Particles I

Access the latest eBook —

Impact on Biological Systems
and the Environment

Advanced ;
Optical Metrology
Farides ¥ ' Th___i{éBook is dedicated to thgresearch of

Professor David Wertheim.,
In tollaboration with various groups,
Professor Wertheim uses confocal
microscopy to analyse the impact of
different types of particles on human health
and the enwronment with a focus on
human healgh hazardous particles detected
=TIoENT with sollq,state nuclear track detectors
(SSNTD). Download for free, today.

/E’WIDENT‘

WILEY

OLYMPUS



https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A2b77d582-26f9-4667-8205-cc2f5011c071&url=https%3A%2F%2Fadvancedopticalmetrology.com%2Fparticles%2Fparticles-impact-on.html%3Futm_source%3DePDF%26utm_medium%3DeBook11&pubDoi=10.1002/adma.202004766&viewOrigin=offlinePdf

COMMUNICATION

'-) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Fighting against Drug-Resistant Tumors using
a Dual-Responsive Pt(IV)/Ru(ll) Bimetallic Polymer

Xiaolong Zeng, Yufei Wang, Jianxiong Han, Wen Sun, Hans-Jiirgen Butt, Xing-Jie Liang,*

and Si Wu*

Drug resistance is a major problem in cancer treatment. Herein, the design

of a dual-responsive Pt(IV)/Ru(ll) bimetallic polymer (PolyPt/Ru) to treat
cisplatin-resistant tumors in a patient-derived xenograft (PDX) model

is reported. PolyPt/Ru is an amphiphilic ABA-type triblock copolymer.

The hydrophilic A blocks consist of biocompatible poly(ethylene glycol)

(PEG). The hydrophobic B block contains reduction-responsive Pt(IV)

and red-light-responsive Ru(ll) moieties. PolyPt/Ru self-assembles into
nanoparticles that are efficiently taken up by cisplatin-resistant cancer cells.
Irradiation of cancer cells containing PolyPt/Ru nanoparticles with red light
generates '0,, induces polymer degradation, and triggers the release of the
Ru(ll) anticancer agent. Meanwhile, the anticancer drug, cisplatin, is released
in the intracellular environment via reduction of the Pt(IV) moieties. The
released Ru(ll) anticancer agent, cisplatin, and the generated 'O, have different
anticancer mechanisms; their synergistic effects inhibit the growth of drug-
resistant cancer cells. Furthermore, PolyPt/Ru nanoparticles inhibit tumor
growth in a PDX mouse model because they circulate in the bloodstream,
accumulate at tumor sites, exhibit good biocompatibility, and do not cause side
effects. The results demonstrate that the development of stimuli-responsive
multi-metallic polymers provides a new strategy to overcome drug resistance.

Cisplatin and various other Pt(II) anticancer drugs are admin-
istered to the majority of patients undergoing chemotherapy.l2
The development of drug resistance during chemotherapy
treatment is a major problem; cisplatin becomes inefficient
in patients after extended use.># Cisplatin resistance is due
to multiple deactivation pathways that render the treatment

inefficient.!! First, proteins such as serum
albumin in blood deactivate cisplatin.P!
Second, cisplatin cannot be efficiently
taken up Dby cisplatin-resistant cancer
cells.) Third, intracellular biomolecules
such as metallothionein (MT) and glu-
tathione (GSH) may strongly bind and
sequester cisplatin.”l Fourth, the DNA of
cancer cells that are damaged by cisplatin,
can be repaired by proteins.®l All these
deactivation pathways hinder the curative
effects of cisplatin.

Some strategies have been developed
to overcome the abovementioned deac-
tivation pathways. For example, Pt(IV)
prodrugs, which release cisplatin in
cancer cells, have been developed.’1
Pt(IV) prodrugs are more resistant to
ligand substitution reactions than cispl-
atin because Pt(IV) centers are saturated
and kinetically more inert.!l Thus, Pt(IV)
can minimize unwanted side reactions
with biomolecules prior to DNA binding.
Another strategy to overcome deactivation
is to combine cisplatin with other anti-
cancer agents such as paclitaxel, 5-fluorouracil, gemcitabine or
ruthenium complexes.3-16 Mixtures of anticancer agents pos-
sess multiple targets and actions; this strategy strengthens the
therapeutic effects via the different anticancer mechanisms of
the different agents." A third strategy to overcome deactivation
is to use nanocarriers for the delivery of cisplatin.l”'® Some
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Figure 1. a) Structure of the amphiphilic triblock copolymer PolyPt/Ru. Red light irradiation and intracellular reduction induced degradation of the
polymer, generation of 'O,, and release of the anticancer drug cisplatin and the anticancer agent [Ru(big),(H,0),](PF¢), (biq = 2,2’-biquinoline).
b) Schematic illustration of self-assembly, extracellular and intracellular processes for anticancer therapy using PolyPt/Ru.

nanocarriers can circulate longer in the bloodstream, accumu-
late at tumor tissue via the enhanced permeation and retention
(EPR) effect, be taken up by tumor cells efficiently, and release
Pt drugs on demand.*22 These properties of nanocarriers can
prevent deactivation pathways. Although the abovementioned
strategies prevented certain deactivation pathways for cisplatin,
it is difficult to overcome multiple deactivation pathways. Thus,
reversing cisplatin resistance poses a challenge.

Herein, the design of a dual-responsive Pt(IV)/Ru(Il) bime-
tallic polymer PolyPt/Ru to overcome multiple deactivation

Adv. Mater. 2020, 32, 2004766
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pathways for cisplatin is reported. We demonstrated the use
of PolyPt/Ru for the treatment of cisplatin-resistant tumors
in a patient-derived xenograft (PDX) mouse model (Figure 1).
PolyPt/Ru is an ABA-type triblock polymer with a hydrophobic
Pt(IV)/Ru(II) bimetallic block and two hydrophilic poly(ethylene
glycol) (PEG) blocks. The Pt(IV) moieties in the hydrophobic
block are prodrugs that produce cisplatin in intracellular reduc-
tion environments. The Ru(Il) moieties were incorporated
in the hydrophobic block because some Ru(II) complexes
show anticancer activity and have entered clinical trials.[?*24

© 2020 The Authors. Published by Wiley-VCH GmbH
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In particular, some Ru(Il) complexes can generate 'O, and
undergo ligand substitution under light irradiation.[>>-3% Photo-
caged Ru(Il) complexes are usually nontoxic to nonirradiated
tissues and can become toxic in cancer cells through photo-
activation.l??%] This photoactivation strategy can improve selec-
tivity in cancer treatment. The Ru(II) moieties in PolyPt/Ru
can generate 'O, for photodynamic therapy (PDT) and release
anticancer Ru(II) complexes for photoactivated chemotherapy
(PACT). Additionally, we used the hydrophilic and biocompat-
ible PEG block because it can prolong blood circulation and
suppress nonspecific adsorption of proteins that deactivate
metallodrugs.?'-3% PolyPt/Ru self-assembles into nanoparticles,
which accumulate at tumor sites and are taken up by cisplatin-
resistant cancer cells, where it releases cisplatin in the reductive
microenvironments. Irradiating PolyPt/Ru with red light gener-
ates '0, and induces degradation of the Ru(II) moieties, and
the release of anticancer Ru(II) complexes. The damage caused
by the released Ru(Il) complexes and 'O, are different from
those caused by cisplatin, which can eliminate the deactivation
pathway via repair.3 The combination of the released cispl-
atin and Ru(Il) complexes as well as the generated 'O, has a
synergistic effect against cisplatin-resistant tumors. Therefore,
PolyPt/Ru can overcome multiple deactivation pathways and
reverse cisplatin resistance. Photoactivation of PolyPt/Ru only
occurs at the irradiated tumor tissue, which further improves
the selectivity of the cancer treatment.

To prepare PolyPt/Ru, we synthesized the Ru(II)-containing
monomer [Ru(biq),(PCE),](PFs), (biq = 2,2-biquinoline,
PCE = propiolic acid 2-[2-[2-(4-cyanophenoxy)ethoxylethoxy]ethyl
ester) (Figure S1, Supporting Information) and Pt(IV)-containing
monomer precursor [Pt(NHj;),ClL,(AAE),](TFA), (AAE = 3-amino-
propionic acid ester, TFA = trifluoroacetic acid) (Figure S2, Sup-
porting Information) via multi-step routes. The monomers and
intermediates were fully characterized using nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry (MS)
(Figures S4-S15, Supporting Information). Subsequently, the
Pt(IV)-containing monomer precursor was deprotonated and
polymerized with the Ru(Il)-containing monomer via spon-
taneous amino-yne click polymerization (Figures S3 and S16,
Supporting Information). Finally, PolyPt/Ru was synthesized by
terminating the polymer with poly(ethylene glycol) methyl ether
amine (mPEG5k-NH,) (Figure S3, Supporting Information). NMR
spectroscopy and gel permeation chromatography (GPC) demon-
strated that PolyPt/Ru was successfully synthesized (Figures S17
and S18, Supporting Information). The molar mass of PolyPt/Ru
measured by NMR spectroscopy was 17 kg mol~, which was com-
parable to that measured by GPC (18 kg mol™). The weight frac-
tion of the Pt(IV)/Ru(II) block was =42%, indicating that PolyPt/
Ru has a high content of anticancer Pt(IV) and Ru(Il) moieties.

We prepared the PolyPt/Ru nanoparticles via self-assembly.
PolyPt/Ru was dissolved in a THF/DMF mixture. Water was added
dropwise to the mixture to trigger the self-assembly. Subsequently,
PolyPt/Ru nanoparticles in an aqueous solution were obtained
by removing the THF and DMF via dialysis against water. Trans-
mission electron microscopy (TEM) showed that PolyPt/Ru self-
assembled into nanoparticles with an average diameter of 90 nm
(Figure 2a). Dynamic light scattering (DLS) results showed that the
PolyPt/Ru nanoparticles had an average hydrodynamic diameter
of 111 nm (Figure 2b), which was comparable to the TEM result.

Adv. Mater. 2020, 32, 2004766
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The PolyPt/Ru nanoparticles in aqueous solution were stable for
24 h in the dark (Figure S19, Supporting Information).

The Ru(Il) and Pt (IV) moieties in PolyPt/Ru are light-
and reduction-responsive, making PolyPt/Ru nanoparticles
degradable (Figure 1). We studied the degradation of PolyPt/
Ru nanoparticles induced by red light irradiation, GSH treat-
ment, and the combination of red light and GSH treatment
using DLS (Figure 2c). The average diameter of the original
PolyPt/Ru nanoparticles was 111 nm. After red light irradia-
tion, photoproducts with diameters of 56 and 269 nm appeared.
This observation suggested that the PolyPt/Ru nanoparticles
degraded into smaller-sized fragments, and some larger-sized
hydrophobic aggregates of photoproducts. Similar DLS signals
were observed when PolyPt/Ru nanoparticles were treated with
GSH. When PolyPt/Ru nanoparticles were treated with a com-
bination of light and GSH, the smaller fragments disappeared,
and larger aggregates were formed. TEM observations further
confirmed that light or GSH treatments resulted in morpholo-
gical changes (Figure S20, Supporting Information).

We also performed GPC measurements in a good solvent
(DMF), to analyze the degraded products (Figure 2d). The hydro-
phobic products were easily dissolved in DMF to detect the
degraded fragments through GPC. The PolyPt/Ru polymer eluted
earlier than the relative degradation products. The delay in the
retention time of the products indicated the formation of a series
of low-molecular-weight fragments, which confirmed that light
and GSH degraded PolyPt/Ru. In addition, UV-vis absorption
spectroscopy showed that photosubstitution of the Ru(II) moie-
ties occurred when the PolyPt/Ru nanoparticles were irradiated
with red light in the presence or absence of GSH (Figure S21,
Supporting Information). Irradiating PolyPt/Ru nanoparticles in
the presence of GSH resulted in a faster reaction. This observa-
tion indicated that the degradation of Pt(IV) moieties using GSH
promoted the photoreactivity of the Ru(II) moieties in the PolyPt/
Ru nanoparticles (Figure S22, Supporting Information).

The TEM, DLS, GPC, and UV-vis absorption spectroscopy
results demonstrated the qualitative degradation of PolyPt/Ru.
PolyPt/Ru degradation is difficult to quantify because the prod-
ucts are complex mixtures. Therefore, [Ru(biq),(PCE),](PF),
and [Pt(NHj3),Cl,(AAE),](TFA), were used as model compounds
to investigate the reaction mechanism. UV-vis spectroscopy
was used to study the photosubstitution of [Ru(biq),(PCE),]
(PF¢), (Figure 2e). Red light irradiation of [Ru(biq),(PCE),](PFg),
red-shifted the metal-to-ligand charge transfer (MLCT) band
from 535 nm (A, of [Ru(biq),(PCE),](PFg),) to 586 nm (A,
of [Ru(biq),(H,0),](PFs),). The spectral change was achieved
within 20 min, suggesting the efficient photosubstitution of
[Ru(biq),(PCE),](PFs),. High-performance liquid chromato-
graphy (HPLC) was then performed to quantify the photosub-
stitution of [Ru(biq),(PCE),](PF), (Figure 2f). [Ru(biq),(PCE),]
(PF¢), is represented by the signal peak, 1. After 671 nm light
irradiation (125 mW cm™2, 20 min), peak 1 disappeared, and
three new peaks, the photoproducts, appeared. Comparing the
retention time of the photoproducts with pure PCE ligand con-
firmed that peak 4 was the PCE. Furthermore, according to the
UV-vis absorption spectroscopy detector in the HPLC system,
peaks 2 and 3 could be assigned to [Ru(biq),(H,0),](PF¢),
and [Ru(biq),(PCE)(H,0)](PFs),, respectively (Figure S23,
Supporting Information). The contents of [Ru(biq),(H,0),](PFs),

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. a) A TEM image of PolyPt/Ru nanoparticles. Scale bar: 100 nm. b) The diameter of PolyPt/Ru nanoparticles measured by dynamic light scat-
tering (DLS). c) DLS measurements of PolyPt/Ru nanoparticles. + Light: PolyPt/Ru nanoparticles after light irradiation (671 nm, 125 mW cm=2, 20 min);
+ GSH (glutathione): PolyPt/Ru nanoparticles after GSH treatment (5.0 X 1073 M, 4 h); + Light/GSH: PolyPt/Ru nanoparticles after light irradiation (671 nm,

125 mW cm~2, 20 min) with GSH treatment (5.0 x 1073 m, 4

h). d) GPC traces of PolyPt/Ru. + Light: PolyPt/Ru after light irradiation (671 nm, 125 mW cm2,

20 min); + GSH: PolyPt/Ru after GSH treatment (5.0 x 107 m, 4 h); + Light/GSH: PolyPt/Ru after light irradiation (671 nm, 125 mW cm™2, 20 min) with

GSH treatment (5.0 X 107 M, 4 h). e) UV-vis absorption

spectra of [Ru (biq),(PCE),](PFe), under light irradiation (671 nm, 125 mW cm™2) over time.

f) Photosubstitution of [Ru(big),(PCE),](PFs), studied by high-performance liquid chromatography (HPLC). [Ru(biq),(PCE),](PFs), was irradiated using
671 nm light (125 mW cm2, 20 min). g) Scheme for the photosubstitution of [Ru(big),(PCE),](PFe),. h) Scheme for the reduction of [Pt(NH;),Cl,(AAE),]
(TFA),. i) Pt NMR spectra of [Pt(NH3),Cl,(AAE),](TFA),, [Pt(NH3),Cl,(AAE),](TFA), after GSH treatment (5.0 X 1073 m, 4 h), and pure cisplatin.
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(ICso) values of cisplatin, [Pt(NHs),Cl,(AAE),](TFA), and [Ru(big),(H,0),](PFs), (Figure S24,

Cell line Cisplatin [Pt(NH;),Cl,(AAE),|(TFA), [Ru(biq),(H20),](PFs)2

ICso” 1Cso 1C50,dark 1Cs0,1ight PI9)
Sensitive A549 16.10 (0.92)% 9.38 (0.99) 3.66 (1.02) 272 (0.93) 1.34
Sensitive BEL-7404 5.68 (0.86) 4.89 (0.93) 2.97 (0.93) 0.68 (0.19) 436
Cisplatin-resistant A549-DDP?) 100.10 (3.46) 41.80 (0.72) 19.70 (0.94) 5.99 (0.97) 3.28
Cisplatin-resistant 7404-CP20") 77.30 (0.96) 35.10 (1.00) 2870 (1.11) 8.87 (1.09) 323

AThe 1Csp unit is ug mL™"; PResistance factor (RF) against cisplatin, defined as ICs, (resistant cell) against cisplatin/ICs, (sensitive cell) against cisplatin. The RF
of A549-DDP and 7404-CP20 cells was 6.21 and 13.60, respectively; 9Phototoxicity index (Pl), defined as 1C50,dark/ | Csorlights 9Standard error of each independent experiment.

and [Ru(biq),(PCE)(H,0)](PFs), were 62% and 38%, which
showed that most of the PCE ligands were cleaved from
[Ru(biq),(PCE),](PFs), via red light irradiation (Figure 2g).

The reduction-responsiveness mechanism of
[Pt(NH;),Cl,(AAE),](TFA), was investigated using !%Pt
NMR spectroscopy (Figure 2h,i). The chemical shift of
[Pt(NH3),Cl,(AAE),](TFA), was located at 1067.1 ppm. The chem-
ical shifts of both cisplatin and the reductive product were located
at —1194.7 ppm, suggesting that the reductive product was cispl-
atin. The Pt NMR results showed that [Pt(NH;),Cl,(AAE),]
(TFA), produced cisplatin via GSH treatment.

Cisplatin released from PolyPt/Ru can inhibit cancer cell
growth. The half-maximal inhibitory concentration (ICs) values
of cisplatin for the sensitive A549 and BEL-7404 cancer cells
were as low as 16.10 and 5.68 pg mL™, respectively (Table 1).
These results showed that cisplatin efficiently inhibited the
growth of sensitive cancer cells. However, the ICs, values of cis-
platin for the resistant A549-DDP and 7404-CP20 cancer cells
were an order of magnitude higher (Table 1), which indicates
that cisplatin is ineffective against resistant cancer cells.

Furthermore, we studied the anticancer performance of
[Pt(NH;),Cl,(AAE),](TFA),, which can produce cisplatin under
intracellular reduction environments. The ICs, values of
[Pt(NHj;),Cl,(AAE),](TFA), for the sensitive A549 and BEL-7404
cells, and the resistant A549-DDP and 7404-CP20 cells were
41%, 14%, 58%, and 54% lower than those of cisplatin (Table 1),
respectively. This indicates that [Pt(NHj3),Cl,(AAE),](TFA), can
inhibit both sensitive and resistant cancer cells more efficiently
than cisplatin.

[Ru(biq),(H,0),](PFs), released from PolyPt/Ru has anti-
cancer activity against sensitive cancer cells.® Its anticancer
activity is enhanced via photoirradiation because of 'O, genera-
tion (Figure S25, Supporting Information).*® Here, we com-
pared its activity against sensitive and resistant cells. In the
dark, the ICs, values of [Ru(biq),(H,0),](PF), for the sensitive
A549 and BEL-7404 cells were 3.66 and 2.97 ug mL., respec-
tively (Table 1). Upon red light irradiation, the ICs, values of
[Ru(biq),(H,0),](PFg), for the sensitive cells were as low as 2.72
and 0.68 pg mL7; the anticancer efficacy of [Ru(biq),(H,0),]
(PF¢), against the sensitive cells was enhanced via photoirra-
diation because of '0, generation. Furthermore, the ICs, values
of [Ru(biq),(H;0),](PF), for the resistant A549-DDP and 7404-
CP20 cells were 19.70 and 28.70 ug mL™ in the dark (Table 1).
Upon red light irradiation, the ICs, values of [Ru(biq),(H,0),]
(PFg), for the resistant cells were as low as 5.99 and

Adv. Mater. 2020, 32, 2004766
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8.87 ug mL, respectively. The ICs, values of [Ru(biq),(H,0),]
(PF¢), for A549-DDP and 7404-CP20 after photoirradiation were
70% and 69% lower than those in the dark, respectively. This
demonstrated that [Ru(biq),(H,0),](PFe), exhibited enhanced
anticancer activity against resistant cancer cells.

The anticancer efficacy of [Pt(NHj3),Cl,(AAE),)(TFA), and
[Ru(biq),(H;0),](PF), encouraged us to deliver PolyPt/Ru nan-
oparticles into cisplatin-resistant cancer cells. We studied the
uptake of PolyPt/Ru nanoparticles by cisplatin-resistant cancer
cells. Both resistant A549-DDP and 7404-CP20 cells were incu-
bated with PolyPt/Ru nanoparticles for 6 h in the dark. Sub-
sequently, confocal laser scanning microscopy (CLSM) images
were taken at 4 and 6 h. The observation of red fluorescence
indicated that PolyPt/Ru nanoparticles were efficiently taken
up by both resistant cancer cells (Figure 3a,b and Figures S27
and S28, Supporting Information). Flow cytometry was used
to quantitatively analyze the uptake efficiency of PolyPt/Ru
nanoparticles (Figure S26, Supporting Information). After
incubation for 6 h, the uptake efficiencies for A549-DDP and
7404-CP20 cells were 76.4% and 54.4%, respectively. These
results demonstrated that PolyPt/Ru nanoparticles were effi-
ciently taken up by the cisplatin-resistant cells.

We then investigated the anticancer performance of PolyPt/
Ru nanoparticles against cisplatin-resistant cells (Figure 3c,d). In
the dark, the cell viabilities decreased as the concentration of the
nanoparticles increased. When the equivalent Ru(Il) and Pt(IV)
concentrations in the nanoparticles were 128 and 40 pg mL7},
the cell viabilities decreased to 31% and 42% for the A549-DDP
and 7404-CP20 cells, respectively. We infer that the decrease in
cell viability occurred because cisplatin was produced via the
reduction of the Pt(IV) moieties in PolyPt/Ru. Moreover, light
irradiation further decreased the viability of the cancer cells
(Figure 3c,d). The enhanced cytotoxicity was attributed to 'O,
generated and [Ru(biq),(H,0),](PF¢), released (Figure S28,
Supporting Information). The generation of 'O, in resistant
A549-DDP and 7404-CP20 cells was detected using a green fluo-
rescent probe (Figure 3e,f). No green fluorescence was observed
in the absence of PolyPt/Ru nanoparticles, the probe, or light
irradiation. However, green fluorescence was observed when the
cells with PolyPt/Ru nanoparticles and the probe were irradiated
with red light. Additionally, the cytotoxicity caused by the release
of cisplatin and [Ru(biq),(H,0),](PF¢),, along with the generated
10, was notable (Figure S29, Supporting Information). Their
synergistic effects reversed cisplatin resistance (Figures S30
and S31, Supporting Information).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. a,b) Confocal laser scanning microscopy (CLSM) images of PolyPt/Ru nanoparticles (red) after incubation with cisplatin-resistant A549-DDP

(a) and 7404-CP20 (b) cancer cells for different time periods. Nuclei were stained with Hoechst 33342 (blue). Scale bars: 25 um. ¢,d) Viability of cisplatin-
resistant A549-DDP (c) and 7404-CP20 (d) cancer cells treated with equivalent Ru(ll) and Pt(IV) concentrations in the nanoparticles in the dark and under
light irradiation. The equivalent Ru(Il) concentration is shown in blue color and the equivalent Pt(IV) concentration is shown in red color. The cells were
irradiated with 671 nm red light (125 mW cm™2, 20 min) after incubation with PolyPt/Ru nanoparticles for 6 h. Cell viability was tested after the cells
were further incubated in the dark for 24 h. e,f) Generation of intracellular 'O, in A549-DDP and 7404-CP20 cells as observed by CLSM. The cells were
divided into five groups: control group; + light group: cancer cells irradiated with light (671 nm light, 125 mW cm™2, 1 min); +PolyPt/Ru + light group:
cancer cells with PolyPt/Ru nanoparticles and light irradiation (671 nm light, 125 m\W cm™2, 1 min); +PolyPt/Ru + probe group: cancer cells with PolyPt/
Ru nanoparticles and the 'O, probe; +PolyPt/Ru + light + probe group: cancer cells with PolyPt/Ru nanoparticles, 'O, probe, and light irradiation (671 nm
light, 125 mW cm™2, 1 min). Nuclei were stained with Hoechst 33342 (blue). 'O, was detected using the indicator DCFH-DA (green). Scale bars: 50 um.

Encouraged by the anticancer efficacy of PolyPt/Ru nanopar-
ticles in vitro, we studied the anticancer efficacy of PolyPt/Ru
nanoparticles in vivo. Hemolysis analysis indicated that PolyPt/
Ru nanoparticles have good blood compatibility (Figure S32,
Supporting Information). We then investigated the anticancer
performance of PolyPt/Ru nanoparticles using a hepatic
patient-derived cancer xenograft (PDX) mouse model. PDX
models are vastly similar to patient tumors because the tumor
tissue is taken from patients and grown in physiologically rel-
evant tumor microenvironments.?**”] PDX models have been
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applied in molecular and genetic investigations of drug resist-
ance in previous studies.!384!

To study the accumulation of nanoparticles, a PDX-tumor-
bearing mouse was intravenously injected with PolyPt/Ru nan-
oparticles from the tail vein. Fluorescence images of the mouse
model (right) and a control mouse (left) were taken over time
after injection (Figure 4a). No signal and a weak signal were
observed at 0 and 4 h in the mouse model, respectively. The
fluorescence from PolyPt/Ru nanoparticles at the tumor site
reached a maximum at 12 h, which indicated that PolyPt/Ru

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. a) Fluorescence images of PDX-tumor-bearing mice after intravenous injection of saline (left, control) and PolyPt/Ru nanoparticles (right).
Images were taken after injection for 0, 4, 12, and 24 h. The dashed circle indicates the tumor. b) A photograph shows red light irradiation on a mouse
model. c) Tumor volumes of PDX-tumor-bearing mice during different treatments. d) Average tumor weights at day 7 after different treatments.
e) H&E, TUNEL, and yH2AX staining of tumor sections isolated from the mice on day 7. The damaged DNA strands and yH2AX are labeled by FITC
(green). Cell nuclei are stained with DAPI (blue). Scale bars: 100 um.

nanoparticles efficiently accumulated at the tumor site. The injected nanoparticles. These experiments demonstrated that
fluorescence intensity at 24 h became weaker, suggesting that ~ PolyPt/Ru nanoparticles accumulate at the tumor site, which
the nanoparticles were cleared through metabolism. In con-  we deduced was due to the well-known EPR effect.

trast, the control mouse injected with saline showed no fluores- Twelve hours after PolyPt/Ru nanoparticles were intra-
cence, which proved that the fluorescence was produced by the  venously injected into the mouse model, the tumor was
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irradiated with a 671 nm laser for 20 min (PolyPt/Ru + light
group). Four additional experiments were conducted for com-
parison: 1) PDX-tumor-bearing mice were injected with saline
(Control Group); 2) PDX-tumor-bearing mice were irradiated
with light (Light Group); 3) PDX-tumor-bearing mice were
injected with an equivalent dosage of cisplatin (Cisplatin Group),
and 4) PDX-tumor-bearing mice were injected with PolyPt/Ru
nanoparticles (PolyPt/Ru Group). We compared the anticancer
efficacy by monitoring the tumor volumes of each group over
7 days (Figure 4c). The tumor volume in the control group
increased by =30 times. The result of the light group was sim-
ilar to that of the control group, indicating that mild light irra-
diation does not have an inhibitory effect (Figures S33 and S34,
Supporting Information). Cisplatin treatment caused a tumor
growth of =13 times, since PDX tumors are resistant to cisplatin.
For the PolyPt/Ru group, the increase in the tumor volume was
smaller (=8 times) than those in the previous groups. This result
indicated that the Pt(IV) moieties in PolyPt/Ru contributed to
tumor inhibition. Compared to the four groups mentioned
above, tumor growth in the PolyPt/Ru + light group was notably
inhibited. This result suggests that the synergistic effects of this
treatment improved the anticancer performance.

Subsequently, the mice were euthanized, and the tumors were
isolated for analysis (Figure S36, Supporting Information). The
average tumor weight in the PolyPt/Ru + light group was much
lighter than that in the other four groups (Figure 4d). Immu-
nohistochemical analyses were also performed to illustrate the
mechanism of the anticancer activity using PolyPt/Ru nanopar-
ticles (Figure 4e). A hematoxylin and eosin (H&E) staining assay
showed large areas of apoptosis and necrosis, which suggested
that the PolyPt/Ru + light group treatment exhibited consider-
able tumor inhibition. Similar results were observed in TUNEL
staining images. Furthermore, the YH2AX staining assay pro-
vided more insight into the anticancer mechanism since H2AX
is a sensitive marker for DNA damage (Figure S35, Supporting
Information). Comparing YH2AX formation at tumor sites, we
found that enhanced genomic DNA damage appeared in the
PolyPt/Ru + light group. We hypothesized that the released anti-
cancer agents induced DNA damage, which increased genomic
instability and apoptosis. Once DNA damage occurs, YH2AX
forms clusters near the impaired DNA strands.

We also investigated the systemic toxicity during the treat-
ments by comparing the H&E staining images of the main
organs (heart, liver, lung, spleen, and kidney) (Figure S38,
Supporting Information). Negligible pathological alteration of
the organs was observed, indicating the low systemic toxicity
of PolyPt/Ru. The body weights of the mice did not change
significantly during the treatments (Figure S39, Supporting
Information), which suggests that the treatments had minimal
side effects. The combined results demonstrate that the use of
PolyPt/Ru can treat PDX tumors with improved efficacy and
minimized systemic toxicity.

In conclusion, we synthesized a dual-responsive, bime-
tallic polymer, PolyPt/Ru, to overcome multiple deactivation
pathways for cisplatin. PolyPt/Ru showed excellent perfor-
mance against cisplatin-resistant tumors due to the design
of the polymer structure, and the synergistic effects of the
bimetallic moieties. Cisplatin resistance in a PDX model was
reversed using PolyPt/Ru. Our study revealed that the design
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of multi-metallic polymers with multi-responsiveness is a new
strategy to treat drug-resistant cancers. Since many bioactive
metal complexes exist, the design principles reported here pro-
vide a foundation for the design of multi-metallic polymers for
biomedical applications. We anticipate that more multi-metallic
polymers with adjustable functions can be developed for per-
sonalized nanomedicine and enhanced clinical effectiveness.

The usage of mice, the use of human tissue to establish
the PDX model, and all animal procedures were approved
by the Animal Care and Use Committee of National
Center for Nanoscience and Technology (Approval No.
NCNST-PE-AP2019061001).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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