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Residual nonvisible bladder cancer after proper treatment caused by technological and
therapeutic limitations is responsible for tumor relapse and progression. This study aimed
to demonstrate the feasibility of a solution for simultaneous detection and treatment of
bladder cancer lesions smaller than one millimeter. The a5p1 integrin was identified as
a specific marker in 81% of human high-grade nonmuscle invasive bladder cancers and
used as a target for the delivery of targeted gold nanorods (GNRs). In a preclinical model
of orthotopic bladder cancer expressing the a5f1 integrin, the photoacoustic imaging
of targeted GNRs visualized lesions smaller than one millimeter, and their irradiation
with continuous laser was used to induce GNR-assisted hyperthermia. Necrosis of the
tumor mass, improved survival, and computational modeling were applied to demon-
strate the efficacy and safety of this solution. Our study highlights the potential of the
GNR-assisted theranostic strategy as a complementary solution in clinical practice to
reduce the risk of nonvisible residual bladder cancer after current treatment. Further
validation through clinical studies will support the findings of the present study.

bladder tumor | nanoparticles | photoacousticimaging | hyperthermia | computational modeling

Bladder cancer (BC) is the tenth most common cancer worldwide, with more than half a
million new diagnoses and 200,000 deaths every year (1). Approximately 75% of patients
who are first diagnosed with BC have tumors confined either to the urothelium (noninvasive
papillary carcinoma—Ta, and in situ carcinoma—CIS) or to the lamina propria (T'1) and
are classified as nonmuscle invasive bladder cancer NMIBC) (2). Guidelines for the clinical
management of NMIBC involve endoscopic transurethral resection of bladder tumor
(TURBT), usually followed by intravesical instillation of adjuvant therapy (3). Unfortunately,
patients with NMIBC often have a high tumor recurrence rate. At the second-look TURBT
(i.e., <90 d after the first TURBT), residual high-grade disease was still detected in 40% of
patients, with high-grade Ta making up the majority of these cases (57%) (4).

Even the use of the photodynamic diagnosis method (performed using blue light after
preoperative intravesical instillation of hexaminolevulinic acid) concomitant to TURBT
and early intravesical instillation of mitomycin C did not effectively reduce the frequency
of NMIBC relapse, which stands up to 60% 3 y post-TURBT (5). Hence, more than
200,000 NMIBC patients each year are expected to have BC relapses, which often require
multiple intervention sessions/cycles and follow-ups in an attempt to eradicate the tumor.
This, coupled with the high cost involved in TURBT (6), results in BC becoming the
most expensive malignancy to treat over the lifetime of patients, with an annual expend-
iture of USD 10 billion (7, 8). Consequently, reducing the recurrence rate of NMIBC
relapses is a priority to improve quality of life and reduce the economic burden on patients
and their caregivers.

To improve the success of clinical management of NMIBC, two limitations need to be
addressed. First, photodynamic diagnosis is ineffective in detecting tumors smaller than
1 mm, with a specificity that is lower than white light endoscopy (63% vs. 81%). This is
because photodynamic diagnosis can also detect areas of inflammation following TURBT
or BCG instillation (9-11). This technical problem becomes even more severe when
diagnosing bladder CIS due to its velvet-like appearance and with few neoplastic cells in
a reddish area that is indistinguishable from inflammation. For tumors <1 mm in size,
bladder lesions cannot be diagnosed using imaging methods, such as CT urography,
intravenous urography (IVU), ultrasound (US), and multiparametric MRI (mpMRI,
including the VI-RADS protocol) (12), and the recently described high-frequency
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Residual disease in bladder
cancer is responsible for tumor
recurrence and progression and is
caused by technological and
therapeutic limitations. This study
demonstrated the feasibility of a
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by the intravesical instillation

of urine-stable gold nanorods

as a contrast agent for
photoacoustic imaging and
assisted hyperthermia via the
photothermal effect. The solution
allowed the detection of lesions
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necrosis. The nanoparticles are
targeted against the tumor-specific
integrin a5p1, expressed by the
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and 81% of high-grade nonmuscle
invasive bladder cancer in
humans. Clinical validation studies
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strategy as a complementary
solution in clinical practice to
reduce the risk of residual bladder
cancer disease.
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microultrasound, which can only detect tumors larger than 5 mm
(13, 14). Even cystoscopy, which may include photodynamic
diagnosis, has limited diagnostic utility in terms of bladder CIS
detection. During cystoscopy and TURBT, numerous biopsies are
usually taken from the suspicious urothelium to aid detection and
diagnosis (15). Second, residual NMIBC are often chemoresistant,
with intravesical instillation of adjuvant therapy failing in approx-
imately 50% of patients (3).

We recently characterized a preclinical model of BC expressing
integrin a5p1, which is also expressed in 75% of the human blad-
der CIS (16). Using this approach, we delivered a solution to
detect BC lesions smaller than 1 mm (16). This solution involves
intravesical instillation of urine-stable targeted gold nanorods
(GNRs) against integrin a5p1 to detect BC expressing the same
integrin. This was achieved by exploiting the photoacoustic prop-
erties of GNRs using photoacoustic (PA) imaging, a diagnostic
imaging modality that provides spatial resolution in the range of
50 to 100 microns (17). PA imaging of GNRs is achieved through
nanopulsed laser irradiation; however, their irradiation using con-
tinuous laser allows the conversion of optical energy to heat and
thus their application as photothermal therapy (PTT) (18, 19).

The unique PA and photothermal properties of the GNRs when
irradiated with different types of lasers suggested the possibility
of an effective BC management strategy that simultaneously
detects and treats the lesion.

This study aimed to demonstrate the feasibility of a solution to
better manage residual NMIBC. To achieve this aim, we investi-
gated the use of GNRs coated with the biopolymer chitosan
(GNRs@Chit) engineered with peptide fs04 (head-to-tail cyclized
c(CphgisoDGRG), selective for the a5p1 integrin) (16, 20), to
provide simultaneous detection (via PA imaging) and treatment
(via GNR-assisted PTT) of BC lesions smaller than 1 millimeter
expressing integrin a5p1.

To gain a mechanistic understanding of the heat transfer process
that occurs during PTT, a computational model was developed
and validated against a preclinical model of orthotopic BC that
expressed the integrin a5p1. Using a large cohort of clinical spec-
imens, this study confirmed the expression of integrin a5p1 on
bladder CIS, as well as on high-grade pTa and pT1 as diagnosed
at TURBT. This study demonstrates the efficacy and safety of
GNRs engineered with Chit and Iso4, hereafter referred to as
GNRs@Chit-Iso4, in inducing coagulative necrosis of BC express-
ing integrin o5P1. Likewise, current findings show that
GNRs@Chit-Iso4 is feasible for theranostic application for resid-
ual BC represented by lesions smaller than 1 mm.

Results

The o501 Integrin Is Expressed by Neoplastic Cells in the NMIBC.
We previously reported that the a5p1 integrin is expressed by the
orthotopic tumor in the MB49-derived preclinical model and in
six out of eight (75%) samples of patients diagnosed with CIS (16).
In this study, we implemented this information by carrying out the
analysis of an extended number of CIS and included specimens
from high-grade (HG) NMIBC staged pTa and pT1, for a total
of 43 BC specimens and 4 nontumoral bladder specimens.

In the nontumoral tissues, the ®5 subunit was not expressed by
the urothelial and umbrella cells present in the urothelium but was
only expressed by the stromal cells present in the lamina propria
(Fig. 14). The same expression pattern was observed in a clinical
specimen of chronic reactive urothelium following radiotherapy
(Fig. 1B), characterized by irregular polarization of the nuclei of
urothelial cells, hyperplastic umbrella cells, and inflammation in
the lamina propria. In the NMIBC specimens, the membranous
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expression of the a5 subunit was also identified in the CIS cancer
cells (n = 18/25 cases, 72%) (Fig. 1C), including CIS that colonized
the prostate ducts (Fig. 1D), and HG pTa (n = 10/11 cases, 91%)
(Fig. 1E). In HG pT1, the a5 subunit was expressed only in the
noninvasive region of the neoplasia (Fig. 15), but not expressed
when tumor cells invaded the lamina propria (n = 7, 100%)
(Fig. 1G). The p1 subunit was expressed by urothelial, stromal and
tumor cells, as recently reported (16) (data not shown). The out-
come of this analysis shows that non-neoplastic urothelial cells were
negative for the expression of ®5p1 integrin and that 81% (35 out
of 43 cases) of HG NMIBC in the urothelial layer express a5p1
integrin (Fig. 1H). Overall, these data suggest that the expression
of a5p1 integrin is specific to the neoplastic transformation of
urothelial cells when HG neoplasia is in the urothelial layer but is
not associated with chronic inflammation.

Furthermore, the width of bladder CIS was in the range of 0.15
to 1.2 mm, and the depth was between 10 and 300 um for single-cell
layer or hyperplastic neoplasia, respectively. The width of the pTaG3
and the noninvasive region of pT1G3 was in the range of 1.5 t0 5.6
mm, and the depth was between 130 and 900 pm.

GNR-Assisted PTT Induced Coagulative Necrosis of BC. The
specificity of GNRs@Chit-Iso4 (SI Appendix, Fig. S1) to induce
GNR-assisted PTT for neoplastic tissue was assessed in a
preclinical model represented by mice bearing the MB49-Luc
derived orthotopic tumor that expresses integrin a5p1 (16).
Pulsed laser light at 808 nm irradiated from the surface of the
abdomen was used to image the specific PA signal of GNRs@
Chit-Iso4, which is located only at the surface of the tumor mass
but not in the urothelium surrounding the neoplasia (Fig. 24).
A preliminary study based on a trial-and-error approach was
carried out to identify parameters for laser irradiation that
would induce the death of tumor cells bound to GNRs@Chit-
Iso4 but avoid thermal damage to the skin and the surrounding
bladder, a consequence that could compromise the survival of the
irradiated preclinical model and introduce bias in the estimated
efficacy of GNR-assisted PTT. Results of this preliminary study
suggest that 3 min of irradiation with continuous laser at 808
nm and a laser power density of 2.54 W/em? at the surface of
the abdomen was sufficient to raise the tumor temperature to
induce cell death but caused only a 1 to 2 °C increase on the
skin surface. Histological analysis of the explanted organ (Fig. 25)
showed no signs of damage in the non-neoplastic tissue near the
tumor mass (Fig. 2C) and in the bladder wall penetrated by the
laser light (Fig. 2D). We observed signs of coagulative necrosis in
the upper part of the neoplastic mass covered with the GNRs@
Chit-Iso4, a process that occurs in the temperature range of 42
to 46 °C (21), with signs of pyknosis deeper into the neoplastic
mass (Fig. 2E). The depth of thermal damage in the tumor mass
induced by GNR-assisted PT'T was between 500 and 1,300 pm
among the different tumors treated, and composed of necrosis
and pyknosis, to which pyknosis depth contributed to 31 + 4%
of the total thermal damage (Fig. 2F).

Gradient of Power Density at the Upper and Lower Side of the
Bladder. Tumors may grow at different locations on the bladder
surface. Because the bladder is shaped like a hollow ellipsoid and
the laser beam follows a Gaussian distribution, the power densities
at the upper and lower halves of the bladder may be different.
Since our target were small and flat lesions, we estimated the
laser power density at the skin surface and at the bottom of the
bladder, but not at the tumor surface. Estimation was performed
only for control animals without tumors. Results indicated that
the power density at the skin surface and bottom surface of the
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Fig. 1. Expression of the o5 integrin subunit in human NMIBC. Representative immunohistochemistry photomicrographs of human bladder sections of non-
neoplastic tissue (A and B), CIS (Cand D), HG pTa (pTaG3, ), and HG pT1 (pT1G3) in the urothelial layer (F) and in the lamina propria (G, representative tumor area
highlighted by dashed circle); all tissues were obtained by TURB. [Scale bar, (A and B), 50 um; (C-G), 100 um.] Ur, urothelium, Lp, lamina propria. Quantification
of tissues with cells positive for the membranous expression of the a5 subunit and located in the urothelial layer (H); N.n.= non-neoplastic tissue.

bladder was 2.54 and 0.664 W/cm®, respectively, which for a 3
min irradiation corresponded to a total energy delivered to the
skin and lower bladder surfaces of 120 J and 88 ], respectively
(Fig. 2G and SI Appendix, Table S1).

PNAS 2024 Vol.121 No.37 2411583121

GNRs@Chit-Iso4 Mediated the Increase in Temperature and
Heat. To associate the necrosis observed from the histological
analysis with GNR-assisted PTT, we established the temperature
and amount of heat generated during laser irradiation. After
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Fig. 2. Theranostic application of GNRs@Chit-Iso4 against the murine MB49-Luc orthotopic bladder tumor. (4) Axial frame of the murine bladder with a tumor detected
by ultrasound imaging and specific photoacoustic imaging of GNRs@Chit-Iso4 obtained after spectral unmixing using the reference photoacoustic spectra of melanin,
deoxygenated and oxygenated blood (after intravesical instillation of 10 nmol Au; 100 pL of 100 uM GNRs@Chit-Iso4): one representative frame taken in the middle
of the bladder, with the time gain compensation (TGC) shown at the right side of the image. (B) Hematoxylin-eosin stain of the tissue section from the same animal
shown in panel 4, after 3 min of irradiation with continuous laser at a laser power density of 0.664 W/cm?. (C) The non-neoplastic tissue near the necrotic tumor mass.
(D) The normal bladder wall that was passed through by the laser. (E) The tumor mass with the necrotic area highlighted by the yellow dashed border, followed by a
magnification of the region within the red dotted frame showing the coagulative necrosis characterized by the absence of cell nuclei, and the pyknosis characterized
by the condensation of chromatin in the nuclei of the cells. (F) Quantification of the thermal damage in the neoplastic tissue, estimated as necrosis and pyknosis from
the tumor surface to the inner part of the mass (measurements on 6 hematoxylin/eosin slides each tumor, four tumors from four different animals). (G) Scheme and
parameters used to establish the gradient of laser power density at the upper and lower side of the bladder; bladder dimensions and distance from the skin were
obtained from US images of the mouse in the supine position. Data shown in panels A-F are from one representative animal out of three tested. Data shown in panel
Fwere from eight ex vivo murine bladders.
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demonstrating the in vivo binding of GNRs@Chit-Iso4 to the
luminal area of the bladder tumor (57 Appendix, Fig. S2), laser
irradiation and measurement of temperature rise were performed
ex vivo. To ensure that the measurement of bladder temperature
rise during laser irradiation was not biased by heat absorption in
the surrounding organs, the bladder from the treated mice was
removed together with the layer of tissue surrounding the bladder
and the skin. The optical fiber for laser irradiation was placed
above the skin, and the NIR thermal camera was placed under
the bladder (87 Appendix, Fig. S3).

Three minutes of laser irradiation of the tumor-bearing bladder
(without GNRs@Chit-Iso4) and the healthy bladder (without
tumor) induced a temperature increase of 2.54 + 0.52 °C across
the bottom surface of the bladder, without difference between the
two groups. Conversely, a significant increase in temperature of
5.36 + 1.25 °C was observed for the tumor bounded with
GNRs@Chit-Iso4 (Fig. 34). Likewise, significant heat sustain-
ment mediated by irradiation of GNRs was recorded in the 4 min
following laser shutdown (Fig. 3B).

Density of Gold on the BC Luminal Area. To establish the
relationship between the bladder tumor area, the amount of gold
bound to the tumor, and the maximum temperature rise, we used
data from animals with different tumor sizes after intravesical
instillation of GNRs@Chit-Iso4 (SI Appendix, Fig. S2 and
Table S2). The maximum temperature increase was proportional
to the total amount of gold bound to the tumor surface, as recently
reported (22), and the total amount of gold and the maximum
temperature increase were proportional to the tumor area exposed
to the bladder lumen (Fig. 3C).

Of the GNRs that were intravesically instilled, the median
amount of gold recovered from the surface of the tumor was 10%,
ranging from 3% to 22 % according to the tumor area (Fig. 3D).
Indeed, the density of gold on the neoplastic tissue was not
dependent on the tumor size, with a median density of gold of
7.5 ng/mm Zof neoplastic tlssue ranging from 6 to 8 ng/ mm? and
one outlier at 17 ng/mm (Fig. 3E). According to the GNR
dimension of the GNRs that we used (16), we estimated that 7.5
ng/mm2 corresponds to 22 million GNRs/mm?.

Efficacy and Specificity of GNR-Assisted PTT in Reducing Tumor
Mass. To assess the efficacy and specificity of GNR-assisted PTT
in reducing tumor mass, mice were randomized according to the
bioluminescence signal of the tumor mass. Three groups of mice
with similar tumor masses were used (Fig. 3F). The parameters
used for in vivo GNR-assisted PTT were as follows: i) laser
wavelength of 808 nm, ii) laser power density on the skin of
2.4 W/em?® (laser power 0.66 W and effective illumination area
defined by a radius of 5.75 mm), and iii) laser probe placed 11
mm from the skin. Irradiation for 3 and 5 min did not reduce
the tumor mass, as indicated by the absence of a reduction in the
bioluminescence signal. After intravesical instillation of GNRs@
Chit-Iso4, a significant reduction in the tumor mass was found,
with no difference between 3 and 5 min of irradiation (Fig. 3F).
The specificity of the targeted GNR-assisted PTT was further
demonstrated using the murine BC cell line MB49-Luc, whose
viability was significantly reduced only after treatment with

GNRs@Chit-Iso4 and irradiated (Fig. 3G).

Estimation of Temperature Rise at the Tumor Surface. Although
the findings reported in “GNRs@Chit-Iso4 mediated the increase
in temperature and heat” showed a significant increase in
temperature in the presence of GNRs@Chit-Iso4, this information
is biased by the measurement of temperature at the exterior

PNAS 2024 Vol.121 No.37 2411583121

surface of the bladder wall, the absorption of heat by the bladder
wall, the tissue/fat surrounding the bladder, and the convective
dispersion of heat by the urine. To estimate the temperature rise
across the tumor surface, we developed a computational model
that approximated the conditions of the ex vivo experiments,
such as the amount of gold bound to the tumor, as determined
experimentally (57 Appendix, Table S2), and tumor surface area
exposed to the bladder lumen (87 Appendix, Table S3). The thermal
effects of small and large tumors can be distinguished by analyzing
the temperature rise across the tumor surface. The temperature
rise at the top surface of the tumor where GNR attachment was
expected was found to range from 9 to 23 °C for tumors with
small (3.82 mm?) and large (69.58 mm %) surface areas, respectively
(Fig. 44 and SI Appendix, Table S4). In the absence of GNRs,

the range of temperature rise was narrower, between 5 and 7 °C
(SI Appendix, Table S4). When we considered the bottom surface
of the tumor, the temperature rise mediated by the GNRS ranged
from 7 to 19 °C for tumors with small (3.82 mm?) and large
(69.58 mm?) surface areas, respectively (Fig. 44). In the absence of
the GNRs, the temperature rise was very similar to that estimated
on the surface of the tumor (S/ Appendix, Table S4). These findings
indicate that the temperature rise in the presence of GNRs was
dependent on the amount of GNRs bound to the tumor surface,
and in the absence of GNRys, it was mediated by the absorption
of photons by the tumor mass. Furthermore, the information
presented provides insight into the variable distance of thermal
damage observed in different tumors, with larger tumors having
a greater surface area for the attachment of GNRs, and hence,
can generate more heat that spreads deeper into the tissue (as
previously reported in Fig. 1F).

Computational Model for GNRs@Chit-Iso4-Assisted PTT of Small
BC Lesions. Having established the feasibility and specificity of
PTT assisted by GNRs@Chit-Iso4 for tumors expressing integrin
a5P1, we carried out simulations to test the hypothesis of a
localized thermal effect driven by GNRs. A dedicated heat transfer
model for small BC lesions was developed. The model considered a
bladder tumor resembling a cylinder with a radius of 0.5 mm (i.e.,
width of 1.0 mm) and thickness of 0.2 mm, with an estimated
volume of 0.192 mm®. GNRs@Chit-Iso4 is assumed to bind to
the luminal side after intravesical instillation. The model assumed
that the mouse was in the supine position, and the bladder was
irradiated from the top using a 0.66 W continuous laser with a
beam radius of 10 mm evaluated at full-width half maximum
(Fig. 4B). The amount of GNRs distributed across the tumor
surface was estimated based on the GNR attachment density,
7.5 ng/mm” determined experimentally (as previously reported
in Fig. 3E).

In the model, the average tumor temperature was 43.0 °C, while
on the skin surface, the maximum temperature was 46.6 °C after 3
min of irradiation (Fig. 4C). Note that the tumor temperature was
almost homogeneous (average vs. maximum of 43.0 vs. 43.3 °C).
When the irradiation duration was increased to 5 min, the average
tumor temperature increased to 45.7 °C, whereas on the skin sur-
face, the maximum temperature was 48.9 °C (Fig. 4D). Although
prolonging the laser exposure helped to elevate the tumor temper-
ature, it also increased the temperature on the skin surface to
increase. Nevertheless, it is noteworthy that the maximum temper-
ature on the skin at 46.6 °C after 3 min occurred only across a very
small region (width < 1 mm) immediately above the tumor. As
observed from the temperature contours (Fig. 4C), most of the skin
surface is still below 40 °C.

The absence of significant thermal damage to bladder tissue is
also evident in Fig. 4E. The green curve represents the 42 °C
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Fig. 3. The specificity of thermal therapy mediated by GNRs@Chit-Iso4 against bladder cancer cells expressing the integrin «5p1. Intravesical instillation of
1,970 ng of Au (100 pL of 100 pM of GNRs@Chit-Iso4) was performed in five animals with bladder orthotopic tumors of different sizes: after 15 min of incubation
followed by three intravesical washes with saline solution, the binding of GNRs@Chit-Iso4 to the tumor area was visualized by PAUS imaging (S/ Appendix, Fig. S7).
(A) Left: Kinetic of temperature rise during laser irradiation and temperature fall during the laser off period; Right: maximum of temperature rise measured after
180 s of laser irradiation; each symbol in the dot plot represents a single animal. (B) The total temperature and heat calculated during the i) laser on/off period,
i) on period, and iii) off period. (C) Quantification of gold and maximum of the measured temperature rise according to the luminal area of the bladder tumor.
(D) Recovery of gold. (E) Density of gold on neoplastic tissue. Each dot represents a single animal, with raw data reported in S/ Appendix, Table S2. Lines and bars
in panels B and C show means and SEM. (F) Tumor bioluminescence before and after laser irradiation (3 and 5 min) in the absence and presence of GNRs@
Chit-1so4 (intravesical instillation of 10 nmol Au, 100 uL of 100 uM of GNRs@Chit-Iso4); each symbol represents one animal before and after laser irradiation
of the bladder, tested 9 to 12 d after the intravesical instillation of the MB49-Luc cells (statistical significance by the paired t test is shown by asterisks). (G) Cell
viability of MB49-Luc cells cultivated in vitro was established 16 h after treatment with GNRs@Chit or GNRs@Chit-Iso4 and left not irradiated or irradiated with
a 808 nm continuous laser. The experiment was performed in quadruplicate, and data are expressed as mean + SEM.
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Fig. 4. Computational model for GNRs@Chit-iso4-assisted PTT of ex vivo bladder and small bladder cancer lesions. (A) Comparison of temperature rise across
the top and bottom surfaces of the tumor estimated from the model of ex vivo bladder. (B) Schematic of the computational model representing the region of
interest during GNR-assisted PTT of bladder cancer in the mouse. The blue region represents the tumor, while the thin region in red represents the layer of the
tumor with GNR attachment. The position of the laser probe in contact with the skin is also shown. (C) Contours of temperature after 180 s of laser irradiation
at a laser power of 0.66 W in the model that considers an Au density of 7.5 ng/mm? at the tumor surface (the /nset shows an enlarged view of the temperature
contours across the tumor). (D) As in panel B, but considering 300 s of irradiation, with the temperature scale capped at 48.9 °C for better visualization (the Inset
shows enlarged views of the temperature contours across the tumor). (E) Spread of the 42 °C isotherm (green) from the tumor boundary for cases with tumor
radii of 1, 1.5, and 2 mm. (F) As in panel B but considering a 10-fold higher Au density (75 ng/mm?) of the tumor surface (the Inset shows an enlarged view of

the temperature contours across the tumor).

isotherm, where the spread to 1 mm from the tumor boundary
suggests that heat propagation in the lateral direction is confined
to a small region around the tumor. This appeared to be independ-
ent of the tumor size, as simulations repeated for tumor radius of
1.5 and 2 mm showed that the 42 °C isotherm did not extend
beyond 1 to 2 mm from the tumor boundary.

We also considered a hypothetical case in which there was a
10-fold increase in GNR attachment to the tumor surface (i.e., 75
ng/mm?). When the GNR concentration was increased by 10x, the
average tumor temperature after 3 min of irradiation was 47.1 °C,
while the maximum temperature on the skin surface was 49.9 °C
(Fig. 4F), a temperature known to induce burns on mouse skin (23).

The results obtained from this simulation study are in agreement
with the setup identified in our preliminary study using the
trial-and-error method (see “GNR-assisted PTT induced coagula-
tive necrosis of BC”), where 3 min of irradiation-induced

PNAS 2024 Vol.121 No.37 2411583121

coagulative necrosis of the tumor that was covered with GNRs, in

the absence of damage to the skin surface and the bladder (Fig. 2).

Early Detection of BC Lesions. Using the clearly visible tumors
reported above, we demonstrated the feasibility and specificity
of GNR-assisted PTT for BC therapy. Furthermore, the
computational model shows that GNR-assisted PTT can be
achieved for smaller tumors, such as CIS. Therefore, studies were
repeated using the preclinical model in the time frame in which
the tumor mass was not yet visible. Here, we report that several
neoplastic lesions smaller than 0.5 mm and undetectable by high-
resolution US were recognized through PA imaging of GNRs@
Chit-Iso4 (Fig. 5A4). In the following days, the small neoplastic
lesions developed into neoplastic masses that coalesced to form a
large irregular tumor (Fig. 5B), with the tumor growing into the
bladder lumen and the tumor cells infiltrating the lamina propria
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(Fig. 5C). The biology of the tumor onset and progression reported
here is in agreement with a previous report (24) which shows that
this preclinical model is characterized by the early establishment
of clusters of a few MB49 cells attached to the luminal side of
the urothelium, followed by the onset of sessile carcinoma that
develops toward the bladder lumen, and pedunculated tumors
that also infiltrate the lamina propria (24).

GNRs@Chit-Iso4-Assisted PTT Reduced Tumor Growth and the
Number of Small Neoplastic Areas. We evaluated the efficacy
of GNR-assisted PTT in reducing tumor growth over 28 d of
follow-up. In this framework, mice were instilled with MB49-Luc
cells and randomized on day 9 according to the bioluminescence
signal of the tumor to receive or not receive GNRs@Chit-Iso4-
assisted PTT (Fig. 6A4). Randomization was performed such that
ammals with low/middle and high bioluminescence signals (<1 0°,
>10° total flux, p/s) were present in both experimental groups
(Fig. 6B). Survival analysis showed a more prolonged survival of
mice treated with GNR-assisted PTT than that of the untreated
group (Fig. 6C).

In this preclinical model, tumor progression was rapid (Fig. 6D),
leading to bladder obstruction that contributed to the death of
the animals. In the context of PA imaging of GNRs@Chit-Iso4
and GNR-assisted PTT, we highlight two scenarios: i) the pres-
ence of tumor lesions detectable by US and PA imaging of
GNRs@Chit-Iso4, and ii) tumor lesions smaller than 0.5 mm
and only detectable by PA imaging of GNRs@Chit-Iso4. In ani-
mals with tumor lesions that were detectable by both US and PA
imaging of GNRs@Chit-Iso4, GNR-assisted PTT successfully
reduced the tumor growth (Fig. 6E). In animals in which tumor
lesions were detected only by PA imaging of GNRs@Chit-Iso4,
we identified several lesions with diameters smaller than 0.5 mm
in the entire bladder volume (Fig. 6F), which is in agreement with
the presence of clusters of few MB49 cells attached to the urothe-
lium at earlier times after intravesical instillation (24). After
GNR-assisted PTT, only one tumor region was identified, with a
significantly smaller tumor volume than that without GNR-assisted

PTT (Fig. 6F).

Discussion

We established a strategy for the simultaneous detection and treat-
ment via hyperthermia of BC lesions through specific targeting
by using GNRs@Chit engineered with the peptide Iso4 (GNRs@
Chit-Iso4) to specifically recognize integrin a5p1, which is present
in 81% of HG NMIBC. GNRs@Chit-Iso4-induced PTT
improved the survival of the treated mice by effectively reducing
the tumor mass through cell necrosis. This solution also emerged
to be safe, as both in vivo data and computational modeling
demonstrated the absence of thermal damage to the surrounding
non-neoplastic tissue, the maximum distance reached from the
therapeutic temperature (>42 °C) from the boundary of the tumor
was estimated at 1 mm.

The results from our heat transfer simulations demonstrated the
ability of the GNRs to absorb photons efficiently and convert
optical energy to heat. The heat is generated around the tumor
surface where GNRs bind to then spreads to other regions either
by conduction through the tissues or by convection via urine flow
(SI Appendix, Fig. S4B). We acknowledge an overestimation of the
temperatures at the bottom surface of the bladder compared with
the experiments (S/ Appendix, Table S4). This may be explained
by the loss of photons during the experiments as the laser propa-
gated through different tissue layers of the excised bladder.
Simulations carried out on the model with bladder CIS also

https://doi.org/10.1073/pnas.2411583121

demonstrated the hyperthermic capability of the GNRs, although
the heating intensity was somewhat reduced because of the small
surface area of the submillimeter tumor, which reduces the amount
of GNRs that can bind to the tumor. Even so, the in vivo study
demonstrated that the heat generated within the submillimeter
tumor was sufficient to induce necrosis in few tumor cells present
in the lesion, further demonstrating the efficacy of the GNR-assisted
PTT setup.

The necrosis induced by GNR-assisted PTT has threefold
added value, namely i) not being influenced by the chemore-
sistance phenomenon; ii) being equally effective in men, women,
and frail individuals; and iii) being able to induce the recruitment
of immune cells that could eliminate residual tumor cells (25, 26).

Through the intravesical instillation of GNRs@Chit-Iso4 and
by means of the associated PA imaging and the PTT effect, we
have demonstrated the possibility of estimating the density of gold
per squared millimeter attached to neoplastic tissue exposed to
the luminal side of the bladder that upon laser irradiation, was
sufficient to provide a significant increase in total heat absorption
and temperature rise.

This solution was designed according to clinical procedures for
NMIBC detection (i.e., bladder lavage and tumor detection by
cystoscopy), was designed not to change the clinical approach and
to be completed in approximately 20 min. Furthermore, using
GNRs that can release US and heat upon irradiation with a pulsed
and continuous laser at 808 nm offers the advantage of utilizing
a single optical fiber. This approach is also safe as the 808 nm
wavelength is in the biological optical window (near infrared at a
wavelength of 680 to 970 nm), which is approved for clinical
practice by the American National Standards Institute (27).
Opverall, this solution offers unmet theranostic opportunities and,
as it is unrelated to cellular metabolism, can overcome bias in
gender medicine (28), being equally effective in male and female
BC patients (29, 30). Likewise, this solution is also suitable for
frail patients who may have troubles in tolerating the standard
care for bladder CIS, i.e., the intravesical instillation of Bacillus
Calmette—Guerin (31).

The feasibility of intravesical instillation of GNRs to deliver
PTT against BC has been previously demonstrated. Reduced
tumor growth was achieved in the orthotopic mouse xenograft
model with the human BC cells T24 upon i) EGFR-targeted
GNRs left in the bladder for 2 h, for six weekly intravesical
instillation and PTT obtained with 808 nm laser and laser power
density of 2.1 W/cm? (32), or ii) intravesical instillation of
Au@Chl/Fe-CPBA nanorods and irradiation with 785 nm laser
and laser power density of 1 W/em? (33). A reduction in
MB49-induced murine orthotopic BC growth has also been
reported with other forms of nanoparticles, such as targeted
carbon nanotubes irradiated with a laser wavelength of 980 nm
and a power density of 1.7 W/cm® for a total energy density of
50 J/cm % (34). Our solution overcomes the limitations identified
in the above studies, such as the 2-h incubation of GNRs in the
bladder and six weekly instillations. In addition to PTT, our
proposed solution can simultaneously visualize smaller lesions
using the same nanoparticles and laser wavelengths via PA
imaging.

The present study is not devoid of limitations. First, in this pre-
clinical model, MB49-Luc cells that bind to the urothelium give
rise to sessile and pedunculated tumors (24). Therefore, PTT
induced after intravesical instillation of GNRs@Chit-Iso4 efficiently
reduced the tumor mass in the murine bladder lumen, but the effect
did not reach the tumor cells in the lamina propria. As a result, this
study could not demonstrate the curative application of

GNR-assisted PTT, as also reported in the studies above (32-34).
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Days after intravesical instillation of the murine bladder cancer cells MB49-Luc
A Day 9 B Day 12

Frame 20/55
Frame 26/56

Frame 22/55
Frame 28/56

Frame 24/55
Frame 30/56

PAUS 3D reconstruction (Day 9) C Histology of the orthotopic tumor (Day 12)

Fig. 5. PAimaging of GNRs@Chit-Iso4 allows the identification of small neoplastic lesions, which rapidly merge to give rise to neoplastic mass with big volume
and irregular shape. (A) Three representative axial frames of US imaging of a murine bladder 9 d after the intravesical instillation of murine bladder cancer cells
MB49-Luc from the scanning of the entire bladder volume, with neoplastic lesions detected only by the PA imaging of GNRs@Chit-Iso4 (intravesical instillation
of 10 nmol Au; 100 pL of 100 pM of GNRs@Chit-Iso4) indicated by the green arrows, followed by the 3D reconstruction of PA and US imaging. The PA imaging
of GNRs@Chit-Iso4 is after unmixing the photoacoustic signal of melanin, deoxy- and oxy-genated blood. (B) US imaging of the bladder from the same animal
reported in panel A, 3 d after the detection of the neoplastic lesions by the PA imaging of GNRs@Chit-Iso4: three axial frames showing the presence of two
distinct tumor masses (frame 26, red dashed contours) that get in contact (frame 28, red dashed contours) and merge in a single tumor mass with irregular
shape (frame 30, red dashed contour). Time gain compensation is shown on the right side of each PAUS and US image. (C) Histology of the orthotopic bladder
cancer 12 d after the intravesical instillation of the murine bladder cancer cell line MB49-Luc. Data are representative of the follow-up of one animal out of five.
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Fig. 6. GNR-assisted PTT of orthotopic bladder cancer improves the survival of the preclinical model. (A) Scheme of the experimental procedure, starting from
the intravesical instillation of MB49-Luc cells at day 0, bioluminescence (BLI) quantification, and PAUS imaging at day 9 and then intravesical instillation of GNRs@
Chit-so4 (100 pL of 100 pM of GNRs@Chit-Iso4) followed by GNR-assisted PTT; the tumor growth was evaluated in the two following time points by US imaging,
and the mice were euthanized according to the approved procedure by the Institutional Animal Care and Use Committee of San Raffaele Scientific Institute and
were performed according to the prescribed guidelines. The cartoon shows the GNR-assisted PTT performed with the laser probe placed 11 mm from the skin.
(B) Quantification of bioluminescence of the bladder tumor 9 d after the implantation of the MB49-Luc cells (n.s. = not significant). (C) Survival analysis of animals
instilled with the GNRs@Chit-Iso4 (intravesical instillation of 10 nmol Au) and irradiated with a laser power density 0.664 W/cm? for 3 min vs. laser irradiated animals
without GNRs vs. control animals (CTL, no GNRs, no laser irradiation); survival analysis was truncated at day 37 after the instillation of murine bladder cancer cells
MB49-Luc according to ethical guidelines. Statistical analysis was performed by using the log-rank (Mantel-Cox) test. (D) Axial frame and 3D visualization of US
imaging of the murine bladder with tumor (red arrows showing multiple neoplastic mass), followed by the 3D reconstruction of the bladder volume (light blue) and
quantification of the tumor volume (red) during the follow up; tumor volume is reported at the bottom of each image. One animal representative of 11. (E) Axial
frame and 3D visualization of the murine bladder with tumor recognized by US and PA imaging of GNRs@Chit-Iso4, followed by the 3D reconstruction of the bladder
volume and quantification of the tumor volume after GNR-assisted PTT. One animal representative of five. (F) Axial frame and 3D visualization of the murine bladder
in which the tumor was not detected by US imaging but in which several neoplastic lesions were identified by the PA imaging of GNRs@Chit-Iso4, followed by the
3D reconstruction of the bladder volume and quantification of the tumor volume after GNR-assisted PTT. One animal representative of four (n.a.; not available).
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Second, intravesical insertion of an optical fiber for PTT is not
feasible for small animals without damaging the urethra and affect-
ing the survival of the preclinical model. This technological lim-
itation necessitated continuous laser irradiation from outside the
abdomen and, therefore, consideration of potential side effects on
the skin surface. However, in the clinical setting, the two limita-
tions reported above can be overcome by i) modification of the
laser delivery system such as a fiber optic placed inside and guided
by a cystoscope, an approach that would allow the tumor to be
irradiated directly by using lower laser power to attain the same
temperature rise due to minimal photon loss from scattering, and
ii) NMIBC is present in the urothelium (35, 36) and exposed to
the bladder lumen because of the denudation of the epithelium
devoid of umbrella cells when neoplasia is present (37).

Third, regarding tumor biology, the present solution targets inte-
grin a5P1 that is expressed in 81% of HG NMIBC, as similarly
reported for other neoplasia of epithelial origin such as ovarian and
cervical tumors, in which 80% and 84% of tumors are positive for
the expression of integrin ®5p1 and significantly correlate with higher
clinical stage (38, 39) For the HG NMIBC that expresses the integrin
a5P1, the expression is in all the neoplastic cells located in the urothe-
lium. Furthermore, the efficacy of GNR-assisted PTT may extend
beyond and below the contact area of the nanoparticles following
necrosis-induced recruitment of the immune system (25, 26); this
effect might contribute to the control of cancer cells located in the
lamina propria that lost the integrin a5p1 as the bladder cancer at
stage T'1, and contributing to overcome the barrier represented by
intratumor heterogeneity. For HG NMIBC that do not express the
integrin a5P1, this limitation can be overcome by using an additional
target such as cytokeratin 20, expressed in 60% of patients with
bladder CIS (40, 41). Therefore, the biological limitations due to
tumor heterogeneity between tumors can be solved using the same
GNRs targeted to two neoplastic markers or two formulations of
GNRs targeted to each marker.

This study demonstrated the feasibility of a solution for
GNR-assisted early detection and PTT of small BC lesions express-
ing integrin a5P1. The feasibility of the solution shown in the pre-
clinical orthotopic BC model that shares features with human
NMIBC opens broad avenues for its application in clinical scenar-
ios. The innovative aspect of the theranostic solution provided by
the GNRs@Chit-Iso4 against small BC lesions expressing integrin
a5P1 offers the possibility to identify and treat the residual HG
disease found after the first TURBT (4) and is associated with high
or very high risk of relapse and progression (42). Our solution
detects and treats bladder lesions that are not visible during TURBT
and chemoresistance in most cases and is complementary to
TURBT and current therapies for better management and improved
clinical outcomes of patients with high-risk or very-high-risk dis-
ease, for whom the best treatment is radical cystectomy (43). This
solution can be applied to a variety of NMIBC patients, such as i)
at the first TURBT to detect the smaller lesions and thus to provide
a more accurate diagnosis (i.e., presence of CIS < 1 mm) to drive
the follow-up; ii) in a second-look TURBT to identify the residual
disease; iii) in relapsing patients where GNR-assisted PTT can be

1. J.Ferlayetal., Cancer incidence and mortality worldwide: Sources, methods and major patterns in
GLOBOCAN 2012. Int. J. Cancer 136, E359-386 (2015).

2. E.Comperatetal., Clinicopathological characteristics of urothelial bladder cancer in patients less
than 40 years old. Virchows Arch. 466, 589-594 (2015).
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applied; and iv) to investigate and treat residual disease in patients
enrolled in bladder-sparing protocols (44).

Materials and Methods

Detailed information is reported in Supplementary Information, showing mate-
rials and detailed methods conceming i) histology and immunohistochemistry
analysis, ii) induction of tumor in the preclinical model, iii) protocol for the
intravesical instillation of the gold nanoparticles, iv) US and photoacoustic
imaging, v) in vitro and in vivo protocols for GNR-assisted PTT, and vi) math-
ematical modeling.

The study on the human patient cohort was conducted in compliance with
the principles of the Declaration of Helsinki, and all patients signed an informed
consent agreement to deliver their own anonymous information for future stud-
ies. This study was approved by the Institutional Review Board (Ethic Committee
IRCCS Ospedale San Raffaele, Milan, Italy; protocol URBBAN). All procedures and
studies involving mice were approved by the Institutional Animal Care and Use
Committee of San Raffaele Scientific Institute and were performed according to
the prescribed guidelines (IACUC, Approval No. 942).

Data, Materials, and Software Availability. The authors confirm that the
data supporting the findings of this study are summarized and available within
the article and its supplementary material (S/ Appendix, Tables S1and S2). The
raw data that support the findings of this study are available (10.17632/bwhbsk-
2wr3z.1) (45). All other data are included in the manuscript and/or supporting
information.
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