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Abstract

A current challenge in the treatment of peritoneal carcinomatosis is the inability to detect,
visualize, and resect small or microscopic tumors of pancreatic, ovarian, or mesothelial origin. In
these diseases, the completeness of primary tumor resection is directly correlated with patient
survival, and hence, identifying small sub-millimeter tumors (/.¢., disseminated disease) is critical.
Thus, new imaging techniques and probes are needed to improve cytoreductive surgery and patient
outcomes. Highly fluorescent rhodamine-labeled expansile nanoparticles (HFR-eNPs) are
described for use as a visual aid during cytoreductive surgery of pancreatic carcinomatosis. The
covalent incorporation of rhodamine into ~30 nm eNPs increases the fluorescent signal compared
to free rhodamine, thereby affording a brighter and more effective probe than would be achieved
by a single rhodamine molecule. Using the intraperitoneal route of administration, HFR-eNPs
localize to regions of large (~1 cm), sub-centimeter, and sub-millimeter intraperitoneal tumor in
three different animal models, including pancreatic, mesothelioma, and ovarian carcinoma.
Tumoral localization of the HFR-eNPs depends on both the material property (/.e., eNP polymer)
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as well as the surface chemistry (anionic surfactant vs PEGylated noncharged surfactant). In a rat
model of pancreatic carcinomatosis, HFR-eNP identification of tumor is validated against gold-
standard histopathological analysis to reveal that HFR-eNPs possess high specificity (99%) and
sensitivity (92%) for tumors, in particular, sub-centimeter and microscopic sub-millimeter tumors,
with an overall accuracy of 95%. Finally, as a proof-of-concept, HFR-eNPs are used to guide the
resection of pancreatic tumors in a rat model of peritoneal carcinomatosis.
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Molecular, macromolecular, and nanoparticulate optical imaging probes are of significant
scientific and clinical interest for the identification of tumors in the surgical setting. These
technologies address a major unmet clinical need: the inability to visualize and resect
microscopic peritoneal tumors. Recent advances in optical imaging probes for clinical
applications have produced a plethora of technologies, including single-walled carbon
nanotubes,! antibody (Ab)-conjugated fluorescent dyes,23 Ab-conjugated positron emission
tomography (PET) immunoconjugates,* near-infrared (NIR) indocyanine green/albumin
supramolecular complexes®8 or loaded-nanoparticles,” NIR fluorescent dyes that are
quenched and only emit upon exposure to protease activity or separation from the antibody,?
folic-acid-conjugated NIR fluorescent dyes,®10 nanoprobes that use the second NIR window
(NIR-11),11 NIR quantum dots coated with cyclic Arg-Gly-Asp peptides,12:13 palladium
nanosheets for photoacoustic imaging,14 and fluorescently labeled pH (low) insertion
peptides (pHLIPs).1

Several of these technologies are being developed to enhance intraoperative optical imaging
and identification of peritoneal carcinomatosis which arises from gynecologic and
gastrointestinal malignancies such as ovarian, mesothelioma, pancreatic, colorectal, and
gastric carcinomas. Peritoneal carcinomatosis is characterized by asymptomatic onset with
rapid disease progression, wherein peritoneal tumors invade the bowel wall causing gut
erosion, fistula formation, intractable abdominal pain, bowel dysfunction, as well as
debilitating ascites and cachexia. Current treatment approaches are palliative cytoreductive/
debulking surgery to relieve symptomatic obstruction followed by administration of
systemic chemotherapy for ovarian, gastric, mesothelial, and colorectal peritoneal
carcinomatosis. 16:17 In marked contrast, for peritoneal carcinomatosis of pancreatic ductal
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adenocarcinoma origin (PDAC-PC; /.e., tumor that originated in the pancreas but has
disseminated throughout the peritoneum), cytoreductive/debulking surgery is not as
effective. This is surprising in light of the direct relationship between the completeness of
primary PDAC resection and patient survival.18:19 Feed-forward cycles of dissemination and
progression in PDAC-PC29:21 and a low, 20% 5-year survival rate compared to other
peritoneal carcinomatoses22-24 suggest that significant residual sub-millimeter or occult
peritoneal tumors remain following PDAC-PC resections.

To improve outcomes in cytoreductive surgery and, in particular, PDAC-PC, “visual assists”
are being investigated to address the difficulty of visualizing sub-millimeter occult disease,
which is often the most difficult to identify and resect. For example, PET/CT imaging of
tumors has been found to be more sensitive than CT alone, but this technique cannot detect
sub-centimeter tumors and certainly not sub-millimeter tumors.2> Thus, a current limitation
in treatment is the inability to detect, and hence surgically remove, sub-millimeter peritoneal
tumors. Improving surgeons’ ability to detect these small tumors intraoperatively presents
the opportunity to achieve more complete cytoreductive surgery and, potentially, increase
progression-free and overall survival.

While the aforementioned optical probes exhibit probe-specific advantages with several used
in the clinic, and two even FDA-approved (indocyanine green by Diagnostic Green GmbH
and methylene blue (ProveDye) by Provepharm SAS), probe performance improvement
remains a need, especially for PDAC-PC. For example, fluorescently labeled antibodies
require the use of different antibodies for each tumor subtype. This approach is therefore not
broadly applicable across different tumor types and intrapatient tumor heterogeneity. NIR
dyes have limited background autofluorescence and do not suffer from the obstacle of
limited light penetration through tissue as occurs with fluorescent probes. However, NIR-
imaging requires expensive capital equipment, complicated instruments, and video, which
present logistical hurdles in the sterile intraoperative field.26:27 Moreover, fluorescently
conjugated small molecules, peptides, or antibodies generally possess one fluorophore per
probe and, thus, limited sensitivity; these probes also suffer from accumulation in normal
tissues, such as the kidney. Finally, nanotechnology-based probes suffer from limited
accumulation in tumor tissue after intravenous injection.28

Building on our observation that expansile nanoparticles (eNPs) localize to peritoneal
tumors after intraperitoneal (IP) injection,2%-32 we are developing highly fluorescent,
rhodamine-labeled expansile nanoparticles (HFR-eNPs) as nanoprobes to assist in the
visualization and resection of intraperitoneal tumors that are not detectable v/a current
clinical imaging modalities (/.e., sub-centimeter tumors) or by the surgeon intraoperatively
(7.e., sub-millimeter tumors) in three different human tumor models of intraperitoneal
carcinomatosis of mesothelial, ovarian, and pancreatic origin. Herein, we report the (1)
synthesis of HFR-eNPs with varying incorporations of conjugated rhodamine; (2)
amplification of rhodamine fluorescence vialoading in the HFR-eNPs; (3) facile
visualization v7a an inexpensive, hand-held UV lamp of HFR-eNP localization to
mesothelial (MSTO-211H), ovarian (OVCAR-3), and pancreatic (Pancl cancer stem cell;
Panc1-CSC) peritoneal tumors following intraperitoneal injection; (4) impact of nanoparticle
surface charge and expansile property on localization; (5) specificity and sensitivity of HFR-
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eNP localization to PDAC-PC tumors while sparing adjacent normal mesothelium,
microvasculature, and organs; (6) HFR-eNP localization to sub-millimeter peritoneal
tumors; (7) localization of HFR-eNPs to tumor cell clusters with high expression of lactate
dehydrogenase-A (LDH-A); and (8) proof-of-principle, intraoperative image-guided
resection of sub-millimeter pancreatic tumors in a PDAC-PC xenograft rat model.

RESULTS AND DISCUSSION

HFR-eNPs were synthesized following a published procedure32 and evaluated for particle
diameter, surface charge, and fluorescence. Rhodamine methyl methacrylate was covalently
incorporated into the polymer backbone at 0.02, 0.2, and 2 % wt/wt (rhodamine/polymer) to
yield particles with differing fluorescence properties. Increasing rhodamine loading did not
significantly impact HFR-eNP diameter, as determined by scanning electron microscopy
(SEM), with all formulations having a mean diameter of ~30 nm (Figure 1a,b). However,
characterization via dynamic light scattering (DLS) suggested a mean diameter of >200 nm
for all particles with a significantly larger average diameter (~360 nm) for the 2% HRF-
eNPs (Figure 1a,c). The disparity in results between these two methods are in agreement
with previous reports31:32 and are attributed to the bias toward a low number of larger (100
400 nm) nanoparticles that skew DLS results. An in-depth discussion of the factors that lead
to DLS bias toward larger particles (/.e., the Rayleigh approximation) is detailed in Eldridge
et al33 All HFR-eNPs exhibited a negative (-potential between —36.9 and —45.5 mV and, by
SEM, a smooth, spherical morphology (Figure 1b). HFR-eNPs demonstrated negligible
cytotoxicity /n vitro below concentrations of 37 pg/mL, similar to previously reported eNP
formulations (Figure 1d).29:31,34-36

To estimate the rhodamine incorporation per particle, the density of the eNP polymer was
measured by rehydrating a lyophilized sample using a volumetric flask. Using the density,
1.26 g/mL, in combination with the average particle diameter by SEM, we estimate the
incorporation of rhodamine fluorophores per 30 nm HFR-eNP particle to be ~3, ~31, and
~314in 0.02, 0.2, and 2.0 % wt/wt HRF-eNPs, respectively. Increasing rhodamine loading
10-fold from 0.02 to 0.2 % wt/wt resulted in significant optical differences in the particles
and a nearly linear 8.3-fold increase in area under the curve (AUC) of the fluorescence
emission spectrum from 565 to 700 nm (Figure le, inset). However, a further 10-fold
increase in rhodamine from 0.2 to 2 % wt/wt only resulted in a 1.5-fold increase in AUC,
indicating that at this higher loading there is significant self-quenching of the rhodamine.
Interestingly, the fluorescence intensity/AUC for 0.02 and 0.2% HFR-eNPs is significantly
greater than that of equivalent concentrations of free rhodamine (Figure 1e). Fluorescence
enhancement of fluorophores embedded within a solid matrix as compared to free solution
has been shown before within poly(methyl methacrylate) (PMMA) matrices as well as with
silica particles.37-39 Increased fluorescence in the PMMA particles was attributed to a
decrease in the nonradiative rate constant of the fluorophore, which was affected by the
increased viscosity and decreased polarity of the PMMA environment versus water.
Similarly, it has been reported that rhodamine B possesses increased quantum efficiency
with increased viscosity and decreased polarity of its environment, thereby corroborating the
current results.#° Interestingly, PLGA-NPs covalently labeled with rhodamine do not
produce a significant increase in fluorescence compared to free rhodamine (Figure 1e). This
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may be due to the increased mobility of the PLGA chains compared to eNPs and/or a less
hydrophobic local environment. The 0.2 % wt/wt rhodamine formulation was chosen for
subsequent /n vivo studies because of its balance between high fluorescent efficiency (Figure
1e) and overall fluorescence per mass of polymer, which was similar to the 2% HFR-eNPs
(Figure 1f).

HFR-eNP tumor localization was evaluated in three xenograft models of peritoneal
carcinomatosis, including peritoneal mesothelioma (MSTO-211H cell line, nude mouse
model),2%:3241 gvarian carcinoma (OVCAR-3 cell line, nude mouse model),3° and PDAC-
PC (Panc-1-CSC cell line, nude rat model). Peritoneal disease was established within 2—4
weeks in each model, at which point animals received 300 zL (mouse) or 1 mL (rat)
injections of 0.2% HFR-eNPs 24 h prior to laparotomy and analysis. Gross examination of
the peritoneal cavity using a hand-held Wood’s lamp (365 nm UV light) revealed significant
rhodamine fluorescence and HFR-eNP accumulation in peritoneal tumors (Figure 2).

In order to gain insight into the HFR-eNP properties responsible for tumor-specific
localization, we evaluated the impact of changing material properties and surface
functionality on tumoral localization. Two additional formulations were prepared and
evaluated in the PDAC-PC model. First, poly(lactic-co-glycolic) acid nanoparticles
covalently labeled with rhodamine (Rho-PLGA-NPs) were synthesized with the sodium
dodecyl sulfate (SDS) surfactant used in the HFR-eNP formulation and served as a non-pH-
responsive, generic polymer control possessing a similar negative ¢-potential (—40 to —50
mV). The second NP formulation was synthesized using the rhodamine-labeled eNP core
material with a soy lecithin/1,2-distearoyl-sr-glycero-3-phosphoethanolamine- A-
[amino(polyethylene glycol)-2000] (DSPE-PEG) (8/2 wt/wt) surfactant instead of SDS (/.e,,
HFR-PEG-eNPs). The lecithin/DSPE-PEG surface coating reduced the ¢-potential of the
particles from the —40 to =50 mV range to 12 mV.42

Gross examination following IP injection in tumor-bearing animals demonstrated a lack of
tumoral localization for either the Rho-PLGA-NPs or the HRF-PEG-eNPs (Figure 3). The
fluorescent signal from the Rho-PLGA-NPs was detected in the peritoneal cavity but almost
singly located in the ascites and peritoneal fluid with no tumoral accumulation. The HFR-
PEG-eNPs appeared to be completely absent from the peritoneal cavity, consistent with the
PEG surface functionalization reducing cellular uptake and affording a more rapid clearance
of the particles from the peritoneal cavity. It is unlikely that the fluorescence was quenched
or bleached as the HRF-eNP formulations fluoresced vibrantly when imaged on an identical
dosing/timing schedule. These findings suggest that the material properties of the eNP—pH-
responsiveness, particle swelling, and surface charge—are essential components in the
mechanism of tumoral localization.

Quite distinctly, no fluorescent signal was grossly observed in adjacent nontumor tissues,
including the liver, spleen, intestines, stomach, and retroperitoneal organs—kidneys, adrenal
gland, pancreas, and ovaries (females) (Figure 4). Likewise, no fluorescent signal was
detected in the brain, heart, and lungs (Figure 4), as well as bladder (data not shown).
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Because PDAC-PC presents one of the most compelling, unmet, clinical challenges and has
no therapies available with “curative intent”, we conducted the remaining studies using the
PDAC-PC nude rat model as a validated model system.31 Specifically, we determined the
sensitivity and specificity of HFR-eNPs for pancreatic peritoneal tumors. Using
histopathological examination as the gold standard for positive/negative identification of
malignant tissues, a combination of 455 tumor nodules and different normal tissue sites from
three rats were surveyed for gross visual identification of HFR-eNP fluorescence as well as
histological confirmation of malignancy and fluorescence (Figure 5a). Tumor tissue sizes
ranged from relatively large (>1 cm?3) to sub-millimeter (~1 mm3) (Figure 5b). Of the 253
histologically confirmed tumor samples, 232 were identified by HFR-eNPs (/.¢e., “positive”),
while 21 were not (/.e., “negative”). Of the 202 normal tissue samples, 200 were negative for
HFR-eNP signal, while two adipose tissue areas were faintly positive. Thus, the HFR-eNP
system identified IP tumors with a sensitivity of 92% (/.e., true positives/all positives) and a
specificity of 99% (/.e., true negatives/all negatives), yielding an accuracy of 95% [i.e., (true
positives + true negatives)/(true positives + true negatives + false positives + false
negatives)] (Table 1).

Currently, there is no sub-millimeter tumor detection imaging system for intraoperative
detection of tumors to facilitate and enhance surgical resection of PDAC-PC. Other methods
being investigated show promise. However, the reported success of these systems is often
based upon colocalization of fluorescent probes and the bioluminescent signal from tumors,
which is not detectable from sub-millimeter tumors. Additionally, the methods that exhibit
high sensitivity often utilize a targeting molecule, for example, lectin-targeted avidin-FITC
probes with an accuracy of 100%,%3 which is significant but limits the widespread
applicability of the probe. The sensitivity of HFR-eNPs, which do not use targeting ligands,
is comparable to these other probes. Moreover, the current technique requires only the use of
an inexpensive handheld Wood’s UV lamp already commonly found in surgical suites.

Examination of the particle distribution in the current study reveals that the HFR-eNPs
accumulated in peritoneal tumors with high specificity, even if situated adjacent to normal
tissues, such as kidney, intestine, pancreas, liver, spleen, stomach, large and small intestines
(gut), adipose tissue, and blood vessels with nearly complete sparing of nontumor tissues
(Figure 5a). This high specificity is likely due to four tumor-specific biological factors
dictating penetration and accumulation of HFR-eNPs based on the latter’s biophysical
properties.

First, the density of HFR-eNPs is greatest at the tumor surface layer with signal intensity
decreasing with depth in most cases (Figure 5a), suggesting tumor penetration from the
surface. This observation is consistent with the absence of HFR-eNP accumulation in the
microvasculature (Figure 6a) and in vessel wall layers (Figure 6b) despite proximity to eNP+
tumor cells, as well as absence in highly vascularized organ tissues—brain, heart, kidney,
liver, and spleen (Figure 4). Notably, analysis of the mesothelial lining of the peritoneal
cavity did not exhibit fluorescence, indicating nonpenetration and/or nonaccumulation of
HFR-eNPs in normal peritoneal mesothelium. This could be due to negative-charge
repulsion because both the normal mesothelial glycocalyx and HFR-eNPs are net negatively
charged. As the likelihood of tumor localization through the vasculature is remote, the data
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suggest that HFR-eNPs likely penetrate tumors from the tumor surface through aberrant
peri-tumoral mesothelial cells and not v/athe circulation (Figure 6a,b).

Second, HFR-eNP fluorescence throughout sub-millimeter peritoneal tumors is frequently
complete in contrast to larger tumors, consistent with time-dependent penetration and
accumulation. Alternatively, potential impedance by dense stromal collagen fibers present in
larger PDAC-PC tumors could slow radial penetration, though complete radial penetration
has been observed previously.20

Third, biological factors underlying tumor-specific accumulation of eNPs in intraperitoneal
tumors likely include rapid uptake of nanoparticles by metabolically active cancer cells as
seen for peritoneal mesothelioma tumors*! and consistent with the increased endocytosis of
tumor cells.* This deduction is supported by the detection of HFR-eNPs within cells rather
than distributed in the extracellular matrix surrounding tumor cells (Figure 6a). This is
consistent with previous findings that eNPs can deliver therapeutics specifically to tumor
cells while sparing normal tissues.29 Moreover, these results are consistent with our
previously published findings in an identical model of PDAC-PC demonstrating time-
dependent eNP accumulation, wherein 1 h after injection the fluorescent eNPs were still in
the peritoneal fluid and not localized to tumors; in contrast, 4 h after injection, tumor
localization was significant with negligible particle fluorescence in the peritoneal fluid.3! By
24 h, tumor localization was prominent with no residual fluorescence in the peritoneal
fluid.31

Fourth, due to the pH-responsive swelling functionality, where HFR-eNPs expand from ~30
to ~500 nm—described in detail in ref 45 and in refs 29, 31, 36, 42, and 46—the pH of the
local microenvironment may play a role in the specificity of the HFR-eNPs for tumors. To
determine the relationship of eNP localization and low-pH tumor microenvironments, we
immunostained tissues for (1) HIF1a as an indicator of cellular hypoxia and hypoxia-
associated low pH and (2) lactate dehydrogenase-A (LDH-A) expression as an indicator of
lowpH tumor microenvironments from the production of lactic acid. We used fluorescently
labeled human-specific anti-HIF1a and anti-LDH-A antibodies to ensure fluorescence
would be specific to the human-derived Panc-1 CSC tumor cells. Notably, immunostaining
of HFR-eNP-treated tumor sections revealed a preference for localization to regions with
human-specific HIF1a-positive cells (Figure 6c), albeit not all HIF1a tumor cells. Hypoxia
of microscopic tumors is consistent with literature reports of hypoxia in sub-millimeter
tumors prior to the angiogenic switch, tumor vascularization, and growth.#” HFR-eNP
localization to HIF1a-positive, hypoxic, low-pH tumor regions is also consistent with the
pH-responsive expansile swelling property.36:41:45 Additionally, HFR-eNPs localized to
LDH-A-positive tumor cells (Figure 6d) but not all LDH-A-positive tumor cells. High
expression of LDH-A, a key enzyme for glycolytic metabolism, is responsible for the
increased lactate in tumors resulting in tumor acidification (pH 6.5-6.8), consistent with the
Warburg effect.

Having documented high tumor-specific localization and sensitivity, we next evaluated the
feasibility of using intraoperative HFR-eNP optical imaging as a guide to surgical resection
of peritoneal tumors in the PDAC-PC rat model. Clinically, the 5-year survival of resectable
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PDAC-PC has remained stagnant at 20-21% for decades despite significant improvements in
30-day postoperative mortality;16 this stagnation may be attributed to the inability to remove
sub-millimeter microtumors as macroscopic tumors >1 cm3 are more easily identified and
resected.1” The detection of microtumors intraoperatively would enable removal of
microtumors along with the macrotumors deemed resectable. Using identical protocols for
optical imaging described above, three animals were xenografted and the tumors allowed to
establish for 2 weeks. HFR-eNPs were injected IP, and 24 h later, animals were anesthetized
and underwent laparotomy to evaluate the potential for HFR-eNP image-guided surgical
resection of peritoneal tumors, especially sub-millimeter tumors. Simulating an
intraoperative scenario, we imaged peritoneal tumors with a hand-held long-wave UV lamp,
resected, and reimaged post-resection.

Figure 7 reveals a significant reduction in fluorescent signal following resection,
demonstrating the feasibility of intraoperative fluorescence-guided resection. Given that sub-
millimeter peritoneal tumors are detected with high sensitivity and specificity, pilot
observations suggest a potential image-guided surgical resection paradigm for sub-
millimeter tumors, which are not detectable with current technologies. Although further
evaluation is needed to determine the efficacy of HFR-eNP-guided resections, these studies
suggest that the addition of an HFR-eNP probe to the surgical oncologist’s toolkit may prove
invaluable in (1) detecting and, hence, removing occult sub-millimeter PDAC-PC tumors in
resectable PDAC patients in order to improve patient survival; (2) potentially overcoming
the current nonefficacy of cytoreductive surgery for PDAC-PC; and (3) potentially reducing
recurrence after cytoreductive surgery in ovarian, gastric, colorectal, and mesothelioma
peritoneal carcinomatosis.

CONCLUSION

A series of fluorescent HFR-eNP probes possessing varying concentrations of rhodamine are
synthesized and characterized by SEM, DLS, and for their fluorescent properties. The HFR-
eNPs localize to /n vivo peritoneal tumors of mesothelioma, ovarian, and pancreatic origin
after intraperitoneal injection and are easily visualized using an inexpensive hand-held long-
wave UV lamp. Tumor localization is dependent on eNP composition and surface
functionality as similar negatively charged PLGA-NPs or PEGylated HFR-PEG-eNPs do not
accumulate in tumors. Using the /n7 vivo pancreatic xenograft model, HFR-eNPs detect
tumors intraoperatively with 95% accuracy. Importantly, sub-millimeter tumors are
identified as well as more readily observable sub-centimeter tumors. HFR-eNPs home to
tumor regions with high expression of LDH-A and hypoxic areas with high expression of
HIFla. A pilot fluorescently guided cytoreductive surgery of Panc-1 tumors in a xenograft
rat model shows proof-of-principle feasibility for using HFR-eNPs as intraoperative probes
for guiding resections. Success of this facile, simple, intraoperative visualization method
may prove useful in increasing detection and, subsequently, resection of sub-millimeter
tumors. Continued development and evaluation of nano-based intraoperative visual aids for
surgical resections will have a direct impact on clinical care.
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METHODS
HFR-eNP Synthesis

The highly fluorescent rhodamine-labeled expansile nanoparticles (HFR-eNPs) were
synthesized utilizing a previously reported miniemulsion technique.36 The organic phase
(500 gL dichloromethane) contained 50 mg of monomer (5-methyl-2-(2,4,6-
trimethoxyphenyl)-[1,3]-5-dioxanylmethyl methacrylate), 0.5 mg of cross-linker (1,4-C-
methacryloylhydroquinone), and either 0.02, 0.2, or 2.0 % wt/wt (monomer/rhodamine) of
methacryloxyethyl thiocarbamoyl rhodamine B (Rho, Polysciences, Inc., Warrington, PA).
The aqueous phase (2 mL 10 mM pH 7.4 phosphate buffer) contained 16 mg of SDS
(Sigma-Aldrich, St. Louis, MO) as a surfactant. Immediately after the aqueous phase was
added to the organic phase, the solution was placed under argon atmosphere, sonicated for
10 min (1 s pulses with 2 s delays), and then 20 zL of 200 mM ammonium persulfate and 2
1L of NNN N -tetramethylethylenediamine were added to initiate the polymerization 7
situ. The solution was then stirred under argon for 2 h and under air overnight. The resulting
nanoparticles were dialyzed in 5 mM pH 7.4 phosphate buffer for 24 h and kept within dark
containers to preserve fluorescent properties until further characterization.

HFR-eNP Characterization

The diameter and surface charge of the HRF-eNPs were measured using a Brookhaven DLS
(Brookhaven Instruments Corp.) with ZetaPALS (-potential analyzer. Particles were diluted
100x in deionized water prior to measurement. The morphology and size distribution were
analyzed via SEM using a Zeiss SUPRA 40VP. Samples for SEM were prepared by diluting
HFR-eNPs 1:1000 in deionized water and adding 10 4L of this dilution onto silicon wafers,
which were allowed to dry. The wafers were subsequently affixed with copper tape to
aluminum sample stubs. The samples were further coated with ~5 nm of Au/Pd before
imaging.

The fluorescence spectra of the HFR-eNPs were measured using a Photon Technology
International (PTI) fluorometer, and the absorption spectra were measured using an HP 8453
UV-visible spectrophotometer. The fluorescence emission spectra of the particles or free
rhodamine were also evaluated in aqueous (e.g., deionized water, 10 mM pH 5 acetate
buffer, or 10 mM pH 7.4 phosphate buffer) as well as organic solvent (e.g., dichloromethane,
ethyl acetate) conditions.

The density of the particles was calculated by lyophilizing the HFR-eNPs, recording the
mass, and then adding an exact amount (either 5 or 10 mL) of water to the particles. This
solution was placed in a volumetric flask appropriate for the added amount of water, and the
excess solution was removed and precisely measured with a micropipette to determine the
volume of displaced liquid and, thus, the density of the particles.

Cell Culture and In Vitro Cell Viability Assay

Pancl cells (ATCC) were maintained at 37 °C under 5% CO5 using DMEM media
containing 10% fetal bovine serum and 1% glutamine—penicillin—streptomycin. HFR-eNP
cytotoxicity was evaluated using an MTS assay (CellTiter 96 Aqueous One, Promega,
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Madison, WI). Briefly, Pancl cells were cultured in a 96-well plate at 3000 cells/well for 1
day, after which the medium was exchanged for media containing either no treatment or
0.02, 0.2, or 2.0% HFR-eNPs. The cells were incubated with treatment for 3 days, after
which cell viability was quantified relative to the no treatment control, after correcting for
background absorbance. Two wells per treatment concentration were used, and the assay
was repeated three times.

In Vivo Murine Mesothelioma and Ovarian Tumor Models

Previously developed murine models of established mesothelioma and ovarian cancer were
employed.3041 Briefly, 6-8 week old, female, athymic, nude (NU/J) mice from Jackson
Laboratory were housed under sterile conditions. Animal care and procedures were
conducted with Institutional Animal Care and Use Committee approval, in strict compliance
with all federal and institutional guidelines for the care and use of laboratory animals (Dana-
Farber Cancer Institute, Boston, MA). Mice received intraperitoneal injections of 5 x 108
MSTO-211H or 1 x 108 OVCAR-3 cells, yielding established tumors within 2—4 weeks.

In Vivo Rat Pancreatic Tumor Model Using CSCs

A previously developed rat model of pancreatic cancer was used for this study with all work
performed in accordance with BUSM institutional guidelines. 3! Briefly, Panc-1 cells were
harvested in log phase and subcultured in complete MammoCult medium (Stem Cell
Technologies, BC, Canada) in 5% CO, in a humidified incubator at 37 °C. After 2—-3 weeks
in culture, Panc-1 cells were harvested and plated in complete MammoCult medium
containing 0.5% methylcellulose (Stem Cell Technologies, BC, Canada) in 100 mm ultralow
attachment plates. Peritoneal tumors were developed from septenary CSCs. The Panc-1-
CSC-derived peritoneal tumor model was developed in 4-5 week-old nude”"" female rats
(Charles River Laboratories, MA). The intraperitoneal tumor implantation was performed in
anesthetized animals using isoflurane maintained at 1-1.5%. Intraperitoneal injection of 2 x
108 CSCs suspended in 1 mL of M2 media was performed under sterile conditions.

In Vivo Localization of HFR-eNPs to PPC Tumors

Animal studies were performed in accordance with Dana-Farber Cancer Institute and BUSM
institutional guidelines. At designated time points after tumor initiation (2 weeks for
mesothelioma, 4 weeks for ovarian, 3 weeks for pancreatic), HFR-eNPs were injected
intraperitoneally under sterile conditions with animals under isoflurane anesthesia and
aseptic preparation of the injection site. Animals received injections of 300 L (mice) or 1
mL (rats) of HFR-eNPs (25 mg polymer/mL). Fluorescent imaging was performed 24 h after
HFR-eNP injection using a hand-held Woods lamp unless otherwise specified.

Intraoperative visualization of HFR-eNP localization was performed following midline
abdominal incision and retraction under isoflurane anesthesia in sterile conditions. A Woods
lamp (long-wave UV) was used to excite the rhodamine and fluorescence was documented
with a digital camera. £x vivo fluorescence imaging was also performed using the Woods
lamp and digital photography of tumors and whole organs as well as the organs cut and laid
open-face.
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Immunohistochemistry and Staining of Tissues

Direct immunostaining for LDH-A and HIF1a was performed on serial tumor tissue
sections prepared from tumors isolated from xenografted rats. Tumors were fixed in 4%
paraformaldehyde (pH 7.4), followed by routine histology processing and paraffin
embedding. Tissue sections (4-5 um) were then processed for staining with routine
deparaffinization, dehydration, rehydration, followed by antigen retrieval. After washes,
treatment with FX Signal Enhance (Invitrogen) and blocking with 1% BSA, AlexaFluor
(AF)-labeled primary antibodies (50 pg/mL of anti-LDH-A and anti-HIF1a) were added and
incubated in a humidified chamber at 4 °C for 16 h. Thereafter, slides were rinsed and
mounted with Prolong Diamond antifade mountant with DAPI (Invitrogen) and sealed after
24 h. The APEX AF labeling kit was used according to manufacturer’s specifications
(Invitrogen) to label mouse monoclonal anti-human HIF1a antibody (Creative Diagnostics)
and the mouse monoclonal antilactate dehydrogenase-A antibody (Abcam) with either
AF488 or AF568 as needed. For immunostaining and co-immunostaining, 50 pg/mL of
labeled anti-HIF1a and anti-LDH-A antibodies was used.

Intraoperative Image-Guided Resection of Sub-millimeter Pancreatic Tumors via
Fluorescent Nanoparticle Probes

Using identical protocols for optical imaging described above, three animals were
xenografted and the tumors allowed to establish for 2 weeks. HFR-eNPs were injected IP
and, 24 h later, animals were anesthetized using isoflurane and underwent laparotomy in
sterile manner to evaluate the potential for HFR-eNP image-guided surgical resection/
elimination of peritoneal tumors, especially sub-millimeter tumors. Simulating an
intraoperative scenario, we imaged peritoneal tumors with a hand-held long-wave UV lamp,
resected, and then reimaged post-resection. Resection of sub-millimeter tumors was first
performed in the omentum, followed by tumors on the intestinal mesentery, then over
retroperitoneal organs—Xkidney, ovaries, and uterine horns. Excessive bleeding was not
observed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of HFR-eNPs. (a) Nanoparticle diameter as a function of rhodamine

incorporation as measured by SEM and DLS. (b) SEM image of 0.2% HFR-eNPs; white
arrows indicate two larger particles on a background of many 20-50 nm particles. (c)
Representative DLS data of 0.2% HFR-eNPs. (d) Viability of Panc-1 cells treated with HFR-
eNPs as measured using an MTS assay. (e) Area under the curve (AUC) of the fluorescence
emission spectra of HFR-eNPs, Rho-PLGA-NPs, and free rhodamine B as a function of
rhodamine concentration in 10 mM pH 7.4 phosphate buffer. Inset: Fluorescence emission
spectra of the HFR-eNPs at equivalent polymer concentrations. (f) AUC of the fluorescence
emission spectra of HFR-eNPs and Rho-PLGA-NPs as a function of polymer concentration
in 10 mM pH 7.4 phosphate buffer.
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Figure 2.
Highly fluorescent rhodamine-labeled expansile nanoparticles (HFR-eNPs, yellow circles in

UV light images) localize to intraperitoneal tumors (white circles in bright light images) in
models of pancreatic, mesothelioma, and ovarian carcinomatoses. All scale bars are 1 cm.
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Comparison between three different fluorescent probes, including HFR-eNPs, Rho-PLGA-
NPs, and HFR-PEG-eNPs. The Rho-PLGA-NPs have a similar effective charge but lack pH-
responsive functionality, whereas the HFR-PEG-eNPs maintain the pH-responsive
functionality but have a more neutral effective charge. Only the HFR-eNPs show tumor
localization /n vivo. White circles in bright light images mark regions of tumor; yellow
circles in UV light images highlight regions of NP fluorescence. All scale bars are 1 cm.
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Figure 4.
Visual assessment of HFR-eNP biodistribution. Representative bright light (BL) and long-

wave UV light images of both whole and sectioned major organs 3 days following IP
injection of 0.2% HFR-eNPs. Shown are the heart, collapsed lungs, brain, liver, spleen and
pancreas, stomach with large and small intestines, mesothelium, kidneys with uterine horns,
ovaries, bladder, adrenal glands, and adipose tissue. The sectioned stomach and intestine are
shown with and without contents. Whole and sectioned UV images confirm nonfluorescence
in these organs. All scale bars are 1 cm.
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Figure 5.
Localization of HFR-eNPs to tumors. (a) Representative histological analysis using merged

images of rhodamine fluorescence (yellow/orange/red color) and bright light images of
tumors and adjacent normal tissues. Scale bars are 1 mm. (b) Bright light and UV images of
tumors resected from a xenograft Panc1-CSC rat model. Tumors range from sub-millimeter
to approximately 1 cm in size. Scale bar shows 1 cm with millimeter delineations.
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Figure 6.
Analysis of HFR-eNP localization in Panc1-CSC tumor cells. (a) HFR-eNP localization

excludes blood vessels and endothelium (arrows showing blood vessel cross sections); scale
bars are 40 ym. (b) Cross section of blood vessel wall showing no colocalization of HFR-
eNPs; MT = Mason’s Trichrome; scale bars are 20 um. (c) Colocalization of HRF-eNPs and
HIF1a, a marker for hypoxia; scale bars are 40 gm. (d) Colocalization of HFR-eNPs and
LDH-A, a marker for tumor acidification; scale bars are 40 ym.
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Figure 7.
Demonstration of the feasibility of utilizing HFR-eNPs for cytoreductive surgery in a

xenograft Panc-1-CSC rat model. Shown are bright light and corresponding UV light images
revealing the presence of fluorescent tumors before, but not after, resection. The peritoneal
organs are shown /n situ as well as ex vivo. Scale bars are 1 cm.

ACS Nano. Author manuscript; available in PMC 2017 December 12.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Colby et al.

Quantitative Analysis of HFR-eNP Tumoral Accumulation?

Tissue Type
a) Tumor Normal
+ | 232 (TP) 2 (FP)
HFR-eNP Presence
- | 21(FN) | 200 (TN)
b) Equation Value
Specificity TN 0.99
TN+FP
Sensitivity L 0.92
TP+FN
Accuracy TP+TN 0.95
TP+TN+FP+FN

Table 1

Page 22

aPaneI a: True positives (TP), false positives (FP), true negatives (TN), and false negatives (FN) were determined by histological analysis of tissues

(Figure 5a). Panel b: Specificity, sensitivity, and accuracy were determined, yielding an overall accuracy of 0.95.
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