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Abstract: The development of Pt"Y prodrugs that are reduced into the therapeutically active Pt" species within the tumor
microenvironment has received much research interest. In order to provide spatial and temporal control over the
treatment, there is a high demand for the development of compounds that could be selectively activated upon irradiation.
Despite recent progress, the majority of Pt" complexes are excited with ultraviolet or blue light, limiting the use of such
compounds to superficial application. To overcome this limitation, herein, the first example of Pt" prodrug nanoparticles
that could be reduced with deeply penetrating ultrasound radiation is reported, enabling the treatment of deep-seated or
large tumors. The nanoparticles were found to selectively accumulate inside a mouse colon carcinoma tumor upon

\intravenous injection and were able to eradicate the tumor upon exposure to ultrasound radiation. )

Introduction

The Pt" complexes cisplatin, oxaliplatin, and carboplatin are
some of the most frequently applied anticancer agents.!!
Recent statistical findings have suggested that these com-
pounds are used in more than 50 % of all chemotherapeutic
treatments worldwide.” Despite their undoubtful clinical
success, the application of these metal complexes is hindered
by their severe side effects (i.e., nausea, vomiting, kidney
damage, and bone marrow suppression), poor tumor accu-
mulation, and drug resistance.”! To overcome these limi-
tations, many research efforts have been invested over the
last decades in the development of Pt" complex prodrugs.
Ideally, these compounds should remain stable and there-
fore inactive within healthy tissue, but be quickly reduced
into the therapeutically active analogous compound within
the cancerous tissue.! Previous studies have suggested that
the reduction of the prodrug could be chemically mediated
by intracellular reducing agents (i.e., glutathione, ascorbic
acid, metallothionein, thioredoxin) which are present in high

concentrations in cancerous cells.’)! However, as these
reducing agents are also present in healthy cells, this
activation mechanism is associated with poor spatial and
temporal control as well as low reduction efficiency.”
Studies have suggested that the reduction of the Pt"
prodrug could also be mediated by exposure of the
compounds to light irradiation. The vast majority of
reported Pt" complexes are excited with ultraviolet (
~365nm) or blue (~450nm) light.”! Recent research
studies have reported on the axial functionalization of the
Pt" center with a tetrapyrrolic photosensitizer that has an
absorption in the red region (650nm)® or with an
aggregation-induced emission dye that could be excited in
the near-infrared region (808 nm).”’ Despite these promising
developments and impressive preliminary biological find-
ings, these wavelengths are poorly penetrating the tissue (<
1 cm) and therefore could only find application for super-
ficial applications. To enable the treatment of deep-seated
or large tumors, there is an urgent need for the development

[*] G. Liang, D. Tang, H. Zhang, M. Cui, Prof. Dr. H. Xiao
Beijing National Laboratory for Molecular Sciences, Laboratory of
Polymer Physics and Chemistry, Institute of Chemistry, Chinese
Academy of Sciences
Beijing, 100190 (China)
and
University of Chinese Academy of Sciences
Beijing, 100049 (China)
E-mail: hhxiao@iccas.ac.cn
Dr. T. Sadhukhan
Department of Chemistry, SRM Institute of Science and Technology
Kattankulathur, Tamil Nadu 603203 (India)

Angew. Chem. Int. Ed. 2023, 62, €202301074 (1 of 12)

Dr. S. Banerjee
Department of Chemistry, Indian Institute of Technology (BHU)
Varanasi, Uttar Pradesh 221005 (India)

N. Montesdeoca, Dr. J. Karges

Faculty of Chemistry and Biochemistry, Ruhr-University Bochum
Universitatsstrasse 150, 44780 Bochum (Germany)

E-mail: johannes.karges@ruhr-uni-bochum.de

Homepage: www.kargesgroup.ruhr-uni-bochum.de

 © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0001-5258-0260
www.kargesgroup.ruhr-uni-bochum.de
https://doi.org/10.1002/anie.202301074
https://doi.org/10.1002/ange.202301074
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202301074&domain=pdf&date_stamp=2023-04-19

GDCh
=

of new methods for the activation of the Pt!V

good spatiotemporal control.l'}

To circumvent this limitation, herein, the first example
of a Pt" complex that could be reduced upon exposure to
ultrasound radiation for the treatment of deep-seated
tumors is reported. Clinical studies have indicated that
ultrasound radiation has more than an order of magnitude
deeper tissue penetration than near-infrared light, allowing
potentially for the treatment of deep-seated or large tumors.
In addition, ultrasound treatments are generally suggested
to be less invasive, easier to use, and clinics are typically
already equipped with the necessary equipment.") Within
this study, the frequently employed Pt" anticancer drug
cisplatin was axially functionalized with aliphatic chains to
form the Pt" prodrug Ptl. Using density functional theory
(DFT) calculations, the reduction of the Pt" prodrug with
ultrasound radiation using the tetrapyrrolic sonosensitizer
was suggested. While remaining stable under physiological
conditions, the metal complex was reduced in the presence
of the sonosensitizer and exposure to ultrasound radiation.
Based on the high lipophilicity of the metal complex, this
compound was encapsulated with the biocompatible sono-
sensitizer Hemoglobin (HGB) into nanoparticles (NP*). The
nanoparticles were found to selectively accumulate inside a
mouse colon carcinoma tumor upon intravenous injection.
To highlight the ability of this medicinal technique for the
treatment of very large or deep-seated tumors, the tumor
tissue was covered with an additional 2 cm wide piece of
chicken breast as a barrier. Upon exposure to ultrasound
radiation, the Pt" prodrug was activated at the tumor site,
resulting in the release of cytotoxic cisplatin and almost
complete eradication of the tumor (Scheme 1). These
findings could pave the way towards the development of
novel techniques and agents for the treatment of very large
or deep-seated tumors.
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Results and Discussion

Previous studies have indicated that the axial coordination
of a metal complex with a photosensitizer is able to mediate
the reduction of the Pt" center to Pt" through electron
transfer from the excited photosensitizer to the metal
core.®” Over the last decades, much interest has been
devoted sonosensitizers that can be excited with deeply
penetrating  ultrasound radiation for photoacoutic
imaging.['”! Based on these findings, herein, the ability of the
metal center to be reduced upon ultrasound radiation in the
presence of a sonosensitizer was hypothesized. To avoid
interference of light or radiation-absorbing moieties, the Pt"
drug cisplatin (cis-diamminedichloridoplatinum(II)), which
does not have any chromophoric ligands, was axially
functionalized with aliphatic chains and the Pt" prodrug Pt1
formed. To study this hypothesis and evaluate which
sonosensitizers could be suitable for the energy transfer,
theoretical calculations were performed.

Using time-dependent DFT calculations, the possible
reduction of the Pt" prodrug was investigated. Based on the
high biocompatibility and facile accessibility, the application
of HGB as a suitable sonosensitizer was proposed. As the
smallest molecular sonosensitizer unit of HGB, the heme
group was used during the theoretical calculations. Due to
the lability of oxygen from the axial position of the heme
group, the penta- and hexa-coordinated heme group was
considered. The calculations have indicated that the reduc-
tion from the penta-coordinated heme sonosensitizer is
energetically unfavored (Figure S1). The following mecha-
nism is proposed (Figure 1, figures of the optimized geo-
metries of the compounds: Figure S2): Upon exposure to
ultrasound radiation, the sonosensitizer is excited to an
excited singlet state, requiring 28.1 kcalmol™'. Through an
intersystem crossing process, the spin of the excited electron
is reversed and an excited triplet state is populated. While

ascorbate

ascorbyl

+
radical *H

Figure 1. Proposed mechanism of the reduction of the Pt" prodrug Pt1 with the sonosensitizer using DFT calculations. (A) Energy profile diagram
of the reduction, indicative that the reaction is thermodynamically favored. (B) Proposed reduction mechanism.
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Scheme 1. Illustration of the mechanism of action of NP* for tumor-targeted, ultrasound-triggered anticancer therapy. Self-assembly of the
sonosensitizer and drug carrier hemoglobin (HGB) with a hydrophobic Pt" prodrug (Pt1) into nanoparticles (NPf). The NP® selectively accumulated
at the tumor site upon injection into the bloodstream of a tumor-bearing mouse model. Upon exposure to ultrasound radiation, the Pt" prodrug
inside of the NP* was rapidly reduced to cisplatin, causing the generation of ROS, DNA damage, and ultimately triggering cell death by apoptosis.

US refers to ultrasound radiation.

the energy of this excited state could be directly but
ineffectively transferred to the Pt" prodrug, the theoretical
calculations have indicated that the energy is more effi-
ciently transferred to ascorbate as a mediator. The spin
density plot of the excited triplet state of the Fe' sonosensi-
tizer lies on the metal center, which can accept a n-electron
from ascorbate, resulting in the formation of an unstable Fe'
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complex. The Fe' complex can further transfer an electron
to the Pt" complex, resulting in the desired reduction of the
prodrug. The overall energetic balance indicated that this
process is thermodynamically favored with an energetic
difference of 6.5 kcalmol ™" (frontier orbitals and spin density
plots of the compounds: Table S1, coordinates of the
compounds: Table S2, calculation of the energy differences
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of the respective states: Table S3). It is important to mention
that to date the molecular mechanism of sonosensitizers
remains poorly understood. Previous studies have reported
that when ultrasound radiation interacts with bulk liquid, it
can create a unique phenomenon of cavitation. The
implosion of these cavities can lead to extreme raises in
temperature and pressure, which causes numerous chemical
reactions, including the concentration of energy sufficient to
generate light, known as sonoluminescence.'” Within the
following experiments, ultrasound radiation with a fre-
quency of 1 MHz was used. DFT calculations indicate that
this energy could be suitable for the excitation of 1,
presenting the feasibility of this approach.

Following this theoretical insight, the Pt"Y complex Pt1
was chemically synthesized. The identity of the compound
was confirmed by nuclear magnetic resonance (NMR) and
high-resolution electrospray ionization mass spectroscopy
(HR-ESI-MS) and the purity was verified by high-perform-
ance liquid chromatography (HPLC) (Figure S3-S6). To
investigate the potential reduction of the Pt" prodrug into
the analogous Pt" species upon release of the axial aliphatic
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chains, HPLC studies were performed (Figure2A). As a
facile model system, herein, the commercially available
sonosensitizer Hemin was used. The incubation of Ptl, the
co-incubation of Ptl with the sonosensitizer Hemin, or the
exposure of Ptl to ultrasound radiation (1.5 Wcm ™2, 10 min,
Photograph of the experimental setup of the sonication of
the solution: Figure S7) and incubation at 37°C for 24 h
resulted in a negligible amount of prodrug reduction (Fig-
ure 2B, Figure S8-S10). Contrary, the co-incubation of Ptl
with the sonosensitizer Hemin as well as exposure to
ultrasound radiation resulted in the reduction of the metal
center and therefore activation of the prodrug. The reduc-
tion of Ptl was found to be approximately linear correlating
with the prolongation of the radiation time as well as
enhancement of the radiation power density (Figure 2C,
Figure S11-S13), indicative that the release could be
precisely controlled through external stimuli. Upon expo-
sure of the solution to a radiation power density of
1.5Wcm ™ for 10 min, approximately 31% of the metal
complex was found in its reduced form. Overall, these
findings indicate that the prodrug Ptl is highly inert under
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Figure 2. Reduction of Pt1 in the presence of a sonosensitizer Hemin and exposure to ultrasound radiation. (A) Left: Chemical structures of Pt1
and Hemin. Right: Evaluation of the prodrug release under various conditions: (1) Incubation of Pt1 at 37°C for 24 h, (Il) Incubation of Pt1 at 37°C
for 24 h after exposure to ultrasound radiation (1.5 Wcm™, 10 min), (I11) Incubation of Pt1 and Hemin at 37°C for 24 h, (IV) Incubation of Pt1 and
Hemin and exposure to ultrasound radiation (1.5 Wcm™, 10 min). (B) Time-dependent reduction of Pt1 under conditions I-IIl. (C) Time-
dependent reduction of Pt1 under conditions IV upon variation of the radiation power density. (D) Comparison of the reduction of Pt1 under
various conditions at 37°C for 24 h and exposure to ultrasound radiation (1.5 Wcm™2,10 min). US refers to ultrasound radiation.
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physiological non-reducing conditions but can quickly be
reduced in the presence of a sonosensitizer upon exposure
to ultrasound radiation (Figure 2D). To the best of our
knowledge, this study reports on the first example of the
reduction of a Pt" complex with ultrasound radiation.
Encouraged by these promising findings and to further
enhance the therapeutic potential, herein, a multimodal
nanoparticle formulation (NP*) for tumor-targeted ultra-
sound radiation-triggered cancer therapy was designed. The
strategy is based on the 1) use of Hemoglobin (HGB), a
biologically naturally occurring protein with the desired
heme group as a sonosensitizer; notably, the oxidation state
of the metal core and the ligand environment of Hemin and
the heme groups in HGB are different which could result in
a different efficiency to act as a sonosensitizer; 2) encapsula-
tion of the therapeutic Pt"™ complex Ptl in the lipophilic
protein center and therefore in the proximity of the heme
group; 3) high biocompatibility of the nanoparticles; and 4)
selective tumor accumulation due to the enhanced perme-
ability and retention (EPR) effect of the nanomaterial. The
ability to deliver the therapeutic metal complex to the tumor
tissue as well as the necessity of the activation of the
compound by ultrasound radiation allows for dual treatment
targeting as well as improved therapeutic drug efficiency.
HGB, Ptl, and DSPE-PEG,, were self-assembled into
nanoparticles by nanoprecipitation. Following the prepara-
tion, the particle size was analyzed by dynamic light
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scattering (DLS) measurements. NP* were found with a
hydrodynamic diameter of 174nm and a polydispersity
index of 0.25, indicative that the nanoparticles were well
dispersed (Figure 3A). Transmission electron microscopy
(TEM) measurements confirmed the particle size. The
microscopy images further showed that the nanoparticles
exerted a homogeneous spherical morphology (Figure 3B).
Using scanning transmission electron microscopy (STEM)
coupled with energy dispersive X-ray spectroscopy (EDX),
the incorporation of the Pt complex into the
supramolecular protein was studied. The images showed
that the energetic signatures of the elements C, N, O, and Pt
were evenly distributed in the nanomaterial, suggestive of
the successful encapsulation of the metal complex (Fig-
ure 3C). The nanoparticles were found with a zeta potential
of —12.9 mV, indicative of a negatively charged surface. For
further characterization of the nano-assembly, the absorp-
tion profile of the nanoparticles was assessed. The absorp-
tion spectrum of NP° showed the characteristic absorption
band at 406 nm of HGB (Figure S14), indicative of the
successful loading of HGB without affecting the energetic
states of the respective moiety. Using the characteristic
absorption band, the HGB concentration in NP* was
determined to be approximately 290 uM. As each HGB
molecule consists of four subunits with each one heme
group, an approximate concentration of heme was calcu-
lated to be 1160 pM. Using atomic absorption spectroscopy,
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Figure 3. Characterization of NP® upon exposure to ultrasound radiation (1.5 Wem™, 10 min). (A) Dynamic light scattering measurements of NP°.
(B) Representative TEM images of NP®. scale bar=250 nm. (C) Representative high-angle annular dark-field scanning TEM (HAADF-STEM) images
and the corresponding element mapping images of NP*. Scale bar=100 nm. (D) High-performance liquid chromatography chromatograms of the
time-dependent incubation of NP* to 5 mM ascorbic acid and exposure to ultrasound radiation. AA refers to ascorbic acid and IS refers to the
internal standard triphenylphosphine oxide. (E) Time-dependent prodrug reduction from (D). (F) Electrospray ionization mass spectrum of NP® in
the dark or upon exposure to ultrasound radiation. (G) X-ray photoelectron spectrum of NP® in the dark or upon exposure to ultrasound radiation.
(H) Time-dependent monitoring of the characteristic absorption peak of the singlet oxygen probe 1,3-diphenylisobenzofuran upon incubation with

NP* in the dark or upon exposure to ultrasound radiation.
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the concentration of Pt inside of NP* was determined to be
approximately 618 uM. This corresponds to an approximate
ratio of 1:2 for HGB: Ptl and 2:1 for heme: Pt1.

The stability of the nanoparticles represents a crucial
property for any medicinal application. Capitalizing on this,
the stability in an aqueous solution for a period of 7 days
was studied. Promisingly, no significant changes in the size
or polydispersity of the nanoparticles were observed (Fig-
ure S15), indicative of the high stability under physiological
conditions.

To study whether the formulation into nanoparticles has
influenced the desired sono-reduction properties, the reduc-
tion of the Pt" complex into the Pt" analogous species upon
exposure to ultrasound radiation was studied by HPLC
analysis. The results showed that 35 % of Ptl was reduced
upon exposure to ultrasound radiation (1.5Wcm™) for
10 min. The amount of reduced species continuously
increased with the prolongation of sonication time (Fig-
ure S16). Previous studies have indicated that Pt" com-
plexes could be reduced by ascorbic acid which is present in
high concentrations in cancerous cells.'¥ Capitalizing on
this, the possible prodrug reduction in NP* in the presence
of ascorbic acid (5 mM) was studied. Upon incubation with
ascorbic acid in water at 37°C for 24 h in the dark,
approximately 32 % of the metal complex was found to be
reduced (Figure S17), indicative that the prodrug could be
activated by intracellular reducing agents. Capitalizing on
this, the reduction of the prodrug was studied by a dual
prodrug activation mechanism through incubation with
ascorbic acid (5 mM) as well as exposure to ultrasonic
radiation (1.5 Wem ™). Strikingly, within 3 min the Pt"
complex was fully converted into the analogous Pt" species
(Figure 3D-3E), indicative of a stronger prodrug activation
than the summation of the two triggers. For an experimental
insight into the mechanism involved in the reduction of the
prodrug, the magnetic susceptibility of NP* was measured.
The magnetic hysteresis loop indicated that the spin state of
the Fe"" center is S=0 (Figure S18), indicative of the hexa-
coordinated oxy form.'” These findings are in agreement
with the proposed theoretical model (Figure 1). The reduc-
tion of the negatively charged Pt" nanoparticles NP* with
the negatively charged ascorbate is counterintuitive. Pre-
vious studies have demonstrated that sonosensitizers and
their corresponding nanoformulations that could not cross
or enter specific biological systems were able to penetrate
these upon exposure to ultrasound radiation. The authors
have indicated that the modification of the biological
properties was mediated through the inclusion into cavities
that were generated upon exposure to ultrasound
radiation.'® Analogously, herein, the inclusion of NP* and
ascorbate into cavities with extreme temperature and
pressure in which the reduction can take place is hypothe-
sized. The prodrug reduction was further verified by electro-
spray ionization mass spectrometry (ESI-MS). While the
mass spectrum of NP*® upon incubation in water at 37°C for
24 h only showed the intact Pt" prodrug (m/z=778 Da),
upon exposure to ultrasound radiation a strongly reduced
intensity of the Pt" prodrug and the appearance of the Pt"
product cisplatin (m/z =299 Da) was observed (Figure 3F).

Angew. Chem. Int. Ed. 2023, 62, €202301074 (6 of 12)
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Complementary, the reduction of the metal center was
monitored by X-ray photoelectron spectroscopy (XPS). The
nanoparticles NP* were found with the typical Pt4f binding
energies at 79.1 and 75.7 eV which are associated with the
+4 Pt oxidation state. Upon exposure to ultrasound radia-
tion, these bands disappeared and peaks at 76.0 and 72.7 eV
appeared which are associated with the +2 Pt oxidation
state (Figure 3G). Combined these results indicate that the
Pt" complex inside of NP* can be reduced into the
analogous Pt" species upon exposure to ultrasound radia-
tion.

The ability of NP* to produce singlet oxygen (*O,) upon
exposure to ultrasound radiation was investigated using the
specific 'O, scavenger 1,3-diphenylisobenzofuran (DPBF).
In the presence of 'O,, 1,3-diphenylisobenzofuran can
undergo a ring-opening reaction, resulting in a decrease of
absorption at 410 nm. While no changes were observed
upon co-incubation of DPBF with NP*, a strong decrease of
absorption at 410 nm was observed upon exposure of the
solution to ultrasound radiation (1.5 Wcm™, Figure 3H).
Further analysis revealed that the decomposition rate
constant of DPBF was 0.0051 s These results indicate that
the heme in HGB can absorb energy of the ultrasound
radiation upon excitation to an excited singlet state (S').
Through an intersystem crossing process, an excited triplet
state (T') is populated which can transfer its energy to
molecular oxygen (*0,) upon formation of 'O,.

As a prerequisite for the anticancer effect, the therapeu-
tic agent needs to be internalized into the cancerous cells.
To investigate the internalization of the nanomaterial, the
NP® were labeled with the fluorescent dye Cy5.5 to form
NP‘@Cy5.5 and the cellular uptake of NP*@Cy5.5 into
mouse colon carcinoma (CT26) cells was studied by flow
cytometry (Figure 4A, Figure S19). Complementary, the
internalization was also investigated by confocal laser
scanning microscopy (Figure S20). Upon prolongation of the
incubation time, an increasing amount of nanoparticles was
found inside the cancer cells. Using graphite furnace atomic
absorption spectrometry (GF-AAS), the cellular uptake of
Pt was quantified (Figure 4B). The results showed that the
amount of Pt inside the cancer cells increased by 3.1 times
upon prolongation of the incubation time from 1h to 7h.
These findings indicate that the nanoparticles could be
efficiently taken up into the cancer cells.

The ability of the nanoparticles to generate reactive
oxygen species inside cancer cells was investigated by
confocal laser scanning microscopy and flow cytometry using
the probe 2,7-dichlorodihydrofluorescein diacetate. While
this probe is non-fluorescent under non-oxidizing physiolog-
ical conditions, in the presence of ROS the probe can be
oxidized to the highly fluorescent 2,7-dichlorodihydrofluor-
escein. The treatment of the cancer cells with Pt1 or NP* in
the dark showed only negligible amount of fluorescence.
Contrary, strong green emission of the probe was monitored
upon incubation of the cancer cells with NP* and exposure
to ultrasound radiation (Photograph of the experimental
setup of the sonication of the cells: Figure S21, quantifica-
tion by flow cytometry: Figure 4C and Figure S22, micro-
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Figure 4. Uptake, ROS generation, and DNA damage of CT26 cancer cells upon various treatments. (A) Flow cytometry plots of the cellular uptake
of NP*@Cy5.5 over various time intervals. (B) Quantification of the cellular uptake of NP® over various time intervals by GF-AAS. (C) Quantification
of the ROS generation upon various treatments by flow cytometry. (D) Confocal laser scanning microscopy images of the ROS generation upon
various treatments. Scale bar=20 pm. (E) Quantification of the level of the DNA damage marker y-H2AX upon various treatments by flow
cytometry. (F) Confocal laser scanning microscopy images upon staining of y-H2AX in CT26 cells upon various treatments. Scale bar=20 pm. (G)
Quantification of the level of Pt-DNA adducts upon various treatments by inductively coupled plasma mass spectrometry. US refers to ultrasound
radiation. n=3. Data are presented as mean = standard deviation. Statistic significances between every two groups were calculated by one-way
ANOVA test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

scopy images: Figure 4D). These results indicate that the
NP could generate ROS in cancerous cells.

As the primary mechanism of action, Pt complexes are
generally believed to bind to the DNA bases, causing cross-

linking of the DNA, DNA damage, and ultimately cell
death." To investigate whether NP* are able to therapeuti-
cally intervene with such a mechanism, the levels of the
DNA damage marker y-H2AX upon treatment were studied
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by flow cytometry (Figure 4E, Figure S23). The quantifica-
tion of the y-H2AX levels suggested that the treatment with
NP* upon exposure to ultrasound radiation significantly
upregulated the expression of y-H2AX in the cancer cells.
Complementary, the activation of y-H2AX was assessed by
an immunofluorescence staining study (Figure 4F). While
only minimal y-H2AX levels upon treatment with Ptl or
NP in the dark were observed, significantly higher expres-
sion levels were monitored upon treatment with Ptl or NP*
upon exposure to ultrasound radiation (Figure 4F), indica-
tive of severe DNA damage. Complementary, the amount of
Pt-DNA adducts upon treatment was assessed by inductively
coupled plasma mass spectrometry (ICP-MS). The results
showed significantly higher levels of Pt-DNA adducts by
treatment with NP* upon exposure to ultrasound radiation
than upon treatment with Ptl or NP*® in the dark (Fig-
ure 4G). Overall, these findings demonstrate that exposure
to ultrasound radiation can trigger the reduction of Pt" to
Pt", resulting in an enhanced amount of Pt-DNA cross-links
and DNA damage.

The therapeutic efficiency of the nanoparticles was
assessed against mouse colon carcinoma (CT26), human
hepatocellular carcinoma (BEL7404), and cisplatin-resistant
human hepatocellular carcinoma (BEL7404DDP) cells using
a cell counting kit-8 (CCK-8) assay. Pt1 and NP* were found
to be poorly cytotoxic towards all tested cancer cell lines. In
contrast, the treatment with NP® upon exposure to ultra-
sound radiation caused a cytotoxic effect with half maximum
inhibitory concentrations (ICs) in the low micromolar range
(ICsp,cr6=18+1 uM, ICs0.BEL704=16£1 pM,
1Cs0,5EL740sp0p =24 £2 uM). The cytotoxic effect of NP* was
found to be in a similar range as for cisplatin (drug-response
curves against CT26: Figure SA, BEL7404: Figure 5B,
BEL4704DDP: Figure 5C), indicative that NP* are not able
to overcome the cisplatin drug resistance of the cancer cells.
To investigate whether other naturally occurring proteins or
components inside the cancer cells are able to facilitate the
reduction and therefore trigger a therapeutic cytotoxic
effect, the cell viability of BEL7404DDP cells upon treat-
ment with Ptl, Ptl upon exposure to ultrasound radiation,
polymeric DSPE nanoparticles containing Ptl upon expo-
sure to ultrasound radiation, NP*® in the dark, and NP* upon
exposure to ultrasound radiation were compared. The
results showed that the treatment with Ptl in the dark did
not cause a change in cell viability, indicative that the
reduction is not or only poorly facilitated by intracellular
reducing agents. The treatment with Ptl or polymeric
nanoparticles containing Ptl upon exposure to ultrasound
radiation did not cause a significant cytotoxic effect, high-
lighting the importance of the sonosensitizer HGB as well as
suggesting that the reduction cannot be efficiently induced
by other naturally occurring proteins. While the treatment
with NP* in the dark did not trigger a therapeutic effect, a
cytotoxic effect in the low micromolar range was observed
upon the treatment with NP® upon exposure to ultrasound
radiation. These findings clearly highlight the necessity of
HGB as a sonosensitizer for the therapeutic effect.

For a deeper understanding of the cell death mechanism,
the percentage of cancer cells in an apoptotic stage upon
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treatment was determined by flow cytometry using Annexin
V-FITC and propidium iodide double staining. While the
treatment of CT26 cells with Ptl and NP® showed only a
small number of apoptotic cells, the incubation of the cancer
cells with NP* upon exposure to ultrasound radiation
resulted in a significantly higher percentage of cells in an
apoptotic stage (flow cytometry plot: Figure 5D, quantifica-
tion of apoptotic cells: Figure SE). To evaluate the anti-
proliferative effect, a colony formation assay was performed.
The treatment with NP* upon exposure to ultrasound
radiation showed a strongly reduced number of colonies,
indicative of its possible long-term anticancer effect (Fig-
ure 5F). Combined these findings highlight that NP* are able
to efficiently trigger cancer cell death.

Based on the promising effects of the nanoparticles
against two-dimensional monolayer cancer cells, the ther-
apeutic properties against three-dimensional multicellular
tumor spheroids were studied. Multicellular tumor spheroids
are a tissue culture model that more realistically describes
the pharmacological properties of solid tumors including
proliferation gradients, oxygen gradients, and intercellular
architectures.' The therapeutic effect against CT26 multi-
cellular tumor spheroids was investigated by fluorescence
microscopy using live and dead staining. While the multi-
cellular tumor spheroids treated with Pt1 and NP* majorly
consisted of living cancer cells, most cells in the multicellular
tumor spheroids treated with NP* upon exposure to ultra-
sound radiation were dead (Figure 5G).

Encouraged by the promising properties inside the
cellular model, the biological properties of the nanoparticles
were further studied in a CT26 tumor-bearing mouse model
(Figure 6A). To investigate the biodistribution inside the
mouse model, NP°@Cy5.5 was intravenously injected and
the fluorescence signal was monitored (Figure 6B). After
36 h, the maximal fluorescence intensity at the tumor site
was observed (Figure 6C). After 72h, the mice were
sacrificed and the accumulation of the nanoparticles in the
major organs was analyzed by fluorescence imaging (Fig-
ure 6B). Impressively, the vast majority of the injected doses
accumulated at the tumor site (Figure 6D). These findings
highlight the high potential of the nanoparticles for tumor-
targeted therapy.

To study the therapeutic efficiency, CT26 tumor-bearing
mice were intravenously injected with phosphate-buffered
saline (PBS), cisplatin, or NP* (1.5 mgkg ') on days 0 and 3.
The animals which were exposed to ultrasound radiation,
were treated for 5 min with a portable ultrasonic apparatus
(DJO Chattanooga 2776, USA) on days 1 and 4. To
highlight the ability of this medicinal technique for the
treatment of very large or deep-seated tumors, a specific
treatment group was set up in which a 2 cm wide piece of
chicken breast was placed as a barrier before the tumor
(Photograph of the experimental setup of the sonication of
the mouse model: Figure S24). The tumor volume and body
weight of the mice were recorded every two days. The tumor
volume of the mice treated with phosphate-buffered saline
or purely with the ultrasound radiation grew asymptotically
in the same manner, indicative that these treatments do not
influence tumor growth. The tumors of the mice treated

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Cytotoxicity upon treatment of cancer cells or multicellular tumor spheroids with NP*+ US. (A—C) Drug response curves upon various
treatments. (D) Flow cytometry plots of apoptotic cells upon various treatments. (E) Quantification of apoptotic cells from (D). (F) Colony
formation assay upon various treatments. (G) Confocal laser scanning microscopy images of CT26 multicellular tumor spheroids with a cell live/
dead staining upon various treatments. Scale bar=100 pm. US refers to ultrasound radiation. n=3. Data are presented as mean + standard
deviation. Statistic significances between every two groups were calculated by one-way ANOVA test. *p <0.05, **p <0.01, ***p <0.001, ****p

< 0.0001.

with NP® in the dark showed a slight tumor growth inhibition
effect due to prodrug activation by the cancer microenviron-
ment. In contrast, the tumors treated with NP* and exposed
to ultrasound radiation were nearly fully eradicated. Strik-
ingly, even the tumors that were covered with an additional
chicken breast barrier were nearly fully eradicated. These
findings emphasize that the activation of the prodrug
through ultrasound radiation could be useful for the treat-
ment of deep-seated or very large tumors (Figure 6E).

Angew. Chem. Int. Ed. 2023, 62, €202301074 (9 of 12) © 2023 The A

Importantly, the mice behaved normally throughout the
treatment period without significant loss of weight (Fig-
ure 6F), indicative of the high biocompatibility of the treat-
ment. After the treatment period (14 days), the animal
models were sacrificed. A visual inspection of the tumors
clearly shows the strong therapeutic efficacy of the nano-
particles. Three of the phosphate-buffered saline and three
of the purely ultrasound radiation-treated mice were
sacrificed prematurely because the tumors had reached the
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Figure 6. Biodistribution and tumor growth inhibition effect in a CT26 tumor-bearing mouse model upon intravenous injection of NP* (1.5 mgPt/
kg body weight) and exposure to ultrasound radiation (1.5 Wcm™, 5 min). (A) Schematic illustration of the treatment schedule. (B) Left: In vivo
distribution of NP*@Cy5.5 determined by fluorescence bio-imaging. Right: Ex vivo imaging of tumors and major organs 72 h after administration
of NP°@Cy5.5. (C) Time-dependent accumulation of NP*@Cy5.5 at the tumor site. (D) Biodistribution 72 h after administration of NP°@Cy5.5. (E)
Tumor growth inhibition curves upon various treatments. (F) Changes of body weight of mice upon various treatments. (G) Representative
photograph of the tumors 14 days after the treatment. The red circle represents premature sacrifice of the mice and the blue circle represents
complete eradication of the tumor. (H) H&E and TUNEL staining of the tumor tissues upon various treatments. Scale bar=100 pm. US refers to
ultrasound radiation. n=3-5. Data are presented as mean + standard deviation. Statistic significances between every two groups were calculated
by one-way ANOVA test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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ethically acceptable maximum. In contrast, the tumors which
were treated with NP* and exposed to ultrasound radiation
were fully eradicated (Figure 6G). For a deeper under-
standing of the therapeutic effect, the tumorous tissues were
histologically analyzed by hematoxylin and eosin (H&E)
staining and terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL). The microscopy
images of the tumorous tissues treated with NP° and
exposed to ultrasound radiation showed nuclear fragmenta-
tion, nucleolysis of the tumor cells, as well as DNA damage
(Figure 6H). Overall, these findings highlight the strong
therapeutic potential of NP* as an ultrasound radiation-
activated prodrug for tumor-targeted cancer therapy.

Conclusion

In summary, this study reports on the first example of the
activation of Pt"V prodrug nanoparticles upon exposure to
ultrasound radiation for deep tissue penetrating anticancer
therapy. While remaining stable under physiological con-
ditions, the Pt" complex was reduced in the presence of a
sonosensitizer and exposure to ultrasound radiation into the
respective Pt" species. To improve the water solubility and
provide cancer selectivity, the metal complex was encapsu-
lated with the biocompatible sonosensitizer hemoglobin into
nanoparticles. Studies in mouse colon carcinoma cells
revealed that the nanoparticles rapidly dissociate in cancer-
ous cells which were exposed to ultrasound radiation,
triggering cell death by apoptosis. The biological properties
were further tested in colon carcinoma-bearing mouse
models. Encouragingly, the nanoparticles were found to
selectively accumulate inside the tumor upon intravenous
injection. To highlight the ability of this medicinal technique
for the treatment of very large or deep-seated tumors, the
tumor tissue was covered with an additional 2 cm wide piece
of chicken breast as a barrier. Upon exposure of the tumor
to ultrasound radiation, the tumors were completely eradi-
cated in nearly all mouse models. These findings highlight
the high potential of this form of treatment for very large or
deep-seated tumors and are expected to open new avenues
for the treatment of cancer.
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