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ABSTRACT: We report the development of a nanotechnology to co-deliver chemocoxib A with a reactive oxygen species (ROS)-activatable
and COX-2 targeted pro-fluorescent probe, fluorocoxib Q (FQ) enabling real time visualization of COX-2 and CA drug delivery into solid
cancers, using a di-block PPS;35-b-POEGA 17 copolymer, selected for its intrinsic responsiveness to elevated reactive oxygen species (ROS),
a key trait of the tumor microenvironment. FQ and CA were synthesized independently, then co-encapsulated within micellar PPS;3s5-b-
POEGA 7 co-polymeric nanoparticles (FQ-CA-NPs), and were assessed for cargo concentration, hydrodynamic diameter, zeta potential, and
ROS-dependent cargo release. The uptake of FQ-CA-NPs in mouse mammary cancer cells and cargo release was assessed by fluorescence
microscopy. Intravenous delivery of FQ-CA-NPs to mice harboring orthotopic mammary tumors, followed by vital optimal imaging, was
used to assess delivery to tumors in vivo. The CA-FQ-NPs exhibited a hydrodynamic diameter of 109.2 + 4.1 nm and a zeta potential ({) of
—1.59 + 0.3 mV. Fluorescence microscopy showed ROS-dependent cargo release by FQ-CA-NPs in 4T1 cells, decreasing growth of 4T1
breast cancer cells, but not affecting growth of primary human mammary epithelial cells (HMECs). NP-derived fluorescence was detected
in mammary tumors, but not in healthy organs. Tumor LC-MS/MS analysis identified both CA (2.38 nmol/g tumor tissue) and FQ (0.115
nmol/g tumor tissue), confirming the FQ-mediated image guidance of CA delivery in solid tumors. Thus, co-encapsulation of FQ and CA

into micellar nanoparticles (FQ-CA-NPs) enabled ROS-sensitive drug release and COX-2-targeted visualization of solid tumors.

INTRODUCTION

Nanomedicine formulations of systemically dosed chemothera-
peutic drugs aim to improve biodistribution and target site ac-
cumulation of cytotoxic drugs.” Various passively and actively
targeted nanomedicines have been evaluated, e.g., liposomes,’
polymer micelles,* > and antibodies.® Abundant preclinical data
show that 5-200 nm sized nanoparticles can improve the thera-
peutic index of low molecular weight drugs.>* 7 Nanomedi-
cine formulations also have imaging applications.> '*'! Person-
alized medicine will benefit from a new paradigm that enables
co-delivery of imaging and therapeutic agents into cancers for
imaging during treatment, complementing current tumor imag-
ing studies that occur only before and after treatment.

Studies have shown show that cyclooxygenase-2 (COX-2) con-
tributes to several pathologies, including cancer.'> Importantly,
COX-2 and reactive oxygen species (ROS) co-exist in patho-
genesis.'”> COX-2 is an attractive molecular target for deliver-
ing imaging/therapeutic agents to tumors because it is expressed
in only a few normal tissues and is greatly up-regulated in in-
flamed tissues and many premalignant and malignant tumors.
Radiolabeled COX-2 inhibitors have been developed for nu-
clear imaging. We reported the synthesis and in vivo validation
of radiologic imaging agents for both SPECT and PET imaging.
The structures of these agents are based on the indomethacin
and celecoxib scaffolds. We validated the specificity and sensi-
tivity of our probes in COX-2-targeted imaging of inflammation
and cancer both in vitro and in vivo, and in ex vivo. In addition,
fluorescent COX-2 inhibitors are attractive candidates as tar-
geted optical imaging agents. Such compounds have the ad-
vantage that each molecule bears the fluorescent labeling, and
the compounds are non-radioactive and stable. Thus, they can
be used for cellular imaging, animal imaging, and clinical

imaging of tissues where topical or endoluminal illumination is
possible (e.g., esophagus, colon, and upper airway via endos-
copy, colonoscopy, and bronchoscopy, respectively). Prior
work from our laboratory demonstrated that fluorescent COX-
2 inhibitors are useful as chemical probes for protein binding
and in vivo imaging. We designed and synthesized COX-2-
targeted imaging agents and later we successfully discovered a
novel redox-activatable COX-2-targeted optical imaging agent,
called fluorocoxib Q. The fluorocoxib Q is a nitroxide deriva-
tive of fluorocoxib A. Fluorocoxib Q enables targeted visuali-
zation of COX-2 and ROS in pathological tissues. Fluorocoxib
Q exhibits extremely low fluorescence emission due to quench-
ing of the excited electronic state of the carboxy-X-rhodamine
by the nitroxide radical within the molecule. Upon radical trap-
ping in cancer cells by reacting oxygen species (ROS), the
COX-2-targeted fluorocoxib Q probe becomes fluorescently ac-
tivated, making it effective for tumors imaging.

Overexpression of COX-2 and its prostaglandin products play
a vital role in tumorigenesis. Although enormous research has
been conducted, the relative importance of each of these effects
is still unknown. Several clinical trials have been completed and
many are ongoing to evaluate specific COX-2 inhibitors for
cancer chemoprevention, only celecoxib has been approved by
FDA for the treatment of familial adenomatous polyposis
(FAP). Our prior studies demonstrate COX-2-targeted delivery
of imaging agents to tumors,'® 1% 1420 syggesting the possibility
that this approach can be used to selectively deliver chemother-
apeutic agents as well. An attempt to test this hypothesis we
used a conjugate chemistry approach, where we discovered a
cytotoxic COX-2 inhibitor, called chemocoxib A !, a conjugate
of indomethacin with podophyllotoxin, revealed highly potent
and selective COX-2 inhibition in purified enzyme and in cell-
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based assays.

X-ray co-crystallographic studies demonstrated the structural
basis of COX-2 binding by chemocoxib A and kinetic analysis
demonstrated that chemocoxib A is a slow, tight-binding inhib-
itor of COX-2.2' The conjugate exhibited cytotoxicity in cell
culture like that of podophyllotoxin. It was accumulated selec-
tively in COX-2 positive tumors in mice and induced tumor
growth inhibition, but didn’t have any adverse effect on tumors
that did not express COX-2 enzyme.?' It should be noted that
podophyllotoxin itself does not inhibit COX-2, but when teth-
ered to indomethacin it does, and accumulates in COX-2-
expressing tumor cells. How it slows growth of cancer cells in
vitro and in vivo is not fully understood, but it does not affect
the viability of primary human mammary epithelial cells
(HMECsS) in culture. Also, it does not cause systemic toxicity
in animals.?! Thus, chemocoxib A provides a proof-of-concept
for in vivo targeting of chemotherapeutic agents to COX-2 and
represents the 1% cytotoxic COX-2 inhibitor validated for tar-
geted tumor growth inhibition in vivo. We hypothesize that flu-
orocoxib Q' and chemocoxib A?' can be co-encapsulated into
ROS-responsive polymeric micellar nanoparticles that can co-
deliver both agents into tumors allowing image-guided drug de-
livery into the solid tumors with molecular specificity in real
time.

Herein, we report the discovery of FQ and CA co-loaded
PPS,35-b-POEGA 7 polymeric micellar nanoparticles (FQ-CA-
NPs) and their delivery into COX-2 expressing breast cancer
cells and orthotopic mouse mammary tumors. By combining
disease diagnosis and therapy in one medical specimen, this
study resulted in a new nanoplatform, where targeted tumor co-
delivery of imaging and therapeutic agents has been achieved.

MATERIALS AND METHODS

Chemical Synthesis. Fluorocoxib Q (FQ), chemocoxib A, and
the di-block PPSi35-b-POEGA 7 copolymer were synthesized
using previously published procedures. '% 1-21:22

Co-encapsulation of FQ and CA in PSi35-b-POEGA ; Poly-
meric Micellar Nanoparticles. FQ and CA were co-encapsu-
lated into PPS35-b-POEGA 17 copolymeric micelles using a bulk
solvent evaporation method.'® At first, FQ, CA, and PPS;;5-b-
POEGA 7 were each dissolved in chloroform separately. The
FQ (10 mL, 20 mg/mL) and CA (10 mL, 20 mg/mL) solutions
were added to the PPS35-b-POEGA 7 copolymer (20 mL, 200
mg/mL) solution. The resultant solution was added dropwise to
a Dulbecco’s Phosphate Buffered Saline (1 mL, DPBS pH 7.0—
7.4, Ca>* and Mg**-free) followed by 16 h gentle stirring at 25°C
in the dark. A sterile centrifugation of the resultant aqueous so-
Iution afforded FQ and CA co-loaded nanoparticles (FQ-CA-
NPs) ready for in vitro and in vivo evaluations.

Concentration of FQ and CA in Micellar Nanoparticles.
Concentration of CA and FQ within micellar nanoparticles (FQ-
CA-NPs, 0.5 mL in DPBS) was measured by first disassem-
bling NPs in dimethylformamide (DMF, 0.5 mL, stirring 16 h,
at 25°C) Samples were dried, reconstituted and analyzed by re-
versed phase HPLC-UV using Phenomenex C18 columns held
at 40°C. Each compound was quantified against a standard
curve obtained for each after dissolving them in 50% DMEF in
DPBS. The statistical comparisons of the experimental results

were performed by Student’s t-test at a significance level of
0.01 and 0.001, which afforded FQ and CA concentrations to
be 0.132 mg/mL and 0.147 mg/mL in a typical FQ-CA-NPs in-
jectable formulation.

Properties of FQ-CA-NPs. A Malvern Zetasizer Nano-ZS In-
strument equipped with a 4 mW Helium Neon Laser operating
at 632.8 nm was used to measure the hydrodynamic diameter
(Dn) and zeta potential (£) of the micellar FQ-CA-NPs.

H;0O:-Dependent Cargo Release from FQ-CA-NPs. FQ-CA-
NPs were incubated in H,O, (ROS) at progressively increasing
concentrations (0 to 1000 mM) in 96-well plates. Fluorescence
intensity was monitored using a Tecan Infinite 500 plate reader
(excitation 540 nm, emission 610 nm), normalizing each sample
to its fluorescence value prior to addition of H,O».

Fluorescence Microscopy of 4T1 Cells. Mouse 4T1 mammary
carcinoma tumor cells were obtained from the Cell Culture and
Tissue Engineering Core of the Vanderbilt Institute for Integra-
tive Biosystems Research and Education. The 4T1 cells (1.6 X
10° cells) were plated on MatTek glass-bottom culture dishes.
The 4T1 Cells in Hank’s balanced salt solution
(HBSS)/Tyrode’s were grown to a 60% confluency and incu-
bated with 200 nM of fluorocoxib Q for 3 h at 37 °C. Adherent
cells were treated with FQ-CA-NPs (1 uM). Cells were rinsed
3 times with Hanks Balanced Salt Solution (HBSS)/Tyrode’s
buffer and imaged at a gain of 20 on a Leica DM IL LED FIM
fluorescence microscope.

Cell Viability Assay. Primary human mammary epithelial cells
(HMECs) were obtained as a gift from Dr. Jennifer Pietenpol,
Vanderbilt University Medical Center, and mouse 4T1 mam-
mary carcinoma cells were obtained from the Cell Culture and
Tissue Engineering Core of the Vanderbilt Institute for Integra-
tive Biosystems Research and Education. HMECs were grown
in HMEC medium containing Mammary Epithelial Growth
Supplement (Life Technologies) or mouse 4T1 mammary car-
cinoma cells were grown in growth media (Dulbecco’s Modi-
fied Eagle Medium:Nutrient Mixture F12 plus 10% fetal bovine
serum and antibiotic/antimycotic). Cells (8,000 to 10,000/well)
were plated in 96-well plates (Sarstedt). After 24 hours, cells
were treated with FQ-CA-NPs (ca. 200 nmol of CA) or vehicle
in fresh growth media. Viability was assessed 48 hours later
using WST-1 Cell Proliferation Reagent (Roche, 11644807001)
as described previously.?

Vital Fluorescence Imaging and Organ Biodistribution in a
Mouse Model of Orthotopic Breast Cancer. All experiments
with mice were approved by the Institutional Animal Care and
Use Committees (IACUC) at the Vanderbilt University School
of Medicine. 4T1 cells (1 X 10° cells) were inoculated into the
left inguinal mammary fatpad.** Tumors were measured twice
weekly until reaching 700-900 mm?®. CA-FQ-NPs (1 mg/kg of
each CA and FQ) was delivered by subcutaneous injection. At
49 h post-injection, we lightly anesthetized dosed animals with
2% isoflurane and imaged them using a Xenogen IVIS 200 Op-
tical Imaging Instrument with a DsRed filter spanning 570-615
nm with a 20 cm field of view at 20 microns resolution at a
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depth of 1.5 cm and an exposure of 1 sec. Using an ImageJ
software, we analyzed the static images obtained from the opti-
cal imaging of tumor bearing animals (n = 6 animals/group),
where regions of interest (ROIs) were created for measurement.
After in vivo imaging, mice were humanely euthanized and tu-
mor, brain, liver, lung, and kidney were collected. The dissected
organs were imaged on a Xenogen IVIS 200 Optical Imaging
Instrument. Fluorescence intensity (photons/sec) in each static
image was measured using an ImageJ software. We determined
the signal-to-noise ratios by dividing the mean fluorescence in-
tensity of tumorous breast (1.25¢+009, n = 6 tumors) with the
mean fluorescence intensity of celecoxib (10 mg/kg dose)-pre-
treated breast (1.86e+007, n = 6 tumors) within the respective
ROIs measured in photons/sec using an ImageJ software.

Statistical Methods. Student’s t-test was used for statistical
analyses of fluorescence signal intensities in static images of
breast tumors or major organs including lung, liver, kidney, or
brain, where statistical significance at P < 0.05 was considered.
Within the size of the samples (n), signal intensities were used
as the arithmetic mean and standard error.
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Figure 1. (a) Chemical structure of fluorocoxib Q (FQ) and chemocoxib A
! (b) Co-encapsulation of FQ and CA using a bulk evaporation method for
the formation of micellar nanoparticles (FQ-CA-NPs) of PPSiss-b-
POEGA7in a 50:50 mixture of CHCI3/DPBS (v/v) with a gentle stirring at
25°C for 16 h. (c) Dynamic light scattering of FQ-CA-NPs. (d) Light emis-
sion from FQ-CA-NPs treated with aqueous hydrogen peroxide (H202) so-
lutions.

RESULTS AND DISCUSSION

We synthesized fluorocoxib Q (FQ)," a nitroxide analog of flu-
orocoxib A."? FQ is pro-fluorescent, which is due to quenching
of its carboxy-X-rhodamine fluorescence by the nitroxide radi-
cal within the molecule and which is a redox-activatable COX-
2-taregeted imaging agent exhibiting extremely low fluores-
cence emission until activated by ROS present in pathologic tis-
sues.'® Next, we synthesized chemocoxib A !, a cytotoxic COX-
2 inhibitor exhibiting potent antitumor activity.?! CA is an in-
domethacin—podophyllotoxin conjugate demonstrated tumor
growth inhibition without any systemic toxicity.*!
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Figure 2. (a) Fluorescence microscopy of vehicle or celecoxib pre-treated
4T1 cells incubated FQ-CA-NPs for 3 h. (b) Image analysis of vehicle or
celecoxib pretreated 4T1 cells incubated with FQ-CA-NPs using an ImageJ
software. (c) Viability of primary human mammary epithelial cells
(HMECs) or 4T1 mouse mammary carcinoma cells treated with FQ-CA-
NPs for 48 h.

In addition, we synthesized PPS35-b-POEGA |7, an amphiphilic
di-block co-polymer that self-assembles into micellar nanopar-
ticles <200 nm in hydrodynamic diameter.'® Then, we co-
loaded FQ and CA into ROS-responsive micellar nanoparticles
(FQ-CA-NPs) of a di-block copolymer (PPSi35-b-POEGA7)
(Figure 1) using a bulk solvent evaporation method.!® In this
method, FQ, CA and PPS;35-b-POEGA; were dissolved in
chloroform singly. Then, FQ and CA solutions were mixed, and
the mixture was added to the PPS,35-b-POEGA 7 copolymer so-
lution, then the resultant solution was added dropwise to 1 mL
of Dulbecco’s phosphate buffered saline (DPBS pH 7.0 to 7.3,
without calcium and magnesium) at 25°C with gentle stirring.
The binary system was stirred for 16 h at 25°C in the dark,
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during which time the chloroform was evaporated. Sterile cen-
trifugation of the formulation afforded FQ and CA co-loaded
micellar nanoparticles (FQ-CA-NPs) ready to be used for eval-
uation and visualization of cells and CA delivery in orthotopic
mammary tumors implanted in nude mice.
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Figure 3. (a) In vivo optical imaging of NU/J mice bearing orthotopic 4T1
mammary tumors in vehicle (DPBS) or celecoxib pre-treated animals at 49
h post-dosing of FQ-CA-NPs solutions. (b) Ex vivo optical imaging of brain,
muscle, tumor, liver, lung, and kidney of NU/J mice bearing orthotopic 4T1
mammary tumors pre-treated with vehicle (DPBS) or celecoxib at 49 h post-
dosing of FQ-CA-NPs solutions. (c) Measurement of light emission in the
excised brain, muscle, tumor, liver, lung, and kidney by an ImageJ software.

We determined the hydrodynamic diameter of FQ-CA-NPs to
be 109.2 + 4.1 nm and a zeta potential ({) of —1.59 = 0.3 mV.
We treated FQ-CA-NPs with H,O» solutions at a range concen-
tration that showed higher fluorescence with 30% as compared
to 20% or lower H>O; concentration in water, suggesting its sen-
sitivity to ROS allowing drug release and fluorescence activa-
tion of FQ. We evaluated the co-loaded nanoparticles in optical
imaging of cells, where FQ-CA-NPs showed higher fluores-
cence in vehicle-pretreated 4T1 cells as compared to celecoxib-
pretreated 4T1 cells (Figure 2a) with a significant difference
(Figure 2b). In a cell viability assay, the FQ-CA-NPs was toxic
to 4T1 breast carcinoma cells with an ECso of 1.66 uM, but non-
toxic to primary human mammary epithelial cells (HMECs).

(Figure 2c).

We dosed FQ-CA-NPs by subcutaneous injection to mice har-
boring orthotopic mouse mammary tumors (4T1) expressing
COX-2. Optical imaging (Xenogen IVIS200) at 49 h post-in-
jection detected light emission at the tumor to suggest the up-
take of FQ-CA-NPs and ROS-mediated release of FQ and CA
in the tumor. Fluorescence signal was not detected in the

mammary tumor of the animal pre-dosed with 10 mg/kg of
celecoxib (Figure 3a-c). The celecoxib pre-treatment pre-clued
binding of both FQ or CA with COX-2 by its active site block-
ade. To confirm the uptake of FQ-CA-NPs, the tumor tissues
were analyzed by LC-MS/MS, which quantified the amount of
FQ (0.115 nmol/g tissue) and CA (2.38 nmol/g tissue) deliv-
ered, released and retained in the tumor. The fluorescence im-
aging and the bioanalytical data confirmed the delivery of FQ-
CA-NPs followed by FQ-mediated visualization of CA-
delivery in the mammary tumor.

These studies showed the feasibility of in vivo targeting of
COX-2 in tumors using co-loaded micellar nanoparticles to dis-
play delivery of loaded compounds into the breast tumors in live
animals. In presence of ROS in the breast tumors, the micellar
nanoparticles (FQ-CA-NPs) were destabilized such that release
of both cytotoxic agent CA and activatable probe FQ in tumor
cells can take place to bind with intracellular COX-2 for en-
hanced tumor retention, where the activatable COX-2 probe FQ
became fluorescently activated by tumor ROS allowing visual-
ization of tumor delivery of cytotoxic agent ' in real-time and
fluorescence activation of FQ was possible by interaction with
ROS, co-localized with COX-2 at the tumor site.'* In addition,
the experimental results suggests that the tumor uptake of FQ-
CA-NPs followed by ROS-induced nanoparticle disassembly
and release of encapsulated compounds for activation FQ into
the fluorescent species for COX-2 binding to produce a detect-
able buildup of fluorescence signal required longer time (49 h)
as compared to the free FQ compound (24 h)."

CONCLUSIONS

We report the discovery and characterization of FQ-CA-NPs, a
nanomedicine formulation based on polymeric micellar nano-
particles of FQ and CA. The FQ-CA-NPs showed sensitivity to
ROS. Treatment of FQ-CA-NPs with vehicle-pretreated 4T1
cells showed higher fluorescence compared to celecoxib-pre-
treated 4T1 cells. FQ-CA-NPs showed toxicity to 4T1 breast
carcinoma cells but is non-toxic to primary mammary cells. Fol-
lowing systemic administration, FQ-CA-NPs enabled co-deliv-
ery of FQ and CA in orthotopic mammary tumors. Fluorescence
activation of FQ in the tumor microenvironment allowed its flu-
orescence activation and COX-2 binding for tumor accumula-
tion and retention, and detection of CA delivery into solid mam-
mary tumors. The targeted co-delivery of FQ and CA was con-
firmed by LC-MS/MS analysis of tumor tissues.
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