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Transitional cell carcinoma of the bladder is particularly devastating due to its high rate of recurrence and difficulty in
retention of treatments within the bladder. Current cystoscopic approaches to detect and stage the tumor are limited by
the penetrative depth of the cystoscope light source, and intravesical dyes that highlight tumors for surgical resection
are non-specific. To address the needs for improved specificity in tumor detection and follow-up, we report on a novel
technology relying on the engineered core of mesoporous silica (MSN) with surface modifications that generate contrast in
fluorescence and magnetic resonance imaging (MRI). The particle surface was further functionalized to include a bladder
cancer cell specific peptide, Cyc6, identified via phage display. This peptide possesses nanomolar specificity for bladder
cancer cells and homology across multiple species including mouse, canine, and human. Our study takes advantage of its
target expression in bladder tumor which is not expressed in normal bladder wall. When functionalized to MSN, the Cyc6
improved binding efficiency and specificity for bladder cancer cells in vitro. In an in vivo model, MSN instilled into bladders
of tumor-bearing mice enhanced T;- and T,-weighted MRI signals, improving the detection of the tumor boundaries.
These findings support the notion that our targeted nanomaterial presents new options for early detection and eventual
therapeutic intervention. Ultimately, the combination of real-time and repeated MRI evaluation of the tumors enhanced by
nanoparticle contrast have the potential for translation into human clinical studies for tumor staging, therapeutic monitoring,
and drug delivery.
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Mouse Orthotopic Tumor Model, Phage Display Library.

INTRODUCTION

Transitional Cell Carcinoma (TCC) of the bladder affects
more than 74,000 new patients in the United States and
with over 15,000 deaths predicted for 2016, it accounts
for almost 5% of all tumors diagnosed! and an estimated
$4.7 billion annual cost.> Much of this cost (monetary,
pain and suffering) is associated with the long-term screen-
ing following therapy. Initial screening for bladder cancer
is warranted when patients present with hematuria (blood
in urine), pain in the back or pelvis, or painful urination.
Chief among the impetus to find better screening meth-
ods is that, although the majority of human bladder can-
cer is superficial at the time of detection, the recurrence
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rate and the risk of progression to advanced disease are
high.*® Bladder cancer is currently screened for using
a cystoscopic approach. White light cystoscopy simply
illuminates the bladder for a visual examination of the
inner wall,” while fluorescent or narrow band cystoscopy
involves the use of broad, non-specific fluorescent dyes
to aid in differentiating the tumor from normal bladder
epithelium.'*!? Rather than targeting a particular marker
for bladder cancer, these generic labeling methods colorize
the entire bladder wall with some differential highlighting
taking place. This approach can be effective for identify-
ing relatively large tumors, but small lesions may still be
missed.'>* In addition, cystoscopic staging of the tumor
is impossible due to the superficiality of the visualization;
biopsies are still required to identify the depth of penetra-
tion of the tumor.'> 16

Given the public health importance of this devastating
disease, new and technically advanced methods are slow
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to emerge and must be expedited. A number of accepted
approaches are used clinically including: transurethral
resection and attenuated bacillus Calmette-Guerin (BCG)
immunotherapy. However these methods have recurrence
rates of up to 70%* %8 and 50%,* 7 respectively. Injection
of BCG is fraught with technical pitfalls, laden with pain
and prone to cause major urinary tract infections (UTI)
which may lead to sepsis and death.'”- 8

Other nanoparticle treatments have been attempted for
use in bladder cancer, with mixed results.'*2* For exam-
ple, because BCG immunotherapy is contraindicated in a
significant proportion of patients who are immunocompro-
mised, groups have packaged attenuated forms of BCG
into nanoparticles for delivery.!®-?> Unfortunately, these
have proven to be less effective at stimulating an immune
response than the live form of the bacteria. Nanoparti-
cles based on gold and other biocompatible metals have
been used for photothermal therapy, in which emitted light
causes a cytotoxic release of thermal energy.”>>* By the
nature of their mode of action, these types of particles
require extreme specificity to destroy only tumor cells and
leave normal epithelia unharmed. Many forms of nanopar-
ticles are used as carriers of chemotherapeutics;**2! these,
however, often cannot be visualized/detected and have
poor retention in the bladder. Thus it is clear that any diag-
nostic or therapeutic to be used in the bladder must
(1) react quickly with the bladder cancer, and
(2) be retained through multiple cycles of bladder filling
and emptying.

Previously, we have developed a nano-based technology
which lays the groundwork for the proof-of-concept of our
MSN as a tool for labeling bladder cancer through in vitro
and in vivo studies.”® The design and manufacture of the
multifunctional mesoporous silica nanoparticle (MSN) was
carried out with the express purpose of being biocom-
patible and non-toxic. Thus, individual components were
chosen which would maintain biocompatibility in the final
form. The silica core is largely bioinert; studies to deter-
mine the toxicity of MSN injected intravenously found a
lethal dose (LDs,) of more than 1 g/kg, far higher than
any dose needed for imaging studies.?® Another group
found the viability remained high (>90%) in endothe-
lial cell cultures at exposures above 100 ug/mL.>” The
Gd,0; component is far less reactive than free Gd**
ions, which are still clinically permitted in most cases in
the form of chelates.”®? Fluorophores (FITC/TRITC) are
used clinically as tracer dyes for various procedures,*® !
and poly(ethylene glycol) (PEG) is a common ingredient
in mild laxatives, though at much higher concentrations.*?
Furthermore, it is important to note that the bladder epithe-
lium is mostly non-reactive with respect to absorption of
material into the bloodstream; only 3—4% of low molec-
ular weight chemotherapeutics injected into the bladder
typically enter the circulation,?*

Our manufactured MSN were previously found to pref-
erentially bind bladder cancers in vivo relative to normal
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bladder epithelium. In order to further improve binding
and retention of particles, we introduce an additional func-
tionalization of the particle with a bladder cancer cell spe-
cific peptide. The use of targeting molecules on the MSN
to improve nanoparticle specificity leads to a number of
potential positive attributes. With improved accuracy, less
material is needed, thus the exposure to the patient is
reduced. Specificity also improves retention of therapeu-
tics, which is important in the bladder where normal uri-
nation removes any soluble drugs. Here, a “fast on, slow
oft” approach is needed-the particles must selectively bind
the tumor rapidly, and be able to interact with the target
for an extended time. However, conferring specificity onto
a nanoparticle comes with many challenges. Often, anti-
bodies are used in pre-clinical trials which take advantage
of cell surface markers that are overexpressed in cancer
cells.?*3% These have resulted in little success and very
little hope for the future clinical use, as most monoclonal
antibodies are initially generated in rodents and thus are
incompatible with human trials.

In this paper, we validate the MSN system within a pre-
clinical model, first testing binding specificity in vitro, then
subjecting the particles to the in vivo rigors of a bladder
cancer animal model. Here, we will have the opportunity to
test the contrast enhancement provided by the MSN in vivo
using MRI and fluorescence/luminescence, and to compare
in vivo specificity with our in vitro findings, as well as
determine the retention of the particles within the bladder.

MATERIALS AND METHODS

Reagents

Dulbecco’s modified eagle medium (DMEM), Roswell
Park Memorial Institute (RPMI) 1640 medium, fetal
bovine serum (FBS), penicillin-streptomycin (pen-strep),
and Mem-PER™ Plus Membrane Protein Extraction
Kit were purchased from Life Technologies (Grand
Island, NY). Cetyltrimethylammonium bromide (CTAB,
CH,(CH,),5sN(CHj;);Br), (3-aminopropyl)trimethoxysilane
(APTMS) and tetracthoxysilane (TEOS) were purchased
from Alfa Aesar (Ward Hill, MA). Fluorescein isoth-
iocyanate (FITC) was purchased from Sigma-Aldrich
(St. Louis, MO). Dimethyl sulfoxide (DMSO) was pur-
chased from Fisher Scientific (Pittsburgh, PA). Protein
assay dye reagent concentrate was purchased from Bio-
Rad (Hercules, CA). Casein (Carnation® Instant Milk) was
purchased from Nestle (Glendale, AZ). The Cyc6 peptide
with a (gly-ser)* spacer (amino acid sequence SCVYAN-
WRWTCGSGSGSGS) was synthesized by the lowa State
University Protein Core (Ames, 1A).

Identification of a Bladder Cancer Specific
Binding Peptide (BCSBP) Using Phage

Display Libraries

The Cyc6 peptide was derived by previously described
methods.?” Briefly, a phage display library was generated
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by digestion of 100 wg ml], and synthesis of single-
stranded oligonucleotide templates followed by double
stranded DNA using Deep Vent polymerase and 10 cycles
of primer extension PCR.*® High affinity clones to be
sequenced were grown as plaques on a lawn of DH5aF
bacteria, then touched with a toothpick and suspended
in 10 uL of 10 uM MgSO,. This bacterial suspension
was used as template for PCR. A total of 28 cycles of
PCR were conducted and products were purified using
a Qiaquick PCR purification kit (Qiagen, Valencia, CA).
Five rounds of purification were carried out to increase
enrichment (number of phages per bacterium) to 890, with
saturation occurring after round 4.

Cell Culture/Labeling

Synthesis and characterization of MSN functionalized with
gadolinium oxide and fluorescein isothiocyanate (Gd,O;-
FITC-MSN) was obtained following previously reported
syntheses.” *%% Briefly, MSN were formed by addition
of TEOS to CTAB, immediately followed by addition
of Gd,0; colloid. Next, FITC (5.0 mg, 0.0128 mmol)
was reacted with APTMS (2.2345 uL, 0.0128 mmol) in
DMSO for 2 hours, and TRITC-Gd,05-MSN was pre-
pared by grafting 0.05 mL of the resulting product on the
previously synthesized Gd,O;-MSN. Particles were fur-
ther functionalized by attachment of carbamic acid and
EDC/NHS molecules,* used to attach the Cyc6 peptide,
by resuspending a pellet of MSN in a supernatant con-
taining the Cyc6 peptide at a weight ratio of 1.9 wt.%
of the MSN weight and mixing overnight in a vortexer
at low speed at 4 °C. The functionalization of MSN with
Cyc6 was quantified by spectrophotometry (Nano-Drop
1000, Thermo Scientific, Waltham, MA), measuring the
280 nm absorbance of the supernatant before and after
mixing.

Murine TCC cell line MB49*' and human TCC cell line
T24% are well-established; here, MB49 cells transfected
with luciferase (luc) reporter genes, and normal T24 cells
were cultured in RPMI 1640 medium supplemented with
10% FBS and pen-strep. A non-bladder cancer cell line,
NIH3T3 mouse embryonic fibroblast,** was also prepared.
Whole cells grown on poly-L-lysine-treated glass cover-
slips were exposed to Cyc6-Gd,O;-FITC-MSN at a con-
centration of 100 wg/mL for 4 hours, followed by rinsing
of unbound particles. Fluorescent microscopy was used
to visualize particle binding on whole cells, with acridine
orange used as a nuclear stain.

To determine MSN-Cyc6 binding to an as-yet indeter-
minate target on the surface of MB49 cells, we carried
out an extraction of all membrane proteins from the cell
surface using the Mem-PER™ Plus Membrane Protein
Extraction Kit. (Life Technologies, Grand Island, NY).
Cells near confluence on tissue culture plastic were har-
vested for extraction of membrane proteins. A non-bladder
cancer cell line, NIH3T3 mouse embryonic fibroblast,*
was similarly prepared. The cells are permeabilized with
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a mild detergent to allow the release of soluble cytosolic
proteins, then a second detergent solubilizes the mem-
brane proteins. The concentration of the extraction is mea-
sured using a protein assay based on the principle of
Bradford (Bio-Rad, Hercules, CA)* with known concen-
trations of bovine serum albumin used as standards. An
acidic dye is added to protein solutions, and a color
change occurring at 595 nm wavelength is measured
on a microplate reader (SpectraMax, Molecular Devices,
Sunnyvale, CA). Unknown concentrations are interpolated
on a standard curve generated using known concentrations
of bovine serum albumin. Based on total protein measure-
ments, proteins were coated on a round bottom 96 well
plate (0.1 mL @ 7 mg/mL) at 4 °C for 18 hours. To
block non-specific binding, the membrane protein-coated
wells were then exposed to casein (0.1 mL per well @
50 pg/mL) for 1 hour at room temperature. The excess
casein was removed and the membrane proteins were
exposed to Gd,O;-FITC-MSN, Cyc6-Gd,O5-FITC-MSN,
or Cyc6-Gd,0;-FITC-MSN pre-mixed for one hour with
freely floating membrane proteins as a specific blocking
agent (0.1 mL per well @ 2 mg/mL). The particles were
allowed to bind for 90 minutes, at which point the plate
was initially read in a fluorimetric plate reader (Spectra-
Max, Molecular Devices, Sunnyvale, CA) and washed.
After each successive wash, the plate was read again, until
the observed signal showed little change relative to the
previous reading (a total of 3 washes). Each condition was
carried out in triplicate, and Student’s T-test was used for
pairwise comparisons.

In Vivo Tumor Implantation

All procedures were performed according to NIH guide-
lines and previously approved by the Institutional Ani-
mal Care and Use Committee (IACUC). Tumor cells
were instilled according to a well-established orthotopic
model.* Female C57B1/6 mice were anesthetized with a
ketamine/xylazine mixture and the bladder was chemically
burned by brief instillation of 5 uL 0.2 M silver nitrate,
followed by rinsing with 100 wL phosphate buffered saline
(PBS). A 50 uL suspension containing 5 x 10° MB49-
Luc™ cells in 50% normal mouse serum was instilled and
retained in the bladder for one hour by catheter exclusion.
After 6-8 days, tumor growth was verified by intraperi-
toneal injection of 0.1 mL luciferin at 15 mg/ml in PBS
followed by in vivo luminescence imaging with the IVIS
200 system (Xenogen, Perkin-Elmer, Waltham, MA). Fol-
lowing confirmation of tumors in 3 mice, preliminary MRI
scans were performed, then one mouse received an intrav-
esicular instillation of Gd,O;-FITC-MSN without Cyc6
(1 mg MSN/50 pL PBS) and 2 mice received Cyc6-
Gd,05-FITC-MSN (1 mg MSN/50 uL PBS). Follow up
MRI scans were acquired 24 hours after instillation of par-
ticles to allow for the elimination of free particles through
urination.
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Imaging/Image Processing

MRI scans were acquired using the Unity/INOVA 4.7 T
small animal scanner (Varian, Palo Alto, CA) with a
25 mm gradient RF coil and fast spin echo multislice
(fsems) sequences with T}- or T,-weighting (7,-weighted
scans: T = 800 ms, 7, = 15 ms, echo train length = 8§,
number of averages = 10; T,-weighted scans: T, =
2000 ms, T = 15 ms, echo train length = 8, number of
averages = 10). Typical image dimensions are 512 x 512
with 30 slices and a voxel size of 0.068 x 0.068 x 0.4 mm.
The scanner produces raw DICOM image stacks that were
converted to NIFTI format. Subsequent image processing
used a custom MATLAB script that applies background
removal*® and reverse diffusion*’ algorithms to improve
edge detection. The remainder of image processing and
analysis was undertaken using the free medical imaging
software MIPAV. Scans were normalized to one another by
assigning a value of 1000 to the average intensity of fat
adjacent to the kidneys, with all other values linearly inter-
polated between 0 and 1000. Volumes of interest (VOIs)
were either manually drawn or semi-automatically selected
using the “levelset VOI” tool in MIPAV. In addition, we
measured urine intensity, prior and following injection of
the particles and followed up over the duration of the
experiment.

Statistical Analyses

Comparisons of measurements between groups of mice
were made using Welch’s method for the Student’s 7-test
with populations of unequal variances: t = (X, — X,)/
(\/(s2/n;) + (s3/n,)) with an alpha level of 0.05
considered significant. Significance was determined
using degrees of freedom (d.f.) calculated by d.f. =
(st/my +53/n2)7/((s7/n0)* [ (ny — 1) + (s53/n5)*/ (n, = 1)).
Comparisons of volumes within the same mouse were
made using a two one-sided t-test (TOST)* with a signifi-
cance level of & =0.05 and a test margin of 0.05 (a unitless
value of normalized MRI intensity), representing the aver-
age smallest difference between two intensities that our
image processing technicians could visually discern.

RESULTS/DISCUSSION

Particle Characterization and Peptide Attachment
Characterization of the core FITC-Gd,0;-MSN parti-
cle was reported previously. The samples used in this
study were aliquots from a large synthesis described in
greater detail in this previous study.?> Characterization
analytics are consistent throughout. Briefly, powder XRD
analysis confirmed hexagonally arranged mesopores as
evident by the intense d,,,, and well resolved d;,, and
d,g, peaks characteristic for MSN. Transmission electron
micrographs of the Gd,0;-MSN particles showed this pat-
tern as well as uniform size distributions and good dis-
persibility with little aggregation (Fig. 1(D), inset). The
fully synthesized FITC-Gd,O,-MSN was characterized by
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DLS; the median hydrodynamic diameter of the particles
was 187.3 nm, with 96.3% of the particles falling within
the primary distribution peak, spanning between 90 and
400 nm, resulting in a polydispersity index (PDI) of 0.535
(Fig. 1(B)). The concentration of Cyc6 peptide in the
supernatant before and after mixing with MSN was mea-
sured spectroscopically by 280 nm absorbance (Fig. 1(E)).
Direct measurement of the amount of peptide bound to the
particles is hindered by the built-in fluorescence (FITC or
TRITC) of the particles. Therefore, this value was derived
from spectroscopic absorption at 280 nm. Initial peptide
concentrations in the supernatant were compared with that
after the admixture of the particles. Using this method,
Cycb6 peptide binding to MSN is inferred using Beer’s law,
A =exL*C, where A is the absorbance of 280 nm wave-
length light, e is the extinction coefficient of the peptide
(equal to 12,900 cm™"-M~! for the Cyc6 sequence and its
spacer), L is the path length of the light (in cm) and c is the
molar concentration of the peptide. Data shown (Fig. 1(E))
indicate at 280 nm absorbance the peptide was readily
detected in the supernatant prior to mixing it with MSN,
and nearly eliminated from the supernatant thereafter. The
inherent imprecision in the calculation of extinction coef-
ficient for peptides* implies that the values output by the
device were taken as relative values. Thus, given a known
initial concentration of 5 mM, the relative concentration
of Cyc6 peptide in the supernatant after mixing with MSN
particles was found to be 37.2% of the pre-mixing concen-
tration. Hence the remaining 62.8%, or 3.14 mM, of the
peptide in the pellet was considered linked to the particles.
The total concentration of peptide bound to the particles
was calculated to be 1.2 wt.% relative to the particles.

Cyc6-Functionalized MSN Particle Specificity for
Bladder Cancer Cells

The bladder cancer cell specific peptide Cyc6 was iden-
tified using a phage display library with the filamentous
bacteriophage M13 (Fig. 2). This peptide, and a het-
erocyclic variant HC1, were found to have nanomolar
affinity for bladder cancer cells (Table II). Tested cells
included normal mouse bladder (Fig. 2(A)), and two lines
of mouse bladder cancer: MB49-1 (Fig. 2(B)), and MBT-2
(Fig. 2(C)). Mouse melanoma B16, human prostate cancer
LNCaP, and human breast cancer MDA-MB453 were also
negative for the protein (not shown).

In order to evaluate the specificity of Cyc6-
functionalized MSN in vitro, binding was determined
using fluorescent microscopy of whole cells and fluorimet-
ric studies with extracted cell membrane proteins (Fig. 3).
After 4 hours of binding, a clearly higher binding was
observed on MB49 cells (Fig. 3(A)) than NIH3T3 cells
(Fig. 3(B)). This was confirmed quantitatively on extracted
membrane proteins (Fig. 3(C)), where relative fluorescein
intensities indicated fluorescent Cyc6-functionalized MSN
bound to MB49 proteins at a significantly higher rate
than to NIH3T3 proteins (p < 0.025). In addition, the
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Characterization of mesoporous silica nanoparticles (MSN). (A) Schematic of MSN particle, functionalized with Cyc6

peptide and configured for fluorescent and MRI imaging. (B) Size distribution of PEG- and trifluoropropane-functionalized Gd,O;-
TRITC-MSN, as measured by dynamic light scattering (DLS). The primary peak has a median particle size of 187.3 nm, and 96.3%
of the particles are between 90 and 400 nm. The sample has a polydispersity index (PDI) of 0.535. (Inset (C)) Scanning electron
micrograph (SEM) of several individual MSN particles, and transmission electron micrograph (TEM) of a single MSN (inset (D)).
Estimated adsorption of targeting peptide Cyc6 (E). Quantitative evaluation of the adsorbed peptide was derived by calculating
the concentration of remaining free peptide in the supernatant following exposure to the surface modified particles. Using Beer’s
law, the amount of bound peptide was computed to be 3.14 mM, or 1.2% by weight relative to the MSN particles in the sample.

SEM scale bar, 500 nm; TEM scale bar, 50 nm.

Cyc6-functionalized membranes bound MB49 proteins at a
higher rate than MSN without Cyc6, while the addition of
freely floating MB49 membrane proteins further blocked
binding.

Specificity of Cyc6 Peptide-Functionalized

MSN in an Animal Bladder Cancer Model
Measured by In Vivo MRI

In order to measure specificity of Cyc6 on bladder tumors
in vivo, mouse bladder tumors were established fol-
lowed by exposure to MSN with or without Cyc6 pep-
tide. MRI scans acquired immediately prior to particle
instillation were used as non-labeled controls. Follow-up
MRI scans were performed 24 hours after particle instil-
lation to ensure the clearance of unbound particles by
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urination. MRI evaluation of the urinary volume confirmed
clearance: normalized 7,- and 7,-weighted MRI values
were return to control levels (7}: 398 £33; T,: 664 £ 64)
and MSN-exposed (7}: 373 £21; T,: 671+ 194) bladders.
Both values are indicative of insignificant particle concen-
trations remaining in the urine.

The segmented tumor volumes were measured in MRI
to be 7.4, 9.5, and 15.9 mm’. The mouse with the
7.4 mm® tumor received the FITC-Gd,0;-MSN instilla-
tion, and the other 2 mice received the Cyc6-FITC-Gd,O;-
MSN. Follow-up MRI scans were acquired 24 hours after
instillation (Fig. 4). MRI values were fat-normalized and
plotted on the same color scale (Figs. 4(A-B)), with a
clear hypointensity in the mice exposed to MSN func-
tionalized with Cyc6. The average normalized value of
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Figure 2. Immunological staining shows the specificity of the
bladder cancer cell-derived sub-library. A bladder cancer spe-
cific cell surface peptide (BCSCSP) was identified using a
phage display library with the filamentous bacteriophage M13
according to previously published methods.’” Tested cells
included normal mouse bladder (A), and two lines of mouse
bladder cancer: MB49-1 (B), and MBT-2 (C). Each field is
a composite of nuclear DNA staining with DAPI (blue) and
immunofluorescent staining with an anti-M13 mouse mono-
clonal antibody and Cy3-conjugated secondary antibody (red).
Scale bars indicate 20 um.

the non-labeled tumors (582 £ 88) was reduced by FITC-
Gd,0;-MSN (540+118), and to a greater degree by Cyc6-
FITC-Gd,0;-MSN (226 +34; p < 0.0001).

Identification of a Novel Bladder Cancer Cell
Specific Peptide, Cyc6

Phage display is a method by which millions of different
peptides can be screened at once against a target whose
three dimensional structure is not known.>%3! Degenerate
peptides are expressed as fusions to the coat protein pIII
of bacteriophage M13 after ligation of a degenerate dou-
ble stranded oligonucleotide into a phage display vector.
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Figure 3. Mesoporous silica nanoparticles covalently linked
with cyc6 peptide (MSN-cyc6) demonstrate higher affinity for
MB49 cells than MSN alone. MB49 cells were grown on glass
coverslips and exposed to MSN containing Gd,0, and FITC,
with (A) or without (B) cyc6, then washed (merge of red: nuclei
stained with acridine orange; and green: particles contain-
ing FITC). Clusters of MSN-cyc6 particles can be seen closely
associated with MB49 cells, whereas MSN particles without
cyc6 are considerably sparser. (C) Membrane proteins were
isolated from MB49 bladder cancer and NIH3T3 fibroblast cell
lines, plated, and exposed to MSN containing Gd,0, and FITC,
with or without cyc6 and with or without casein to block
non-specific binding (blocking solution: 5% milk powder in
PBS). After washing away unbound particles, the FITC fluo-
rescence intensity was measured. The addition of cyc6 to the
MSN increases the level of binding by 16% over MSN without
cyc6, and by 70% over casein-blocked membranes. Error bars
indicate standard deviation (*—p < 0.025; **—p < 0.05; T—p <
0.0001 for pairwise comparisons between data with matching
symbols). Scale bar =10 um.
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Figure 4. MSN conjugated to cyc6 peptide has a higher affin-
ity for bladder cancer than MSN alone. Fat-normalized pseu-
docolor slices of in vivo T,-weighted MRI of bladder tumors
(arrows), labeled with MSN alone (no cyc6, (A)), and MSN con-
jugated to cyc6 (B), with hypointensity (darker color) indica-
tive of increased binding of MSN. (C) The mean normalized
T,-weighted MRI values for control (unlabeled) bladder tumors
prior to labeling, and tumors labeled with MSN and MSN-cyc6.
The greater hypointensity for the tumor labeled with MSN-
cyc6 indicates more particle binding than MSN alone. Error
bars indicate standard deviation of tumor intensity (* — p <
0.0001 for pairwise comparisons between data with matching
symbols).

The phage library is then incubated with a target (i.e.,
a bladder cancer cell), washed extensively, eluted and, if
needed, amplified. After several rounds of affinity purifi-
cation, individual phage clones are plaque-purified and
screened. The best phage clones can be further amplified
in bacteria, isolated as double stranded DNA (replicative
form), and subjected to DNA sequencing to determine the
sequence of the expressed peptide.

We, with the collaborating laboratory of Dr. John V.
Frangioni, have constructed a novel type 3 phage dis-
play vector with several properties that optimize expres-
sion of peptides as pllI fusions (vector mJ,). Using mJ,,
we have constructed three highly degenerate eight amino
acid libraries in three different structures:

(1) linear (L8 library),

(2) cyclic via flanking cysteine residues that auto-oxidize
in the bacterial periplasm (C8 library; ten amino acids
total, including flanking cysteine residues), and

(3) heterocyclic with four degenerate linear amino acids
followed by four cysteine-cyclized amino acids (L4C4
library; ten amino acids total, including flanking cysteine
residues, Table I).

J. Biomed. Nanotechnol. 13, 1-11, 2017
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Table I. Amino acid sequences of bladder cancer-specific
binding peptides (BCSBPs).

Structure Clone # Peptide sequence

SISLGCWGPFC (GS)4

Heterocyclic 1, 2, 8,9 10, 11,

14, 16, 17, 18

3 SVSLGCFGPWC(GS)4
4,19 SIGLGCWGPFC(GS)4
5 SVSLGCWGLFC(GS)4
7 SVSLNCWGIAC(GS)4
12, 20 SMSLGCWGPWC (GS)4
13 SISLGCFGRFC(GS)4

Consensus aSLGCWGP@®C
Cyclic 6 SCVYANWRWTC (GS)4

15 SCVYSNWRWAQC (GS)4
Consensus CVYXNWRWXxC

Notes: a = aliphatic residues, ¢ = Phe or Trp, x =any amino acid.

Each peptide is 1,100 M.W. or less prior to addition of the
(gly-ser) spacer. A length of eight degenerate positions was
chosen to balance size minimization, diversity, helix for-
mation (two and one half turns for linear peptides) and ring
constraint (for cyclic and heterocyclic peptides). Sequenc-
ing of random clones from the libraries has confirmed the
expected representation of all amino acids, except for a
slight enrichment for tryptophan (data not shown). We rou-
tinely use an equi-complex mixture of all three libraries for
screening since one or more structures may be preferen-
tially selected by the target. Using living MB49 cells as the
target for phage affinity purification, an equi-complex mix-
ture of the three phage display libraries was purified for
five rounds. There was a successive enrichment of phage
binding to these cells, with saturation occurring after round
4 of affinity purification. Correlating with enrichment was
a strong signal as assayed by indirect immunofluorescence.

Twenty individual phage clones were then plaque-
purified and subjected to DNA sequence analysis. Of the
20 clones, 18 had an identical peptide sequence, or var-
ied by only a single amino acid (Table I). The remaining
2 clones differed from each other by only a single amino
acid, but had a completely different sequence (and peptide
structure) when compared to the other 18 peptides. Hence,
two families of bladder cancer binding peptides were dis-
covered. Two (heterocyclic clone number 1 and cyclic
clone number 6) had the highest affinity and are shown
herein (Table II). The actual per peptide affinity of these
bladder cancer-derived peptides must await cloning of the
as yet unknown cell surface target(s); however, based on

Table Il. Properties of bladder cancer-specific binding pep-
tides (BCSBPs).

Binding  Mol. Wt. Ext. Coef.
Name Structure Clone # affinity (nM) (Da) (cm~'-M~")
HC1  Heterocyclic 1 10-50 1746 5930
Cyc6 Cyclic 6 10-50 1965 12900
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comparisons to other phage/target model systems, actual
affinity is likely in the 10-50 nM range. Indeed, phage
binding to the surface of MB49 after 4 rounds of affinity
purification cells is intense (Fig. 2) with only high pico-
molar to low nanomolar concentrations of applied phage.
Most importantly, phage derived from MB49 bladder can-
cer cells appear quite specific for bladder cancer in gen-
eral. These phage (and hence peptides) also bind to the
unrelated mouse bladder cancer cell line MBT-2 (Fig. 2).5
MB49 derived phage also bind equally well to six of six
human bladder cancer cell lines tested, a resected low-
grade human surgical specimen (data not shown), and a
canine bladder cancer cell line K9-TCC (data not shown).
Hence, the antigen recognized by these peptides is likely
homologous in mouse, human and dog, is highly expressed
on the cell surface, and may play an essential role in patho-
genesis of the disease.

Cyc6-Functionalized MSN Show Enhanced
Specificity for Bladder Cancer Cells and
Extracted Membrane Proteins In Vitro

Once identified, the 11 peptide sequence for Cyc6 was
synthesized including a 4 x repeat of (glycine-serine) onto
the C-terminus. The FITC-Gd,0;-MSN particles were fur-
ther functionalized with EDC/NHS molecules via a car-
bamic acid linker.** Binding to EDC/NHS occurs by way
of a primary amine, though the exact amine by which the
Cyc6 peptide binds to the MSN is unknown. The syn-
thesized peptide has 3 primary amines: the N-terminus,
the arginine residue, and the asparagine residue. In future
studies to further characterize the Cyc6-MSN binding,
the (glycine-serine) spacer may be substituted for other
residues as needed while keeping the primary peptide
sequence unchanged. The EDC/NHS technique allows for
peptide binding by simple stirring. Thus, a pellet of FITC-
Gd,05;-MSN was resuspended in a supernatant contain-
ing the Cyc6 peptide and mixed on a vortexer at low
speed overnight at 4 °C. After mixing, the particles were
centrifuged at 16,000 x g for 10 minutes, and 10 L super-
natant samples from before and after mixing were mea-
sured on a Nano-Drop 1000 UV-Vis spectrophotometer as
described above.

Given sufficient time (up to 24 hours), we have observed
near-total binding of non-specific FITC-Gd,0;-MSN on
MB49 mouse TCC cells. However in clinical settings,
there is a need for more rapid binding of bladder can-
cer cells and longer retention of bound particles (a “fast
on, slow off” approach). In order to test the enhancement
of rapid binding by Cyc6-FITC-Gd,0;-MSN to MB49
cells, binding was carried out for a maximum of 4 hours
in tissue culture, at which point unbound particles were
rinsed from the cells with phosphate buffered saline. Given
a shorter window for binding, a high level of binding
was observed under fluorescent microscopy for Cyc6-
functionalized MSN on MB49 cells (Fig. 3(A)) compared
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with almost no binding for non-functionalized MSN. Thus
we observe a higher affinity of our MSN for bladder can-
cer cells when functionalized with Cyc6.

The specificity was evaluated using an in vitro bind-
ing assay, in which extracted membrane proteins from
MB49 cells were compared with those of NIH3T3, a non-
bladder cancer murine cell line. In preliminary experi-
ments, the membrane protein concentration was varied
between 0—7 mg/mL, and the MSN concentration was var-
ied between 0-3 mg/mL. We concluded that 7 mg/mL
of membrane protein was sufficient to have a contigu-
ous coat of protein on the surface of the well, preventing
non-specific binding of MSN at 2 mg/mL to the plas-
tic. The particles were allowed to bind for 90 minutes, at
which point the plate was successively read and washed for
3 washes. Results (Fig. 3(C)) show demonstrably higher
retention of all types of particles in MB49 cells relative to
NIH3T3 cells, which show an equivalent level of retention
of fluorescence to an untreated (blank) well into which
Cyc6-FITC-Gd,0;-MSN were added. The functionalized
Cyc6-FITC-Gd,0;-MSN show a statistically significantly
higher binding to MB49 than to NIH3T3 (p < 0.025).
It also showed a slightly increased binding to MB49
relative to non-functionalized FITC-Gd,0;-MSN, and in
addition, the use of free MB49 membrane proteins as a
blocking agent further reduced binding, though these dif-
ferences were not statistically significant (p-values of 0.14
and 0.18, respectively).

Taken in total, the data (Figs. 2, 3) indicate the Cyc6-
FITC-Gd,05-MSN do show improved specificity in vitro,
both in terms of more rapid binding to MB49 cells relative
to non-functionalized FITC-Gd,O;-MSN, and higher bind-
ing in MB49 cells relative to non-bladder cancer cells. As
stated above, the target of the peptide on the bladder can-
cer cell has not been identified, nor has the site on which
the peptide binds to the MSN. In future work, the former
may be addressed by a combination of molecular biology
and informatics techniques, while the latter may be deter-
mined by synthesizing new peptides with small sequence
changes that affect the location of primary amines. By
characterizing these properties we may be able to further
enhance binding specificity as needed, resulting in addi-
tional improvements to in vivo bladder cancer labeling.

Cyc6-Functionalized MSN Show Enhanced
Specificity for Bladder Tumors in a

Mouse In Vivo Model

In pre-clinical and clinical MRI, images are frequently
acquired with 7;- or T,-weighting, with 7| referring to the
spin-lattice, or flip angle, relaxation time, and 7, referring
to the spin-spin, or precessional relaxation time. Weight-
ing is controlled by the MRI operator typically by varying
the echo time (7) or relaxation time (7); T,-weighted
scans typically have a short T, and 7, while 7,-weighted
scans have a longer 7 and 7. A third imaging strategy
using long 7, and short 7, minimizes 7; and 7, effects
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to generate an image based more on proton density.>?
On our Varian® 4.7 T small animal scanner, we have
optimized scan parameters for proton density with slight
T,- and T,-weighting; a typical 7; weighted scan has a Tj
of 800 ms and a T, of 15 ms, while a typical 7,-weighted
scan has a T, of 2300 ms and a T, of 15 ms. Using these
parameters, the 7,-weighted scan typically provides better
anatomical details, while both 7}- and 7,-weighted scans
are enhanced by Gd,O; contrast agents. These agents have
moderate relaxivity values for both R, and R, and thus
can provide contrast in 7,- and T,-weighted MRL**%*
Thus, data presented herein emphasize 7,-weighting when
more quantitative contrast is shown, and 7,-weighting
when qualitative anatomic changes are shown. Study con-
trols include no treatment (a negative control) as well
as MSN without Cyc6. However, no gold standards used
clinically can serve as a suitably comparable gold stan-
dard in our experimental paradigm. ImmunoCyt/uCyt™
and UroVysion"" are ex vivo tests which use monoclonal
antibodies and in situ hybridization probes, respectively,
on biopsied tissues™® rather than an in vivo imaging
approach. Hexvix, or hexyl aminolevulinate, is a dye con-
taining porphyrins used in conjunction with fluorescent
cystoscopy.'? Cancer cells absorb the dye more readily
than healthy epithelium and fluoresce pink. To date, we
have not seen a report of cystoscopy-based approaches in
murine models.

Unlike CT, PET, and ultrasound, in which the image
output is directly related to a physical property (den-
sity, positron emission, and acoustic impedance, respec-
tively), the output of an MRI scan is unitless, with relative
grayscale values related to the frequency response of the
tissue to a particular pulse sequence. Thus, it is important
to implement a consistent normalization strategy for com-
parison of tissues between different subjects and scans. To
date, there is no agreed-upon methodology for normalizing
MRI scans, though it is important that the normalization is
consistent, replicable, and robust.”” Thus, we have imple-
mented a normalization strategy that involves calculating
the mean grayscale value of a region of fat, setting it to an
arbitrary value such as 100 or 1000, and interpolating all
values in the image between O and the arbitrary value. Fat
is an ideal candidate for normalization because it is homo-
geneous, nearly always the brightest tissue in the scan, and
with minimal vascularity, unlikely to be acutely affected
by the intravenous or intravesicular injection of contrast
agents.

Initially, 6 mice received intravesicular transplants of
MB49 murine TCC cells. One week after implantation,
3 mice were determined by luciferase activity to have
consistent tumor sizes and were justifiable for compar-
ison. One other mouse had a very large tumor, and
2 others had almost no tumor. Immediately following
the first set of IVIS scans, the 3 mice were taken to
the small animal MRI; acquisitions include 7;-weighted
axial scans, 7,-weighted axial scans, and T7;-weighted

J. Biomed. Nanotechnol. 13, 1-11, 2017



Sweeney et al.

Peptide-Mediated Targeting Mesoporous Silica Nanoparticles: A Novel Tool for Fighting Bladder Cancer

coronal scans. The mice were then given intravesicular
instillation of 50 uL injections containing either FITC-
Gd,05-MSN or Cyc6-FITC-Gd,05-MSN, and re-scanned
the following day. The 7;- and T,-weighted axial scans
were fat-normalized, and representative 7,-weighted slices
from each bladder are shown (Fig. 4). With T,-weighting,
the borders of the tumors were difficult to identify, but
appear as a slight lightening of the surrounding bladder
space. The tumors are also slightly lighter than the bladder
wall. With 7,-weighting, the tumor boundaries are much
more distinct; the tumors show up as hypointense rela-
tive to the bladder space. Although the tumor boundaries
were less clearly defined in the 7;-weighted MRI than the
T, scans, the tumor volumes measured in each were con-
sistent for all 3 mice, corroborating the IVIS findings.

The normalized 7, intensities observed for the Cyc6-
FITC-Gd,05-MSN-exposed mice were higher than that
of the FITC-Gd,0;-MSN-exposed mouse, while the
T,-weighted intensities for the Cyc6-FITC-Gd,0;-MSN-
exposed mice were significantly more hypointense than
that of the FITC-Gd,O;-MSN-exposed mouse. Taken
together, this data indicates that the MSN containing Cyc6
have bound more effectively to the tumor than MSN
alone. In this mouse model, the mice are typically sac-
rificed 2-3 weeks following the initial transplantation of
the tumor. When the bladder is excised and sectioned, we
observe fluorescence in the tumor, indicating strong reten-
tion of the particles. In addition, the mice were tested for
a systemic immune response based on interferon-gamma
(IFN-vy) production by splenocytes when stimulated with
Cyc6. No IFN-vy production was detected. Because instil-
lation was performed directly in the bladder, secondary
organs (liver and kidneys) were not exposed to particles
in this study. However, additional studies of intravenously
injected MSN show no histopathological evidence of co-
morbidity in exposed mice. Briefly, a number of cell lines
were viable following doses up to 125 wg/mL in culture,
and mice tolerated exposures up to 1 mg delivered intra-
venously (by tail vein or retro-orbital injection) without
adverse changes in inflammatory cytokine production. In
pregnant mice, we saw no evidence of adverse immune
reaction or impact on growth in length or weight of the
mothers or the embryos.

CONCLUSIONS

The data presented herein support our prediction that, with
improved specificity via a molecular target on bladder can-
cer cells, we improved affinity of our particles for bladder
cancer cells both in vitro and in vivo. This finding ulti-
mately has many valuable clinical implications. Gadolin-
ium oxide contrast agents functionalized with the bladder
cancer cell specific peptide Cyc6 are shown to enhance
MRI contrast and bind preferentially to bladder cancer
cells relative to normal bladder epithelium. Thus, in a clin-
ical setting, a scenario in which particles are instilled in

J. Biomed. Nanotechnol. 13, 1-11, 2017

the bladder, and within 4 hours, visualized by fluorescent
cystoscopy or using 7}- and 7,-weighted MRI, is feasible.
Unlike many pre-clinical targeting approaches which use
monoclonal antibodies,’® > the Cyc6 peptide is small and
non-immunogenic, with the potential to be readily trans-
lated from pre-clinical to clinical medicine. Finally, an
advantage of MSN materials is their capacity for loading
and release of reagents from the porous cores. Studies are
ongoing to load and deliver anti-cancer reagents directly to
the bladder using a targeted approach. Thus, this technol-
ogy has the potential to improve both the diagnostic and
therapeutic approach to bladder cancer.
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