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Purpose: Accurate tumor identification and staging can be difficult. Aptamer-targeted
indocyanine green (ICG)-nanoparticles can enhance near-infrared fluorescent imaging of
pancreatic and prostate tumors and could improve early cancer detection. This project
explored whether calcium-phosphosilicate nanoparticles, also known as NanoJackets (NJs),
that were bioconjugated with a tumor-specific targeting DNA aptamer could improve the
non-invasive detection of pancreatic and prostate tumors.

Methods: Using in vivo near-infrared optical imaging and ex vivo fluorescence analysis, DNA
aptamer-targeted ICG-loaded NJs were compared to untargeted NJs for detection of tumors.
Results: Nanoparticles were bioconjugated with the DNA aptamer AP1153, which binds to
the CCK-B receptor (CCKBR). Aptamer bioconjugated NJs were not significantly increased
in size compared with unconjugated nanoparticles. AP1153-ICG-NJ accumulation in ortho-
topic pancreatic tumors peaked at 18 h post-injection and the ICG signal was cleared by 36
h with no evidence on uptake by non-tumor tissues. Ex vivo tumor imaging confirmed the
aptamer-targeted NJs accumulated to higher levels than untargeted NJs, were not taken up by
normal pancreas, exited from the tumor vasculature, and were well-dispersed throughout
pancreatic and prostate tumors despite extensive fibrosis. Specificity for AP1153-NJ binding
to the CCK-B receptor on pancreatic tumor cells was confirmed by pre-treating tumor-
bearing mice with the CCK receptor antagonist proglumide. Proglumide pre-treatment
reduced the in vivo tumoral accumulation of AP1153-NJs to levels comparable to that of
untargeted NJs.

Conclusion: Through specific interactions with CCK-B receptors, tumor-targeted nanopar-
ticles containing either ICG or rhodamine WT were well distributed throughout the matrix of
both pancreatic and prostate tumors. Tumor-targeted NJs carrying various imaging agents
can enhance tumor detection.

Keywords: tumor detection, ICG nanoparticles, aptamer targeting, proglumide

Introduction

The utility of many conventional tumor imaging agents can be hampered by wide-
spread distribution into unaffected organs or tissues and rapid elimination.
Encapsulation of imaging agents into tumor-targeted nanoparticles (NPs) can increase
their half-life and enhance the accumulation of imaging agents specifically at the tumor
site. However despite these improvements, high interstitial pressure within solid
tumors and stromal fibrosis, particularly in pancreatic cancer, often does not permit
homogenous distribution of imaging NPs within a tumor." While untargeted NPs can
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passively accumulate in tumors due to the enhanced perme-
ability and retention (EPR) effect, active targeting through
the attachment of small molecules such as antibodies, pep-
tides or aptamers to the NP surface can improve the affinity
of the NPs for tumor cells and increase NP retention within
the tumor microenvironment (TME).

Calcium phosphosilicate NanoJackets (NJs) are
a bioresorbable nano-delivery system that is non-toxic, is
stable in systemic circulation, and protects encapsulated
cargo from metabolic breakdown and clearance.>* These
inorganic nanoparticles are resistant to degradation under
most physiological conditions yet are designed to release
their cargo intracellularly via a pH-dependent disintegration
triggered in endosomes.”® However, NJs have no inherent
in vivo toxicity. When compared to mice given saline alone,
mice injected weekly with NJs demonstrated no significant
differences in blood cell counts (WBCs, RBCs, platelets or
neutrophils) or serum chemistries (albumin for hepatic func-
tion and BUN for renal function) over a four week treatment
period.® Serum calcium and phosphate levels also were
unchanged by NJ treatment, suggesting there was no signifi-
cant dissolution of the particles in circulation.

CT and/or MRI followed by ultrasound endoscopy based
image- guided biopsy is the current standard for cancer early
detection of several internal organs, including pancreatic
cancer,'® however detection of pancreatic lesions can be
challenging.!' Patients may undergo optical and/or ultra-
sound endoscopy based image-guided surgical resection of
the tumor or contrast-enhanced ultrasound (CEUS).'*'
Optical imaging with agents such as the FDA-approved
fluorophore indocyanine green (ICG), can be used to
improve the contrast between the tumor and the background
tissue.'> Despite the wide use of ICG as a tumor imaging
agent, its efficacy is limited by its pharmacokinetic properties
- intravenous (i.v.)-injected ICG is rapidly removed from
circulation via hepatic clearance with a half-life of approxi-
mately 3—4 min.'”” Our research team has demonstrated
effective encapsulation of both ICG and rhodamine WT
within the matrix of NJs.® NJs are optically transparent, do
not alter the physical or chemical properties of ICG based on
absorption and emission spectra, and stabilize ICG to
improve both its half-life and detectable signal depths.” The
inclusion of polyethylene glycol (PEG) on the particle sur-
face stabilizes NJs, mitigates particle agglomeration and non-
specific interactions, and permits attachment of targeting
agents. Imaging NJs can be targeted to tumor cells using
antibodies, peptides and aptamers. Aptamers are functional
nucleic acids with target binding affinity comparable to

protein antibodies. Aptamers are more physically and che-
mically stable, are not immunogenic, and can be produced by
standard chemical synthesis with high consistency.
Previously, we identified a DNA aptamer (AP1153) which
binds to a cell surface G protein coupled receptor, the CCK-B
receptor, present on pancreatic tumor cells'® and prostate
tumor cells.'” A pool of anti-CCKBR DNA aptamers were
initially identified using dual SELEX selection with an extra-
cellular, N-terminal portion of the CCKBR (peptide 5-21) as
well as selection with a CCKBR over-expressing PANC-1
cell line. Further down-selection of targeting aptamers was
based on the predicted secondary structure and receptor
binding assays.'® Here we have shown that through specific
interactions with cell surface CCK-B receptors, AP1153
targeted-NJs containing ICG or rhodamine WT were widely
distributed throughout tumors and enhanced the detection of
pancreatic tumors for up to 24 h after injection.

Materials and Methods
Cultured Cell Lines

PANC-1 human pancreatic cancer cells and PC-3 human
prostate cancer cells were cultured in 10% FBS-containing
DMEM at 37°C, 5% CO,. Cells were verified yearly by
ATCC STR authentication testing.

Preparation of Imaging Nanoparticles
NanoJackets were prepared by a microemulsion technique
that has been previously described.® ICG and rhodamine
WT encapsulation was accomplished through the addition
of the fluorophore into the microemulsion phase such that
the fluorescent molecules were trapped and internalized
within the particle.” After the particles were dissolved to
release the dye, fluorophore content was quantified by the
optical absorption and compared to a standard curve.

NanoJacket Nanoparticle

Characterization

Nanoparticle tracking analysis (NTA) was done using
a Nanosight NS300 (Malvern) in a 1X PBS solution.
Electron energy loss spectroscopy (EELS) maps were col-
lected on individual particles (n=5 replicates) favorably posi-
tioned over a vacuum. The EELS probe was 1 nm in diameter
and collected ionization edges every 10 nm across the particle
in scanning (STEM) mode. Particle pseudo-coloring and
quantification were conducted using Digital MicrographTM
software (Gatan Inc., Pleasanton, CA). Transmission electron
microscopy (TEM) analysis of rhodamine WT-NJs was done
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on a FEI Tecnai G2 Spirit BioTWIN TEM (Materials

The Pennsylvania State
described.® The effects of
NanoJackets on in vitro cell growth was determined using an
AlamarBlue assay. PC-3 or PANC-1 cells were seeded (7,500
cells/well) into a 96-well plate and grown overnight. After 24

Characterization —Laboratory,
University) as previously

h, cells were transferred into fresh media containing 10% v/v
of empty NJs in 1x PBS, 10% v/v of ICG-NJs in 1x PBS, 10%
v/v of 1x PBS only (Vehicle), or fresh media alone (Untreated)
(n=6 replicates/treatment). Following a 72 h incubation,
AlamarBlue reagent was added and the absorbance recorded
as per manufacturer’s instructions. Cell numbers for all the
treatment groups were normalized to the corresponding
untreated (media only) cell controls.

Bioconjugation of Aptamer | 153 Onto

NanoJackets

A 3'-NH,-TTTTT version of the CCKBR AP1153 (TriLink,
see reference 1 for the complete aptamer sequence) was
covalently coupled to carboxy-PEG-NJs using the biocon-
jugation strategy outlined in Supplemental Figure 1.'®
AP1153 was conjugated to a 2 kDa carboxy-PEG tether

on the NJ surface using an EDC/Sulfo-NHS coupling

reaction.® The resulting AP1153-conjugated NJs were dia-
lyzed to separate unreacted aptamers and sterilized by fil-
tration through a 0.2 mm cellulose membrane.

In vivo Tumor Xenografts

All animal procedures were approved by the Pennsylvania
State University College of Medicine Institutional Animal
Care and Use Committee (IACUC). The PSU College of
Medicine animal resource program is accredited by the
Association for Assessment and Accreditation of
Laboratory Care International (AAALAC International).
All animal living conditions are consistent with standards
required by AAALAC International. Four to six week old
male athymic (nu/nu) mice were purchased from Charles
River. To establish orthotopic pancreatic cancer xenografts,
mice were fully anesthetized, a small incision was made in
the left flank, the peritoneum was dissected, and the pan-
creas exposed. Using a 27 gauge needle, 1x10° PANC-1
cells, prepared in 100 pL of Hank’s balanced salt solution,
were injected into the pancreas and the surgical site closed
with staples. All orthotopic tumors were established for 4
weeks prior to imaging. Likewise, subcutaneous PC-3 pros-

tate tumor cells were established by intradermal injection of

1x10° tumor cells and grown for 4 weeks prior to i.v.
administration of AP1153-targeted or untargeted ICG-N1Js.

In vivo Whole Animal Imaging

NJs were diluted into sterile, phosphate-buffered saline, pH
7.4, and 100 puL was injected via the tail vein into tumor
bearing mice. Equivalent ICG or rhodamine WT concentra-
tions were determined prior to injection by absorption spectro-
scopy. Whole animal imaging was performed as previously
described.® Near-infrared transillumination images (800 nm
excitation, 850 nm emission, 3 min exposure) and correspond-
ing X-ray images were obtained with an in vivo FX whole
animal imaging station (Carestream Health, Rochester, NY).
ICG signal distribution relative to murine anatomy was illu-
strated by merging near-infrared and X-ray images.

Ex vivo Tumor Imaging

To assess tumor uptake ex vivo, PANC-1 or PC-3 tumor
bearing mice were injected with aptamer-targeted or untar-
geted NJs loaded with either ICG or rthodamine WT. At 24
h after NJ injection and whole animal imaging but prior to
necropsy, mice were injected with tomato lectin-FITC (80 pg/
kg, Vector Laboratories) to stain the vascular endothelium. At
ten minutes after FITC-lectin injection, mice were quickly
perfused with cold PBS/heparin to remove the unbound lectin,
and excised tumors were fixed, cryo-protected in 10-30%
sucrose, and frozen in OCT. Whole tumors and frozen tumor
sections were mounted with ProFade Gold and imaged using
Nikon A1 MP+ Multi-Photon Microscope system to assess
localization of ICG relative to fibrotic regions of the tumor.
Fibrillar collagens indicative of stromal fibrosis were visua-
lized by second harmonic generation (SHG). For 3D image
data set acquisition, the multiphoton excitation beam (tuned to
880 nm for SHG and tuned to 820 nm for ICG emission) was
first focused at the maximum signal intensity focal position
within the tissue sample and the appropriate detector levels
(both the gain and offset levels) were then selected to obtain
the pixel intensities within the range of 0-4,095 (12-bit
images) using a color gradient function. Spectral unmixing
was performed to extract the FITC signal from the ICG signal
using measured emission spectra. The unmixing algorithm is
based on the assumption that the total emission of every
channel is expressed as a linear combination of the contribut-
ing fluorescence emissions, /(A)=Z;C;xR;. Subsequently, the
beginning and end of the 3D stack (ie, the top and the bottom
optical sections) were set based on the signal level degrada-
tion. For each tissue volume reported here, z-section images
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were compiled and the 3D image restoration was performed
using IMARIS image analysis software (Bitplane).

Pre-Treatment of Mice with the CCK

Receptor Inhibitor Proglumide

One week after tumor cell implantation and three weeks
prior to nanoparticle administration, PANC-1 tumor-
bearing mice were started on 0.1 mg/mL of the CCK
receptor antagonist proglumide ad libitum in drinking
water. '

Statistical Analyses

Data are presented as mean =+ standard error of the mean or
mean + 95% confidence interval as denoted in the figure
legends. Comparison of the means between groups was
carried out using unpaired two-tailed #-tests or one-way
ANOVA with Prism 6.0 software (GraphPad), and p<0.05
was considered significant.

Results

NanoJacket Characterization

Nanoparticle Tracking Analysis (NTA) was utilized to
determine the mean particle diameter of NJs before and
after attachment of the 66 nucleotide DNA aptamer
AP1153.'° The size distribution of the NanoJacket popula-
tions remained largely the same with or without aptamer
bioconjugation (Figure 1A). The overall mean particle
diameter was not significantly different between the apta-
mer targeted and untargeted NJs (Figure 1B). Although
some larger particles were detected, the majority of
NanoJackets were under 100 nm which is consistent with
previous analyses of these particles.®”'® NTA, which was
done in a biologically relevant 1X PBS solution that pre-
serves the aptamer structure, demonstrated that aptamer
attachment did not precipitate agglomeration or aggrega-
tion of these nanoparticles. Electron energy loss spectro-
scopy (EELS) mapping was done to assess the structural
characteristics of NJs. Compositional evaluation of untar-
geted NJs demonstrated a Ca:P:Si ratio of 1:1.72:0.41
(atomic ratio of 32% Ca, 55% P and 13% Si) (Figure
1C). EELS revealed a homogeneous distribution of com-
ponents without evidence of architecture that suggested
a core or shell enriched in a single element. TEM, which
does not visualize bioconjugated aptamers but will reveal
the structure and size of the inorganic calcium-
phosphosilicate particles, confirmed the spherical form of
the NJs and an average particle size of less than 100 nm

(Figure 1D). Finally, ICG-NJs had no inherent toxicity
towards pancreatic or prostate cancer cells in vitro. After
72 h of incubation in media containing 10%v/v of PBS
(Vehicle), 10% v/v of empty NJs in PBS, or 10% v/v of
ICG-NJs in PBS, the percentage of viable cells in each
treatment group was compared to untreated (media only)
control cultures (Figure 1E). For PANC-1 and PC-3 cells,
no significant change in cell number was observed for any
of the treatment groups in comparison to the untreated
control cells.

Aptamer API1 153 Enhances Pancreatic
Tumor Uptake of NanoJackets without
Accumulation in Non-Tumor, Normal
Tissues

Near-infrared (NIR) optical imaging was used to deter-
mine the time course of tumor accumulation, biodistri-
bution and clearance of AP1153-targeted versus

untargeted ICG-NJs in orthotopic PANC-1
bearing athymic mice. Sequential NIR whole animal

tumor-

imaging after a single tail vein (i.v.) injection of untar-
geted ICG-NJs or AP1153-ICG-NJs reveal that the ICG
signal was first detected in orthotopic tumors at 12
h post-injection (Figure 2A). Peak uptake of ICG
occurred at 18 h after injection with clearance of ICG-
NJs by 3648 h after injection. Whole animal imaging
did not reveal any appreciable accumulation of AP1153-
ICG-NJs in tissues other than the orthotopic pancreatic
tumor. On the whole animal level, untargeted ICG-NJ
injected mice showed less detectable ICG signal in
tumor tissues than did targeted ICG-NJs (Figure 2A).
The timing of nanoparticle uptake by pancreatic tumors
was similar to prior reports of untargeted ICG-NIJs
in vivo, where peak accumulation of the nanoparticles
in subcutaneous breast tumors was seen at 24 h after
systemic NP administration.* At 24 h after i.v. nanopar-
ticle injection, ex vivo near-infrared imaging demon-
strated that compared to tumor tissues, adjacent normal
pancreas and spleen had little to no uptake of AP1153-
ICG-NJs (Figure 2B). Although normal pancreatic aci-
nar cells do express some CCK-B receptors,”® the
AP1153-ICG-NJs do not accumulate to a measurable
amount in the normal pancreas.

When other non-tumor tissues were sectioned and
examined in greater detail by multi-photon microscopy,
AP1153-ICG-NJs were detected circulating in the vas-
culature of the kidney (Figure 2C), and liver (Figure
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Figure | NanoJacket characterization. (A) Nanosight nanoparticle tracking analysis of untargeted NJs and API153-targeted NJs demonstrates that the distribution of
nanoparticle sizes, as well as the overall mean diameter of these two groups of nanoparticles (B), is not significantly different. Although aptamer AP1153 attachment does
slightly increase mean particle diameter, as expected, aptamers do not trigger NJ agglomeration. (C) Electron energy loss spectroscopy, EELS, map of elements Ca (green),
P (red), and Si (yellow) across a single, representative untargeted NJ. Pseudocoloring of the area indicated by the dashed white line reveals a homogenous distribution of
elements throughout the particle with no discernible morphological characteristics, such as a dense particle core or Si rich shell. At% = Ca:P:Si atomic ratio (n=5 replicates),
bar scale = 50 nm. (D) Transmission electron microscopy of rhodamine WT NJs. White arrows indicate position of representative NJs, scale bar = 500 nm. (E) Cell growth
studies using PANC-| and PC-3 cells in vitro demonstrated that even 10% v/v of empty NJs or ICG-loaded NJs had no cellular toxicity (n=6 replicates/cell line, error bars
indicate SEM).

2D). This was not unexpected, as nanoparticles are not AP1153-NJs which were previously reported to have
subject to kidney filtration unless they are <10 nm. In a zeta potential of —13 mV in a 70:30 ethanol:water
addition, the negative charge of the glomerular basement  solution.® Importantly, there was no evidence of NJ
membrane would likely block the filtration of anionic uptake by kidney or liver cells, which was significant
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Figure 2 Whole animal and ex vivo NIR optical imaging of targeted API153-ICG-Nanojackets in orthotopic pancreatic tumor-bearing mice. (A) PANC-| tumor bearing
mice injected with untargeted-ICG-N]Js show little tumoral uptake of ICG, while aptamer AP 153-targeted ICG-N]Js are well taken up by the orthotopic pancreatic tumor,
peak at 18 h post-injection, with no evidence of non-tumoral uptake by normal tissues. Arrows denote the location of orthotopic PANC-| tumors. (B) Ex vivo near-infrared
imaging of excised tissues from an API153-ICG-N]J treated mouse. Although API153-ICG-NJs accumulate in the orthotopic PANC-1 tumor, adjacent normal murine
pancreas and spleen had no uptake of API153-ICG-NJs. (C) Kidney and (D) liver tissue sections from an AP|153-ICG-N]J injected mouse showed that although there is
some ICG signal (red) within the tissue vasculature (green), no ICG appears to collect inside normal cells within these organs. Size bar for (D) = 50 um, and for (C) = 90 um.

as functional CCKBRs also have been shown to be
present on cells of the kidney proximal and distal
tubules, collecting ducts and to a lesser extent in
glomeruli.?'** By 36 to 48 hours after injection, whole
animal imaging indicated that AP1153-ICG-NJs were
undetectable - suggesting that these particles had either
cleared or were degraded and did not build up either
within the tumor or in any normal tissues.

AP1153-ICG-NanoJackets Exit the Tumor
Vasculature and Accumulate in the Tumor

Microenvironment

Although whole animal imaging demonstrated enhanced
tumoral uptake of AP1153-ICG-NJs, it did not establish
whether the aptamer targeted-ICG-NJs remain in the tumoral
vasculature or if the nanoparticles exited the tumor vessels
and were distributed throughout the tumor. Tumors excised at
24 h after a single injection of AP1153-ICG-NJs were ana-
lyzed ex vivo by multi-photon microscopy. Tumor fibrosis,
specifically regions of fibrillar collagen commonly found in
desmoplastic pancreatic tumors, was identified by second
harmonic generation imaging (SHG). The location of tumor

vessels was identified by FITC-lectin endothelial cell stain
(Figure 3). Despite the presence of significant fibrosis, the
ICG signal from the NanoJackets was detectable throughout
the tumor, suggesting that the ICG-NJs were disseminated
throughout the tumor matrix (Figure 3A). To establish
whether any of the nanoparticles were retained within
tumor blood vessels, further imaging of endothelial cell
staining relative to the ICG-NanoJacket signal was done.
Although the merged image of the endothelial and ICG
signals indicated that some of the AP1153-ICG-NJs were
associated with the tumor vasculature (yellow on the merged
images), most of the ICG signal was found outside of the
tumor blood vessels (Figure 3B). This again indicated that
the AP1153-ICG-NJs were widely dispersed in the tumor
microenvironment regardless of the extensive fibrosis and
desmoplasia commonly found in pancreatic tumors.

API153 Targeting Enhances the Uptake of
ICG-Nanojackets by Subcutaneous PC-3

Prostate Tumors in vivo
Ex vivo imaging of PC-3 prostate tumor cross sections with
multiphoton microscopy was used to localize ICG loaded-
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Figure 3 AP1153-ICG-Nanojackets exit the tumor vasculature and are distributed throughout the tumor microenvironment. (A) 3D multiphoton images of pancreatic
tumor in two independent mice (upper and lower images in both A and B panels) show the spatial distributions of fibrillar collagens (SHG, blue color) and API153-ICG
nanoparticles (ICG; red color) Box length = 66 um. (B) Compared to the location of tumor vasculature indicated by the endothelial cell stain (green), a majority of the ICG-
NJs signal (red) is dispersed outside of the tumor vasculature. Size bar = 5.4 pm.

MERGED

MERGED
i

MERGED

Endothelium

Figure 4 AP1153 targeting enhances the uptake of ICG-Nanojackets by subcutaneous PC-3 prostate tumors in vivo. PC-3 subcutaneous tumor bearing mice were injected
with AP|153-ICG-NJs. Using ex vivo multi-photon microscopy, the merged image demonstrates that the AP |53-targeted nanoparticles are primarily outside of the tumor
vasculature and are well distributed throughout the tumor. Blue=fibrillar collagen, Green=endothelial cells, Red=ICG, Yellow=merge of ICG with endothelial cells suggesting
intravascular or perivascular ICG. White scale bar= 51 pm.
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nanoparticles (red) relative to the tumor vasculature (green)
and fibrillar collagen regions of the tumor (blue) (Figure 4).
Tumors from mice injected with targeted AP1153 conjugated-
ICG-NJs showed relatively high ICG signal throughout the
tumor. While prostate tumors were less fibrotic and more
vascularized than pancreatic tumors (see Figure 3 for compar-
ison), the dispersion of AP1153-ICG-NJs was as widespread
in prostate tumors as was seen for pancreatic tumors. Although
the majority of ICG is seen in the tumor matrix, yellow signals
on the merged image indicated there were some ICG-NJs that
remained in the intravascular or perivascular compartments.

AP 153-Targeted NanoJackets Have
Increased Accumulation Within
Pancreatic Tumors Compared with

Untargeted NanoJackets
To further explore the effect of CCKBR aptamer AP1153
targeting on accumulation of imaging nanoparticles within
an orthotopic pancreatic tumor, NJs which encapsulated rho-
damine WT, rather than ICG, were utilized.” As ICG released
from nanoparticle encapsulation is rapidly broken down and
cleared, these studies utilized the more stable rhodamine WT-
NIJ formulation to assess the effects of aptamer targeting on
the accumulation of imaging agents within the tumors.
Compared with untargeted rhodamine WT-NJs, AP1153
targeted-rhodamine WT-NJs accumulated to a greater extent
in orthotopic pancreatic tumors (Figure 5). As seen with the
API1153-ICG-NJs, the AP1153-thodamine WT-NJs were
widely distributed throughout the tumor with some areas of
denser NJ accumulation. Although the fluorescent signal in
tumor tissue from untargeted-rhodamine WT-NJs injected
mice was also well distributed, the overall amount of rhoda-
mine WT nanoparticles accumulating in these tumors was
greatly reduced in comparison to the tumoral accumulation
of AP1153-rhodamine WT-NJs. This suggested that although
there is good dispersion of both the targeted and untargeted
NJs within tumors, the overall accumulation of the imaging
NlJs in pancreatic tumors was enhanced by aptamer AP1153
targeting.

The Accumulation of API153-Rhodamine
WT-NanoJackets Within Pancreatic
Tumors is Reduced After CCK Receptor
Blockade

To quantify the amount of AP1153-targeted and untargeted
NJs that accumulated in pancreatic tumors, and to verify

the role of CCK receptors in AP1153-NJ uptake, three
groups of tumor bearing mice were compared. Tumor-
bearing animals were injected with API1153-targeted-
rhodamine WT-NJs or untargeted-rhodamine WT-NJs as
above while being given normal drinking water. A third
group of tumor-bearing mice was pre-treated with the
bioavailable, orally administered CCK receptor antagonist
proglumide to block these receptors in the tumor prior to
AP1153-rhodamine WT-NJ injection. Since AP1153 binds
to the extracellular N-terminus of CCK-B receptor, and the
antagonist proglumide reversibly binds to the extracellular
loops of the CCK-B receptor, blocking its signaling
activity,”> we hypothesized that proglumide would com-
pete with AP1153-rhodamine WT-NJs for binding to the
CCK receptors on pancreatic tumor cells in vivo and
would reduce tumor-associated rhodamine fluorescence.
When compared to tumors from mice treated with
untargeted-rhodamine WT-NJs, tumors from mice injected
with  AP1153-targeted WT-NJs  had
a significantly higher rhodamine signal (Figure 6, **p=

rhodamine

0.007). Ex vivo imaging of tumors from the proglumide
(+Pro) that AP1153-
rhodamine WT-NJ uptake was significantly reduced com-
pared with AP1153-rhodamine WT-NJ uptake in tumors
from animals given normal drinking water (No Pro;
*p=0.015).
reduced tumoral accumulation of AP1153-rhodamine WT-

pre-treated  animals showed

Quantitatively, proglumide pre-treatment
NJs to a level that was equivalent to that seen in untar-
geted-NJ injected mice without proglumide pre-treatment.
This indicated that while the untargeted NJs entered
of API1153-

rhodamine WT-NJs in pancreatic tumors involved CCK

tumors, the enhanced accumulation
receptors. Although previous in vitro studies demonstrated
that the AP1153 aptamer itself bound to PANC-1 cells in
a CCK-B receptor mediated fashion,'® this study con-
firmed the AP1153-targeted NJs interacted specifically

with these receptors in tumors in vivo.

Discussion

The goal of detecting pancreatic cancer early and non-
invasively has proven to be difficult. By taking advantage of
vascular abnormalities within tumors, such as defective vas-
cular architecture and impaired lymphatic drainage, nanopar-
ticles that are less than 100 nm can accumulate at higher
concentrations in tumors than in normal tissues with intact
blood vessels.”* However, the highly fibrotic microenviron-
ment of pancreatic tumors can hinder dispersion of drugs,
imaging agents and nanoparticles.> The dense tumor stroma,
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Rhodamine

AP1153
Targeted
NJs

Untargeted
NJs

Rhodamine + SHG Collagen

Figure 5 API153 targeting enhances nanoparticle accumulation in orthotopic pancreatic tumors. At 24 h after a single tail vein injection of either rhodamine WT-NJs with
AP|153 targeting or without API153 targeting (Untargeted), tumors were fixed and embedded for fluorescent imaging ex vivo. Significantly more API153-ICG-NJs
accumulated throughout the orthotopic pancreatic tumors than did untargeted-ICG-NJs. For each image, | box length = 52.25 pm. SHG fibrosis images are provided to

demonstrate the presence of fibrotic tumor tissue.

with extensive extracellular matrix (ECM) deposition, creates
a physical and biochemical barrier to the uptake of imaging
agents.”® Using a murine orthotopic tumor model, which better
reflects the tumor microenvironment found in pancreatic can-
cer patients than do subcutaneous tumors,”’ these studies
demonstrate that NJs bioconjugated with the high-affinity,
tumor-targeting aptamer AP1153 enhanced the detection of
densely fibrotic pancreatic tumors. In addition, size distribu-
tion analysis verified that AP1153-conjugation to NJs did not
significantly alter the NP size, which was maintained at under
100 nm on average, and did not trigger NP agglomeration.
Because the CCK-B receptor is present on the surface of both
tumor
microenvironment,”® the detection efficacy of AP1153-

cancer cells and stellate cells in the
targeted NPs could be greater than for NPs targeted just to
tumor cells, as is true for most current tumor imaging
strategies.”’

The relatively short half-life of the NIR imaging agent

ICG in vivo is attributed to fluorescence quenching and

photo-degradation of free ICG under physiological condi-
tions combined with rapid aggregation and clearance from
the body."> Previous in vivo studies demonstrated that
tumor-associated fluorescence from the untargeted ICG-
NJs is significantly prolonged compared to the signal
from free ICG.’ Using whole animal near-infrared ima-
ging, this study demonstrated that encapsulation of ICG
CCK-B receptor-targeted AP1153-NJs further
extended its tumoral accumulation in vivo and improved

into

the ICG signal detectable in pancreatic and prostate tumors
without off-target, non-specific NP binding.

Previous in vivo studies with AP1153 targeted-ICG-
NJs did not discriminate between NPs retained inside the
tumor vasculature and those that had exited the tumor
vasculature and had accumulated in the tumor matrix.
Using both ICG-loaded and rhodamine WT-loaded NlJs,
we confirmed that not only did the aptamer-targeted nano-
particles leave tumor blood vessels but that they were
widely dispersed throughout the tumor. Finally, specificity
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Figure 6 Accumulation of aptamer AP| 153 targeted Nanojackets in pancreatic
tumors is reduced after CCK receptor blockade. Scatter plot of rhodamine signal in
tumors from mice treated with AP||53-targeted or untargeted-rhodamine WT-
NJs, as indicated. Tumors from at least 4 mice per treatment group were analyzed
ex vivo, and 3—4 images quantified per tumor. No Pro indicates mice that were
given only normal drinking water prior to nanoparticle injection; + Pro indicates
mice were pre-treated with the CCK receptor antagonist proglumide prior to
injection of API153-rhodamine WT-NJs. Mean rhodamine signal is indicated by
the long horizontal line, while the 95% confidence interval is indicated by the
shorter, thicker lines. **p= 0.0070; *p = 0.0155. Tumors from mice pre-treated
with a CCK receptor antagonist had significantly less uptake of API153-
rhodamine WT-NJs than tumors from mice given normal drinking water.
Abbreviation: NS, not significant.

for the AP1153 aptamer targeting to the CCK-B receptor
on tumor cells was verified by pre-treating tumor-bearing
animals with the CCK receptor antagonist proglumide.
Mice pre-treated with proglumide had a significantly less
AP1153-rhodamine WT-NJs uptake into their tumors and
the amount of targeted nanoparticle uptake in proglumide-
treated animals was equivalent to that seen in untargeted
nanoparticle-injected mice. Taken together, these data sug-
gested that AP1153-targeted NJs enhance the detection of
pancreatic tumors in vivo compared to untargeted nano-
particles specifically through interactions with the CCK-B
receptors found on pancreatic and prostate cancer cells.
An advantage of AP1153 as a targeting agent for tumor
imaging is the high specificity and affinity that this apta-
mer has for the CCK-B receptor (15 pM, ~ 3 orders of
magnitude better than that of its peptide ligand gastrin).'®
The over-expression of the CCKBR on tumors compared
to other adult tissues, and to normal pancreas, also pro-
vided specificity for tumor imaging. The whole animal
imaging study confirmed that little NIR signal was
detected in tissues other than the orthotopic tumors.
Although some ICG signal was detected in the vasculature
of the liver or kidney, AP1153-targeted-NJs did not

accumulate at these sites. Because the highest level of
CCKBR expression in non-tumor tissues is in the adult
brain, cargo uptake by neural tissues could be a concern.
Whole animal NIR imaging demonstrated that there was
no evidence of ICG signal in the brain, even up to 48
h after injection, and suggested that AP1153-NJs do not
cross the blood-brain barrier.® Similarly, the lack of ICG
signal outside of the kidney vasculature made AP1153-NJ
uptake by CCKBRs present on renal tubular cells unlikely.

The ability to discriminate between normal pancreas
and pancreatic tumor tissues in vivo is a key feature if
NPs are to be used for early cancer detection. In order
to utilize AP1153-ICG-NJs to screen high risk patients
for early stage pancreatic cancer, an important distinc-
tion is whether normal pancreas accumulates these
nanoparticles. AP1153 was selected against a CCK-B
receptor peptide epitope with high homology to both
human and mouse proteins so it can detect both the
human and murine versions of the receptor.'® Since the
ex vivo analysis detected ICG signal in tumor but not in
the adjacent normal murine pancreas or spleen, it sug-
gested that these targeted particles could be used for
non-invasive pancreatic tumor screening.

Heterogeneity in pancreatic tumor specimens indi-
cates that cancer patients vary widely in terms of their
tumor architecture. While some tumors may be highly
perfused by abundant leaky vasculature, others exhibit
high interstitial fluid pressure, desmoplastic fibrosis, and
poor vascular perfusion. Although cancer nanotherapeu-
tics have shown mixed results in clinical trials, nano-
particle-based imaging, using reagents such as the iron-
containing nanoparticle ferumoxytol is beginning to be

30,31

used to assess individual tumor characteristics.

Ferumoxytol-enhanced magnetic resonance imaging
(MRI) enables direct quantitation of tumor vasculature
permeability and can define tumor borders to assist in
achieving disease-free margin at the time of surgery.’
Similarly, NIR imaging with AP1153-ICG-NJs could be
utilized to identify tumors with higher vessel permeabil-
ity. Non-invasive imaging with AP1153-ICG-NJS may
predict how an individual patient will respond to ther-
apeutics by estimating how much drug is likely to reach
the tumor matrix or could be used to stratify treatment
decision making.

In the future, one application for AP1153-ICG-NJs
could be for sub-tumoricidal photodynamic priming
(PDP) prior
treatment

to administering chemotherapy. Pre-

with a  NIR-activated PDP  agent,

submit your manuscript

2306

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Abraham et al

a nanoliposomal benzoporphyrin formulation, followed
by nanoliposomal irinotecan was shown to prevent
tumor relapse, reduced metastasis and increased survival
in a murine pancreatic cancer model.>®> EGFR targeting
with a monoclonal antibody (Cetuximab) improved the

well.>

efficacy of this photosensitizing agent as
Previous work from our group demonstrated the suc-
cessful use of untargeted ICG-NJs for photodynamic
therapy (PDT) against murine Panc02 tumors in syn-
geneic C57BI/6 mice.”” PDT treatment using ICG-NJs
conjugated with CDI117-specific antibodies also
extended the life span of leukemic mice by targeting
leukemia stem cells.'® The addition of AP1153-targeting
to ICG-NJs could enhance the delivery of photosensiti-
zers to pancreatic or prostate tumors. Since other can-
cers also aberrantly express the CCK-B receptor (lung,
gastric),’® additional studies on AP1153-targeted ima-
ging for early detection or PDT of other tumor types
are warranted. Synergistic combinations of receptor-
targeted, tumor-specific imaging agents and enhanced
detection of NIR signals from AP1153-NJs with photo-
acoustic devices could advance early detection of pan-

creatic cancer.’’

Conclusion
AP1153-NJ imaging nanoparticles incorporate a stable
nanoparticle design, effective encapsulation of fluoro-
phore cargoes, and tumor-specific, receptor-mediated
targeting to enhance tumor detection. Using whole ani-
mal NIR imaging, AP1153-NJs were able to visualize
pancreatic tumors, while untargeted-NJs were barely
detectable in vivo and demonstrated reduced tumor
uptake by ex vivo imaging. Aptamer targeted NJs exited
the tumor vasculature in both pancreatic and prostate
tumors and the NJs were well dispersed throughout the
tumor despite the presence of a highly fibrotic TME.
The specificity of aptamer targeting to tumoral CCK
receptors in vivo was verified by the reduction in
tumor uptake in mice that were pre-treated with the
CCKR antagonist proglumide. AP1153-targeted NJ for-
mulations could lead to clinically translatable nanome-
dicines to provide early cancer

diagnosis, guide

treatment decision making, or offer a new therapeutic

modality.
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