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Abstract

Mucin-1 (MUC1), a transmembrane glycoprotein is aberrantly expressed on ~90% of breast
cancer and is an excellent target for nanoparticulate targeted imaging. In this study, the
development of a dye-doped NIR emitting mesoporous silica nanoparticles platform conjugated to
tumor-specific MUC1 antibody (ab-tMUC1-NIR-MSN) for /n vivo optical detection of breast
adenocarcinoma tissue is reported. The structural properties, the /in vitro and /n vivo performance
of this nanoparticle-based probe were evaluated. /17 vitro studies showed that the MSN-based
optical imaging nanoprobe is non-cytotoxic and targets efficiently mammary cancer cells
overexpressing human tMUC1 protein. /n7 vivo experiments with female C57BL/6 mice indicated
that this platform accumulates mainly in the liver and did not induce short-term toxicity. In
addition, we demonstrated that the ab-tMUC1-NIR-MSN nanoprobe specifically detects mammary
gland tumors overexpressing human tMUCL in a human MUC1 transgenic mouse model.
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BACKGROUND

One of the most difficult challenges of oncology is to find effective target-specific methods
for early tumor detection, which is critical for the success of cancer therapy. Tumor-
associated mucin-1 protein (tMUC1) is an ideal candidate for a potential imaging target.
Indeed, tMUCL1 is a trans-membrane glycoprotein, which is overexpressed in almost all

;Author to whom correspondence should be addressed. jviveroe@uncc.edu.
These two authors contributed equally to this publication.
*Present address: Department of Science and Technology, Inter American University of Puerto Rico, Ponce, PR, USA.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dréau et al.

Page 2

human epithelial cell adenocarcinomas, including ~90% of human breast, ovarian,
pancreatic, colorectal, lung, prostate, colon, and gastric carcinomas.1=* Other attractive
features of tMUC1 include its ubiquitous distribution on the cell surface and its under-
glycosylation in tumor cells. Aberrant glycosylation of MUC1 in breast carcinoma cells
results in the availability and presentation of distinct epitopes not found in normal

tissues.L: > 6 Those epitopes allow the design of monoclonal antibodies that discriminate
between normal and breast carcinoma cells. As tMUCL1 is highly expressed (~90%) by
cancer cells and observed early during in breast cancer progression, targeting MUC1 would
allow for the development of both monitoring procedures and possible treatments for the
vast majority of breast cancer patients.*

The present study utilizes the newly developed tMUCL1 antibody (ab-tMUC1 named
TAB-004™, Oncotab, Inc.) that recognizes and binds with a high binding affinity to a unique
epitope within the tMUC1 tandem repeat sequence, along with the MUC1 transgenic murine
model (MMT) system.5-8 In this model, immunocompetent mice develop spontaneous
mammary carcinomas, expressing the human tMUC1 tumor-associated antigen. This
spontaneous model of breast cancer progression contrasts with models that are based on
implantation of human tumor which are cell susceptible to genotype and phenotype drift
following extended /n vitro cell culture not to mention the absence of a fully functional
immune system required when implanting human cells.® The limited predictive value of
those immuno-compromised murine preclinical models in the development of nanoparticle-
based platforms for diagnostic and therapy remains a major challenge. Although
subcutaneously implanted tumor cells are useful for proof of principle studies, both their
microenvironment and their progression toward metastasis are different.?: 10 One remarkable
advantage of the MMT model is that tumors develop spontaneously from normal cells in
their natural tissue microenvironment in the presence of a viable immune system and further
mimic the multiple stages observed in human cancer progression.®: 8

Nanotechnology has become one of the most active research fields in the last decades.
Nanoparticles (NPs) have been extensively investigated for applications in both experimental
and clinical settings to improve delivery efficiency of therapeutic and diagnostic agents.11-15
Multifunctional nanocarriers have been applied to a wide variety of fields including, but not
limited to, chemotherapy, gene delivery, immunotherapy, cardiovascular diseases, tissue
engineering, theranostics and to circumvent the blood brain barrier.11: 14. 1622 |n particular,
nanoscale imaging contrast agents have attracted great attention because of their unique
optical properties, high surface-to-volume ratio and tunable surface chemistry.23-25 A
diverse variety of nanoparticle-based MUC1-targeting platforms have been developed in the
past years. Some of them use polymers, proteins, gold, iron oxide, and silica nanoparticles as
the multifunctional imaging probes. These platforms have been functionalized with MUC1
antibodies and aptamers to target MUC1 antigen.26-32 Nevertheless, very few reports have
shown the /n vivo application of tMUC1-targeted nanoparticles. Moore and co-workers
developed a MUC1-target multimodal nanoprobe, which consisted of iron oxide
nanoparticles and a NIR dye (Cy5.5) for magnetic resonance (MR) and NIR fluorescent
imaging using small peptides as the targeting ligands. The /n vivo MR and NIR imaging
experiments on a xenograft model showed specific accumulation of the probe in tMUC1
positive tumors and virtually no signal in control tumors.2 Shanehsazzadeh and co-workers
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also reported on the development of dextran-coated iron oxide nanoparticles labeled with
99mTc and conjugated to the monoclonal antibody C595 for the specific detection of MUC1
positive cells in vitroand in vivo.33 Despite the successful targeting of MUC1 positive cell
lines (MDA-MB-231 and MCF-7) in vitro, the in vivo targeting results were disappointing.
Dye-doped silica-based nanoparticles constitute very attractive platform to obtain efficient
luminescent, stable, biocompatible and targeted nanoparticulate optical imaging agents for
biomedical applications.2>: 34 35 |n particular, mesoporous silica nanoparticles (MSNs) have
unique and favorable features such as large surface area and pore volume, low cytotoxicity,
biocompatibility, chemical stability, ease of surface modification, and multi-functionality,
make them suitable for a broad spectrum of biomedical applications.36-38 Several MSN-
based optical and multimodal probes have been developed in recent years.34 35 39-44 5ome
of them have shown the successful incorporation of near-infrared (NIR) chromophores in
MSN particles for in vivo optical imaging.39: 4 Cai and co-workers have developed
multimodal MSN-based nanoprobes for /n vivo vasculature targeting. These MSN materials
combined positron emission tomography (PET) and NIR fluorescent imaging.46: 47 Wang,
Zeng and co-workers also incorporated a NIR fluorophore (Cy754) into the framework of
MSNs for mapping of sentinel lymph node by photo-acoustic and NIR fluorescent
imaging.*8

Here, we report the development of a tMUC1-specific dye-doped NIR fluorescent
mesoporous silica nanoparticles (ab-tMUC1-NIR-MSN) platform for the optical detection in
vitro and in vivo of breast carcinoma tissue overexpressing the human form of tMUCL. The
MSN-based probe consists of a NIR cyanine dye (NIR-797) incorporated in the framework
of the material and a tMUC-1 antibody (ab-tMUC1 named TAB-004™, Oncotab, Inc.) that is
chemically attached to the surface of the particles through a poly (ethylene glycol) linker
(Fig. 1). The experimental results from this study showed that ab-tMUC1-NIR-MSNs can
efficiently target breast cancer overexpressing human tMUC-1 protein /n vitroand in vivo.

METHODS

Chemicals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used without further
purification; with the exception of polyethylene glycol 2,000 and NIR-797 isothiocyanate
which were purchased from Alfa Aesar and Chemodex, respectively. The mouse monoclonal
antibody recognizing the human tMUC1 antigen (TAB004™) was a generous gift of
OncoTab Inc. Nano-W™ was purchased from Nanoprobes Inc.

Thermogravimetric Analysis (TGA)

TGA was carried out with a Mettler Toledo TGA/SDTA851 instrument equipped with a
platinum pan and using a heating rate of 5 °C/min under nitrogen. The sample was heated up
from 25 to 600 °C.

Scanning Electron Microscopy

A Raith 150 Field Emission Scanning Electron Microscope (SEM) was used to determine
particle size and morphology. Each SEM sample was prepared by suspending the
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nanoparticles in ethanol. A drop of the suspension was placed on a silicon wafer and the
solvent was allowed to evaporate.

Transmission Electron Microscopy

A JEOL JEM 2100 LaB6 Transmission Electron Microscope (TEM) was used to corroborate
particle size and morphology. Each TEM sample was prepared by suspending the
nanoparticles in methanol. A drop of the suspension was placed on a TEM carbon grid 200
mesh and the solvent was allowed to evaporate overnight. For the negative-staining with
Nano-W™ (Nanoprobes, Inc.), the dispersion of abMUC1-NIR-MSN material was dropped
on the Lacey carbon grid and allowed to dry for few seconds, before the sample dried
completely on the grid, one drop of the Nano-W™ was added. Another drop of Nano-W™
was added before the first drop dried. Finally, the grid was allowed to air dry for few hours
before imaging with TEM.

Dynamic Light Scattering (DLS)

Dynamic DLS and zeta potential measurements were carried out using a Malvern Instrument
Zetasizer Nano.

Surface Area and Pore Size

The N, sorption isotherms were determined in a NOVA 2200e Quantachrome surface area
and pore size analyzer. The surface area was calculated using the BET method.

UV-Vis-NIR Absorption and Fluorescence Spectroscopy

The absorbance and fluorescence of the abMUC1-NIR-MSN material synthesized in this
work were characterized by Cary 5000 UV-vis-NIR and Fluorolog spectrophotometers,
respectively.

Flow Cytometry

A BD LSRFortessa™ cell analyzer was used for the fluorescence-activated cell sorting
(FACS) experiments.

Confocal Microscopy

An Olympus Fluoview FV 1000 confocal fluorescence microscope system was used for the
LCSM experiments.

In Vivo Imaging

The optical imaging was carried out by VIS spectrum preclinical /7 vivo imaging system
and the images were analyzed with Living Image® Software (PerkinElmer).

Synthesis of NIR797 Silane Derivative—The fluorochrome (NIR797 isothiocyanate; 5
mg; 5.7 pmol) was dissolved in 1.0 mL of dry dimethylformamide (DMF). Then 3-
aminopropyl triethoxysilane (AP-TES) (5.2 4L; 28.4 ymol) was added and the solution was
stirred for 3 h at room temperature under nitrogen atmosphere.
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Synthesis of NIR-MSN Material—The as-synthesized solution of NIR-797 silane
derivative was added to a dispersion of MSNs (100 mg in 20 mL of ethanol). The final
mixture was stirred for 24 h at 90 °C in order to graft the NIR-797 silane compound onto the
surface of MSNs. The NIR-MSN product was separated by centrifugation and re-dispersed
in ethanol (15 mL). This procedure was repeated at least three times to remove any unbound
NIR-797 silane chromophore. The total amount of unbound NIR-797 silane derivative was
determined by UV-Visible-NIR spectrometry. The amounts of unreacted silane dye in the
supernatant and washing solutions were collected and analyzed using UV-Visible-NIR
spectrophotometry. The difference between the original and the unbound amount of
NIR-797 silane compound accounts for the amount grafted to MSNs. Based on this
procedure, the amount of NIR-797 grafted on the surface of MSNs was 30 nmol/mg.

Functionalization of NIR-MSN Material with Carboxy-PEG or Methoxy-PEG
Silane Derivative—NIR-MSN particles (45 mg) were further modified by refluxing 50
mg of carboxy-PEG (CPEG) silane derivative in 20 mL of ethanol in the presence of 15 /L
of NH3 solution. The reaction flask was covered with aluminium foil and the dispersion was
refluxed at 90 °C for 18 h. After that, the product was centrifuged and washed three times
with ethanol. The final product (CPEG-NIR-MSNSs) was stored in ethanol. As control
sample, to evaluate the absence of MUC-1 antibody, NIR-MSNs were also functionalized
with methoxy-PEG (MeOPEG) silane derivative following the protocol described above to
produce MeOPEG-NIR-MSNSs. The synthesis and characterization of both CPEG and
MeOPEG silane heterobifunctional polymers has already been reported.*?

Conjugation of the Anti-MUC1 Antibody (TAB-004™) with CPEG-NIR-MSN
Material (ab-tMUC1-NIR-MSNs)—CPEG-NIR-MSN material was first washed with
sterile water and 1 x phosphate buffer solution (PBS, GIBCO) to remove any ethanol solvent
from the nanoparticles. The CPEG-NIR-MSNSs (7.0 mg) were dispersed in 1 mL of PBS.
The nanoparticle dispersion was mixed with the conjugation agent (1-ethyl-3-(3
dimethylaminopropyl) carbodiimide (EDC); 0.452 mg) and the anti-tMUCL1 antibody
TAB-004™ (1.0 mg).” The final mixture was stirred for 24 h at 2-8 °C. The suspension was
then centrifuged and washed twice with PBS and stored in the same buffer solution at 4 °C
in the dark until use. The supernatant and washing solutions were collected to assess the
amount of tMUC1-antibody chemically attached to the MSN particles by using the BCA
assay.

Synthesis of FITC-MSN Materials—To synthesize FITC-MSNs; firstly, the fluorophore
(fluorescein isothiocyanate (FITC); 5 mg; 5.7 pmol) was dissolved in 1.0 mL of dry
dimethylformamide (DMF). To this solution, 3-aminopropyl triethoxysilane (AP-TES) (5.2
uL; 28.4 pmol) was added and the solution was stirred for 3 hours at room temperature
under nitrogen atmosphere. Following a similar procedure as the one described previously,
the FITC dye was grafted to MSN material to afford FITC-MSN particles. This material was
also functionalized with CPEG, MeOPEG and abMUC1 as described above.

Cells and Culture Conditions—Murine mammary epithelial cancer cells MMT and
Mtag were derived from MMT and Mtag tumors, respectively. MMT tumors and cells
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express the altered form of human tMUCL antigen recognized by the MUC1 antibody. On
the other hand, Mtag cells were derived from Mtag tumors that express the mouse form of
MUC1, which is not recognized by MUC1 antibody.* 6 8 Murine pancreatic ductal
adenocarcinoma cells KCKO, which do not express tMUC1 antigen, are derived of
PDA.MUC1KO mice.?0 MMT, Mtag and KCKO cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10% fetal bovine serum, 1% non-essential amino acids,
1% of penicillin, 1% of streptomycin and supplemented with 1% of glutamine (all reagents
obtained from Life Technologies). Cells were cultured in sterile conditions under high
hygrometry (>85%), 5% CO, and at 37 °C. Cells were passaged when they reached 75 % of
confluence.

Cell Cytotoxicity Assays—For cytotoxicity and internalization studies MSNs were
labeled with fluorescein isothiocyanate molecule (ab-tMUC1-FITC-MSNs) following the
same protocol as ab-tMUC1-NIR-MSNs. MMT and Mtag cells were seeded in a 96-well
plate (5 x 103 cells/well) and incubated for 24 h in complete growth medium. Next, the
growth medium was removed and cells were exposed to varying concentrations of ab-
tMUC1-FITC-MSNs (6.25-500 pg/mL) diluted in growth medium. Following 48 h of
incubation with nanoparticles, the supernatant including the nanoparticle solution was
discarded and cells were washed twice with PBS buffer and allowed to recover in cell
culture medium for 24 h at 37 °C under CO,. After the recovery period, cytotoxicity
measurements were performed using the CellTiter 96® AQueous Assay (Promega) in a
spectrophotometer at 450 nm.

Internalization and Localization of ab-tMUC1-FITC-MSNs—TFor internalization
studies, 2 x 10° cells were seeded in 6-well cell culture plates with glass slides and allowed
to adhere for 24 h. After exposure to 100 pg/mL of abtMUC1-FITC-MSNs for 4 h, cells
were washed twice with warm DMEM and stained with NucBlue® Live cell staining
solution for 20 min at room temperature. Samples were washed twice with DMEM and
microphotographs were taken using an Olympus Fluoview FV 1000 confocal fluorescence
microscope. To determine the amount of nanoparticles internalized by cells, MMT, Mtag or
KCKO cells were seeded at a density of 3 x 10° for 24 h incubation period and treated with
25 (g/mL of ab-tMUC1-FITC-MSNs for 2 h. After treatments, cells were washed twice with
DMEM, detached (trypsin 0.2%) and resuspended in 1 x PBS buffer + 0.11% Trypan blue to
quench the cell membrane adsorbed nanoparticles. Results are represented as FITC + cells
(percentage of FITC + cells in the gated cell population) from 10,000 events of the cell
samples exposed to 25 g/mL of nanoparticles.

In Vivo Experiments—All animal experiments were performed in compliance with the
policies and procedures of the Institutional Animal Care and Use Committee for animal
treatment at UNC Charlotte. Adult (11 to 20 weeks old) female C57BL/6, Mtag and MMT
mice with similar genetic background were used. The generation and maintenance of the
mouse strains used in this study has been described earlier.: & Briefly, Mtag mice (C57BL/6
x MMTV-PyMT) express PyMT oncogene and develop spontaneous mammary tumors as
early at 8-10 weeks of age. MMT mice (MUC1.Tg x MTag) express both the PyMT
oncogene and human altered MUC1 (tMUC1). MMT mice developed spontaneous MUC1-
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expressing mammary carcinomas with 100% penetrance at 8-15 weeks of age.8 Critically,
the tMUC1 (TAB-004™) antibody only recognizes the human form of tMUC1 but not the
mouse form.4

The intravenous administration of the materials designed in this work was carried out by
retro-orbital injections. This approach is less challenging than tail vein injections and
reduces the distress in the animals.> 52 Moreover, it has been shown that the two routes of
administration can be used interchangeably and are equally effective.53 54

Biodistribution and Toxicity—The abdominal and thoracic regions of the female
C57BL/6 mice were shaved to improve imaging resolution. Following retro-orbital injection
of ab-tMUC1-NIR-MSNs at 16 mg/kg under anesthesia, the fluorescence distribution was
monitored at days 1, 3, 4, 7 and 8 post-injection using the IVIS /n vivo imaging system and
the life science software (Perkins Elmer). After euthanasia, blood and organs such as liver,
spleen, brain, lungs, kidneys and heart were collected and assessed for the presence of ab-
tMUC1-NIR-MSN material’s related fluorescence using the IVIS system. The
biodistribution of ab-tMUC1-NIR-MSN was determined by fluorescence on organ lysates
and is reported as fluorescence per gram of organ. Briefly, organs were collected and placed
in lysis buffer supplemented with phosphatase inhibitor, and C-inhibitor, then homogenized
using the IKA® T-25 high speed digital homogenizer. The fluorescence of each lysate was
measured using a Bio-Tek Synergy HT microplate reader capable of reading in the near
infrared range (700-800 nm). In addition, the potential for toxicity of the ab-tMUC1-NIR-
MSNs was assessed in the plasma of mice through a panel of liver functions (i.e., total
protein (g/dL), albumin (g/dL), total bilirubin (mg/dL), direct bilirubin (mg/dL), alkaline
phosphatase (U/L), aspartate aminotransferase (AST; U/L) and alanine aminotransferase
(ALT; U/L)) measured using a UniCel DxC 600/800 Synchron Clinical System (Beckman
Coulter, Brea, CA).

Target Ability of ab-tMUC1-NIR-MSN Material In Vivo—For these experiments the
mice were treated as mentioned in the section of biodistribution and toxicity. Following
retro-orbital injection of ab-tMUC1-NIR-MSNs at 16 mg/kg under anesthesia, the
fluorescence distribution and localization within tumor masses was monitored at 5 min, 4 h,
24 h and 48 h post-injection using the IVIS /n vivo imaging system and the life science
software (Perkins Elmer). After euthanasia, tumors and organs including liver, spleen, lungs,
brain and kidney were collected and assessed for the presence of ab-tMUC1-NIR-MSN
material’s related fluorescence using the VIS system.

Statistical Analysis—Data are presented as mean + SEM unless noted. Differences
between groups and treatments were assessed using one-way ANOVA and post-hoc test for
comparison of 3 or more groups. Monitoring overtime was assessed by repeated measure
ANOVA. Comparison between two groups were done using Student’s test (two-tailed
distribution). A priori, differences were considered significant at £<0.05.
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RESULTS

Synthesis and Characterization of ab-tMUC1-NIR-MSNs

The synthesis of ab-tMUC1-NIR-MSNs was carried out through a multi-step approach.
MSNSs were fabricated by using a modified surfactant-templated approach.®® The surfactant
was removed by calcination at 600 °C for 1 h. Structural properties of the MSN material
were analyzed by N, sorption isotherms (BET method), dynamic light scattering (DLS), ¢-
potential, scanning and transmission electron microscopy (SEM and TEM), and
thermogravimetric analysis (TGA). The BET analysis showed that the MSN material had a
surface area of 357.6 m2/g (Table ). The hydrodynamic diameter of this material was 48.7
nm in phosphate buffer solution (PBS, pH 7.4, 1.0 mM). The surface of the MSNs was
negatively charged due to the presence of deprotonated silanols on the surface of the
nanoparticles as it is corroborated by the {-potential (-20.7 + 1.3 mV) (Table I). SEM and
TEM micrographs showed that the MSNs had sizes of 35.8 + 5.8 nm in diameter (Figs. 2(A
and B)). NIR-797 isothiocyanate chromophore was chemically modified to afford a NIR a
silane derivative. This NIR silane compound was grafted onto MSN material under refluxing
conditions in ethanol. NIR-797 dye was selected because it allows maximum skin
penetration for /n vivo optical experiments (Agx = 795 nm; Agy = 817 nm). The amount of
NIR-797 dye chemically attached to the MSNs was approximately 30.0 nmol/mg (2.8 wt.%)
according to the UV-vis-NIR calculations. The amount of organic content was 8.7 wt.%,
based on TGA data. This difference in organic content is due to the excess of AP-TES added
together with the NIR silane derivative during the grafting reaction. The photophysical
properties of NIR-MSN material were investigated by UV-Visible-NIR absorption and
fluorescence spectroscopy. The results were compared with blank MSNs and the parent
NIR-797 dye. As shown in Figure 2(C), the absorption of NIR-MSNs was similar to that of
NIR-797. This is an indication that there was no major changes in the NIR chromophore
upon incorporation in the framework of MSNSs. Fluorescence spectroscopy measurements
showed that the emission spectra of the NIR-MSN material is also similar to the NIR-797
chromophore without any significant spectral shifts (Fig. 2(D)). These results suggest that
NIR-797 dye was successfully incorporated in MSNs without major influence in the
photophysical properties of the parent chromophore. Moreover, strong fluorescence signal
from NIR-MSN material was also identified with IVIS imaging system (Fig. 2(D) inset),
which validates the potential ability of this MSN-based probe for /in vivo optical imaging.

Carboxylic acid-PEG(CPEG)-silane polymer was grafted to the NIR-MSNSs to generate the
corresponding CPEG-NIR-MSN material. The BET analyses of PEGylated NIR-MSNs
showed a reduction in the surface area which indicates the presence of the PEG molecules
blocking the pores of MSN particles (Table 1). The CPEG-NIR-MSN material showed a
slight aggregation in PBS with hydrodynamic diameters of 95.2 nm. The slight decrease in
the ¢-potential (-12.5 £ 0.3 mV) for the CPEG-NIR-MSN verifies the presence of the CPEG
polymer molecules on the surface of MSN material. The CPEG polymer contains carboxylic
acid groups which in PBS (1.0 mM, pH = 7.4) is deprotonated to form negatively charged
carboxylate groups. TGA data was further confirmed the presence of PEG moieties on the
surface of NIR-MSNs; as anticipated, the organic content of CPEG-NIR-MSNSs increased
5.7%, in comparison with NIR-MSNs.
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The structural properties of the MeOPEG-NIR-MSN control sample were also evaluated
using the characterization techniques described above. The results, shown in Table I,
indicate similar properties to those obtained for the CPEG-NIR-MSN nanoprobe.

CPEG-NIR-MSN particles were further functionalized with tMUC1 antibody (TAB004™) to
generate ab-tMUC1-NIR-MSN material. MUC1-antibody was chemically attached to
CPEG-NIR-MSNs by a coupling reaction mediated by EDC agent. The amount of tMUC1-
antibody attached to the MSNs was quantified using BCA protein quantification assay. The
quantity was determined by assessing the difference between the starting amounts of protein
added to the conjugation reaction and the unreacted protein in the supernatant and washing
solutions. Based on this method, the amount of tMUC1-antibody chemically attached to
CPEG-NIR-MSNSs was 30.9 + 2.6 g tMUCL-antibody per mg of MSN material. The
presence of tMUC1 antibody on the surface of MSNs was also confirmed directly by
negative-staining TEM. TEM grids containing ab-tMUC1-NIR-MSN material were prepared
and stained with Nano-W ™56 Figure 2(E) shows the TEM image of ab-tMUC1-NIR-MSNs
negatively-stained with Nano-W. The dark spots (black arrows) depict the presence of ab-
tMUC1 antibody, which are fairly homogeneously distributed throughout the nanoparticles.

Cytotoxicity and Internalization of ab-tMUC1-MSNs in Murine Mammary Epithelial MMT and
Mtag Cancer Cells

The in vitro performance of the tMUC1-antibody conjugated MSN material were tested
using nanoparticles labeled with fluorescein fluorophore (FITC). The structural properties of
the FITC-labeled MSN materials are shown in Table I, the values obtained for these
properties are similar to the NIR-labeled MSNs version. Nanoparticles-based contrast
optical imaging agents should be biocompatible in a wide range of concentrations, the
cytotoxicity of abtMUC1-FITC-MSNs was evaluated by exposing Mtag and MMT cells to
increasing concentrations of ab-tMUC1-FITC-MSNs (0-500 g/mL). Based on MTS assays,
increasing ab-tMUC1-FITC-MSNs concentrations up to 500 g/mL led to similar cell
viability to those of cells incubated in absence of MSN material (Fig. 3). These data showed
that the ab-tMUC1-FITC-MSN material may be safely used as contrast optical imaging
agent /n vivo. tMUC-1 is a cell-surface associated glycoprotein with high expression in the
majority of the adenocarcinomas and, in particular, in primary and metastatic breast
cancers.® In this work, we functionalized CPEG-FITC-MSNs with a novel monoclonal
antibody that binds with high affinity to human tMUC-1 antigen. To confirm the specificity
of ab-tMUC1-FITC-MSNs provided by the ab-tMUC1, internalization studies in Mtag,
MMT and KCKO cells were carried out by flow cytometry. Mtag and MMT cells express
the mouse and human homolog of MUC1 separately, and KCKO cells do not express MUC1
antigen at all.5% The results showed that MMT cells engulfed more ab-tMUC1-FITC-MSNs
compared to Mtag cells (o < 0.0003) and KCKO cells (p < 0.0004) (Fig. 4). These data
support the ability of ab-tMUC1-FITC-MSNs to efficiently target the human tMUCL1 in
MMT cells. This observation was further confirmed by confocal microscopy. As shown in
Figures 5(A-D), MMT cells readily internalized ab-tMUC1-FITC-MSN nanoprobe.
Presumably, the internalization follows a target-specific endocytosis pathway as shown
previously.38 In contrast, with Mtag cells most of the material is not internalized and
remains outside of the cell membrane (Figs. 5(E-H)). Furthermore; when the internalization
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of control material MeOPEG-FITC-MSNSs, which lacks the ab-tMUC1, was assessed by
flow cytometry in MMT and Mtag cells, no statistically significant difference in
internalization between both cell lines was observed (data not shown). This confirms that the
presence of tMUC1 antibody enhances the internalization of ab-tMUC1-FITC-MSNs in
MMT cells.

In Vivo Biodistribution and Toxicity of ab-tMUC1-NIR-MSN Material in Non-Tumor Bearing

Mice

The first goal of the /n vivo experiments was to determine the biodistribution and toxicity of
ab-tMUC1-NIR-MSN nanoprobe. For this purpose, non-tumor bearing C57BL/6 mice were
administered with 16 mg/kg of the MSN-based probe via retro-orbital injection and analyzed
by optical imaging. Whole-body fluorescence analysis revealed a strong signal in the
abdominal region 24 h after retro-orbital injection of ab-tMUC1-NIR-MSNs (image not
shown); likely due to the accumulation of nanoparticles in the liver, as indicated by ex vivo
imaging (Fig. 6). A similar biodistribution of the particles was detected after 72 h (Fig.
6(A)). To further investigate the extent of ab-tMUC1-NIR-MSN material accumulation in
the abdominal region, we monitored the fluorescence distribution for up to 8 days /n vivo
(Fig. 6(B)). The kinetic of the fluorescent signal from ab-tMUC1-NIR-MSN particles in this
region reaches the maximum intensity after day 4 post-injection. In the following days, the
abdominal region showed an overall decrease of the signal compared to the fluorescence
measured on day 4. These data confirmed the preferential location of ab-tMUC1-NIR-MSNs
in the abdominal region and excretion of the material; likely, by the hepatobiliary pathway as
reported previously.3% 45 For ex vivo optical imaging analysis, organs such as liver, kidneys,
heart, brain, spleen and lungs, mice were obtained on day 3 post retro-orbital injection of the
ab-tMUC1-NIR-MSNs. £x vivo NIR fluorescent imaging confirmed the biodistribution of
ab-tMUC1-NIR-MSN nanoprobe in non-tumor bearing C57BL/6 mice (Fig. 6(C)). The liver
showed the highest accumulation of particles followed by the spleen and lungs. Organs from
a control mouse that has not been injected with the ab-tMUC1-NIR-MSN probe did not
show any significant fluorescence.

The short-term toxicity was also evaluated for the group of mice described above. No
alteration in animal behavior or animal weight was noted regardless of the mice (data not
shown). As mentioned above, the ex vivo imaging demonstrated that ab-tMUC1-NIR-MSN
nanoprobe accumulates mainly in the liver, which is the organ that may suffer major damage
in the presence of the MSN probe.

To evaluate the toxicity in this organ, liver panels were conducted on the animals (Table I1).
The data indicated that the retro-orbital administration of ab-tMUC1-NIR-MSNSs and further
accumulation in liver after 8 days did not affect any of the parameters indicative of liver
functions with the exception of a decrease in alkaline phosphatase activity and ALT. More
importantly, the key markers of liver dysfunction or damage,®’ which are increases in AST
or ALT concentrations were not observed. The data from Table 11, together with previous
reports demonstrated that ab-tMUC1-NIR-MSN nanoprobe is safe during a short-term
period and it can be a promising candidate as optical contrast imaging nanoprobe for in vivo
applications.3 36, 41
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In Vivo ab-tMUC1-NIR-MSN Material Recognizes the Human tMUC-1 Antigen

Dr. Mukherjee and collaborators have developed transgenic murine systems that include two
mouse models, Mtag and MMT.: 8 Both mice spontaneously develop multiple mammary
tumors. However, tumors in MMT mice express the human form of MUC1 and as the
normal mammary gland becomes malignant, normal MUC1 changes to tMUC1 (similar to
what is observed in human disease). This makes the MMT mice appropriate models to test
the ab-tMUC1-NIR-MSN nanoprobe for targeted localization. Mice develop spontaneous
human tMUC1-expressing mammary carcinomas with 100% penetrance by 8-15 weeks of
age. This system was used to test the target capability of the ab-tMUC1-NIR-MSN
nanoprobe. The nanoprobe markedly accumulated in the tumor tissue of MMT mouse as
early as 5 min post-injection (Figs. 7(A-D), (right mouse)). Although the ab-tMUC1-NIR-
MSN probe fluorescence weakens overtime presumably because of degradation and
excretion,39: 45 a significant accumulation of the nanoprobe in MMT tumor tissue remains
up to 48 h post-injection. In contrast, the Mtag tumor tissue (i.e., control not expressing
tMUC1 antigen) showed limited to no accumulation in tumor tissue /in7 vivo (Figs. 7(A-D),
(left mouse)). Interestingly, retro-orbital administration of MeOPEG-NIR-MSN material in
MMT and Mtag mice did not show significant accumulation of the nanoprobe in tumor
tissue (Figs. 7(E-H)). Non-targeted nanoparticles, such as the MeOPEG-NIR-MSNSs, have
been shown to accumulate in tumors through a passive mechanism also known as enhanced
permeability and retention (EPR) effect.36: 41 However, the presence of a targeting agent,
like ab-tMUC1, in the surface of the nanoparticles complements and enhances their
accumulation in tumors through an active targeting mechanism.>®

To further corroborate the target ability of the MUC1-targeted MSN probe, the ex vivo
fluorescence associated with ab-tMUC1-NIR-MSN material in the tumor tissue of Mtag and
MMT mice (n= 3) were measured by the IVIS (Fig. 8(A)). The accumulation of ab-tMUC1-
NIR-MSN nanoprobe within the tumor tissue was significantly higher in MMT-derived
tumor mass compared to those of Mtag animals (p = 0.0558, Figs. 8(A and B)). The small
amount of ab-tMUC1-NIR-MSN nanoprobe observed in the Mtag mouse derived tumor
tissue mice may be due to the passive targeting of nanoparticles toward tumor mass through
EPR effect.36: 41 As expected, ab-tMUC1-NIR-MSN material also accumulated in similar
amounts in the liver, spleen and kidneys of Mtag and MMT mice based on quantitative
analysis of the protein lysates extracted from each organ (Table I11). Similar to the
biodistribution in non-tumor bearing C57BL/6 mice, the nanoprobe accumulated mostly in
the liver. These results confirm that ab-tMUC1-NIR-MSN nanoprobe efficiently target the
human tMUC-1 antigen in MMT tumors.

DISCUSSION

The transmembrane glycoprotein MUCL1 is aberrantly glycosylated and overexpressed in a
variety of epithelial carcinomas such as breast cancer. tMUC1 differs from the MUC1
expressed in normal cells with regard to its biochemical features, cellular distribution and
function.1=3 Nanoparticle-based target-specific optical imaging probes are an attractive tool
for the selective detection of tMUC1 in breast cancer.26-31 In this study, we have synthesized
and characterized a tMUC1-specific MSN-based NIR optical contrast imaging platform. The
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cytotoxicity and target-ability of the MSN material /n vitro was determined using murine
mammary carcinoma cell lines that express mouse (Mtag) and human (MMT) altered MUC1
glycoprotein. KCKO cells, which do not express tMUC1 antigen at all, were used as
negative control. The ab-tMUC1-NIR-MSN optical nanoprobe did not present major
cytotoxicity in concentrations up to 500 g/mL (Fig. 3). Moreover, the nanoprobe is
internalized in higher amounts in MMT cells as an indication of the efficient target
capability of the system toward the human tMUCL antigen (Figs. 4 and 5).

To characterize the /n vivo performance of ab-tMUC1-NIR-MSNSs, we tested the
biodistribution and toxicity of ab-tMUC1-NIR-MSN in non-tumor bearing female C57BL/6
mice post retro-orbital injection (Fig. 6). The MSN-based optical probe mainly accumulated
in the abdominal region, reaching the maximum peak of fluorescence after four days and
decreasing thereafter, an indication that the material is being excreted from the mice. £x
vivo analysis of different organs demonstrated that the ab-tMUC1-NIR-MSN nanoprobe is
mainly localized in the liver. Interestingly, with comparable values to those observed in
normal mice,>®: €0 [iver panels conducted in the animals did not show major short-term
toxicity due to the presence of the ab-tMUC1-NIR-MSN probe in this organ (Table II).
However, additional studies need to be conducted to evaluate the long-term toxicity of the
ab-tMUC1-NIR-MSN nanoprobe. The results depicted in Tables Il and 111 support and
complement previous studies in mice showing that MSN materials accumulate mainly in
liver without major toxic effects.36: 37, 39,45

Previous reports have shown the capability of MUC1-target multimodal nanoprobes to
specifically accumulate in tMUC1 positive tumors using a xenograft model.2 However, to
our knowledge, no report has been published on the ability of MUC1-target nanoparticles to
selectively accumulate on tumor tissue overexpressing tMUC1 in orthotopic or genetically
engineered mice models. Herein, we investigated the ability of the ab-tMUC1-NIR-MSN
optical nanoprobe to detect and target breast tumors that express the human form of tMUC1
protein in a MUC1 transgenic mouse model (MMT). The data depicted in Figures 7 and 8
demonstrate that the ab-tMUC1-NIR-MSN nanoprobe accumulates in higher amount in
tumors that overexpress the human tMUC1 glycoprotein (MMT tumors) compared with
those that overexpress the mouse homolog of tMUC1 antigen (Mtag tumors).

In conclusion, our /n vivo results in the MMT mouse model demonstrated that ab-tMUC1-
NIR-MSN nanoprobe can successfully detect breast tumors overexpressing human tMUC1
protein. We envision that this MSN-based nanoprobe cannot only detect primary breast
cancer tumors, but it may also be used to track metastatic breast tumors. Thus, this MSN-
based optical probe has the potential to greatly aid in screening prospective patients for early
breast tumors detection and in possibly monitoring the efficacy of drug therapy.
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Figure 1.
Schematic representation of the tMUC1-specific dye-doped NIR fluorescent mesoporous

silica nanoparticles (ab-tMUC1-NIR-MSN) optical probe developed in this work. MSNs
were chemically functionalized with a NIR dye (NIR-797), heterobifunctional PEG(2K)
linker and tMUC1 antibody (TAB-004™). This nanoparticulate NIR contrast imaging probe
selectively accumulates in the tumor tissue of a MMT mouse that overexpress human
tMUC1 antigen. On the contrary; the Mtag mouse, which also spontaneously develops breast
tumor, but overexpress the mouse homolog of tMUCL1 antigen, does not show significant
accumulation of nanoparticles. The yellow circles indicate the localization of the largest
palpable tumor mass.
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Figure 2.

Structural and photophysical characterization of MSNs and NIR MSNs. (A) Scanning and
(B) transmission electron microscopy images of MSNs. (C) UV-vis-NIR spectra of MSNs
(black), NIR-797 dye (light gray), and NIR-MSNs (dark gray). (D) Fluorescence emission
spectra of MSNs (black), NIR-797 dye (light gray), and NIR-MSNs (dark gray). Inset:
fluorescence signal from MSNs (left) and NIR-MSNs (right) taken by VIS imaging system.
(E) TEM image of negatively-stained (Nano-W) ab-tMUC1-NIR-MSNs.
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Figure 3.
Viability ratio for Mtag (left) and MMT (right) cancer cells exposed to increasing

concentrations of ab-tMUC1-FITC-MSNs for 48 h. Error bars represent the standard
deviation of five independent experiments.

J Biomed Nanotechnol. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dréau et al.

Page 20

P=0.0004

' P=0.0003
| |

[ R < N - T ¢
S o S 9

FITC + cells (%)

-
o
Il

o
L

S ) O

Cell type

Figure 4.
Internalization of ab-tMUC1-FITC-MSNs in MMT (black), MTag (light grey) and KCKO

(dark grey) cells exposed to 25 pg/mL of MSN material for 2 h. Error bars represent the
SEM of three independent experiments.
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Figure5.
Confocal microphotographs of MMT and Mtag cancer cells incubated in the presence of 100

g/mL of ab-tMUC1-FITC-MSNs for 4 h at 37 °C. MMT (A-D) and Mtag (E-H) cells
stained with the nuclear fluorophore DAPI (blue, A and E) and depicting ab-tMUC1-FITC-
MSN material (green, B and F). Bright field microphotographs (C and G) are merged with
DAPI stained nucleus and FITC fluorescent material (D and H). Scale bar =5 gm.

J Biomed Nanotechnol. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dréau et al.

Page 22

B) 6x107= e
=
<
o  4x107+
-
g
Q
@
§ 2x107
(e = = = = a
c ] 1 | | | L 1
1 3 4 7 8

Figure®6.
Biodistribution of ab-tMUC1-NIR-MSN probe in non-tumor bearing C57BL/6 mice. (A) /n

vivo image of an injected mouse with ab-tMUC1-NIR-MSNs 3 days post-injection (right)
compared with non-injected mouse (left); (B) Kinetics of fluorescence associated with ab-
tMUC1-NIR-MSN material in the abdominal region of C57BL/6 mice overtime as measured
by IVIS in mice injected with ab-tMUC1-NIR-MSN (filled dots) and in control mice (filled
square). Repeated measured 2-way ANOVA (injection of ab-tMUC1-NIR-MSN (yes/no) and
time (1 to 8 days) indicates that fluorescence on day 4-post injection was significantly higher
than on day 1, 3, 7 and 8 in animals injected with ab-tMUC1-NIR-MSN. In addition,
repeated measure ANOVA also confirm that at day 3 and 4 post-injection (*p<0.05 and
***n<0.001, respectively) but not at day 1, 7 or 8, fluorescence was significantly higher in
the liver compared to background signal observed in non-injected animals; (C) Ex vivo NIR
fluorescence images of isolated organs after 3 days (top) post-injection of ab-tMUC1-NIR-
MSNs and control mouse (bottom).
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Figure7.
Representative images of /7 vivo overtime detection of NIR fluorescence in Mtag and MMT

mice. Following, RO injection of (A-D) ab-tMUC1-NIR-MSNs and (E-H) MeOPEG-NIR-
MSNs. Mtag (left) and MMT (right) mice were imaged at (A/E) 5 min, (B/F) 4, (C/G) 24
and (D/H) 48 h post-injection using the 1VIS system. As shown tumor masses (circles) are
recognized by abtMUC1-NIR-MSNs in MMT mice only (i.e., the only one presenting the
specific human tMUC-1 antigen recognized by the antibody bound to the NIR-fluorescent
nanoparticle). Accumulation in the abdominal region is observed in both mouse types. The
yellow circles indicate the localization of the largest palpable tumor mass.
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Figure8.
(A) Ex vivomeasurements of the fluorescence of ab-tMUC1-NIR-MSN nanoprobes in the

Mtag-derived and MMT-derived tumor. Post-euthanasia, tumors were excised and the
fluorescence emitted by ab-tMUC1-NIR-MSN nanoprobes (expressed as fluorescence per
gram of tumor) measured using the VIS system (A, n= 3 per group). (B) Representative
photographs taken 48 h post ab-tMUC1-NIR-MSN injection of MMT (top) and Mtag
(bottom) derived tumors are presented.
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Table Il

Fluorescence of ex vivo organs as determined by VIS imaging system and reported as arbitrary unit (AU) per
gram of organ £ SEM.

Mtag (n=3) (au.)E-7 MMT (n=3)(au.) E-7

Liver 3.40+1.44 4.49+2.89
Spleen 0.51+0.18 0.44+0.18
Kidneys 0.28 +0.09 0.68 +0.29
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