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Abstract

Bladder cancer (BCa) ranks as the 9th most prevalent malignancy worldwide, featured by its high risk of recurrence.
Intravesical therapy constitutes the most important modality to tackle BCa, but its efficiency is often compromised
due to the dense physiological barriers in BCa, the instability of the catalytic environment, and the rapid clearance
facilitated by periodic urination. Here, we present a dual-source powered sea urchin-like nanomotor, which
feature a gold nanocore decorated with ultrasmall platinum nanoparticles and ureases, enable rapid propulsion
through the catalytic conversion of abundant urea and hydrogen peroxide present in the bladder cavity and BCa
microenvironment, respectively. Our dual-source powered Au-Pt@ur NPs nanoparticles translocated across the
mucus barrier rapidly, deeply penetrated tumor and hence chemo-resected bladder tumors in all cases. These
results hold substantial promise for the development of biocompatible nanomotors for improved BCa intravesical
therapy.
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Introduction

Bladder cancer (BCa) is a prevalent malignancy, rank-
ing as the 9th most common cancer globally, with
an annual incidence of approximately 615,000 cases
[1]. The management of non-muscle invasive BCa
(NMIBC) is particularly challenging due to its high
risk of recurrence and progression [2]. Transurethral
resection of bladder tumors (TURBT) is the first-line
therapy for NMIBC and the subsequent use intravesi-
cal therapy (IT) is recommended to eliminate residual
and exfoliative tumors [3—-4]. However, the luminal
surface barrier, composed of the mucus layer and the
densely packed tissue layer, is highly impermeable [5]
and thus hindering the tissue-penetration of intravesi-
cal drugs.

Strategies against BCa physiological barrier can
be divided into paracellular transport, transcytosis,
direct transfer and self-propelled transport [6]. Self-
propelled transport, a non-ATP-mediated active trans-
port, harnesses energy from various sources. Artificial
nanomotors serve as instruments to achieve self-pro-
pulsion mainly by converting chemical energy into
mechanical force [7-9]. In complex real-world appli-
cations, nanomotors must navigate the viscosity and
flow rate of body fluids, thus, more powerful propul-
sion and higher movement speed equate to enhanced

tissue-penetrating efficiency. Furthermore, the per-
formance of single-source propulsion nanomotors is
susceptible to fluctuations in the catalytic byproducts
and the environmental conditions, which can lead to
suboptimal power generation and compromised sta-
bility [10]. Therefore, the development of micro/
nanomotors with superior power remains an ongoing
challenge [11]. Dual-source powered nanomotors usu-
ally integrate two types of energy inputs, such as light
[12], ultrasound [13], or chemical reactions [14] to
overcome the limitations of insufficient power or lim-
ited control owned by single-source systems, thereby
greatly enhancing the self-propelled motion perfor-
mance and making themselves more adaptable to the
real-world application.

Here, we developed a dual-source powered nanomo-
tor, Au-Pt@ur NPs, featuring a core of gold nanopar-
ticles (Au NPs) adorned with ultrasmall platinum (Pt)
nanoparticles and ureases on its surface. Urease acts
as a biocatalytic unit, facilitating the enzymatic con-
version of urea to generate power for the nanomotors,
while platinum engages in chemical reactions with
hydrogen peroxide in the tumor microenvironment to
further enhance propulsion [15-16]. Au-Pt@ur NPs
showcases a sea urchin-like appearance, which can
provide multifaceted advantages, including increased
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Fig. 1 Schematic illustration of the synthesis and tumor-inhibiting mechanism of Au-Pt@ur NPs. (a) The Synthesis of Au-Pt NPs: Briefly, the Au NP served
as the core for the surface deposition of Pt atoms to form Au-Pt NPs. Ureases were then covalently immobilized onto Au-Pt NPs via HS-PEG,0,-NH,Cl
linker. (b) The Tumor-inhibiting Mechanism of Au-Pt NPs: after intravesical administration, Au-Pt@ur NPs gained the power for self-propulsion via catalyz-
ing urea in the bladder cavity and hydrogen peroxide in the tumor microenvironment, thus deeply penetrating the tumor. The NIR irradiation activated
the photothermal effect of Au-Pt@ur NPs, together with the induction of significant reactive oxygen species (ROS), to ablate tumors

surface loading capacity, enhanced surface adsorption,
improved transmembrane transport and superior pho-
tothermal conversion efficiency compared to spheroid
nanoparticles [17-20]. Consequently, the average dif-
fusion coefficient of the sea urchin-like Au-Pt@ur NPs
reaches 1.67 £0.11 um?/s (3.2 mM of H,0, + 500 mM
urea, H+ U) and approximately 2-fold more than that
of single-source powered nanomotors, indicating its
high mobility and maintain high catalytic activity even
in high urea environments [21]. Under near-infrared
(NIR) irradiation, the intravesical Au-Pt@ur NPs,
stimulated by dual energy sources, penetrates deeply
into the tumor base, effectively eradicating ortho-
topic bladder tumors in all cases [22]. The preclinical
data in this study underscore the significant potential
of Au-Pt@ur NPs for intravesical therapy of bladder
cancer.

Results and discussion

Physicochemical properties of nanoparticles

Au-Pt@ur NPs were prepared as depicted in Fig. 1.
Briefly, the Au NP was constructed via a previously
reported method [23] and served as the core for the
subsequent surface deposition of Pt atoms [24]. Ure-
ases were then covalently immobilized onto Au-Pt
NPs via an HS-PEGy,,,-NH,CI linker. Transmission

electron microscopy (TEM) analysis indicated that
both Au-Pt NPs and Au-Pt@ur NPs exhibited a distinct
sea urchin-like morphology, characterized by the pres-
ence of ultrasmall particles densely distributed on their
spikes, which were absent in Au NPs. A mist corona
uniformly surrounding the NPs only can be observed
in Au-Pt@ur NPs (Fig. 2a, SI. Figure 1a). The lattice
fringes of Au-Pt@ur NPs were analyzed using high-res-
olution transmission electron microscopy (HRTEM)
images. The results revealed that the lattice spacing of
the nanocore was 0.238 nm, corresponding to the Au
(111) crystal plane, and that of the spheroidal particles
attached to the nanocore surface was 0.213 nm, con-
sistent with the Pt (111) crystal plane (SI. Figure 1b).
Energy-dispersive X-ray (EDX) spectrum analysis
further confirmed the incorporation of Pt element in
Au-Pt NPs, with elemental weights of 23.79 wt% for
Au, 1.42 wt% for Ag and 0.85 wt% for Pt (Fig. 2b, ¢)
[25]. The Pt on the nanocore surface, as determined by
inductively coupled plasma mass spectrometry (ICP-
MS), was estimated to be (113.4087 +44.383) pg/L,
corresponding to 0.77% of the total mass. The absor-
bance peak of Au NPs in the UV-vis spectrum was
recorded at 820 nm, while that of Au-Pt NPs shifted
to 789 nm and maintain at 796 nm after coating with
urease, indicating the successful and stable linkage
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Fig. 2 Physicochemical characterization of Au-Pt@ur NPs. (@) TEM analysis depicting the morphological evolution from Au NP to Au-Pt@ur NP (From left
to right: Au NP, Au-Pt NP, Au-Pt@ur NP). (b) EDX spectrum confirming the elemental composition of Au NPs. (c) EDX spectrum validating the presence
of Ptin Au-Pt NPs. (d) UV-vis absorbance spectrum of Au NPs, Au-Pt NPs, Au-Pt@ur NPs, Ur-cy5 and Au-Pt@ur-cy5 NPs. (e-f) The average particle size and
Zeta potential of Au NPs, Au-Pt NPs, Au-Pt@ur NPs. (g) The stability of Au-Pt@ur NPs in PBS (pH=7.4) and artificial urine, revealed by the size change. (h)
The stability of Au-Pt@ur NPs in PBS (pH=7.4) and artificial urine, revealed by the Zeta potential change

of Pt to Au NPs. The absorbance peaks in the UV-vis
spectrum of Au-Pt@ur-cy5 NPs partially overlapped
with those of ur-cy5, proving that the successful con-
jugation of ureases to Au-Pt NPs (Fig. 2d). The aver-
age diameters of AuNDPs, Au-Pt NPs, Au-Pt@ur NPs
were 215+3.6 nm, 218+7.5 nm and 222 +10.4 nm,
respectively (Fig. 2e, SI. Figure 1c), with their Zeta
potentials being -9.67+0.15 mV, -13.68+3.79 mV
and -9.96 +1.34 mV, respectively (Fig. 2f; Table 1). As
shown in Fig. 2g-h, the average diameter and the Zeta
potential of Au-Pt@ur NPs remained almost the same
during seven days of incubation in PBS (pH=7.4) and
artificial urine.

Catalytic properties and self-propulsion of Au-Pt@ur NPs
The catalytic efficiency of Au-Pt@ur NPs were com-
pared with that of free urease or catalase, which can
catalyze urea into ammonia and CO,, or catalyze H,O,
into H,O and O,, respectively [26]. The catalytic bio-
activity of the immobilized ureases in Au-Pt@ur NPs
was minimally impaired, as compared to that of free
ureases at an equivalent dose (Fig. 3a). The peroxi-
dase-like activity of Au-Pt@ur NPs (2.2 x 10% Par-
ticles/ mL, 0.37 pM) was 1.48-fold greater than that
of Au NPs and almost as strong as that of the catalase
(0.05 uM) (Fig. 3b).

The motion of Au-Pt@ur NPs was dual-source
powered via the conversion from chemical energy
into kinetic forces. The trajectories of Au-Pt@ur NPs
under different conditions were tracked using an opti-
cal tracking method (SI. Movie 1-2. Figure 3c). Under
the urea concentration below 100 mM, Au-Pt@ur NPs
exhibited Brownian motion, characterized by a linear
increase of the mean-squared displacement (MSD).
Once the urea concentration reached up to 100 mM,
the increase of the MSD curve became non-linear,
indicating the contribution of the self-propulsion
(Fig. 3d). Moreover, the co-stimulation of H,O, and
urea (H+U) enhanced the self-propelled motion of
Au-Pt@ur NPs compared to the stimulation of single
fuel source. The effective diffusion coefficient (D) for
each condition was determined by fitting the MSDs to
the equation MSD =4D At [27]. Under unstimulated
conditions, The D, of Au-Pt@ur NPs was 0.026 + 0.037
um?/s, which was consistent with the theoretical
Brownian diffusion constant (Stokes - Einstein equa-
tion), D =KkT/6mnr, which calculates to 0.021 um?/s. It
became 5.3-fold, 9.5-fold, 9.56-fold, 23.4-fold, 35-fold

or 64.4-fold greater upon the exposure to 100 mM of
urea, 300 mM of urea, 3.2 mM of H,0,, 300 mM of
urea plus 3.2 mM of H,0O,, 500 mM of urea or 500 mM
of urea plus 3.2 mM of H,0,, respectively (Fig. 3e).
Au-Pt@ur NP maintains stable self-propulsion even in
high urea environments (100-500 mM), but the self-
propelled effect weakened when the urea concentra-
tion reached up to 800-1000 mM (Fig. 3f-g), probably
due to the inhibitory effect of ammonium ions pro-
duced by the urea hydrolysis on the catalytic activity
of ureases [10]. Thus, Au-Pt@ur NPs can provide suffi-
cient power for penetrating the urinary barrier, where
the urea concentration can reach 300 mM [21].

The barrier-penetrating property of intravesical
nanomotors
The urinary mucus serves as the first line of defense
against intravesical drug penetration. In this study,
porcine bladder mucus was employed to simulate this
barrier in a Transwell diffusion assay (Fig. 4a). The
dual source-powered group (Au-Pt@ur NPs H+U)
translocated most rapid across the artificial mucus
layer, with a transmucosal proportion of 47.4% after
1 h-incubation and 87.5% after 5 h-incubation. In
contrast, only 5.32% or 7.53% of single-fuel-powered
Au-Pt@ur NPs crossed the mucus after 5 h-incubation,
which is approximately 2.67-fold and 3.78-fold greater
than that of non-fuel powered Au-Pt@ur NPs (Fig. 4b).
The tumor-penetrating efficiency of Au-Pt@ur NPs
was evaluated in different models. In 2D cell culture
models, the transmembrane transport of dual-source
powered Au-Pt@ur NPs was 1.59-6.03/1.30-52.41
folds greater than that of the control groups and
dual-source powered nanoparticles in 253 J/T24 cells
(Fig. 4c-f). Multicellular spheroids (MCSs) have been
proposed as an in vitro 3D-cultured tumor model to
mimic the solid tissue barriers presented in tumors
against drug penetration [28]. Non-fuel powered
Au-Pt@ur NPs failed to penetrate 253 J/T24 MCSs,
as no fluorescence was detected either in the MCS
border or in the inner region of the MCSs. Dual-fuel
powered Au-Pt@ur NPs exhibited superior MCS-
penetrating ability compared to non-fuel powered
Au-Pt@ur NPs/single-fuel powered Au-Pt@ur NPs,
with 14.75-fold/9.51-fold enhancement in the relative
fluorescence intensity of NPs in the MCSs, and they
were distributed throughout the MCSs after 12-hour
penetration (Fig. 4g-h). The exposure of the MCSs to
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Table 1 Size and zeta potential of NPs

Au NPs Au-Pt NPs Au-Pt@ur NPs
Size (nm) 2159 210.5 2194 2116 215 229 2179 2129 237
PDI 0.244 0.240 0.229 0.256 0.228 0.242 0.235 0.268 0.290
Zeta -9.52 -9.87 -9.63 -16.7 -16 -8.34 -11.8 -943 -8.65

both urea and H,0, did not compromise their imper-
meability, as indicated by the lack of cell-impermeable
Dextran (MW: 40 kD) distribution in the MCSs (SI.
Figure 1d-e) [29].

The tumor-penetrating efficiency of intravesical
Au-Pt@ur NPs was evaluated in orthotopic Bca mod-
els. Au-Pt@ur NPs were instilled intravesically and
maintained for 2 h. As depicted in Fig. 5, no fluores-
cence derived from non-fuel powered Au-Pt@ur NPs
was observed in the tumors, and they accumulated
mainly in the bladder cavity. The tumor-penetrating
depth of single-fuel powered Au-Pt@ur NPs was quite
limited to the superficial layer. The dual-fuel pow-
ered Au-Pt@ur NPs demonstrated deep penetration
and were almost uniformly distributed throughout
the tumor tissue. Consequently, their fluorescence
intensity of dual-fuel powered Au-Pt@ur NPs within
the tumor tissue in the tumor tissue was significantly
greater, being 14.88-fold/1.73-fold higher than that of
non-fuel powered/single-fuel powered Au-Pt@ur NPs
(SI. Figure 1f).

Cytotoxicity and photothermal efficiency of Au-Pt@ur NPs
in vitro

The cytotoxicity of Au-Pt@ur NPs was assessed via
CCK-8 cell viability assay kit. Both Au-Pt@ur NPs,
Au-Pt NPs and Au NPs exhibited non-toxicity to vari-
ous cell types when their particle concentration was
lower than 0.37 pM (2.2 x 10® Particles/ mL). Once
the particle concentration exceeded 1.11 pM or 0.74
pM, the cell viability of SVHUC-1 and T24 or 253 ]
was impaired, respectively (Fig. 6a-b, SI. Figure 1g).
The additional presence of H,O, (3.2 mM) or urea
(300 mM) didn’t change the toxicity profile of Au-Pt@
ur NPs in all types of cells, whereas 808 nm laser irra-
diates (L) significantly enhanced the cytotoxicity of
Au-Pt@ur NPs, leaving the viability dropped by 53.27%
(Fig. 6¢-€). Under the circumstance of L+ H+ U, 52.5%
of cells underwent apoptosis (Fig. 6f-g) and 7-fold
more ROS was generated, compared to the control
group. Cells receiving the Au-Pt@ur NPs L+H/L+U
were 16.24%/28.00% less apoptotic and generated 50%
less ROS than those treated by L+H+U (Fig. 6h-i).
Hypoxia-inducible factor (HIF) is a key transcription
factor for hypoxic adaptation in BCa [30]. Western
blot test showed that Au-Pt@ur NPs can stabilize the
expression of HIF-1a (SI. Figure 1h). Dihydroethidium
(DHE) fluorescence, indicative of the ROS levels in

bladder, in orthotopic BCa models receiving Au-Pt@
ur+H or Au-Pt@ur+H+U groups was 1.97-folds or
1.80-folds stronger than that in the control, respec-
tively (SI. Figure 2a-b). Furthermore, The results indi-
cated that only Au-Pt@ur supplemented with both
H202 and urea disrupted the tube formation by endo-
thelial cells (HUVECs), while the effect became weaker
once deprived of H202 or urea and even disappeared
in the absent of Au-Pt@ur (SI. Figure 2c-e).

Photothermal efficiency of Au-Pt@ur NPs
Compared with spherical gold nanoparticles, sea
urchin-like Au NPs displayed a much wider range of
light adsorption, thus resulting in higher photother-
mal conversion efficiency [22]. Furthermore, the func-
tionalization of Au nanoparticles with Pt leads to the
enhanced longitudinal surface plasmon resonance
(LSPR) bands, endowing them with superior photo-
thermal efficacy for cancer therapy compared to their
unmodified Au NP counterparts [31-32]. As shown
in Fig. 7a, Au-Pt@ur NPs demonstrated remark-
able stability at high temperature (67.5 °C) and after
five heating-cooling actuation cycles. According to
the heating-cooling actuation cycles, the photother-
mal conversion efficiency (PCE, 5) was calculated to
be 76.61% (Fig. 7b, SI. Figure 2f) and highly ranked
compared to other types of nanoparticles (Table 2).
The infrared thermal mapping was utilized to directly
monitor the intravesical temperature change induced
by Au-Pt@ur NPs under L + H + U (Fig. 7b). The results
showed a significant temperature increase in the lumi-
nal environment, reaching up to 64.4 °C after 10 min of
NIR irradiation, which is well above the temperature
threshold (40-44 °C) that tumors cannot tolerate [30].
However, the increase of temperature (11 °C) in the
bladder lumen filled with PBS buffer was mild (Fig. 7c).
The photothermal effect of intravesical Au-Pt@ur
NPs to tackle BCa was evaluated in murine orthotopic
BCa models. The IT followed a standard protocol rec-
ommended by previous studies [40]. IT was repeated
totally five times at 5-day intervals; the growth of
orthotopic BCa was monitored using the biolumines-
cence imaging with luciferase-luciferin pairs every 5
days, and the body weight of each case was monitored
every 5 days. The NIR irradiation was applied 2 h post
intravesical instillation, with its focus on the lower
abdomen, power density of 1.5 W.cm™2, and exposure
time of 600 s [29]. In vivo bioluminescence imaging
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standard error of mean, N=30). (f) MSD curves of Au-Pt@ur NP at different urea concentrations. (g) Diffusion coefficient values extracted from the linear
regression of average MSD plots (for panels f, 30 nanoparticles were analyzed, and the error bars in panel g represent the standard error of mean, N=30)
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Fig. 4 The barrier-penetrating property of intravesical nanomotors. (@) Schematic diagram of the Transwell diffusion assay. (b) Quantification of the trans-

mucosal proportion of Au-Pt@ur-cy5 NPs after a timed diffusion at 37 °C; a

porcine mucus layer with the thickness of 20 um was seeded onto a Transwell

polycarbonate membrane in a pore size of 0.4 um, and 100 uL of NPs + solvent was afterward loaded onto the upper Transwell chamber with 1000 uL of

PBS buffer (pH=7.4) in the lower chamber; NPs in the lower chamber was

deemed as the transmucosal portion. () Tumor penetration of Au-Pt-cy5 NPs

and Au-Pt@ur-cy5 NPs in 253 J cells, imaged by a confocal microscope from Cy5/DAPI-fluorescence channels; NPs 12 h-incubation. Scale bar: 100 um. (d)
Relative Cy5-fluorescence intensity of the corresponding 253 J cells in panel (c). (€) Tumor penetration of Au-Pt-cy5 NPs and Au-Pt@ur-cy5 NPs in T24 cells,
imaged by a confocal microscope from Cy5/DAPI-fluorescence channels; NPs 12 h-incubation. Scale bar: 100 pm. (f) Relative Cy5-fluorescence intensity
of the corresponding T24 cells in panel (e). (g-h) Tumor penetration of Au-Pt-cy5 NPs and Au-Pt@ur-cy5 NPs in 253 J/T24 multicellular spheroids, imaged

by a confocal microscope from Cy5-fluorescence channel; Z-stack covered
NPs 12 h-incubation. Scale bar =100 um

analysis revealed that the tumor growth regressed rap-
idly at the initial phase of IT of Au-Pt@ur NPs plus
L+H+U (Figur 7d), following a second IT tumors
in nearly all cases got chemo-resected and no recur-
rence was observed in the 3-week follow-up (SI. Fig-
ure 3a-b). Urea or H,O, deprivation greatly impaired
its anti-cancer ability, indicated by a slight decrease
in the tumor volume, although tumor eradication in
100% of mice was completed finally. And the lack of
urea and H,O, supply eliminated the anti-tumor activ-
ity of intravesical Au-Pt@ur NPs, even under the NIR

the course from the intermediate layer to the bottom layer at 20 um intervals;

irradiation (Fig. 7e). The self-propelled tumor-penetra-
tion is therefore a prerequisite for effective photother-
mal IT. The weight gain and weigh loss were detected
in the mice with reduced tumor burden and tumor
progression, respectively (Fig. 7f-g). Histopathological
examination proved the photothermal IT via Au-Pt@
ur NPs induced no side effect to of normal organs,
including the heart, liver, spleen, lung and kidney
(Fig. 7h). The blood test, indicative of the liver and kid-
ney function, further demonstrated the biosafety of the
photothermal IT via Au-Pt@ur NPs (SI. Figure 3c-f).
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Fig. 5 Tumor penetration of Au-Pt@ur NPs in orthotopic BCa models (GFP-transfected T24 cells). After 2 h-intravesical instillation, the bladders were
frozen and sectioned (20 um thick) in a cryostat and the sections were imaged by a confocal microscope from DAPI (nuclei), eGFP (Bca cells), and Cy5

(NPs) channels. Scale bar: 100 um

Conclusions

In summary, we have developed a dual-source pow-
ered sea urchin-like nanomotor, featuring a core of
gold nanoparticles adorned with ultrasmall platinum
nanoparticles and ureases on its surface. They gained
the capabilities of high tissue-penetration, low toxicity,
and efficient photothermal therapy both in vitro and
in vivo, and displayed the concentration-dependent
enhanced non-linear diffusion in an H,O, and urea
solution, highlighting their self-propelled motion via
chemical energy conversion. And therefore, the blad-
der lumen and the tumor microenvironment provide
dual-source fuels to support the tumor-penetration
of Au-Pt@ur NPs. Remarkably, dual-source powered
Au-Pt@ur NPs could penetrate deep inside the blad-
der and effectively suppressed tumor growth through
photothermal therapy. The preclinical data in this
study underscore the significant potential of Au-Pt@
ur NPs for intravesical therapy of bladder cancer.
However, the clinical translation of our nanomotors
face three dilemmas. The safety and biocompatibility
of our nanomotors, as a major concern, need further
in vivo investigation. And their potential for tackling
other types of malignancy is limited due to a scarce

distribution of urea owned by other tumors and weak
single source-powered propulsion. Though safe and
effective, the large-scale production, good quality con-
trol and stable long-term storage of our nanomotors
are critical prerequisite for commercial use.

Experimental section

Materials

Au nanoparticles (Au NPs) were constructed via a
previously reported method [23], briefly, 10 mL of
HAuCl,-3H,0 (16961-25-4, 99%, Sigma-Aldrich) aque-
ous solution (10 mM) was added to 10 mL of water
in a 25 mL beaker with a strong magnetic stirring.
Then, 7.5 mg/ml AA powder was rapidly added to the
water solution and allowed to react for 5 min. Hexa-
decyltrimethylammonium bromide (CTAB, 57-09-0,
99%) was purchased from Sigma-Aldrich (Shanghai,
China). Silver nitrate (AgNO,, 7761-88-8, 99%) was
purchased from Aladdin (Shanghai, China). Ascorbic
acid (AA, 50-81-7, 99%) was purchased from Sigma-
Aldrich (Shanghai, China). Hydrogen hexachlorop-
latinate hexahydrate (H,PtCl,, 26023-84-7, 99.9%) was
purchased from Sigma-Aldrich (Shanghai, China).
200-300 U urease (9002-13-5, 98%) was purchased
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Fig. 6 In vitro anti-cancer activity of Au-Pt@ur NPs. (a-b) Concentration-dependent cytotoxicity of Au NPs or Au-Pt@ur NPs on T24 cells or 253 J cells for
12 h-incubation, illustrated by the CCK-8 assay. (c-e) Concentration-dependent cytotoxicity of Au-Pt@ur NPs+U (+L), Au-Pt@ur NPs+H (+L), Au-Pt@ur
NPs+H+U (+L) inT24 cells for 12 h-incubation, illustrated by the CCK-8 assay. (f) Cell apoptosis effect, illustrated by the flow cytometry analysis from the
Annexin V-FITC-fluorescence channel and PI- fluorescence channel. () Averaged apoptotic rate of T24 cells for 12 h-incubation, illustrated by the flow
cytometry analysis assay. (h) Intracellular ROS generation, illustrated by the flow cytometry analysis from the Annexin V-FITC-fluorescence channel. (i)

Relative ROS level of T24 cells for 12 h-incubation

from Macklin (Shanghai, China). Sulfo-Cy5 NHS ester
(sulfo-NHS-Cy5, 2230212-27-6, 95%) was purchased
from Aladdin (Shanghai, China). HS-PEG,,,-NH,HCL
(Q-0146715, 95%) was purchased from JenKem Tech-
nology (Beijing, China). Acetyloximic acid (AHA,
A106239, 98%) was purchased from Aladdin (Shang-
hai, China). H,0, quantification assay kit was pur-
chased from Sangon Biotech (BC3595, Shanghai,
China). Urease activity detection kit was purchased
from Solarbio (BC4115, Beijing, China). DMEM (high
glucose), penicillin—streptomycin, trypsin-EDTA, fetal
bovine serum (FBS), and phosphate-buffered saline
(PBS, pH 7.4) were obtained from Thermo Fisher Sci-
entific (Waltham, MA, USA). The Cell Count Kit-8
(CCKS8 kit) was purchased from LABLEAD (CKO001,
Beijing, China). Methylcellulose (9004-67-5), Annexin
V-FITC Apoptosis Detection Kit (C1062), Reactive
Oxygen Species Assay Kit (S0033) and Hoechst 33,342
(C1026, 1000x) were purchased from Beyotime Bio-
technology Co., Ltd. Matrigel was purchased from
Corning (354248, New York, America).

The size, shape and HRTEM of nanoparticles were
observed using TEM (JEM-F200, JEOL, Japan). ICP-
MS was tested using Agilent 7800 (America). The
UV-Vis—NIR absorption spectra of the nanoparti-
cles were tested using a spectrophotometer (Thermo
Fisher). The size distribution and Zeta potential of
nanoparticles were evaluated by a Zetasizer nano ZS
particle analyzer (Malvern Instruments Co., Ltd.). The
movement of Au-Pt@ur NPs was recorded by Particle
Metrix (ZetaView). Fluorescence analysis of mucus
penetration and cytotoxicity were evaluated by a
Multi-Mode Microplate Reader (Synergy Mx, Bio-Tek
Instruments Inc., Winooski, US). Fluorescence images
were detected using CLSM (confocal laser scanning
microscope, Leica DMI8). Flow cytometer analy-
sis were tested by BD Biosciences (New Jersey, US).
The bioluminescence of BCa was monitored by IVIS
Lumina XRMS Series III (PerkinElmer Inc., Waltham,
US) HE stained tissues were imaged by an inverted
microscope (TS 100, Niikon Ti, Japan). The thermal
maps were provided by a thermal imager (FLIR).

Synthesis of Au-Pt nanoparticles

The synthesis of Pt-modified Au NPs were silver ions-
assisted [41-42]. 200 pul Au NPs (~50 pM), 500ul 200
mM CTAB, 10 ul 2 mM AgNO; were added together

and diluted with sterile double distilled Water (dd
water) to a 5 ml reaction system. The reaction mix-
ture was heated to 50 °C in a dd water bath and stirred
for 200 rpm 10 min before adding 40 ul 100 mM AA.
Continuously stirring for 1 h then add 60 ul 10 mM
H,PtClg and react for another 1 h. Afterward, mic-
roparticles were removed by centrifugation at a rotat-
ing speed of 3000 rpm for 10 min and wash twice with
dd water to obtain the preliminary product Au-Pt NPs.
Au-Pt NPs exhibit strong solubility in dd water and
can be stored under 4 °C.

Synthesis of Au-Pt@ur nanoparticles

2 ml of pre-synthesized Au-Pt NPs was mixed with
6.25x 107> mM HS-PEG,,-NH,HCL and stirred at low
speed (100 rpm) for 12 h, then 4x 1073 uM urease was
added and reacted for another 12 h. To remove excess
impurities and unreacted reagents, the Au-Pt@ur NPs
were centrifuged using an ultrafiltration centrifuge tube
(MW: 30KD, Millipore) under 3000 rpm 15 min. This
centrifugation step was repeated twice to ensure thor-
ough purification and gain the final product Au-Pt@ur
NPs (~4.625 pM). 16.6 mM sulfo-Cy5 NHS ester can be
added for 30 min to get Au-Pt@ur-cy5 NPs, and addition
of 0.5 mM AHA can effectively inhibit the activity of ure-
ase to obtain the Au-Pt-cy5 NPs, the appeal ultrafiltration
method also available here. All the resulting products
should be stored at 4 °C until use.

Pt activity assay

The catalytic activity of Pt immobilized on Au-Pt@ur
NPs was assessed indirectly by monitoring the con-
sumption of H,0,. Au-Pt@ur NPs was reacted with
3.2 mM H,0, [8]. For 20 min and the concentration of
hydrogen peroxide left from the reaction was detected
using a H,0, quantification assay kit.

Urease activity assay

The enzymatic activity of urease immobilized on
Au-Pt@ur NPs was evaluated with urease activity
detection kit from Solarbio. The production of 1 ug
of NH;_N per mg of protein per min is defined as an
enzyme activity unit. The enzymatic activity of urease
we purchased and adopted is found to be 200-300 U/
mg.
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Fig. 7 (a) Temperature change of Au-Pt@ur NPs after 5 cycles (on/off) irradiation by 808-nm laser (1.5 W-cm™?). (b) Heating/cooling curves for Au-Pt@ur
NPs and PBS (808-nm laser, 1.5 W-cm™). (c-d) Infrared thermal mapping images, and corresponding temperature profiles of tumor regions after irradiated
with an 808-nm laser (1.5 W-cm™2) for different times (0~ 10 min) at 2 h-intravesical instillation of Au-Pt@ur NPs or PBS. (e) Anticancer efficacy of different
intravesical therapies, illustrated by bioluminescence imaging with luciferase-luciferin pairs. (f) In vivo bioluminescence intensity curves of orthotopic
BCa in the corresponding groups in panel (e). (g) Averaged body weight of mice in the corresponding groups in panel (e). (h) Histopathological analysis
of the representative bladders after the completion of intravesical therapies from the corresponding mice in panel (e) by H&E staining, scar bar: 100 um

Optical video recording

Particle Metrix was utilized to observe and record the
movement of Au-Pt@ur NPs. 80 pL Au-Pt@ur NPs
solution (4.625 pM) was added into 990 pL of urea
solution in different concentration (0, 100, 300, 500
mM), with or without 3.2 mM H,O,. The mixture
thoroughly homogenized to ensure uniform distribu-
tion of the Au-Pt@ur NPs within the solution. The vid-
eos of the movement of nanoparticles were recorded
for up to 20 s via at the frame rate of about 25 fps.

Mean-square-displacement analysis

The movement videos of Au-Pt@ur NPs in differ-
ent concentration of solution were analyzed using a
self-developed program based on Python to extract
their movement trajectories. Thereafter, MSD was
calculated using the following formula: MSD(At)
= [(x(t+At) — x(t)2] (I=2, for two dimensional
analysis). Subsequently, the following formula was
applied to obtain the diffusion coefficient (D), MSD
(At) =4DAt, which works for small particles with low
rotational diffusion for small time intervals. More than
30 particles were analyzed to obtain statistics in each
experimental group.

Mucus-penetration assay

The mucus layer was gently scraped off and placed in
a centrifuge tube at 1000 g, centrifuged for 30 min,
centrifuged twice, then the supernatant was extracted
and sterilized under UV for 30 min. Sterilized mucus
layer were seeded onto a polyester membrane filter of
a Transwell chamber (0.4 pm pore size) with the thick-
ness of about 20 pm, and place in incubator overnight.
After that, 80 ul 4.625pM Au-Pt@ur-cy5 NPs+20 pl
solvent were mixed well in 1 ml no FBS DMEM and
added 100 ul onto the topside of each mucus layer,
respectively, with 1 mL of PBS filling the lower cham-
ber. During 0-5 h, we collected 100 uL of PBS buffer
containing the leakage from the upper chamber for
fluorescence analysis via a Multi-Mode Microplate
Reader per hour.

Cell culture

bCa cells (T24 and 253 J) and normal urothelium
cells (SVHUC-1) were cultured in DMEM. HUVECs
were cultured in F12K. All cell lines were supple-
mented with 10% fetal bovine serum and 100 U/mL 1%

penicillin/streptomycin and maintained at 37 °C. T24,
253 J, SVHUC-1 and HUVECs cells were obtained
from the National Collection of Authenticated Cell
Cultures, China.

Penetration efficiency in 2D cell culture models and MCSs
T24 or 253 ] cells were suspended in DMEM (con-
taining 0.12% w/v methylcellulose), seeded into 8
laser confocal Petri dishes (10° cells per microplate)
and incubated for 12 h. Then, medium of each dish
was discarded and washed 3 times with PBS before
administration. Each group was administered accord-
ing to 80 ul nanoparticles + 20 ul solvent, mixed with
serum-free DMEM presented as 1 ml system, namely,
Au-Pt-cy5 + PBS, Au-Pt-cy5 + U, Au-Pt-cy5 + H, Au-Pt-
cy5+H+U, Au-Pt@ur-cy5+PBS, Au-Pt@ur-cy5+U,
Au-Pt@ur-cy5+H, Au-Pt@ur-cy5+H+U. As for the
preparation of MCSs, 5x 10%/ml T24 cells or 8 x 10%/
ml 253 ] cells were suspended in DMEM (containing
0.12% w/v methylcellulose) and mixed evenly. Then,
20 pl of the cell suspension was dropped on the lid
of the cell culture plate to form uniform droplets and
10 ml PBS was added to the plate for keeping the drop-
lets moist. After being placed in a 37 °C incubator for
60 h, dense spheroids were transferred to a low adhe-
sion 24-well plate and equally divided into 8 groups
with the same appeal to administration. After 12 h, flu-
orescence imaging was performed under CLSM after
three gentle rinses with PBS and Image] software was
used for analysis.

Penetration efficiency in murine orthotopic bCa models

All animal procedures were approved by the Labora-
tory Animal Management Committee at Zhejiang Pro-
vincial People’s Hospital (No. 20240614132209126857).
All animal procedures were performed according to
the guidelines of the Administration Committee of
Experimental Animals in Zhejiang Province and the
Ethics Committee of Zhejiang Provincial People’s Hos-
pital. Six- to eight-week-old nu/nu female mice were
anesthetized by inhalation of 1% isoflurane in an oxy-
gen gas mixture and kept on a heated platform during
catheterization procedures. Lubricated angiocatheters
were inserted into the urethra. After full insertion, the
bladder was flushed with 80 ul of sterile PBS and pre-
treated with 80 pl of poly-L-lysine for 15 min. A single-
cell suspension of 5 x 10° GFP-transfected T24 cells in
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Table 2 Comparative analysis of photothermal conversion

efficiency among different nanomaterials

Irradiation PCE Ref.
(%)

Nanoparticles

2D niobium carbide (Nb2C) nanosheets 808 nm 34.9% [33]
1064 nm 46.65%

As semiconducting polymer nanopar- 808 nm ~71%  [34]

ticles (As SPs)

Thiophene-benzene-diketopyrrolopyr- 808 nm 68.1%  [35]

role (TBD)-based polymer nanoparticles

Au plasmonic blackbodies 1064 nm 80.8% [36]
808 nm 88.6%

Au nanomatryoshkas 808 nm 63% [37]

Au nanoshells 808 nm 39% [37]

Polymer NP@ Felll/tannic acid shell 498 nm 40% [38]

Electron donor-acceptor conjugated 635nm 62.3%  [39]

semiconducting. polymer nanoparticles

100 pl of PBS was inoculated into the bladder and pre-
served for 1 h. During the entire procedure, the mice
were kept under anesthesia for 2 h before the catheter
was gently removed from the urethra. The mice were
monitored every day for any signs of pain and dis-
tress. After 1 week, the nu/nu female mice bearing bCa
were anesthetized by inhalation of 1-2% isoflurane in
an oxygen gas mixture and kept on a heated platform
during catheterization procedures. Lubricated angio-
catheters were inserted into the urethra. After full
insertion, the bladder was flushed with 80 pL of sterile
PBS. 80 ul Au-Pt@ur NPs were mixed with 20 ul dif-
ferent solutions to form 4 groups (PBS, H,O,, urea,
H,0, + urea), and were intravesically instilled and pre-
served for 2 h, respectively. The bladder was washed
twice with PBS. The mice were sacrificed immediately.
The tissues (including the bladder, heart, liver, spleen,
lung and kidney) were harvested for further histo-
pathological examination by HE staining. The bladders
were frozen and sectioned (20 pm thick) in a cryostat
and the sections were examined by using CLSM.

Cytotoxicity assay

T24, 2537, and SVHUC-1 were seeded in 96-well plates
with 8,000 cells per well for tumor cells and 12,000 per
well for SVHUC-1. 200 ul of DMEM (with 10% serum)
was added and placed in an incubator for 24 h. Con-
figure different concentrations of nanomaterials sepa-
rately, we selected the interval of 0.5-4 times after
testing, for example, 80 ul of Au-Pt@ur NPs and 20 ul
of urea+ H,0, were prepared into 1 ml with serum-
free DMEM and added 100 ul to each well. After
administration for 12 h, the cell viability was measured
with CCK-8 cell viability assay kit. And the cell viabil-
ity was measured in the same way after administration
and radiated for 600 s under 1.5 W.cm™2,
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Flow cytometry analysis

Generally, T24 cells were seeded into 24-well plates
at a density of 1x10° cells per well and incubated
for 12 h. 80 ul of Au-Pt@ur NPs and 20 ul of solvent
(HyO,, urea, H,O,+urea) were administrated for
another 12 h, and we irradiated the cells with a laser
power density of 1.5 W.cm™2 Afterward, stained with
Annexin V-FITC/PI at room temperature for 15 min
washed twice with PBS buffer (pH 7.4) and digested
with trypsin. Detached cells were collected using cen-
trifugation at 300 g for 3 min to remove trypsin and
washed with PBS buffer (pH="7.4). The cells were
resuspended in PBS buffer (pH 7.4) and transferred
to a flow cytometer (BD Biosciences, New Jersey, US).
The average fluorescence intensity was determined by
counting every 5000 cells. The experiment was inde-
pendently repeated three times, and the data were ana-
lyzed using FlowJo software. The results are presented
as the mean * the standard deviation (S.D.). Detection
of intracellular ROS generation is in the same way, just
replaced the fluorescent-labeled materials with DCFH-
DA and incubated at 37 °C for 20 min.

In vitro angiogenesis characterization

To detect the formation of tubes, 200 pL of HUVECs
were seeded into 48-well plate at a concentration of
3 x 10* cells/mL with material of each group. The plate
was Preplanking with 4°C Matrigel. Then the plate
was incubated in 36°C for 6 h, HUVECs were photo-
graphed by microscope to count the number of tubes.

Photothermal therapy of Au-Pt@ur NPs treated bCa

models

The nu/nu female mice bearing bCa originating from
luciferase-transfected T24 cells were obtained by the
same method as appeals. They were anesthetized by
inhalation of 1-2% isoflurane in an oxygen gas mixture
and kept on a heated platform during catheterization
procedures. Lubricated angiocatheters were inserted
into the urethra. After full insertion, the bladder was
flushed with 80 pl of sterile PBS. 80 ul Au-Pt@ur NPs
were mixed with 20 ul different solutions to form 4
groups (PBS, H,0,, urea, H,0O, + urea), and were intra-
vesically instilled and preserved for 2 h, respectively.
Saline was also intravesically instilled as in the control
group. After each administration, irradiated the lower
abdomen with a laser power density of 1.5 W.cm™?
with irradiation time of 600 s. Intravesical instillation
and photothermal therapy were performed every five
days for a total of five times. The mice were intraperi-
toneally injected with 100 mg/kg D-luciferin to moni-
tor the in vivo bioluminescence of tumors using the
IVIS Spectrum system with an excitation wavelength
of 640 nm and an emission wavelength of 660 nm
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every 5 d. The thermal maps were provided by a ther-
mal imager (FLIR). For the case whose orthotopic bCa
got chemo-resected within five rounds of intravesi-
cal therapy, the duration of observation on its tumor
growth and the change body weight was extended to
another 3 weeks. Finally, all murine were sacrificed,
and tissues (including bladder, heart, liver, spleen,
lung, and kidney) were harvested for further histo-
pathological examination by HE staining. The tissues
were imaged using an inverted microscope. 5 groups
(Control, Au-Pt@ur PBS, Au-Pt@ur+U, Au-Pt@
ur + H, Au-Pt@ur + H+U) intravesically instilled and
preserved for 2 h, respectively. All murine were sacri-
ficed, and bladders were harvested for further histo-
pathological examination by DHE staining and imaged
by microscope.

Statistical analysis

The testing values of repeated measurements were
averaged to obtain the data of general analysis experi-
ments, and relevant data are expressed as mean+ SD.
The statistical analysis was performed using Graph-
Pad Prism software (ver 9.5.0). Statistical significances
were examined by t test with P <0.05.
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