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SUMMARY

Singlet oxygen ('0,) is extensively employed by reactive oxygen
species (ROS)-based cancer therapies, such as photodynamic
therapy (PDT) and chemodynamic therapy (CDT). However, the
dependences of PDT on light and CDT on complex chemodynamic
reactions greatly limit their 'O,-generating efficiencies. Here, we
exploit strain and electronic effects to fabricate a bimetallic nanoca-
talyst by coating a gold nanorod (AuNR) with ~2 platinum (Pt) atomic
layers (AuPtg o9), which efficiently generates 10, from ground-state
oxygen (*0,) by electron-transfer-mediated spin reduction. Density
functional theory reveals strain, and electronic effects promote
the adsorption of 20, onto AuPt, 09, Which dramatically enhances
'0, generation and imparts AuPtoge, the highest catalytic
constant ever reported for 3,3,5,5'-tetramethylbenzidine oxidation
to the best of our knowledge. With a pH-dependent catalytic
activity, AuPtg o9 realizes acidity-dependent antitumor effects
both in vitro and in vivo, a proof-of-concept demonstration of
autocatalytic bimetallic nanocatalyst for light-free oxygen sensitiza-
tion therapy, which may open a new avenue for 'O,-centered
therapeutics.

INTRODUCTION

Singlet oxygen ('O,) is a type of reactive oxygen species (ROS) with a higher reac-
tivity than the ground-state molecular oxygen (305), which can damage various func-
tional biomolecules, including proteins, nucleic acids, and Iipids,w'3 leading to cell
death. Therefore, 'O, can be utilized for therapeutic purposes, such as cancer treat-
ment. Photodynamic therapy (PDT) is the most representative therapeutic modality
for cancer treatment that acts by generating 'O, but due to the limited tissue
penetration of light, clinical PDT is still confined to superficial cancers, such as skin
cancer'® and bladder cancer."’ Most recently, transition-metal-based nanoplat-
forms of chemodynamic therapy (CDT) have been developed to generate '0O,ina
light-free manner.'?"'* However, this strategy involves tortuous chemodynamic re-
actions with a dependence on consuming exogenously supplied reactants for 'O,
generation, which cannot maintain a high 'O,-generating efficiency with the gradual
depletion of the exogenous reactants. Consequently, it is appealing to develop a
light-free 'O, generator that can afford sustained 'O,-generating activity. Noble
metal nanomaterials with intrinsic catalytic activities have shown the potential to
achieve such a goal.”> '® However, to our best knowledge, no noble-metal-based
oxygen-sensitization agents reported thus far can realize tumor therapy both
in vitro and in vivo due to their limited catalytic activities.'>™'® Strain and electronic
effects have been reported to alter the chemisorption of the adsorbates by
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modifying the electronic structures of the bimetallic surface, which in turn changes
the reactivity of the adsorbates.'”** Hence, we hypothesize that, by leveraging
the strain and electronic effects, a bimetallic nanostructure may be engineered as
a superior 'O, generator for efficient tumor catalytic therapy.

To prove the concept, herein, platinum (Pt) is deposited onto the surface of gold
nanorods (AuNR) as well-defined atomic layers to form the core-shell nanostructures
(AuPtal). The electronic structure of the surface Pt is altered by the tensile strain and
electron transfer induced by the AuNR core.?*?° Experiments and density functional
theory (DFT) calculations reveal the Pt shell thickness as a critical determinant to the
102—generating activity of AuPta and present AuPtg g9 (Pt/Au mass ratio = 0.09) with
~2 Pt atomic layers as the optimal structure for 'O, generation, which outperforms
AuPtg ges or AuPtg 137 that has a thinner or thicker Pt shell, respectively. AuPtg oo
readily enters tumor cells and accumulates in lysosomes to induce cell death in a
lysosomal-acidity-activated manner. Once conjugated with the arginine-glycine-
aspartate (RGD) peptide to facilitate tumor uptake in vivo, AuPtg g9 successfully con-
fers potent antitumor efficacy without noticeable systemic toxicity. Such a bimetallic
nanocatalyst for sustainable light-free 'O, generation and oxygen sensitization ther-
apy may open new avenues in ROS-based tumor therapeutics.

RESULTS AND DISCUSSION

Synthesis and characterization of AuPta,

The monodisperse AuPta. was synthesized via controlled epitaxial growth of Pt on
AuNR (Figures 1A, 1B, and S1), using hydrochloric acid (HCI) to moderate the reduc-
tion of Pt precursors (K,PtCl,) by ascorbic acid (AA).%4?" The energy dispersive spec-
troscopy (EDS) spectrum and the X-ray photoelectron spectroscopy (XPS) analysis
(Figures S2A-S2C) confirm the reduction of Pt?* to Pt° on AuNR, which exists as
thin layers without forming obvious surface Pt clusters (Figures 1C and 1D). The
high-resolution transmission electron microscope (HRTEM) image shows clear and
continuous lattice fringes (Figure 1E) of AuPta, with the lattice spacing being
2.34 A at the body and 2.33 A at the edge, which correspond to the crystal planes
of Au(111) and Pt(111) in the X-ray diffraction (XRD) patterns (Figure S2D). Although
Pt has a smaller lattice constant than Au, there is almost no decrease in the lattice
spacing from the body to the edge, which results from the Au-induced tensile strain
on Pt.?%?7 Moreover, the elemental mapping (Figure 1F) and line scanning analysis
(Figure 1G) via energy-dispersive X-ray (EDX) spectra show that Pt uniformly distrib-
utes on the surface of AuNR, confirming the epitaxial relationship between Au and
Pt. To improve the biocompatibility, AuPta is grafted with methoxy poly(ethylene
glycol)-5000-thiol (MPEGs000-SH), which is verified by the thermogravimetry analysis

Figure 1. Synthesis, characterization, and catalytic activities of AuPt,,

(A) The synthesis route of AuPta,. Pt? is slowly reduced to Pt by AA under an acidic condition at 50°C, which then grows epitaxially as Pt atomic layers on
the surface of AuNR because the velocity of Pt deposition (Vgep.) is slower than that of Pt diffusion (Vgis.). By varying the input of K;PtCl, during synthesis,
AuPta_ with different Pt shell thicknesses can be obtained.

(B-D) The shape and dispersibility and AuPta as shown in (B and C) TEM images and (D) the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image.

(E and F) The epitaxial relationship between Au and Pt shown in the (E) HRTEM image and (F) EDX elemental mapping of AuPta,.

(G) The EDX line-scanning analysis of AuPta, along the white arrow (inset) indicating the Pt shell as ultrathin atomic layers.

(H and I) The catalytic activities of PEGylated AuPtg g5, AuPtg 09, or AuPtg 137 shown by the (H) Michaelis-Menten curves and (l) double-reciprocal plots
for TMB oxidation. Data are presented as means + SD, n = 3.

(J and K) The absorbance of TMB at 650 nm upon oxidation catalyzed by PEGylated AuPtg o9 under (J) different atmospheres and (K) in the presence of
different ROS quenchers.

(L) ESR spectra of TEMP upon oxidation catalyzed by PEGylated AuPtg g9 with or without carotene.

(M) The absorbance of TMB at 650 nm upon oxidation catalyzed by PEGylated AuPtg g9 under different pH conditions.
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(TGA) (Figure S3A). Typically, the PEGylated AuPts. has a hydrodynamic size of
~73 nm and a negative surface charge of ~10 mV (Figures S3B and S3C).

The Pt shell thickness determines the '0,-generating activity of AuPta,
Because the strain and electronic effects act only at the atomic scale,*~** the Pt shell
thickness can dramatically affect the catalytic activity of AuPta.. To investigate the
structure-activity relationship, AuPta_ with different Pt thicknesses were prepared
by varying the amount of Pt precursors during the synthesis. Among the PEGylated
AuPta with different Pt/Au mass ratios (0.065, 0.09, and 0.137; Figures 1A and S4),
AuPtp o9 exhibits the highest catalytic activity in 3,3',5,5'-tetramethylbenzidine
(TMB) oxidation assay, as revealed by the Michaelis-Menten curves and the dou-
ble-reciprocal plots showing the kinetic parameters (Figures TH and 1l). In fact,
AuPtg g9 possesses a catalytic constant (kcat) of 3.9 x 10% S, which is 13.7 times
higher than that of AuPtg g¢s and 2.5 times higher than that of AuPtg 137, respectively
(Table S1). To our best knowledge, this is the highest kcat ever reported for nanopar-
ticle-catalyzed TMB oxidation (Table §2).34-37 Notably, AuPtg ge-catalyzed TMB
oxidation shows evident oxygen dependence (Figure 1J) and can only be inhibited
by the specific 'O, quencher carotene (Figure 1K), indicating 'Oy as the active spe-
cies generated by AuPtg g9, which is further corroborated by the characteristic 1:1:1
electron spin resonance (ESR) signal of 2,6,6,6-tetramethylpiperidon (TEMP) oxida-
tion (Figure 1L)."” Moreover, AuNR or Pt nanoparticles (PtNP) have much lower
1Og-generating activity than AuPtoge (Figure S5), underlining the critical role
of the bimetallic surface in enhancing the catalytic activity. Interestingly, the
'0,-generating activity of AuPtpge shows a strong dependence on the acidic
pH (Figures 1M and S6), likely due to the 'O,-scavenging ability of noble metal
nanomaterials under neutral and basic conditions.**~*°

To investigate the mechanism underlying the striking catalytic activity of AuPtg g9,
DFT calculations were performed to characterize the process of O, activation on
(111) surfaces of AuPta. From the EDX line-scanning spectra (Figure 1G) of
AuPtg g9 and its size increment compared with AuNR (~1.1 nm in diameter; Fig-
ure S7), the average number of Pt atomic layers on AuPtg g9 is estimated to be 2.
Hence, we modeled Au slabs covered by 1, 2, or 3 Pt atomic layers (namely AuPt,
AuPty, and AuPts|, respectively) to simulate how the Pt shell thickness would affect
the 'O, generation. Interestingly, compared with pure Au and Pt surfaces, AuPty,
AuPty, and AuPts surfaces all have much lower 30, adsorption energies under
the most favorable top-fcc-bridge configuration (Figures 2A-2C and S8), which
confer stronger adsorption affinities for 30,. This result is attributed to the combined

31,41
L,

tensile strain and electronic effects on the Pt shel which causes an upshift of the

d band center (€4) of the surface Pt, favoring oxygen-metal bonding (Figure 2D).?%4?
Notably, AuPty_ has a higher €4 compared with AuPt; or AuPt;_ but exhibits a
weaker 30, adsorption, which reflects the well-documented complexity of the chem-
isorption kinetics on a metal monolayer supported by another metal substrate.*?
Moreover, it is thermodynamically more favorable for adsorbed 30, molecules to
dissociate into O adatoms on AuPt;| than on AuPty_ or on AuPts (Figures 2A-2C),

leading to lower overall production of 'O, on AuPt;_ than on AuPty or AuPts.

Figure 2. Simulation data for the 'O,-generating activities of AuPt,, with different number of Pt atomic layers

(A-C) Calculated activation energies (in eV) for 30, adsorption and dissociation on (A) AuPt; (111), (B) AuPt;.(111), and (C) AuPt3 (111). E.q4s, adsorption
energy; Ea, activation energy; E,, reaction energy. The O—O atomic distances (in A) of adsorbed oxygen molecules (red) are annotated above the AuPt
slabs.

(D) The relationship between the 30, adsorption energy and the d-band center (€4-E;, relative to the Fermi level) of the (111) facet of simulated Pt,
AuPtq, AuPty, or AuPts,.

(E) Schematic illustration of the combined effects of the strain and the electron transfer on 'O, production on AuPt;, AuPts, or AuPts.

Cell Reports Physical Science 2, 100538, August 18, 2021 5
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We further calculated the projected density of states (PDOS) and spin charge density
(SCD) of adsorbed 30, molecules to characterize their spin reduction caused by
electron transfer. Regardless of the Pt layer number, Au-supported Pt effectively in-
duces a spin reduction of 20, by transferring ~0.65 electron charge to the antibond-
ing T* orbital of 30, (Figures S9 and §10).17. 184445 Collectively, we conclude that
fewer Pt atomic layers, except the monolayer Pt, impart higher 'O,-generating activ-
ities, mainly by imparting stronger chemisorption of 20, (Figure 2E). Notably,
although the activated 30, on the surface of AuPta, surface acts like 'O, in oxidative
reactions, such ROS activated by electron transfer is different from the well-defined
singlet oxygen with a spin flip after energy transfer from conventional molecular
photosensitizers. In a typical type Il mechanism of photosensitization, there are
two electrons with antiparallel spins in the antibonding * orbital of the excited ox-
ygen molecules, resulting in a total spin quantum number of 0 and a singlet spin
state.”®*” In contrast, during oxygen sensitization catalyzed by AuPt,, the total
spin quantum number is not reduced by a spin flip but by the electron transfer
from the metal surface to the antibonding m* orbital of oxygen molecules.'”"®
Apparently, in both cases, the altered spin state of the activated oxygen molecules
will permit spin-allowed reactions, conferring higher reactivity toward organic
molecules. Of note, because oxygen sensitization mediated by electron-transfer-
induced spin reduction does not require an exogenous energy source, it can over-
come the major obstacle in conventional light-dependent photosensitization, which
is the limited penetration depth of light.

AuPtg o9 with ~2 Pt atomic layers effectively kills tumor cells in vitro and

in vivo

Next, the antitumor effects of AuPtgoss, AuPty e, and AuPty 137 were examined
in vitro and in vivo. The PEGylated AuPtg 0s5, AuPto 09, and AuPtg 137 all have high
colloidal stability in water or serum-containing medium for up to 14 days (Fig-
ure S11). They all readily enter tumor cells with comparable cellular uptake effi-
ciencies and share the identical subcellular accumulation in acidic late endosomes
and lysosomes, as visualized by fluorescent imaging and TEM imaging (Figure S12).
However, only AuPtg ge induces intense intracellular ROS, exhibiting much higher
cytotoxicity in comparison with AuPtg ges or AuPtg 137 and with pure AuNR and Pt
nanoparticles (Figures 3A-3D and S13), which corroborates the indispensable role
of the unique bimetallic structure in conferring efficient catalytic activities. The cyto-
toxicity of AuPtq g9 is unlikely to be induced by Pt ions leached from the Pt atomic
layer, because AuPtg oy remains chemically stable without significant release of
free Pt ions even under an acidic condition (Figure S14). Notably, the cytotoxicity

Figure 3. Oxygen-sensitization-mediated cytotoxicity of PEGylated AuPtq o065, AuPtg o9, and AuPtg 137

(A and B) Microscopy (A) and flow cytometry analysis (B) of intracellular ROS indicated by dichloro-dihydro-fluorescein diacetate (DCFH-DA) staining
after different treatments for 12 h. Scale bar in (A), 50 um.

(C) Cell viability after different treatments for 24 h. Data are presented as means + standard deviation (SD); n > 3; ****p < 0.0001; two-way ANOVA.
(D) Apoptosis determined by flow cytometry analysis of annexin V and propidium staining after different treatments (10 pg/mL Au) for 24 h. Data are
presented as means + SD; n = 3; ****p < 0.0001; **p < 0.01; two-way ANOVA.

(E) Cell viability after treatments with PEGylated AuPtg g9 for 24 h in the absence or presence of AA (200 pM) or N-acetylcysteine (NAC) (2 mM). Data are
presented as means *+ SD; n > 4; ****p < 0.0001; one-way ANOVA.

(F) Cell viability after indicated treatments for 24 h. CQ (chloroquine) (25 pM), a lysosome acidification inhibitor, is shown. Data are presented as
means £ SD; n = 4; ****p < 0.0001; one-way ANOVA.

(G) The protein levels of p62 and LC3 after treatment with AuPtg g9 (10 pg/mL Au) for different periods of time. GAPDH is used as a loading control.
(H) Semi-quantification of (F). Data are means + SD; n = 3.

(1) TEM images of cells treated with or without AuPtg o9 (10 pg/mL Au) for 12 h. Red arrows indicate accumulated autophagic vacuoles.

(J) Schematic illustration of the impacts of the Pt shell thickness and the environmental acidity on 'O,-generating activities of AuPtg g5, AuPtg g9, and
AuPtg 137. AuPtg oo has the optimal structure to generate the highest level of '0, and thus the strongest cytotoxicity but only under acidic conditions,
likely due to the 'O,-scavenging activity of noble metal nanomaterials under neutral conditions.
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of AuPtg g9 can be countervailed by antioxidants, including AA and N-acetylcysteine
(NAC) (Figure 3E), indicating the ROS-dependent mechanism of action. Further-
more, the lysosome acidification inhibitor chloroquine protects against AuPtg go-
induced cytotoxicity (Figure 3F), manifesting the indispensable role of lysosome
acidity in AuPtg ge-induced oxygen sensitization. Interestingly, AuPtg oo treatment
significantly impairs the execution of autophagy, as shown by the increased protein
levels of autophagic flux-related p62 and LC3-Il and by the abnormal accumulation
of autophagic vacuoles (Figures 3G-3l). Collectively, these results demonstrate that
the optimal Pt shell thickness and the environmental acidity are both crucial to
AuPtg o9 in generating sufficient 'O, and thus substantial cytotoxicity (Figure 3J).

The pH-dependent catalytic activity of AuPtg g9 is anticipated to harness the physi-
ological pH gradient as a natural barrier to exert antitumor effects while minimizing
systemic toxicity in vivo. To facilitate tumor accumulation and uptake by tumor cells
in vivo, the PEGylated AuPtg 0ss5, AuPto 09, and AuPtg 137 were further conjugated
with RGD peptides that can bind to avf3 integrins expressed by tumor neovascula-
ture cells and tumor cells,*®*~>? which were verified by positively shifted zeta poten-
tials and the Fourier transform infrared (FTIR) spectra (Figure S15). Upon intratumoral
injection, AuPtg oo manifests significantly stronger antitumor efficacy in comparison
with AuPtggss or AuPtg 37 (Figures 4A-4C), completely halting tumor growth
without causing evident adverse effects (Figures 4D and 4E). Importantly, AuPtg g9
also shows enhanced antitumor effects in comparison with AuPtg gss or AuPtg 137
upon systemic administration, without causing evident systemic toxicity (Figures
4F-4H and S16), demonstrating the robustness of AuPtg o9 against the harsh biolog-
ical environment during transportation. The resistance of AuPtg g9 to deactivation
during transportation may be ascribed to several reasons. First, the PEGylation
can protect against particle aggregation, opsonization, and clearance by the mono-
nuclear phagocyte system (MPS)/reticular endothelial system (RES).>*** Second, the
PEGylation can prolong the blood circulation time, which facilitates passive tumor
targeting as well as active tumor targeting mediated by the conjugated RGD pep-
tides.®*°°° Third, AuPta, exhibits excellent chemical stability due to the inert na-
ture of noble metals and the core shell structure, where the Au core can stabilize
the Pt shell and protect it from dissolution by positively shifting its oxidative poten-
tial,”” thus maintaining the crucial bimetallic structure of AuPt,, during transporta-
tion without inducing the dissolution of the Pt atomic layer.

Moreover, intravenous injection of AuPtg g9 does not incur noticeable acute hemato-
toxicity and organ damage (Figure S17) or evident long-term toxicity (Figure S18),
indicating the good biocompatibility of the RGD-modified AuPtg g9. Such biosafety

Figure 4. In vivo antitumor effects and biosafety profiles of RGD-conjugated AuPtg og5, AuPto g9, and AuPtg 137

(A) Tumor growth curves of tumor-bearing nude mice treated with intratumoral injection of AuPtg o5, AuPtg 09, or AuPtg 137. Data are means + SD; n=5.
**p < 0.01; ****p < 0.0001; two-way ANOVA.

(B) Photographs of tumors dissected from tumor-bearing nude mice after termination of different treatments in (A). Scale bar, 15 mm.

(C) Hematoxylin and eosin (H&E) staining and horseradish peroxidase-3,3’-diaminobenzidine (HRP-DAB)-based terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) of tumors dissected from tumor-bearing nude mice after termination of different treatments in (A). Brownish staining
indicates TUNEL positive. Scale bar, 100 um.

(D) Body weights of tumor-bearing mice under different treatments in (A). Data are means + SD; n = 5.

(E) H&E staining of organs collected from tumor-bearing mice after termination of different treatments in (A). Scale bar, 100 pm.

(F=H) The tumor growth curves (F), the tumor weights at the endpoint (G), and the survival of tumor-bearing mice (H) treated with intravenous injection of
AuPtg 065, AuPto g9, or AuPtg 137. Datain (F) and (G) are means + SD; n = 6. *p < 0.05; **p < 0.01; ****p < 0.0001; two-way ANOVA in (F); one-way ANOVA
in (G).

(I) Schematic illustration of the impacts of the Pt shell thickness and the environmental acidity on 'O,-generating activities of AuPtg gss5, AuPtg g9, and
AuPtg 137. AuPtg oo has the optimal structure to generate the highest level of '0, and thus the strongest cytotoxicity but only under acidic conditions,
likely due to the 'O,-scavenging activity of noble metal nanomaterials under neutral conditions.
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of AuPtg g9 can be ascribed to the tumor-targeting ability and acidity-dependent
cytotoxicity of RGD-modified AuPtg g9, the chemically inert nature of Au or Pt, as
well as the higher tolerance of normal cells to ROS.°® These results show that the
rationally designed and surface-engineered AuPtg g9 can exert potent antitumor ef-
fects by sustainable 'O, generation in the acidic intracellular microenvironment. In
contrast, AuPtg o9 remains safe in the neutral environment of normal tissues, likely
due to the '0,-scavenging activity of noble metal nanomaterials under neutral con-
ditions.***° To this end, AuPtg g9 has clearly shown the great potential to serve as a
biocompatible and highly efficient antitumor therapeutic agent (Figure 4l).

In summary, our results show that the AuPtg g9 with ~2 Pt atomic layers can substantially
benefit from the strain and electronic effects, leading to a bimetallic nanostructure ther-
modynamically favorable for 2O, activation into 'O, via an electron-transfer-mediated
spin reduction. This rationally designed and highly efficient bimetallic nanocatalyst,
for the first time, realizes sustainable autocatalytic 'O, production for effective oxygen
sensitization cancer therapy both in vitro and in vivo by exploiting the pH-dependent
catalytic activities of noble metal nanomaterials, which may open a new avenue for
'0,-based antitumor therapeutics. Moreover, the AuPtgoe can be readily modified
with different targeting ligands, holding a great potential for targeted treatment of
various diseases without a depth limitation, e.g., tumors, bacterial infections, and in-
flammatory diseases, by generating 'O, in a light-free manner. Notably, such nanoca-
talyst-generated ROS are surface bond, which requires the substrates to directly contact
the metal surface for the oxidative reaction to occur. Hence, the surface property of the
nanocatalyst, such as the hydrophobicity and hydrophilicity that will affect the access
and binding of the substrates to the surface catalytic sites of the nanocatalyst, is crucial
to the efficiency of the translation of the ROS production into subsequent biological
effects. Further optimization of the surface ligands to facilitate the interaction of the sur-
face-bound ROS with surrounding biomolecules would allow the full exploitation of
AuPtg g9 for desired therapeutic purposes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be full-
filled by the lead contact, Prof. Daishun Ling (email: dsling@sjtu.edu.cn).

Materials availability
The materials generated in this study are available from the lead contact author upon
request.

Data and code availability
The data that support the findings of this study are available from the lead contact
author on request.

Chemicals and instruments

HAuCls-xH,O (x = ~3-5; Au ~47.8%), K;PtCly (Pt > 45.0%), TMB, carotene,
mannite, TEMP, sodium acetate (NaAc), and acetate were purchased from Aladdin
Industrial Inc. (Shanghai, China). Cetyltrimethylammonium bromide (CTAB) (=99%),
silver nitrate (>99.8%), sodium borohydride (>96%), AA (>99.7%), and HCI
(~36.0%-38.0%) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Superoxide dismutase (SOD) and catalase were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). All these reagents
were used without any further purification.

10 Cell Reports Physical Science 2, 100538, August 18, 2021

Cell Rer_)orts )
Physical Science


mailto:dsling@sjtu.edu.cn

Cell Rer_)orts .
Physical Science

UV visible (UV-vis) absorption spectra were recorded by using a Shimadzu UV-2450
spectrophotometer. Low-magnification TEM images were acquired with a transmission
electron microscope (JEM-1010) at an accelerating voltage of 100 kV. HRTEM images
and EDS spectra were collected on an analytical transmission electron microscope of
FEI Tecnai G? F20 S-TWIN (FEI, USA) at an accelerating voltage of 200 kV. EDX mapping
and line-scanning EDX spectra were acquired using an FEI Titan G2 80-200 ChemiSTEM
(FEI, USA). XRD pattern was collected on an X-pert Powder (PANalytical B.V., Holland).
Zeta potential measurements were performed on a Nano ZS instrument (Malvern, UK).
XPS analysis was performed on a VG Scientific ESCALAB Mark Il spectrometer. The con-
tents of Au and Pt in the product were determined by using a PerkinElmer NexION 300X
inductively coupled plasma mass spectrometer (ICP-MS). ESR spectrum was measured
by using the Bruker A300 EPR spectrometer.

Synthesis of AuPts,

High-quality AUNRs were prepared via a modified seed-mediated growth process.”’
In brief, 0.5 mL of 10 mM HAuCl,4, 0.1 mL of 10 mM AgNOs3, 0.2 mL of 1 M HCI, 80 pL
of 0.1 M AA, and 30 pL of seeds were added into 10 mL of 0.1 M CTAB. The solution
was stirred for 30 s and left still at 27°C for 12 h. The obtained AuNRs were purified
twice by centrifugation at 8,000 rpm for 20 min and then dispersed in deionized wa-
ter to make the AuNR stock solution with a final particle concentration of 0.8 nM. For
the synthesis of AuPtg g9, 1.05 mL of 0.2 M CTAB, 250 puL of 10 mM K,PtCly, 200 pl of
1 M HCI, and 50 pL of 100 mM AA were added into 20 mL of AuNR stock solution.
The solution was stirred for 30 s and left still at 50°C for 5 h. The AuPta with different
Pt contents were obtained following a similar procedure except for the amounts of
KoPtCls and AA (AuPtgoes, 125 ul of 10 mM K,PtCls, 25 puL of 100 mM AA;
AuPtg 137, 500 pL of 10 mM K;PtCly, 100 pL of 100 mM AA). The products were
collected by centrifugation, washed, and then dispersed in deionized water for
further characterization.

PEGylation of AuPta.

In brief, 10 mg of MPEGspp0-SH and 1 mg of AuPta were mixed in 10 mL deionized
water with magnetic stirring for 24 h at room temperature (RT) in darkness. Finally, the
PEGylated-AuPta was purified three times by centrifugation at 8,000 rom for 20 min
and then dispersed in deionized water for further use. For RGD conjugation, 1 mg of
AuPta was mixed with 10 mg of NH,-PEGsppp-SH in 10 mL deionized water with mag-
netic stirring and kept for 24 h at RT in darkness. Finally, the PEGylated-AuPts was puri-
fied three times by centrifugation at 8,000 rpm for 20 min and then dispersed in 10 mL
deionized water. To activate the carboxyl groups of RGD, 10 mg of 1-ethyl-3-(—3-dime-
thylaminopropyl) carbodiimide hydrochloride (EDC) and 2.5 mg of N-hydroxysuccini-
mide (NHS) were dissolved in 10 mL phosphate-buffered saline (PBS) (100 mM) solution
(pH 6.0) and then 100 pL of the RGD stock solution (50 mg/mL) was added into the solu-
tion to react for 20 min. The activation solution was then mixed with the AuPt,, for the
conjugation reaction. After 24 h, RGD-conjugated AuPta was collected by centrifugation
at8,000 rpm for 20 min and then dialyzed against deionized water for 24 h. The final prod-
uct was collected by centrifugation at 8,000 rpm for 20 min and re-dispersed in ~500 uL
sterilized deionized water.

TMB measurement

10 pL of PEGylated AuPta was added to 2 mL of 0.2 M acetic acid (HAc)/NaAc buffer
solution (pH 4.6; final concentration of Ptis 1 pg/mL), and the solution was stirred for
2 min at RT. Then, 20 uL of 50 mM TMB aqueous solution was added to start the
oxidizing reaction of TMB at RT. The oxidation process of TMB was recorded by
measuring the absorption spectra of the solution at different time points. The
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measurements were carried out in various gas environments to evaluate the activa-
tion properties of molecular oxygen. Different scavenger molecules (carotene, 2 mg;
mannite, 50 mM, 100 pL; catalase, 4,000 units/mL, 100 pL; superoxide dismutase,
4,000 units/mL, 100 pL) were added into the solution to verify the type of active ox-
ygen species.

The reaction kinetics assay was carried out at RT in 0.2 M HAc/NaAc solution (pH
4.6). The absorption spectra of TMB were recorded at a 15-s interval for a total of
10 min. The apparent kinetic parameters were calculated using the Michaelis-
Menten equation v = Vi X [S)/(K+[S]), where V.4 represents the maximum reac-
tion velocity, [S] is the concentration of substrate, and Ky, is the Michaelis constant.

ESR measurements

For 'O, detection, 10 L of aqueous suspension of samples (final concentration is
20 pg/mL of Au/1.8 pg/mL of Pt) and 40 pL of 1 M TEMP aqueous solution were
added to 100 plL of 0.2 M HAc/NaAc solution (pH 4.6, 6.5, and 7.4). TEMP was
used as the singlet oxygen-trapping agent for detecting the singlet oxygen gener-
ation. After 5 min of incubation at RT, the mixture was transferred to a quartz capil-
lary tube and placed in the ESR cavity for measurement.

Computational methods

Vienna ab initio simulation (VASP) package was used to perform spin-polarized DFT cal-
culations. The frozen-core all-electron projector augmented wave (PAW) method was
used to describe electron-ion interaction during the calculation, with the generalized
gradient approximation with the Perdew-Burke-Ernzerhof (PBE) functional for ex-
change-correlation energy. An energy cutoff of 400 eV was used for the plane-wave
expansion of the electronic wave function. Pure Au and Pt surfaces were modeled as
3 x 3 atomic slabs with four layers. As for AuPt,, surfaces were modeled in the same
size, and 1-3 layers of Pt atoms were placed above four Au substrate layers. The vacuum
region was set to 25 A to avoid interaction between surfaces. The bottom two layers
were fixed to the bulk positions during the relaxation. In the relaxation, the force conver-
gence criterion was set to 0.03 eV/A, and the energy convergence criterion was 10~% eV.
The first Brillouin zone was sampled with 3 x 3 X 1 k-points using the Monkhorst-Pack
method. The “climbing images” nudged elastic band (CI-NEB) algorithm was employed
to search for transition states (TSs). For the search of TSs, the same force threshold as the
geometrical optimization was used.

Cell culture

Human hepatocarcinoma cells (Huh-7) were purchased from National Collection of
Authenticated Cell Cultures (National Science & Technology Infrastructure) and
cultured in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. Cells were maintained in a hu-
midified incubator at 37°C under an atmosphere containing 5% CO,.

DCFH-DA staining and detection

Huh-7 cells grown in 12-well plates were incubated with AuPtg oes, AuPtg s, or
AuPtg 137 of the same concentration in terms of Aumass (10 pg/mL) for 12 h, followed
by the removal of culture medium and wash with DMEM twice. The cells were then
incubated with 500 pL DMEM containing 1 uM DCFH-DA (Nanjing Jiancheng) for
10 min and subsequently washed with PBS (pH 7.4). For microscopic examination,
the cells were kept in PBS and imaged on a Nikon Ti microscope using the phase
contrast and the fluorescein isothiocyanate (FITC) channels under a 20X objective.
For flow cytometry analysis, the cells were trypsinized, centrifuged (6,000 rpm,
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5 min), and resuspended in 300 pL PBS. The fluorescence of DCFH-DA was then de-
tected using flow cytometry (Cytoflex, Beckman) using the FITC channel, with at least
10,000 cells recorded for each sample.

Ption release

500 pg of AuPtp (in terms of Au) in 1 mL deionized water was sealed in a dialysis bag
with a molecular weight cutoff at 8,000 and then placed in 20 mL of PBS solution
(10 mM; pH 5.5). The mixture was incubated for 50 h at 37°C with constant horizontal
shaking at 100 rpm. At different time points during the incubation, 1 mL aliquot was
taken from the solution for ICP analysis of the content of Pt ions.

Colloidal stability assessment

AuPtg 0e5, AuPtg g9, or AuPtg 137 was diluted to the same concentration in terms of Au
mass (10 pg/mL) in deionized water or DMEM containing 10% fetal bovine serum.
Then, the solutions were subjected to dynamic light scattering measurement (Mal-
vern, UK) to obtain the hydrodynamic sizes of AuPtg g5, AuPto.g9, or AuPtg 137 at
different time points within 14 days.

Quantification of intracellular Au by ICP-MS

Huh-7 cells were seeded in 100-mm cultural dishes and allowed to grow to ~80%
confluence and then treated with AuPtg g5, AuPtg g9, or AuPtg 137 of the same con-
centration in terms of Au mass (5 pg/mL). 12 h later, the cells were washed with PBS
twice and then collected by trypsinization for cell counting, followed by precipitation
by centrifugation and lysis in 500 uL Aqua regia. The mixtures were sonicated for
5 min and left at RT overnight, with the caps of the tubes tightly sealed. The mixtures
were then diluted to 8 mL and filtered through a 0.22 um filter unit (Millipore Express)
for ICP-MS analysis of the Au content.

Subcellular localization detection

Huh-7 cells were seeded in 35-mm cultural dishes with glass bottoms and allowed to
adhere and grow for 24 h. The rhodamine B isothiocyanate (RITC)-labeled AuPtg gs,
AuPtg g9, or AuPtg 137 was directly added to the culture medium with a final Au con-
centration of 5 pg/mL. The cells were incubated for 6 h, with 1 pM of LysoGreen (Be-
yotime) directly added to the culture medium at the last hour of incubation. The cells
were then washed with PBS twice before fixation in 4% formaldehyde for 5 min at RT.
Subsequently, the cells were stained with 4',6-diamidino-2-phenylindole (DAPI), fol-
lowed by imaging on an Olympus confocal microscope (OSR, Olympus) using the
channels of DAPI, FITC, and Tetramethylrhodamine (TRITC).

Cytotoxicity assay

Huh-7 cells were seeded in a 96-well plate in 100 pL cultural medium at the density of
10,000 cells per well, and allowed to grow for 24 h before any treatment. Afterward,
the culture medium was removed, followed by the addition of 100 pL fresh medium con-
taining different concentrations of AuPtg ogs, AuPto 09, AuPtg 137, AuNR, or 3 nm Pt nano-
particles in terms of Au or Pt mass. The cells were incubated for another 24 h and then the
medium was replaced with DMEM containing 10% (v/v) CCK8 agent (Boster). To pro-
ceed, the cells were further incubated for 2 h before detecting the absorbance at
450 nm in a plate reader (TECAN), with 620 nm as the reference. The viability of cells
was calculated as the fraction of the absorbance of treated cells to that of untreated cells.

Apoptosis detection by flow cytometry
Huh-7 cells were seeded in 12-well plates at the density of 100,000 cells per well and
allowed to grow for 24 h. Then, the cells were treated with AuPt g5, AuPtg 09, OF
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AuPtg 137 of the same concentration in terms of Au mass (10 pg/mL) for 24 h before
harvesting for Annexin-V/propidium iodide (Pl) duel staining according to the in-
struction from the manufacturer (Multi Sciences). At least 10,000 cells were recorded
for each sample.

TEM imaging of cells

Fixation of cells after different treatments was performed in glutaraldehyde (2.5%) in
PBS (100 mM; pH 7.4), followed by postfixationin 1% OsO,4 in PBS and gradual dehy-
dration by alcohol and propylene oxide. The fixed cells were embedded in Epon.
Next, 60-nm ultrathin sections were cut and placed on a copper meshwork. Finally,
the samples were stained with acetate and lead citrate for imaging on a Hitachi H-
300 transmission electron microscope.

Western blot

Cells were treated with AuPtg oo (10 ng/mL in terms of Au) for different times and
then collected using a cell scraper. The cells were then lysed in cell lysis buffer (Be-
yotime) containing proteinase inhibitor cocktail (Beyotime) and 10 mM of phenylme-
thylsulfonyl fluoride (PMSF). The total protein was extracted by centrifugation
(15,000 g, 15 min) under 4°C and quantified using the bicinchoninic acid (BCA) kit
(Beyotime). 10 pg of each sample was loaded into a 10% SDS-PAGE gel and sepa-
rated via electrophoresis under 90 V. The separated proteins were transferred
onto the 0.22 uM polyvinylidene fluoride (PVDF) membrane (Millipore), followed
by sequential staining with primary antibodies (GPX4, ABclonal, A19700; LC3, ab-
cam, ab128025; GAPDH, ABclonal, A19056) and fluorescent secondary antibodies
(Alexa Fluor 647 goat anti-rat immunoglobulin G [IgG], BioLegend, 405416). The
membrane was then scanned on Odyssey Clx to visualize the proteins. Semi-quan-
tification of the proteins was performed by measuring the integrated intensity of
the protein band using ImageJ.

Systemic toxicity evaluation

Animal experiments were performed according to institutional guidelines and were
approved by the Institutional Animal Care and Use Committee of Zhejiang University
School of Medicine. BALB/c nude mice (6 weeks old, female) were intravenously in-
jected with or without RGD-conjugated AuPtg g9 (20 mg/kg in terms of Au mass).
The blood samples were collected by orbital bleeding under anesthesia at 1 day or
14 days post-injection. The whole blood was used for hematological analysis and
the plasma for blood biochemical analysis. The mice were then sacrificed and the or-
gans, including heart, liver, spleen, lung, and kidney, were collected for hematoxylin
and eosin (H&E) staining. To evaluate the long-term toxicity of AuPtg g9, the mice were
intravenously injected with or without 25 mg/kg of AuPtg g9 (in terms of Au) through
the tail vein. 30 days later, the mice were sacrificed, and the major organs, including
heart, liver, spleen, lung, and kidney, were collected for H&E staining and toxicity
evaluation.

Antitumor effects

Animal experiments were performed according to institutional guidelines and were
approved by the Institutional Animal Care and Use Committee of Zhejiang University
School of Medicine. 5 x 10° Huh-7 cells suspended in 100 L PBS solution were sub-
cutaneously injected into the flanks of BALB/c nude mice (6 weeks old, female,
5 mice for each group). When the tumors grew to an average size of 100 mm?, the
mice were intratumorally injected with 25 mg/kg (in terms of Au mass) of
AuPtg oss, AuPtg g9, or AuPtg 137 twice at a 4-day interval, with PBS as the control.
The tumor sizes and the body weights were routinely measured every 4 days, and
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the tumor volume was calculated as length X width x width x 0.52. At termination,
all the mice were sacrificed and the tumor, heart, liver, spleen, lung, and kidney were
collected and weighed, followed by terminal deoxynucleotidyl transferase 2'-deox-
yuridine 5'-triphosphate (dUTP) nick end labeling (TUNEL) and/or H&E staining. To
evaluate the antitumor effects upon intravenous injection, the tumor-bearing nude
mice established as described above were injected with AuPto g5, AuPto g9, OF
AuPtg 137 through the tail vein at a dose of 25 mg/kg (in terms of Au) every 3 days.
The tumor sizes and body weights of the mice were measured routinely as described
above. The endpoint is defined as death, the tumor burden reaching 1,000 mm?3, or
the occurrence of adjacent skin ulcer. The tumors were excised from the mice and
weighed at the endpoint.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100538.
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