrating to
37 °C (Figure 6C). The observed TNR was 2.9:1 showing
preferential activation of DDAO-A in the lung tumor tissue.

Figure 5. In vivo activation of DDAO-A in KLN 205 tumor-bearing mice. A. Timeline of study design showing imaging rounds for 3 experiments.
Mice were treated with DDAO-A (green) or DDAO-P (red) starting in Round 1 and chased with DDAO-A through Round 3. B. Fluorescent
images of mice were obtained prior to treatment and at each stage of the study. Tumors treated with DDAO-A exhibited fluorescence within 5 min
of injection. Tumors from mice treated with DDAO-P first did not exhibit a strong increase in fluorescence compared to pretreatment (Pre-Rx)
fluorescence. Tumor fluorescence was increased in DDAO-P treated mice by subsequent DDAO-A treatment. C. Quantified MFI for each mouse
(n = 4) before and after treatment with DDAO-P, DDAO-A, and following DDAO-A chase of DDAO-P. Signal was defined by tumor margins and
compared to background flank fluorescence. Unpaired t test (**p-value <0.01) D. Tumor fluorescence ex vivo was consistently distinguishable from
normal flank muscle tissue fluorescence based on calculated TNRs (in white) for each mouse.
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Thus, DDAO-A could even be useful for identifying tumor
tissues in cases where the specimens were not freshly acquired.

Histological analyses of the tissues showed qualitatively
higher cPLA2 expression in tumor tissues in both canine and
human tumors. Higher nuclear densities consistent with
neoplastic tissues or tumor-associated inflammation were also
observed by hematoxylin staining. Fluorescence imaging of the
slides on the LI-COR Odyssey showed high DDAO
fluorescence in tumor tissues and areas of high nuclear density
in normal tissues suggesting probe activation in normal tissues
was from tumor-associated inflammation or embedded micro-
metastases (Figures S10,S11). Thus, DDAO-A can be used to
differentiate small residual tumor tissue from normal lung

tissue. (Figures S10,S11). These images demonstrate that
activated DDAO-A can be imaged after tissue fixation with
higher fluorescence recorded in tumors and potentially in
micrometastases or inflamed tissues. Further, the higher
expression of cPLA2 observed in tumor tissues provides a
basis for the mechanism of preferential activation of DDAO-A
in tumors.

Figure 6. Activation of DDAO-A in NSCLC tissues. A. Fluorescence images of canine lung tumor (T) and normal lung (N) tissues (n = 3) 15
min after treating topically with 20 nmol of liposomal DDAO-A. Numbers represent the fluorescent TNR for each tissue. B. Histology of tissue
from each tissue set with IHC for cPLA2 expression (brown). C. Representative fluorescence images of human lung tumor (T) and normal lung
(N) tissues (n = 10) 15 min after treating topically with 20 nmol of DDAO-A. Numbers represent the fluorescent TNR for each tissue set. All tissue
sets came from freshly resected specimens except one that had been frozen for 18 months at −80 °C. D. Histology of tissue from each tissue set
with IHC for cPLA2 expression (brown). E. Limit-of-detection study for activated DDAO-A fluorescence. Serially dissected lung tumor tissue
fluorescence was compared to normal lung tissue fluorescence from the same patient maintained at the same size. The resulting TNR was analyzed
against imaging area. Tumor fluorescence was distinguishable from normal lung tissue fluorescence at imaging areas as small as 1.9 mm2.

Table 2. Diagnostic Information for Canine Tissues

Sex
Age
(yrs) Diagnosis Stagea

Baseline
(TNR)

DDAO-A
(TNR)

f 9 Squamous cell
carcinoma

T1 1.8:1 2.5:1

f 6 Adenocarcinoma T1 2.5:1 4.6:1
m 10 Bronchoalveolar

carcinoma
T2 2.4:1 3.5:1

aStage was determined using the TNM Classification of Malignant
Tumors.

Table 3. Diagnostic Information for Human Tissues

Sex
Age
(yrs) Diagnosis Stagea

DDAO-A
(TNR)

M
(n = 5)

66 Neuroendocrine T1b 5.2:1
76 Adenosquamous carcinoma T3 4.1:1
59 Adenocarcinoma T3 4.0:1
61 Adenocarcinoma T1b 2.1:1
75 Adenocarcinoma T1a 1.8:1

F (n = 5) 65 Adenocarcinoma T1b 2.9:1
68 Adenocarcinoma T2a 5.1:1
60 Squamous cell carcinoma T4 1.5:1
66 Neuroendocrine, squamous cell,

adenocarcinoma
T2b 2.0:1

59 Carcinoid T1a 2.5:1
aStage was determined using the TNM Classification of Malignant
Tumors.
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A limit-of-detection study was conducted to determine the
minimum tumor size that could be identified by DDAO
fluorescence. TNRs remained above 2:1 for all tumor sizes
except the smallest tissue (Figure 6E). At an imaging area of
approximately 1.9 mm2, the TNR was 1.9:1.

■ CONCLUSIONS
We demonstrated that DDAO-A is preferentially activated by
lung cancer tissues in vivo and ex vivo in mouse models and
canine and human tissue specimens. These data suggest
DDAO-A is a promising candidate for translation to a
veterinary clinical trial for back-table imaging and topical
administration of DDAO-A in the surgical cavity to image
residual lesions in canine patients with spontaneous NSCLCs.
By utilizing canine and human patient tissues, we were able to
minimize the number of animals required to validate our probe
while demonstrating efficacy in spontaneous canine and human
lung tumors. Thus, these data demonstrate the utility of ex vivo
experiments as a reasonable substitute for in vivo experiments
without compromising the impact of the research validating
DDAO-A. Future work includes the synthesis of good
laboratory practice (GLP) DDAO-A to transition the probe
into canine clinical trials. DDAO-A may be useful in identifying
positive tumor margins and guiding surgical procedures to
improve rates of complete resections. However, systemic
administration by intravenous injection will only be possible
with further modifications to the nanoparticle formulation such
as by the introduction of PEGylated lipids for improved probe
retention time or formulation into micelles.
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