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Abstract

Background Early detection and removal of bladder cancer in patients is crucial to prevent tumor recurrence
and progression. Because current imaging techniques may fail to detect small lesions of in situ carcinomas, patients
with bladder cancer often relapse after initial diagnosis, thereby requiring frequent follow-up and treatments.

Results In an attempt to obtain a sensitive and high-resolution imaging modality for bladder cancer, we have devel-
oped a photoacoustic imaging approach based on the use of PEGylated gold nanorods (GNRs) as a contrast agent,
functionalized with the peptide cyclic [CphgisoDGRG] (Iso4), a selective ligand of a5B31 integrin expressed by bladder
cancer cells. This product (called GNRs@PEG-Iso4) was produced by a simple two-step procedure based on GNRs acti-
vation with lipoic acid-polyethyleneglycol(PEG-5KDa)-maleimide and functionalization with peptide Iso4. Biochemi-
cal and biological studies showed that GNRs@PEG-Iso4 can efficiently recognize purified integrin a531 and a5(31-
positive bladder cancer cells. GNRs@PEG-1so4 was stable and did not aggregate in urine or in 5% sodium chloride,

or after freeze/thaw cycles or prolonged exposure to 55 °C, and, even more importantly, do not settle after instillation
into the bladder. Intravesical instillation of GNRs@PEG-Iso4 into mice bearing orthotopic MB49-Luc bladder tumors,
followed by photoacoustic imaging, efficiently detected small cancer lesions. The binding to tumor lesions was com-
peted by a neutralizing anti-a5(31 integrin antibody; furthermore, no binding was observed to healthy bladders
(a5B1-negative), pointing to a specific targeting mechanism.

Conclusion GNRs@PEG-Iso4 represents a simple and robust contrast agent for photoacoustic imaging and diagnosis
of small bladder cancer lesions.
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Background

Urinary bladder cancer is one of the most common can-
cers worldwide, with > 0.5 million new cases and 0.2
million deaths per year [1]. At the time of diagnosis,
approximately 75% of patients with bladder cancer have
non-invasive bladder cancer (NMIBC), such as small flat
lesions in the innermost layer of the urothelium (carci-
noma in situ, CIS) or intraepithelial tumors confined to
the mucosa (stage 7a) or tumors invading the lamina pro-
pria (stage T1) [2]. These tumors are surgically removed
by TURBT (transurethral resection of bladder tumor)
during cystoscopy with a resectoscope, followed by adju-
vant therapy [3]. However, the bladder CIS, which usu-
ally consists of a small number of high-grade neoplastic
cells, appears as a flat reddish area that may be missed
or misinterpreted as an inflammatory lesion during cys-
toscopy examination. Poor detection of small lesions
may occur also with other diagnostic techniques, such
as those based on intravesical instillation of 5-aminole-
vulinic acid (followed by photodynamic imaging), ultra-
sound echography, computed tomography urography,
multiparametric magnetic resonance imaging, or intrave-
nous urography: indeed, all these techniques show lim-
ited diagnostic utility for CIS lesions 1-5 mm in size [4].
Thus, detection and management of patients with blad-
der CIS still represents a challenge in the onco-urologi-
cal field [5, 6]. As a result, 40% of NMIBC patients have
residual lesions after the initial TURBT [7], and, because
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of this diagnostic limitation, many patients with NMIBC
frequently relapse after the initial treatment [3]. The lim-
ited therapeutic response in these patients leads to fre-
quent and endless follow-up examinations and repeated
treatments, worsening their quality of life [3]. Reduc-
ing the relapse rate in NMIBC is, therefore, a priority to
improve the quality of life of these patients and the asso-
ciated social costs [8, 9].

A unique feature of superficial bladder cancer is the
possibility of delivering medical therapies, imaging, and
theranostic compounds directly into the bladder via a
catheter [3]. This approach can reduce systemic expo-
sure to the treatments, thereby minimizing the toxic side
effects of the administered compounds. According to
this view, various studies have shown that gold nanopar-
ticles, functionalized with different molecules and intra-
vesically administered, can be used as contrast agents
for photoacoustic imaging (PAI) or for photodynamic/
photothermal therapy of bladder cancer lesions [10-17].
For example, we have recently demonstrated that blad-
der cancer lesions can be detected by intravesical instil-
lation of gold nanorods (GNRs) decorated with chitosan
and functionalized with a cyclic [CphgisoDGRG] peptide
(Iso4), a ligand of a5p1 integrin [18], followed by imag-
ing of bladder cancer lesion by a photoacoustic approach
[15]. Remarkably, this nanoformulation (called GNRs@
Chit-Iso4) allows the detection of extremely small blad-
der cancer lesions <0.5 mm by PAI in a murine model, i.e.
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with a level of detectability that cannot be achieved with
conventional diagnostic approaches.

This imaging procedure requires that after intravesical
injection to tumor-bearing mice, the GNRs@Chit-Iso4
nanoparticles are kept in suspension through the appli-
cation of low-frequency ultrasound with a piezoelectric
matrix array transducer [15], a procedure that may be dif-
ficult to translate in patients.

To overcome this problem, in the present work we
tried to develop new a5p1-integrin targeted GNRs that
do not settle upon intravesical instillation. In particular,
we investigated the feasibility of a very simple procedure
for the functionalization of PEGylated GNRs with Iso4,
based on the use of lipoic acid-polyethyleneglycol (PEG,
5KDa)-maleimide as a crosslinking reagent, and analyzed
the biochemical and biological properties of the resulting
product.

We show that the product (called GNRs@PEG-Iso4)
is robust and functional in terms of a5B1 integrin bind-
ing and tumor cell recognition, is stable in urine, does
not aggregate after freezing or exposure to high tem-
peratures, and does not settle after instillation in mice
bladder. Furthermore, using the MB49-Luc orthotopic
bladder cancer model, we show that these nanoparticles
can be exploited for photoacoustic imaging of small blad-
der cancer lesions without the need of procedures that
prevent nanoparticle settling in the bladder.

Materials and methods

Reagents and cell lines

Human serum albumin (HSA) (20% w/v Flexbumin, Bax-
alta, catalog #07-19-76-995); recombinant human o531
integrin (R&D System, catalog #3230-A5-050); Dul-
becco’s phosphate buffered saline (DPBS) with calcium
and magnesium (DPBS/Ca/Mg) (Thermofischer, catalog
#14080); gold nanorods NanoXact" (NanoComposix,
#GRCNB800) in citrate buffer (GNRs); lipoic acid-poly-
ethyleneglycol (PEG, 5KDa)-maleimide (CD Bioparticles,
catalog #CDN1712); anti-polyethyleneglycol (PEG) rat
monoclonal antibody (mAb) clone 26A04 (Abcam, cata-
log #ab94764); anti-B1 integrin antibody (clone HMf1-1,
Biolegend, catalog #1022019); anti-a5 integrin antibody
(clone HMa5-1, Biolegend, catalog #103902); anti-3
integrin monoclonal antibody (clone HMp3-1, Bioleg-
end, catalog #104302); anti-B5 integrin monoclonal anti-
body (clone KN52, eBioscience ', catalog #14-0497-82);
anti-av integrin monoclonal antibody (clone RMV-7, eBi-
oscience’ ', catalog #14-0512-82), anti-avf6 monoclonal
antibody (clone 10D5, Millipore, catalog #MAB2077Z);
armenian hamster IgG Isotype Control (eBioscience™;
catalog #14-4888-81); mouse IgG Isotype Control (clone
MOPC-21, Sigma, catalog #M5284); rat IgG1 Isotype
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Control (clone eBRGI, eBioscience™, catalog #14-4301-
81); Alexa Fluor™ 488-labeled goat anti-mouse second-
ary antibody (ThermoFisher, Catalog #A-11001); Alexa
Fluor™ 488-labeled goat anti-hamster secondary antibody
(ThermoFisher); Alexa Fluor 488-labeled goat anti-rat
secondary antibody (ThermoFisher, catalog #A-11006);
horseradish peroxidase (HRP)-labeled goat anti-rat-IgM
antiserum (Sigma, catalog #SAB3700672); FITC-labeled
mouse anti-rat IgM antibody (clone MRM-47, Biolegend,
catalog #408905); bovine serum albumin (BSA) fraction-
V (Sigma); normal goat serum (NGS, Sigma); Sigmacote®
(a siliconizing reagent, Sigma, catalog #SL-100 ml). Agar
powder (catalog #A9539) and intralipid (20% v/v, catalog
#1141) were form Sigma. Neutralizing anti-a5 integrin
antibody (clone 5H10-27(MFR5), rat IgG2a, k, Biolegend,
catalog #103817). Rat IgG2a, k, isotype control antibody
(clone 2A3, IgG2a k, BioXcell, catalog #BE0089). Biolu-
minescent MB49-Luc murine bladder cancer cells were
kindly provided by Carla Molthoff (VU University Medi-
cal Center, The Netherlands) and cultured as described
[15]. Synthetic urine consisting of 128 mM sodium chlo-
ride, 60 mM potassium chloride, 40 mM sodium phos-
phate, 303 mM urea, 50 pg/ml bovine serum albumin and
2 mg/ml creatinine, pH 6.0, was prepared as described
[19].

Peptide synthesis and characterization

The head-to-tail cyclized peptide [CphgisoDGRG], called
Iso4, was synthesized in-house. Briefly, the resin-bound
linear precursor (CphgisoDGRG-resin) was assembled by
standard stepwise solid-phase peptide synthesis (SPPS)
protocols on a 2-chlorotrityl chloride resin using HBTU/
DIEA as activators. The fully protected peptide was then
detached from the resin by treatment with a 25% hex-
afluoropropanol solution in dichloromethane (4X5 mL).
The solvent was removed under vacuum and the result-
ing crude linear peptide was dissolved in N,N-dimeth-
ylformamide (100 mM) and treated with HBTU/DIEA
(1 eq./2 eq) to perform the cyclization step. The reaction
was allowed to proceed overnight at room temperature
and then the solvent was evaporated. The resulting prod-
uct was then treated with a TFA-based cleavage mixture
to obtain the unprotected peptide, which was recovered
by precipitation in cold diethyl ether. Finally, the peptide
was purified by reverse-phase (RP)-HPLC and lyophi-
lized (final yield: about 100 mg as gross weight).

The peptide was dissolved in sterile water and stored in
aliquots at — 80 °C until use. The concentration of Iso4
was determined by Ellman’s assay using 5,5-dithio-bis-
2-nitrobenzoic acid (DTNB, Ellman’s Reagent, Thermo
Fisher Catalog #22582). The identity and purity of Iso4
were assessed by mass spectrometry and HPLC analysis.
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The percentage of [CphgisoDGRG] and of [CPh-
gisoDGRG] (where phg and Phg correspond to D-phe-
nylglycine and L-phenylglycine, respectively) was
estimated integrating the corresponding Ha resonances
(respectively at 559 ppm and 5.55 ppm) in the 'H
monodimensional nuclear magnetic resonance (NMR)
spectrum. Spectra were acquired at 600 MHz on a Bruker
Avance600 Ultra Shield Plus spectrometer equipped
with a triple-resonance TCI cryoprobe with a z-shielded
pulsed-field gradient coil. The following experimental
conditions were used: 1 mM peptide in 20 mM sodium
phosphate buffer, pH 6.5, containing 150 sodium chlo-
ride, 2.0 mM tris(2-carboxyethyl)phosphine (TCEP) and
10% D,O; temperature, 27 °C.

Functionalization of gold nanorods with peptide Iso4
Eighty ml of GNRs in citrate buffer, pH 6.4 (with a lon-
gitudinal surface plasmon resonance (LSPR) peak maxi-
mum at~820 nm and ~1 unit of optical density (OD)),
were poured into a 150 ml silanized beaker, placed under
stirring (500 rpm), and mixed with 8 ml of lipoic acid-
polyethyleneglycol (PEG, 5KDa)-maleimide (1 mg/ml in
50 mM sodium phosphate buffer, pH 7.3, added dropwise
over 2 min). The mixture was incubated at room temper-
ature for 1 h under stirring, transferred into two silanized
50 ml polypropylene tubes, and centrifuged (9000 Xg,
45 min at 4 °C). The supernatants were discarded, and the
pellets were resuspended with 5 mM sodium phosphate
buffer, pH 7.3. The resulting products were pooled, trans-
ferred into a 20 ml silanized beaker, mixed with 10 ml of
peptide Iso4 (0.160 mg/ml, by Ellman’s assay, in 5 mM
sodium phosphate buffer, pH 7.3, added dropwise over
2 min, under stirring), and left to incubate for 2 h at room
temperature. To saturate the gold nanorods we added
0.5% HSA (in 0.5 ml aliquots every 2 min, four times) and
incubated for 10 min at room temperature under stirring.
The product was then transferred to two 50 ml silanized
polypropylene tubes and centrifuged as described above.
Each pellet was resuspended in 0.05% HSA (40 ml) and
centrifuged again (three rounds of centrifugation). The
pellets were then resuspended in 8 ml of 0.05% HSA (final
volume). The resulting product (called GNRs@PEG-Iso4)
was dispensed in aliquots (0.5 ml) and stored at—80 °C.
Control nanoparticles bearing a cysteine in place of Iso4
(called GNRs@PEG-Cys) were prepared following the
same procedure, except that 0.390 mg of cysteine was
used in place of peptide.

Physicochemical characterization of the functionalized
nanoparticles

Absorption spectra of bare and functionalized GNRs
(hereinafter called uncoated and coated, respec-
tively) were recorded using an UltroSpec 2100
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spectrophotometer (Amersham Biosciences). HSA
(0.05% w/v) or 5 mM sodium citrate buffer, pH 6.0,
respectively, were used as “blanks” The concentration of
coated-GNRs was calculated by interpolating the absorb-
ance values at 820 nm on a calibration curve obtained
using uncoated nanogold (stock solution: 4.3 x 10* nan-
oparticles (NPs)/ml, A ,,820 nm:~1.0 OD, 23 pg/ml).
Transmission electron microscopy (TEM) analysis was
performed using a TALOS L120C microscope (Thermo-
Scientific) and undiluted samples. Morphometric analy-
sis of GNRs was performed on TEM images using the
Image] software. Table 1 summarizes the physical prop-
erties of GNRs.

Stability of GNRs@PEG-Iso4 in synthetic urine
GNRs@PEG-Iso4 (0.1 ml, about 8 units of optical density
at 820 nm) was added to synthetic urine (1 ml) and the
resulting mixture was analyzed by spectrophotometry.
Synthetic urine containing 0.05% HSA (i.e., the diluent of
nanogold) was used as “blank” reference.

a5p1 integrin binding assay

The binding properties of GNRs@PEG-Iso4 were inves-
tigated using a sandwich assay based on the use of
a5B1-coated plates in the capture step and an anti-PEG
monoclonal antibody (mAb) in the detection step, essen-
tially as described [20]. Briefly various amounts of nano-
particles in 25 mM Tris—HCI buffer, pH 7.4, containing
150 mM sodium chloride, 1 mM magnesium chloride,
1 mM manganese chloride, 1% w/v BSA (binding buffer),
were added to microtiter plates coated with or without
human recombinant a5pf1 (1-2 pg/ml, 50 ul/well) and
incubated for 1.5 h. After washing, plates were incubated
with a rat anti-PEG monoclonal antibody (clone 26A04)
in binding buffer containing 1% v/v normal goat serum
(NGS) (5 pg/ml, 50 pl/well, 1.5 h), followed by a goat
anti-rat HRP-labelled polyclonal antibody (1:2000, 50 pl/
well, 1 h). Bound peroxidase was detected by adding the
chromogenic substrate o-phenylenediamine.

FACS analysis

The expression of a5p1, avp3, avp5, and av6 on MB49-
Luc cell surface was assessed using of the monoclo-
nal antibodies listed in Additional file 1: Table S2, as
described previously [21]. Isotype-matched antibodies
were used as negative controls. The binding of primary
antibodies was detected using Alexa Fluor 488-labeled
goat anti-mouse, or -hamster, or -rat secondary anti-
bodies according to their animal species.The binding
of GNR@PEG-Iso4 to MB49-Luc cells was assessed by
flow cytometry analysis essentially as described previ-
ously [15]. Briefly, MB49-Luc cells were detached with
DPBS containing 5 mM EDTA, pH 8.0, washed with
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Table 1 Characterization of coated and uncoated gold nanorods (GNRs) by ultraviolet, visible, and infrared spectroscopy (UV-IR),
transmission electron microscopy (TEM), and a5@31 integrin binding assay

Nanogold UV-IR? TEM a5p1
(Mean +SD) (Mean +SD) binding assay
(Mean + SE)
TSPR LSPR PW-85% Asio/Ag20 Length Width ECs,
(nm) (nm) (nm) (nm) (nm) (NPs/ml)
Uncoated GNRs 509 818 833 028 439 10.2 NAP
+1.1 +23 +13 +0.01 +54¢ +0.7¢
(n=4P (n=4° (n=4P (n=4P
Uncoated GNRs 0517 >900¢ >100 0.59 NDf ND ND
in 5% NaCl
Coated GNRs
GNRs@PEG-Cys 511 827 99.8 033 410 129 >>10""
+14 +14 +104 +36 (n=3)"
(n=2)° (n=2)° (n=100)° (n=100)°
GNRs@PEG-Iso4 511 832 92.1 033 42,1 11.9 1.59%10'°
+10 +20 +34 +0.02 +94 +33 +033
(n=3)° (n=3)° (n=3)° (n=3)° (n=100)9 (n=100)9 (n=3)°
GNRs@PEG-lso4 512 832 943 033 ND ND ND
in 5% NaCl

2 TSPR, transverse surface plasmon resonance (peak A,.,,); LSPR, longitudinal surface plasmon resonance (peak \,,,); PW-85%, peak-width at 85% of height; As;o/Agy:

absorbance ratio at 510 and 820 nm
® Number of independent analyses on the same batch

€ Number of independent preparations analyzed

4 Maximum wavelength that can be recorded by the UltroSpec spectrophotometer

€ As reported on the datasheet provided by the supplier (Nanocompoxis)
fND, not done

9 Number of nanoparticles analyzed

P NA, not applicable

 Maximum concentration tested that gave no binding

DPBS, and suspended in 25 mM Hepes buffer, pH 7.4,
containing 150 mM sodium chloride, 1 mM magne-
sium chloride, 1 mM manganese chloride 1% w/v BSA,
2% v/v NGS (binding buffer-1) and GNRs@PEG-Iso4
or GNRs@PEG-Cys (range 0-1x 10" NPs/ml, 5x10°
cells/100 pl tube). After 1 h incubation on ice, the cells
were washed with binding buffer-1 (without BSA and
NGS) and resuspended in binding buffer-1 containing
the anti-PEG mAb 26A04 (1 pg/ml, 0.5 h on ice) fol-
lowed by a FITC-labelled mouse anti-rat mAb MRM-47
(2.5 pg/ml, 0.5 h on ice). After washing, with DPBS/Ca/
Mg, cells were fixed with 4% formaldehyde, and bound
fluorescence was detected using a CytoFLEX S cyto-
fluorimeter (Beckman Coulter).

Orthotopic bladder cancer model

The tumor-binding properties of GNRs@PEG-Iso4 were
investigated using an orthotopic mouse model of blad-
der cancer based on intravesical instillation of MB49-
Luc cells. Briefly, female albino C57BL/6] mice (9 weeks
old, weighing about 20 g, Charles River Laboratories,
Italy) were anesthetized and intravesical instilled with
MB49-Luc cells (10° cells/100 ul in DPBS) using 24-gauge

catheter. The tumor growth was monitored by ultrasound
(US) imaging using a Vevo LAZR-X imaging system
(FUJIFILM VisualSonics). After 11-14 days from tumor
cells implantation mice were subjected to US and pho-
toacoustic imaging (PAI) studies using a Vevo LAZR-X
imaging system. All imaging experiments on mice were
conducted under gaseous anesthesia (isoflurane/air 4%
for induction and 1.5% thereafter).

In vitro photoacoustic imaging

The in vitro photoacoustic properties of GNRs@PEG-
Iso4 were investigated using two different homemade
setups, the first one consisting in a coplanar net of poly-
ethylene capillary tubes (Scientific Commodities Inc., cat.
#BB31695-pe/8) inserted in a polypropylene box [22],
the second one in "agar drops" (prepared as described in
[15]) filled with various amounts of nanoparticles diluted
in 0.05% HSA. The PA signal from the phantoms was
then recorded using a Vevo LAZR-X imaging system with
specially designed light attenuators, covering the opti-
cal fibers, made with a mixture of polydimethylsiloxane/
TiO,/India ink [23] (for analysis of tube-based phantoms)
or with a mixture of agar/intralipids [15] (for analysis of
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the agar drop-based phantoms). Ultrasound imaging of
phantoms was performed in B-mode in the axial orienta-
tion (2D Power, 100% and 2D Gain, 13 dB). PA imaging of
phantoms was performed in PA Mode Spectro (acquisi-
tion range; 680—970 nm; step size: 5 nm; PA Power, 100%;
PA gain 43-45 dB), and in PA single wavelength mode
(830 nm) for capillary tubes or in PA Mode 3D multi-
wavelengths (3D step size: 200 pm) for agar drops. The
signal corresponding to GNRs@PEG-Iso4 was identified
by spectral unmixing using the signal derived from phan-
toms lacking nanoparticles, using the build-in VevoLab
5.6.1 software.

In vivo photoacoustic imaging

In vivo photoacoustic imaging was performed as fol-
lows: GNRs@PEG-Iso4 (26 nmol Au in 100 ul DPBS/Ca/
Mg) were instilled into the bladder of mice via a cath-
eter and incubated for 15 min (every 5 min the bladder
content was mixed with 3 cycles of aspiration/injection
with a syringe connected to the catheter). The bladder
content was then aspirated, and the excess of unbound
nanoparticles was removed by washing the bladder twice
with DPBS/Ca/Mg. US imaging of the bladder was per-
formed using the transducer placed perpendicular to the
mouse abdomen (B-mode: 2D Power, 50% and 2D Gain,
23 dB). PAI imaging of the bladder was performed essen-
tially as described above (using agar/intralipids-based
light attenuators), except that PA gain was set to 39 dB.
PA analysis was performed by spectral unmixing using
the spectral reference curves obtained from the tissue
components (i.e., melanin and deoxygenated/oxygenated
blood) and the GNRs@PEG-Iso4 spectral curve (gener-
ated as described above), using the build-in VevoLab
5.6.1 software.

Results

Characterization of peptide Iso4

Purity, identity and activity of the head-to-tail cyclized
peptide  Cys-phg-isoAsp-Arg-Gly  ([CphgisoDGRG],
called Iso4, Fig. 1A) were characterized by reverse-phase
HPLC (RP-HPLC), electrospray ionization mass spec-
trometry (ESI-MS), nuclear magnetic resonance (NMR)

(See figure on next page.)
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spectroscopy, and integrin binding assays. RP-HPLC
showed a purity>95%; ESI-MS revealed a molecular
weight consistent with the expected value; NMR spec-
troscopy showed the presence of D-phenylglycine (phg)
(70%) and L-phenylglycine (Phg) (30%), as judged from
the peak height of the resonances corresponding to the
HaD and HaL of D-phenylglycine and L-phenylglycine
(Additional file 1: Fig. S1 and Table S1); competitive inte-
grin binding assays showed Ki values for integrin a5p1,
avP6, avB8, avP5 and avp3 equivalent to 15, 46, 51, 1121,
and 1493 nM, respectively (Additional file 1: Table S1).
Direct integrin binding assays showed that Iso4 chemi-
cally coupled to maleimide-activated horseradish per-
oxide (HRP) can recognize a5p1 with a markedly higher
affinity than avp3 and avp5, suggesting that coupling the
peptide to HRP does not affect its selectivity (Additional
file 1: Fig. S2).

Preparation and characterization of GNRs@PEG-Iso4
GNRs@PEG-Iso4 were prepared by a two-step pro-
cedure. The first step included GNRs activation with
lipoic acid-polyethylene glycol 5KDa-maleimide (LA-
PEG-MAL), a heterobifunctional crosslinking reagent
(Fig. 1B). The lipoic acid moiety of this reagent can react
with the nanogold surface forming two stable dative
bonds between the two sulfur atoms of the lipoic moi-
ety and gold atoms [24]. The second step included GNRs
functionalization with Iso4, by allowing the sulthydryl
group of the peptide to react with the maleimide group
of the activated nanoparticles to form a thioether bond
(Fig. 1C). Optimization studies showed that 90-120 pg
of LA-PEG-MAL per ml of nanogolds (~1 ODgyy,m)
was sufficient to protect nanogold from peptide-induced
aggregation (not shown). Thus, a larger batch of GNRs@
PEG-Iso4 was prepared using 80 ml of GNRs, 8 mg of
LA-PEG-MAL, and 8 mg of Iso4 peptide. In parallel, con-
trol nanoparticles bearing cysteine in place of Iso4 were
also prepared (GNRs@PEG-Cys).

UV-IR spectrophotometric analysis of both products
showed absorption spectra similar to that of uncoated
GNRs, indicating that both products contained low

Fig. 1 Schematic representation and characterization of GNRs@PEG-Iso4 and GNRs@PEG-Cys. Representation of the structures of: A

head-to-tail cyclized peptide Iso4, B lipoic acid-PEG-maleimide heterobifunctional cross-linker (LA-PEG-MAL) containing a PEG chain of 5KDa,

C and gold nanorods (GNRs) functionalized with peptide Iso4 (GNRs@PEG-Iso4) or Cys (GNRs@PEG-Cys) via LA-PEG-MAL. D UV-IR absorption
spectra of the GNRs@PEG-Iso4 and GNRs@PEG-Cys. The dotted line corresponds to the uncoated gold nanorods (GNRs). E Representative
microphotographs of GNRs@PEG-Iso4 and GNRs@PEG-Cys, as determined by transmission electron microscopy (TEM). F Binding of GNRs@PEG-Iso4
and GNRs@PEG-Cys to plates coated with or without a5@1-integrin. The binding of nanoparticles was detected with an anti-PEG rat antibody
followed by HRP-labelled goat anti-rat antiserum. Mean + SE of technical duplicates. G Binding of GNRs@PEG-Iso4 and GNRs@PEG-Cys to bladder
cancer MB49-Luc cells as determined by FACS. MB49-Luc cells in suspension were incubated with the indicated amounts of nanoparticles for 1 h

on ice. After washing, the cells were incubated with an anti-PEG antibody (0.5 h on ice) followed by a FITC-labelled secondary antibody (0.5 h in'ice).
The bound fluorescence was quantified by flow cytometry analysis. Representative FACS plots (left) and dose-dependent binding curves (right)

(dots, mean + SE of technical triplicates) are shown
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or undetectable amounts of aggregates (Fig. 1D and
Table 1).

Morphometric analysis of GNRs@PEG-Iso4 and
GNRs@PEG-Cys, by transmission electron micros-
copy (TEM), revealed, in both cases, gold nanorods
with longitudinal and transversal length of 42 nm and
12 nm with an average aspect ratio (length/width) of
about 3.53 (Fig. 1E and Table 1).

GNRs@PEG-Iso4 binds to purified a531 integrin

and a5B1-positive MB49-Luc bladder cancer cells in vitro
The capability of GNRs@PEG-Iso4 and GNRs@PEG-
Cys to recognize integrin o5B1 was then investigated
using recombinant a5p1-coated plates. The binding of
nanoparticles to microtiter plates was detected with
an anti-PEG mAb. The results showed that GNRs@
PEG-Iso4, but not GNRs@PEG-Cys, could bind to
a5B1 in a dose-dependent manner, with an effective
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concentration 50 (EC;,) of (1.59+0.33)x 10'° NPs/ml
(Fig. 1F and Table 1).

To assess the capability of GNRs@PEG-Iso4 of recog-
nizing bladder cancer cells we then analyzed the binding
of these nanoparticles to MB49-Luc cells, a murine blad-
der cancer cell line that expresses a5p1 (Additional file 1:
Fig. S3). Flow cytometry analysis of MB49-Luc cell sus-
pensions, pre-incubated with various amounts of GNRs@
PEG-Iso4, showed that these cells were recognized by
nanoparticles in a dose-dependent manner, while little
or no binding at all was observed with GNRs@PEG-Cys
(Fig. 1G). TEM analysis of adherent cells pre-incubated
with 1x 10" NPs/ml showed that GNRs@PEG-Iso4, but
not GNRs@PEG-Cys could bind to the MB49-Luc cell
surface (Additional file 1: Fig. S4).

This result suggests that GNRs@PEG-Iso4 can recog-
nize the surface of bladder cancer cells, and that the Iso4
moiety is crucial for binding.

A B
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Fig. 2 Stability studies of GNRs@PEG-Iso4. A Effect of one freeze—thaw cycle on the binding properties of GNRs@PEG-Iso4 to a5B1. The binding

of GNRs@PEG-Is04 to plates coated with or without a531 integrin before (0 cycle) and after one freezing (-80 °C) and thawing cycle (1 cycle),

as detected with an anti-PEG rat antibody followed by HRP-labeled goat anti-rat antiserum, is shown. Mean + SE of technical duplicates. Note

that the freeze—thaw cycle does not affect the a531-binding properties of GNRs@PEG-Iso4. B-D Stability studies of GNRs@PEG-Iso4 and GNRs
nanoparticles, performed by UV-IR absorption analysis of: /) nanoparticles before (0 cycle) and after one freezing (-80 °C) and thawing cycle (7 cycle)
(B), i) nanoparticles mixed with or without sodium chloride (5% NaCl, final concentration) (C), and iii) nanoparticles mixed with synthetic urine
(90% urine, final concentration) (D). Note that the addition of sodium chloride caused a dramatic change in the UV-IR absorption spectrum of GNRs,
but not of GNRs@PEG-Iso4, suggesting that the latter compound is protected from aggregation induced by high salt concentration
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Stability of GNRs@PEG-Iso4

The binding of GNRs@PEG-Iso4 to a5p1 was not affected
by one cycle of freezing and thawing (Fig. 2A). Moreover
GNRs@PEG-Iso4 can be stored up to 4 months at 4 °C
without loss of a5B1integrin binding properties, suggest-
ing that this chemical bond is indeed very stable (Addi-
tional file 1: Fig. S5). To further assess the stability of
GNRs@PEG-Iso4 to freezing/thawing- or salt-induced
aggregation, this product was stored at+4 °C and
— 80 °C, or spiked with a large amount of sodium chlo-
ride (5% final concentration), and analyzed by UV-IR
spectrophotometry. These treatments, known to induce
aggregation of uncoated nanoparticles, did not change
the absorption spectrum of GNRs@PEG-Iso4 (Fig. 2B,
C), indicating that the nanoparticles were resistant to
aggregation. Notably, incubation of GNRs@PEG-Iso4
in~90% synthetic urine did not cause significant change
in its absorption spectrum, suggesting that this product
is stable also in urine (Fig. 2D).

To verify that GNRs functionalization with Iso4 did not
affect the capability of GNRs@PEG-Iso4 to induce pho-
tothermal effects, we irradiated a cuvette containing the
nanoparticles (500 pM) at 23 °C with continuous NIR
light (808 nm) with a laser potency of 0.2, 0.3, and 0.4 W/
cm? for 15 min. This treatment increased the tempera-
ture of the cuvette to 37 °C, 44 °C, and 50 °C, respectively
(Additional file 1: Fig. S6A). In contrast, none of the laser
potency tested increased the solvent (0.05% HSA) tem-
perature above 25 °C, indicating that nanoparticles were
the source of the observed photothermal effects (Addi-
tional file 1: Fig. S6A). The percentage of light-to-heat
conversion efficiency, calculated as previously described
[25, 26] ranged from 58 to 70%, suggesting that more
than 50% of the absorbed light can be converted in heat
in our experimental conditions by GNRs@PEG-Iso4.
Remarkably, no change of sample color and no aggrega-
tion of nanoparticles was observed at all temperatures,
including 50 °C, indicating that GNRs@PEG-Iso4 was
stable to heat (not shown). Moreover, after return to the
baseline temperature, GNRs@PEG-Iso4 (125 pM) could
generate the same amount of heat after an additional
cycle of illumination, further supporting the concept that
these nanoparticles are stable (Additional file 1: Fig. S6B).
Overall, these results indicate that GNRs@PEG-Iso4 is a
robust nanosystem.

GNRs@PEG-Iso4 is endowed of photoacoustic properties

The photoacoustic properties of GNRs@PEG-Iso4 were
then investigated in vitro using a Vevo LAZR-X imaging
system and two different types of phantoms, consisting of
polyethylene capillary tubes and "agar drops" containing
various amounts of GNRs@PEG-Iso4. The photoacoustic
spectra of GNRs@PEG-Iso4 dispersed in these different
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phantoms were similar with a maximum signal at ~ 820—
840 nm (Fig. 3), indicating that GNRs@PEG-Iso4 is
endowed of photoacoustic properties. The spectral char-
acteristics of GNRs@PEG-Iso4 obtained from the agar
drop-based phantom (containing the higher number
of NPs), was then used as a reference for the spectral
unmixing in in vivo experiments.

Intravesical instillation of GNRs@PEG-Iso4 to mice bearing
orthotopic MB49-Luc bladder tumors allows photoacoustic
imaging of small bladder cancer lesions

The ability of GNRs@PEG-Iso4 to bind bladder can-
cer cells in vivo and to enable photoacoustic imaging of
small cancer lesions was investigated using an orthotopic
syngeneic model of bladder cancer based on murine
MB49-Luc cells intravesical implanted in mice. In this
model, neoplastic cells, but not non-neoplastic epithe-
lial cells of the bladder, express a5p1 as determined by
immunohistochemical analysis (Fig. 4 and Additional
file 1: Fig. S7). Of note, this tumor model seems to grow
under the urothelium and remains partially covered by
some urothelial cell layers that show minimal or no a51
expression.

To assess whether GNRs@PEG-Iso4 can accumulate
on tumor lesions, we performed photoacoustic imaging
studies on a mouse bearing MB49-Luc bladder cancer.
Some scattered photoacoustic signals were observed in
tissues outside the bladder, but not on tumor and blad-
der, before nanoparticle instillation (Fig. 5A, left panel),
or immediately after GNRs@PEG-Iso4 administration
(Fig. 5A, central panel). Specific photoacoustic signals
were detected on the apical part of the tumor (i.e., on the
luminal side of the bladder), after 15 min of incubation
and bladder washing (Fig. 5A, right panel). Notably, the
photoacoustic spectrum of the signals outside the blad-
der was different from that of GNRs@PEG-Iso4 (Fig. 5B),
indicating that they were not related to gold nanoparti-
cles. In contrast, the photoacoustic spectrum of the sig-
nal associated to the tumor showed a pattern very similar
to that expected for gold nanoparticles (Fig. 5B), suggest-
ing that, in this case, the signal was related to GNRs@
PEG-Iso4 accumulation on the cancer lesion.

We next investigated the specificity and the capability
of GNRs@PEG-Iso4 to detect tumor lesions of different
size. To this aim GNRs@PEG-Iso4 was administered in
3 additional tumor-bearing mice and in 2 healthy mice.
The result showed that GNRs@PEG-Iso4 could recog-
nize tumor lesions in all tumor-bearing mice, but not
the adjacent normal bladder tissue (Figs. 6 and 7, upper
panels). No binding of GNRs@PEG-Iso4 to the bladder of
healthy mice was observed (Figs. 6 and 7, lower panels).
As expected, GNRs@PEG-Cys (a non-targeted nanofor-
mulation having a cysteine residue in place of the Iso4
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Fig. 3 In vitro PA and US imaging of GNRs@PEG-Iso4. A Representative 2D PA and US image of capillary tubes filled with the indicated amount

of GNRs@PEG-Iso4 (upper), and quantification of PA signal (lower). Grayscale, co-registered US signal; Green, PA signal of NPs. Bar, 1 mm. B
Representative 2D and 3D PA and US images (upper and middle panels, respectively) of an agar drop with or without GNRs@PEG-Iso4 (30 ul nanogold,
30 nmol Au,~1.16x 10" NPs), and quantification of PA signal (lower). The yellow dotted line in the upper marks the boundary between agar drop
and the slime gel. Grayscale, co-registered US signal; Green: PA signal. Bar, T mm. Note that GNRs accumulated mainly at the periphery of the drop

during the polymerization of the agar/GNRs mixture

peptide) failed to detect tumor lesions, suggesting that
peptide Iso4 is crucial for tumor recognition by nanopar-
ticles (Additional file 1: Fig. S8).

Taken together these results suggest that GNRs@PEG-
Iso4 can selectively recognize bladder cancer cells in vivo,
thereby enabling the photoacoustic imaging of small can-
cer lesions.

Role of a5f31 integrin as a target receptor of GNRs@
PEG-Iso4 in MB49-Luc bladder tumors

To investigate the role of a5p1 on the binding of GNRs@
PEG-Iso4, mice bearing orthotopic MB49-Luc tumors
were intravesical injected with an a5B1-blocking anti-
body, or with an isotype-matched control antibody, fol-
lowed, 15 min later by GNRs@PEG-Iso4. The bladders

were washed again and the uptake of GNRs@PEG-Iso4
was quantified by photoacoustic imaging. A reduced
photoacoustic signal was observed in mice treated with
the a5B1-blocking antibody, suggesting that a5p1 is an
important receptor for GNRs@PEG-Iso4 (Additional
file 1: Fig. S9).

Discussion
This work demonstrates that GNRs@PEG-Iso4 repre-
sents a stable and robust nanosystem for photoacoustic
imaging of small a5B1-positive bladder cancer lesions.
GNRs@PEG-Iso4 consists of PEGylated gold
nanorods that absorb light in the near-infrared region
of the electromagnetic spectrum (peak maximum
at~820 nm), functionalized with the cyclic peptide
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mADb anti-a5 integrin subunit

Whole bladder with an MB49-Luc orthotopic tumor

Zoomed area 1

¥

Zoomed area 3

[CphgisoDGRG] (Iso4), a ligand of a5p1 integrin. Nota-
bly, these nanoparticles can be prepared by a simple
two-step procedure. In the first step, GNRs are acti-
vated with a heterobifunctional reagent consisting
of (a) lipoic acid (which can form stable sulfur—gold
bonds with the nanoparticle surface), (b) a PEG 5 kDa
linker, and (c) a maleimide group (which can react with
the thiol group of Iso4). In the second step, maleimide

AN A A -

Fig. 4 Expression of a5-and (1-integrin subunit in the MB49-Luc bladder cancer model. Representative immunohistochemistry photomicrographs
of the expression of a5- and B1-integrin subunit in different areas of the bladder of a tumor-bearing mice, 11 days after intravesical instillation

of MB49-Luc cells. This mouse developed two MB49-Luc tumors (T) with different size. L, lumen of the urinary bladder; Red dashed rectangle:
zoomed areas. Zoomed area 1: healthy bladder, black arrows indicate the urothelial cells. Zoomed area 2: Inner MB49-Luc tumor. Zoomed area 3:

Small tumor. The small tumor, but not the big one, is almost completely covered by 2-5 layers of a5-negative urothelial cells (blue arrows). Scale

bar is shown in each panel. Immunostaining was performed as described previously [15]. See also Additional File 1: Fig. S7

activated-GNRs are coupled to Iso4 via its thiol group
(see Fig. 1). The results of biochemical and biological
studies on these nanoparticles show that Iso4 preserves
its functional properties after coupling to GNRs, as sug-
gested by the observation that GNRs@PEG-Iso4 could
specifically bind purified a5B1 and a5p1-positive blad-
der cancer cells (MB49-Luc). Furthermore, the results
of stability studies show that GNRs@PEG-Iso4 is stable
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Fig. 5 Invivo 2D PA and US images of an orthotopic MB49-Luc tumor before and after administration of GNRs@PEG-Iso4. MB49-Luc cells were

implanted orthotopically in the bladder of a mouse. After 14 days, the bladder was imaged by PA and US analysis before and immediately

after intravesical instillation of GNRs@PEG-Iso4 (26 nmol Au,~1x 10" NPs), and after 15 min of incubation and bladder washing. A A representative

axial 2D PA and US images of the entire bladder according to the indicated time of analysis. Grayscale, co-registered US signal; Green, PA signal

Bar, 2 mm. B Zoomed images of Panel A and PA spectra in the selected ROls according to the indicated time of analysis. Asterisk, Tumor; Red

and Orange features delineate the ROIs drawn on the apical part of the tumor (ROI 1) and outside the bladder (ROI 2), respectively. Note that the PA

spectrum detected in the tumor after installation of GNRs@PEG-Iso4, but not that of the PA signal observed outside the bladder, is very similar

to the spectrum obtained with the same nanoparticles dispersed in agar drops (inset). Arrows, Amax: ~ 830 nm
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After instillation of GNRs@PEG-Iso4

Zoomed

Mice with MB49-Luc orthotopic bladder tumor

Zoomed

Mice without tumor

Fig. 6 GNRs@PEG-Iso4 binds to orthotopic MB49-Luc bladder tumors but not to healthy bladder tissue. Representative axial 2D PA and US images
of the bladder from tumor-bearing mice (n=4 mice) or from healthy control mice (n=2 mice) before and after the instillation of GNRs@PEG-Iso4
(26 nmol Au,~1x10'" NPs), followed by incubation and bladder washing. Tumor-bearing mice were PA and US imaged 11-14 days after MB49-Luc
cell implantation. Grayscale, co-registered US signal; Green, PA signal. Cyan arrows, PA signal generated by GNRs@PEG-Iso4. Yellow arrows, PA signal
independent of GNRs@PEG-Iso4. Bar, 2 mm
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and does not aggregate in urine or in 5% sodium chlo-
ride, and even after one freeze/thaw cycle. Notably, the
photothermal properties of GNRs@PEG-Iso4 were not
affected after two cycles of on/off NIR laser illumina-
tion (which can raise the temperature up to 55 °C), sug-
gesting a good thermal stability of GNRs@PEG-Iso4.

The results of in vivo photoacoustic imaging studies,
performed in mice bearing orthotopic MB49-Luc bladder
tumors, show that GNRs@PEG-Iso4 can bind the surface
of well-established cancer lesions (a5p1-positive, detect-
able by standard US echography), but not to the bladder
of heathy mice (a5p1-negative). Notably, small spots of
photoacoustic signals were detected also at sites in which
standard US echography failed to detect tumor lesions:
considering that no uptake of nanoparticles was observed
by the urothelium in healthy mice, these sites likely cor-
respond to small bladder cancer lesions<0.5 mm, unde-
tectable by standard US echography. At variance, the
photoacoustic signals observed in tissues around the
bladder of both tumor-bearing and normal mice were
likely related to artifacts dependent on the acoustic inho-
mogeneity of the tissue, which may cause signal reflec-
tion inside the imaging plane [27-29]. This hypothesis is
supported by the observation that a) these signals were
present also before nanoparticle administration, and b)
these signals exhibited a photoacoustic spectrum com-
pletely different from that of GNRs@PEG-Iso4.

The tumor-binding properties of GNRs@PEG-Iso4
depend on a targeting mechanism mediated by o5p1-
integrin expressed by the tumor cells, as suggested by
the observation that (a) no binding occurred to a5p1-
negative healthy bladder and (b) nanoparticle accu-
mulation on tumor lesions was partially inhibited by
pre-administration of a neutralizing anti-a5B1 monoclo-
nal antibody. However, because the inhibition was not
complete, we cannot exclude the possibility that other
receptors are involved. Notably, immunohistochemical
studies performed by other investigators have shown that
healthy bladder tissues of mice and humans can express
high levels of avp6 and avp8 [30, 31], i.e., two potential
additional receptors of peptide Iso4 (Ki for a5p1, avfp6
and avfp8: 15, 46 and 51 nm, respectively). However, no
binding of GNRs@PEG-Iso4 to the healthy mouse blad-
der was detected, suggesting that these receptors, at
least those exposed to the luminal side, are somehow not

(See figure on next page.)
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"accessible”" to GNRs@PEG-Iso4, possibly because they
are already engaged by other ECM ligands or because
they have a conformation corresponding to the inactive
“resting” state of the integrin [32]. The photoacoustic sig-
nal of GNRs@PEG-Iso4, detected in MB49-Luc bladder
cancer model, was characterized by a "patchy pattern"
that was particularly evident in reconstructed 3D pho-
toacoustic images. This peculiar pattern may be related
to (a) heterogeneous expression of a5p1 molecules char-
acterized by differential accessibility of the ligand [33],
and (b) presence of discontinuous urothelial cell layers
(a5B1-negative) above the tumor, which may prevent or
reduce the binding of nanoparticles to the underlying
tumor cells (a5p1-positive). At this regard, it is impor-
tant to highlight the fact that the immunohistochemical
characterization of in situ carcinomas-tissue sections
obtained from patients showed that a5p1-positive cells
are exposed to the bladder lumen, which are, therefore,
accessible to intravesically administered nanoparticles
[15]. Intravesical administration of NPs may represent an
important advantage comparted to intravenous admin-
istration as local delivery may reduce potential systemic
toxicological effects.

In summary, the results of PAI studies performed in the
MB49-Luc model show that GNRs@PEG-Iso4 can spe-
cifically accumulate on a5B1-positive tumors, but not on
the normal urothelium.

Other investigators have exploited the mucoadhesive
properties of chitosan towards urothelial cells for the
preparation of drug delivery systems that target blad-
der cancer [34-36]. Recently, we have reported that
GNRs coated with chitosan and Iso4 (GNRs@Chit-Iso4)
and instilled in the bladder of mice bearing MB49-Luc
tumors, allows photoacoustic imaging of small cancer
lesions (<0.5 mm) undetectable by US, as confirmed by
the results of a longitudinal study showing that the small
areas recognized by these nanoparticles become detect-
able also by US 5 days later upon tumor growth [15].
Because GNRs@Chit-Iso4 particles tended to sediment
at the bottom of the bladder after intravesical instilla-
tion, cancer imaging in tumor-bearing mice required
the application of low-frequency US cycles with a pie-
zoelectric matrix array transducer placed on the abdo-
men to enable nanoparticle distribution on the entire
bladder surface [15], a procedure that may be difficult

Fig. 7. 3D PA and US images of bladders from MB49-Luc tumor-bearing mice or healthy control mice before and after instillation of GNRs@
PEG-Iso4. Representative 3D visualization (left and middle panels) and 3D reconstruction (right panels) of the PA and US signal of the bladders of mice
of Fig. 6. Grayscale, co-registered ultrasound signal; Green, PA signal. Cyan arrows, specific signal of GNRs@PEG-Iso4. Yellow arrows, nonspecific signal
recorded outside the bladder present before administration of GNRs@PEG-Iso4. Note the almost complete absence of PA signal inside the bladder
in control animals. Red arrows indicate small spots of PA signal likely corresponding to small bladder cancer lesions (< 0.5 mm) that are undetectable

by standard US echography
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Fig.7. (See legend on previous page.)
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to translate in patients. Notably, the fact that GNRs@
PEG5K-Iso4 does not undergo sedimentation after intra-
vesical administration represents a major advantage
over GNRs@Chit-Iso4, because in this case the use the
piezoelectric matrix array transducer is not necessary.
Furthermore, the fact that GNRs@PEG5K-Iso4 could
still image bladder cancer lesions despite the lack of chi-
tosan indicate that this compound is not crucial for the
targeting mechanism of GNRs to tumors and suggest
that nanoparticle functionalization with Iso4 is sufficient
for tumor recognition. Consequently, another inherent
advantage of GNRs@PEG5K-Iso4 is related to its simpler
production procedure. Indeed, while GNRs@Chit-Iso4
preparation requires several reagents for Iso4 coupling
(thioglycolic acid, ethyl(dimethylaminopropyl)carbodi-
imide, N-hydroxysuccinimide ester, chitosan, maleimide-
PEG;,-N-hydroxysuccinimide ester), GNRs@PEG-Iso4
requires only the LPA-PEG-MAL cross-linking reagent
and a simpler coupling procedure, thus reducing the risk
of nanoparticle heterogeneity. Thus, to summarize, the
main differences between GNRs@Chit-Iso4 and GNRs@
PEG-Iso4 are related to the size of GNRs (~ 90 nm length
and ~25 nm width versus~42 nm length and~12 nm
width, respectively), type of coating material (chitosan,
a polysaccharide with an undefined molecular weight
ranging from 50 to 200 kDa, versus PEG5KDa, an almost
homogeneous compound with a polydispersity of 1.09),
and the chemistry used for their assembly (4 distinct con-
jugation steps for GNRs@Chit-Iso4 and only 2 conjuga-
tion steps for GNRs@PEG-Iso4).

GNRs@PEG-Iso4 may have different applications in
bladder cancer patients, such as diagnostic imaging and
image-guided surgery of small lesions. Considering the
photothermal effects observed after illumination with
continuous laser light, GNRs@PEG-Iso4 might also be
exploited for photothermal therapy of bladder cancer, a
therapeutic application that deserves to be investigated.
In addition, considering that a5p1 is expressed also by
other tumor types, e.g. gastric tumors, endometrial can-
cer [37, 38], bone metastases of breast cancer, [39] and
by the neovasculature of several solid tumors [32], the
present results may stimulate other studies aimed at
assessing the utility of GNRs@PEG-Iso4 for imaging
and therapy of other tumors. Although no adverse reac-
tions were observed during the imaging procedure, it is
necessary to conduct adequate biosafety investigations
on GNRs@PEG-Iso4 prior any clinical applications as a
diagnostic and/or theranostic agent.
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Conclusion

GNRs@PEG-Iso4 represents a simple, homogeneous,
and robust diagnostic tool for photoacoustic imaging and
diagnosis of small bladder cancer lesions with the poten-
tial to be rapidly translated in the clinic.

Abbreviations
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Additional file 1: Table S1. Biochemical characterization of peptide Iso4
by Ellman’s assay, electrospray ionization mass spectrometry (ESI-MS)
analysis, RP-HPLC, nuclear magnetic resonance (NMR) spectroscopy and
integrin binding. Table S2. Expression of cell surface integrins on murine
MB49-Luc bladder carcinoma cells as determined by FACS analysis. Figure
S1. Zoom into the "H-1D NMR spectrum of peptide Iso4 centered on the
Ha resonances of phg and Phg. NMR spectroscopy shows that peptide
Iso4 consists of two isomers corresponding to a cyclic head-to-tail peptide
with D-phenylglycine (phg) and L-phenylglycine (Phg), the latter account-
ing for about 30%. The HaD and Hal signals of phenylglycine (each giving
rise to a doublet) are indicated. Figure S2. Binding of Iso4-HRP conjugate
to microtiter plates coated with or without a531, av33 and av5. A Sche-
matic representation of head-to-tail cyclized Iso4 and control peptides
(Iso3 and ARA, positive and negative control, respectively). B Binding of
peptide-HRP conjugates to microtiter plates coated with a531, avP3 and
av35. Peptide-HRP conjugates were prepared by coupling peptides to
maleimide-activated horseradish peroxidase (HRP), as described in Ref.
[15]. The binding assay was performed as described previously [15] using
the indicated amount of integrins for microtiter plate coating. Mean + SE,
n=2 wells. The Is03-HRP and ARA-HRP were used as positive and negative
controls, respectively, to assess integrin functionality (Iso3-HRP) and bind-
ing specificity (ARA-HRP). The binding curves of Iso4-HRP and ARA-HRP
a5p1 are reprinted with the permission of Ref. [15]. Figure S3. Expression
of a5-, B1-, 33-, B5-, av-integrin subunits, and av36 integrin on murine
bladder MB49-Luc carcinoma cells. Integrin expression by MB49-Luc cells
was analyzed by FACS using the indicated anti-integrin antibodies (5 pg/
ml), and appropriate species-specific Alexa Fluor 488-labeled second-

ary antibodies (5 ug/ml). Binding of an isotype control antibody is also
shown (see Table S2 for antibody description). Figure S4. TEM analysis

of MB49-Luc cells incubated with GNRs@PEG-Iso4 or GNRs@PEG-Cys.
MB49-Luc cells, cultured in a 12-well plate (cell confluency >90%), were
washed twice with 0.9% sodium chloride and then incubated for 5 min
with 25 mM Hepes buffer, pH 7.4, containing 150 mM sodium chloride,

1 mM magnesium chloride, 1 MM manganese chloride, 1% w/v BSA. The
cells were then incubated for 2 h at 37 °C, 5% CO,, with GNRs@PEG-Iso4 or
GNRs@PEG-Cys (1x 10" NPs/ml, 500 pl well). The cells were then washed
with the same buffer (3 times, 5 min each), fixed, and analyzed by TEM

as described in Ref. S1. Figure S5. Characterization of GNRs@PEG-Iso4
stability by a5B1-integrin binding assay. Binding of GNRs@PEG-Iso4
(different lots, called #A and #B, corresponding to freshly prepared NPs or
after 4 months of storage at 4 °C, respectively), to microtiter plated coated
with or without a5B1. NPs binding was detected as described in Methods.
GNRs@PEG-Cys was also included as a negative control. Note that the
binding of GNRs@PEG-Iso4 Lot#B is similar to that of Lot#A, suggesting
that no chemical detachment or degradation of the various compounds
composing the NPs occurred during the storage for 4 months at 4 °C.
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Figure S6. Photothermal properties of GNRs@PEG-Iso4. The capability of
GNRs@PEG-Is04 to release heat after illumination (0-15 min) was tested
using a custom-made system consisting of: 7) a continuous-wave NIR laser
line at 808 nm (LDC220C, TED200C, Thorlabs, laser power, 0.2, 0.3 and 0.4
W), 2) a multimodal optical fiber (1 mm @, Thorlabs), 3) a power meter sen-
sor (Thorlabs, cat. s405c¢); 4) a cuvette holder (Thorlabs), 5) a polystyrene
cuvette (Kartell, cat. 01938-00) containing 500 ul of sample, (0-500 uM

of Au, final concentration) and 6) a NIR camera (HEIMANN Sensor, cat.
HTPABO x 64dR2L.3.9/0.8HiA). A Heating curve of GNRs@PEG-Iso4 (500 uM
Au) dispersed in 0.05% HSA (Diluent) and irradiated with an 808 nm

laser at the indicated power densities. Right panel inset, the image of the
cuvette containing GNRs@PEG-Iso4 after 15 min of laser illumination at
04 W is shown. B Thermal stability of GNRs@PEG-Iso4 (125 uM Au) over 2
cycles of a laser on/off experiment at the indicated laser power. The 2nd
cycle of a laser illumination was performed after 24 h from the 1st cycle.
Figure S7. Expression of a5- and 31-integrin subunit in the MB49-Luc
bladder cancer model. Representative immunohistochemistry photomi-
crographs of the expression of a5- and 31-integrin subunit in different
areas of the bladder of a tumor-bearing mice, 15 days after intravesical
instillation of MB49-Luc cells. T, MB49-Luc tumor; L, lumen of the urinary
bladder; Red dashed rectangle: zoomed areas. Zoomed area 1: healthy
bladder, black arrows indicate the urothelial cells. Zoomed area 2: Luminal
side of MB49-Luc tumor. Note that this big tumor is minimally covered

by layers of a5-negative urothelial cells (blue arrows). Immunostaining
was performed as described previously [15]. Adapted and reprinted with
the permission of Ref. [15]. Figure S8. GNRs@PEG-Cys does not bind to
orthotopic MB49-Luc tumor lesions. A Schematic representation of the
experimental procedure. A mouse with orthotopic MB49-Luc tumor
lesions underwent PAUS imaging of the bladder before (Step 7) and after
(Step 2) intravesical instillation of GNRs@PEG-Cys (26 nmol Au). After blad-
der washing, additional PAUS imaging of the bladder was then performed
before (Step 3) and after (Step 4) instillation of GNRs@PEG-Iso4 (26 nmol
Au). B Representative PAUS images (axial 2D) of the bladder after step 1, 2,
3,and 4. Grayscale, co-registered US signal; Green, PA signal; Cyan arrows,
specific PA signal (generated by GNRs@PEG-Iso4). Yellow arrows, unspecific
PA signal (independent from nanoparticles). Bar, 2 mm. Specific PA signal
on tumor lesions was observed only after step 4, suggesting that peptide
Iso4 is crucial for tumor recognition by nanoparticles. Figure S9. Effect of
a neutralizing anti-a531 mAb on the uptake of GNRs@PEG-Iso4 to MB49-
Luc bladder tumors. Mice bearing orthotopic MB49-Luc tumors were
intravescically administered with a control isotype mAb or a neutralizing
anti-a531 mAb (clone: RTK2758 and 5H10-27(MFRS), respectively, 20 pug/
mouse). After 15 min, the bladders were emptied and subsequently filled
with GNRs@PEG-Iso04 (26 nmol Au in 100 pl,~1x 10" NPs). After 15 min,
the bladders were washed, and PA and US imaged. PA signals associated
with whole tumors or adjacent healthy tissues (background) were quanti-
fied using Vevolab 5.6.1 software. Box-plots with median, interquartile
and 5-95 percentile, in which dots represent well-established tumors.

N =4-5 mice, with one or two tumors per bladder. P, by Mann-Whitney

nonparametric test.
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