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Abstract

In treatment of hypoxic tumors, oxygen-dependent photodynamic therapy (PDT) is considerably 

limited. Herein, a new bimetallic and biphasic Rh-based core–shell nanosystem (Au@Rh-ICG-

CM) is developed to address tumor hypoxia while achieving high PDT efficacy. Such porous 

Au@Rh core–shell nanostructures are expected to exhibit catalase-like activity to efficiently 

catalyze oxygen generation from endogenous hydrogen peroxide in tumors. Coating Au@Rh 

nanostructures with tumor cell membrane (CM) enables tumor targeting via homologous binding. 

As a result of the large pores of Rh shells and the trapping ability of CM, the photosensitizer 

indocyanine green (ICG) is successfully loaded and retained in the cavity of Au@Rh-CM. 

Au@Rh-ICG-CM shows good biocompatibility, high tumor accumulation, and superior 

fluorescence and photoacoustic imaging properties. Both in vitro and in vivo results demonstrate 

that Au@Rh-ICG-CM is able to effectively convert endogenous hydrogen peroxide into oxygen 

and then elevate the production of tumor-toxic singlet oxygen to significantly enhance PDT. As 

noted, the mild photothermal effect of Au@Rh-ICG-CM also improves PDT efficacy. By 

integrating the superiorities of hypoxia regulation function, tumor accumulation capacity, bimodal 

imaging, and moderate photothermal effect into a single nanosystem, Au@Rh-ICG-CM can 

readily serve as a promising nanoplatform for enhanced cancer PDT.
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Hypoxia is a hallmark of solid tumors. With burgeoning tumor growth, intratumoral O2 

supply as a result of poor blood flow from the aberrant vasculature can hardly meet the ever-

increasing metabolic demands of tumors and inevitably leads to notable hypoxia in the local 

tumor environment (typically, pO2 ≤ 2.5 mmHg).[1] Under such hypoxic circumstances, 

oxygen-dependent therapies such as radiotherapy, chemotherapy, and photodynamic therapy 

(PDT) face significant or complete loss of therapeutic efficacy.[2]

This is of particular importance to PDT, which depends on the ability of photosensitizers to 

transfer energy from light to tumor-dissolved oxygen (O2) for generating cytotoxic reactive 

oxygen species (ROS), such as singlet oxygen (1O2), to kill tumor cells.[3] As an oxygen-

dependent treatment modality, the efficiency of PDT is normally compromised due to the 

intrinsic hypoxia of tumors,[4] and exacerbated along with further consumption of O2 by 

PDT.[5] In addition to the need for improving laser penetration depth,[6] it is also essential to 

address hypoxia-induced resistance with current PDT for deep tumor therapy.[7]

Various nanomaterial-enabled systems have been explored to alleviate tumor hypoxia.[8] So 

tar, three major strategies have been taken, including: 1) the use of oxygen-carrying 

nanomaterials, based on perfluorocarbon or hemoglobin, for direct delivery of oxygen into 
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tumor sites,[9] 2) in situ generation of oxygen upon decomposition of chemicals (such as 

C3N4 and CaO2) carried by nanomaterials to the tumor site,[10] and 3) in situ conversion of 

endogenous hydrogen peroxide (H2O2) into oxygen using catalytic nanoparticles.[11] As a 

result of abnormal pathophysiologic processes in tumors (e.g., overexpression of NADPH 

oxidase (NOX) enzymes), elevated H2O2 at a typical generation rate of 5 nmol per 105 cells 

h−1 is consistently observed in the tumor microenvironment.[12] Thus, the strategy to 

generate oxygen out of elevated endogenous H2O2 will exhibit a good tumor therapeutic 

efficiency.[13] In this regard, development of nanomaterials that can catalyze endogenous 

H2O2-to-O2 conversion has received growing interest.[14] Recent efforts have been made to 

fabricate “nanoenzymes” mainly from catalase or manganese (Mn)-based materials, such as 

catalase-containing poly(lactic-co-glycolic acid) nanocapsules,[15] MnO2 nanoparticles,[16] 

and MnFe2O4 nanoparticles,[17] for O2-dependent tumor therapy. Despite their efficient 

decomposition of H2O2 into O2, foreseeable challenges with such nanomaterials, such as the 

thermo-instability and protease-sensitivity of catalase (limited processing conditions and 

shelf life) and pH-dependent catalysis of Mn-based materials (only suitable for acidic tumor 

environments), motivate continuous endeavors to develop more robust enzyme-like systems. 

Preferably, some new nanosystems that have good thermostability while retaining 

catalaselike activity independent of pH can be achieved to effectively resolve the hypoxia-

driven resistance to tumor therapy.

Very recently, rhodium (Rh)-based nanostructures have been explored for possible biological 

applications as near-infrared (NIR)-absorbing nanomaterials in tumor photothermal therapy 

(PTT).[18] More importantly, Rh showed intrinsic catalase-like activity to decompose H2O2 

into O2,[19] and Rh alloys exhibited better catalytic effect.[20] Built on the established 

evidence, we therefore hypothesized that Rh-based bimetallic nanomaterials could 

effectively and continuously catalyze O2 production from endogenous H2O2 in the tumor 

site independent of pH, and consequently ameliorate local hypoxia to enhance PDT. 

Furthermore, the NIR photothermal conversion capacity of Rh-based nanomaterials may see 

additional benefits in PDT. Previous reports highlighted that the mild photothermal effect 

from NIR-absorbing nanoagents could enhance cellular uptake of loaded photosensitizers[21] 

and increase intratumoral blood flow to facilitate oxygenation of tumors to reduce hypoxia-

associated resistance.[22] To this end, the use of Rh-based bimetallic nanomaterials as a 

delivery system for PDT photosensitizers could also improve the therapeutic outcomes of 

PDT.

In this work, we synthesized porous Au@Rh core–shell nanostructures as the basic platform 

and then further formulated a nanotherapeutic reagent, i.e., Au@Rh-ICG-CM 

nanocomposites, by loading the photosensitizer indocyanine green (ICG) in the pores and 

coating with cancer cell membrane (CM) (Scheme 1). Adoption of the bimetallic core–shell 

nanocrystal design with a porous shell would allow for the exposure of reactants to two 

metals while modulating the unique core/shell boundary interactions for optimal catalysis 

via electronic and surface strain effects.[23] Furthermore, the porous shell with increased 

surface area could effectively trap the therapeutics.[24] The physicochemical and biological 

properties of Au@Rh-ICG-CM were studied in vitro and in vivo to comprehensively 

evaluate the photothermal conversion performance, H2O2-to-O2 decomposition, efficient 
1O2 generation capacity, cellular uptake, tissue distribution, tumor therapeutic effects, and 
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biosafety. The prepared Au@Rh-ICG-CM nanosystem displays multifaceted unique 

features, including: 1) Au@Rh-CM can decompose endogenous H2O2 to rapidly generate 

O2 in a neutral or acidic environment; 2) Porous cavities of Au@Rh-CM in combination 

with the trapping ability of CM can increase the loading efficiency of ICG while stabilizing 

its activity during biological transport without early release; 3) Broadband photoabsorption 

of Au@Rh-CM like a blackbody[25] enables the excitation of loaded photosensitizers with 

high tissue penetration NIR laser for concurrent PTT and PDT; 4) The mild photothermal 

effect of Au@Rh-ICG-CM under 808-nm laser irradiation favors its catalytic decomposition 

of H2O2 and facilitates cellular uptake of ICG; 5) Due to homologous binding capability of 

cancer CM, selective tumor accumulation of Au@Rh-CM leads to effective delivery of 

photosensitizer to tumor site for improved PDT specificity; 6) The in vivo fluorescence and 

photoacoustic (PA) imaging capabilities from respective loaded ICG and Au@Rh afford a 

means to trace tissue distribution of Au@Rh-ICG-CM as well as guide the therapeutic 

process. Along with successful demonstration of such Au@Rh bimetallic nanoparticles as a 

multifunctional oxygenator to treat hypoxic tumors, this study also provides blueprints to 

design other bimetallic nanoplatforms with varying attributes for tumor theranostics.

Due to its relatively high surface energy (124, 144, and 147 meV Å−2 for the [111], [100], 

and [110] facets, respectively), synthesis of Rh nanostructures from Rh precursor salts via 

chemical reduction normally requires elevated reaction temperature and prolonged reaction 

time, in contrast to the mild and rapid reactions for other noble metal (e.g., Pt, Pd, and Au) 

nanostructures.[26] Taking advantage of such differences in reduction, we accordingly 

designed an effective yet simple route to synthesize bimetallic nanostructures of Au@Rh 

with solid Au as the core and mesoporous Rh as the shell at a relatively lower temperature 

(60 °C) than other approaches (e.g., 190 °C).[27] With the presence of mesopores through the 

Rh shell, free access of H2O2 and large catalysis surface area are expected to result in a 

maximal O2 conversion efficiency. To generate controllable mesopores in the Rh shell, a 

modified micelle-templating method[28] was adopted. As shown in Figure 1a, micelles of a 

block copolymer poly(ethylene oxide)-b-poly(methyl methacrylate) (PEO10500-b-

PMMA18000) were first created by dissolving in a N,N-dimethylformamide (DMF) and 

water (3:2) mixture and then Au and Rh precursors (12 × 10−3 M HAuCl4 and 40 × 10−3 M 

Na3RhCl6) were added, respectively. In the solution, Na3RhCl6 crystals are dissolved into 

Na+ and [Rh(H2O)3–xCl6–x](3–x)– ion complexes.[28a] Through hydrogen bonding, 

[Rh(H2O)3–xCl6–x](3–x)− were brought to the PEO surface of micelles to form PEO-b-

PMMA micelle/Rh nanocomposites. Meanwhile, free AuCl4− in the solution was rapidly 

reduced to Au0 by ascorbic acid (AA) to form solid nanoparticles (see the time-section result 

of 0.5 h reaction, Figure S1a, Supporting Information). By sharing the electron cloud 

between Au0 and [Rh(H2O)3–xCl6–x](3–x)–, PEO-b-PMMA micelle/Rh nanocomposites were 

attracted to the surface of Au nanoparticles and gradually assembled into multilayered shells 

(Figure S1a, Supporting Information). The progress of Au@Rh reduction can also be 

visually monitored via the color change of the reaction solution (Figure S1b, Supporting 

Information). Modulating the ratio between HAuCl4 and Na3RhCl6 enabled the respective 

control of the Au core size and the Rh shell thickness (Figure S2a,b, Supporting 

Information). At the ratio of 1:3.3 (12 × 10−3 M HAuCl4 and 40 × 10−3 M Na3RhCl6), a 

typical shell thickness of 30.8 ± 2.5 nm and core size of 32.6 ± 3.9 nm were achieved 
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(Figure S2c, Supporting Information). Upon completion of the reduction of Na3RhCl6 into 

Rh, PEO-b-PMMA micelles were then removed through consecutive washing/centrifugation 

cycles to yield porous Au@Rh core–shell nanostructures (Figure S3, Supporting 

Information). To confirm the formation of desired nanostructures, both scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) characterization were 

performed. SEM examination of the overall morphology of as-prepared Au@Rh 

nanostructures revealed their monodispersity with rather uniform size and shape (Figure 1b). 

The mean diameter of Au@Rh nanoparticles is 95.6 ± 3.6 nm (Figure S4, Supporting 

Information), which allows for prolonged circulation in the blood and enhanced 

extravasation into tumors.[29] Close examination of Au@Rh nanostructures with SEM 

showed well-defined mesopores throughout the outer surface (Figure 1b inset). Further TEM 

visualization of Au@Rh nanostructures revealed the consistent presence of a dense core 

surrounded by porous shell with a clear boundary in between (Figure 1c). It is noted that the 

shell thickness among the nanostructures is rather uniform (30.8 ± 2.5 nm) and 

homogeneous pores were seen across the entire thickness. As evidenced in nitrogen 

adsorption isotherms, such mesoporous structures provided as high as 0.99 cm3 g−1 of pore 

volume (Figure S5a, Supporting Information), superior over other Rh nanomaterials such as 

nanosheets[18] in terms of sufficient cavity for drug molecule loading. Meanwhile, the 

average mesopore size is 9.4 nm (Figure S5b, Supporting Information), larger than most 

common mesoporous nanostructures,[30] implying easy accessibility of the interior pores to 

large biomolecules. The structural stability of porous Au@Rh was also tested upon a 

prolonged storage (7 and 30 d). No changes of the morphology and mesoporous structures 

were noticed based on the SEM examination even after 30 d (Figure S6, Supporting 

Information). To confirm the mesostructural periodicity (i.e., pore-to-pore distance), the low-

angle X-ray diffraction (XRD) measurement was performed. A single peak located at 0.45° 

was observed in the low XRD pattern, indicating the closely packing of uniformly sized 

pores (Figure S5c, Supporting Information). Based on the peak mean value, the pore-to-pore 

distance was calculated to be ≈20 nm. As shown in Figure S7 (Supporting Information), the 

pore size was ≈10 nm, consistent with the Brunauer–Emmett–Teller (BET) result (9.4 nm). 

In addition, 3D electron tomography of Au@Rh reconstructed from a tilted series of 

microscopy images (Video S1, Supporting Information) also confirmed that the distribution 

of interconnected mesopores throughout the shell on the surface of Au core to form a 

bicontinuous structure. In the wide-angle XRD pattern of the Au@Rh, five characteristic 

diffraction peaks of Au and Rh (111), (200), (220), (311), and (222) were, respectively, 

observed (Figure S5d, Supporting Information), which agreed with the results of selected 

area electron diffraction (SAED) patterns (Figure S8c, Supporting Information). These peaks 

and concentric rings of spots suggest the random aggregation of crystal grains in the 

Au@Rh nanostructures, rather than the oriented growth. Based on the Rh (111) diffraction 

peak, the crystalline grain size was calculated using the Scherrer equation to be around 5.3 

nm, which also matched the grain size of about 4.5 nm within the mesoporous shell as 

measured in TEM images (Figure S8a,b, Supporting Information). Energy-dispersive X-ray 

spectroscopy (EDS) elemental mapping further confirmed that the core was made of Au and 

the porous shell was made of Rh (Figure 1f and Figure S9, Supporting Information). With 

readily tunable size of Au core and shell thickness, such bimetallic nanostructures can 
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achieve various properties for versatile applications such as the thermoresponsive drug 

release systems.

To retain biomolecules within the mesopores along with improved targeting to cancer cells, 

we explored the possibility of coating Au@Rh nanostructures with cancer CM. CM was 

easily obtained by lysing cancer cells (i.e., MDA-MB-231 breast cancer cells) with the 

hypotonic lysis buffer[31] and then collecting the fragmented cell membrane in the 

supernatant. To assure a full coverage of the particle surface, excessive CM (typically from 

107 cells) was used for 0.5 mg Au@Rh nanostructures. As a result of the mechanical force 

provided by ultrasonic energy, fragmented CM was able to reassemble on the surface of 

nanostructures to establish a continuous membrane.[32] CM coating had negligible effect on 

the overall morphology of Au@Rh nanostructures (Figure 1d), while zoomed-in 

examination indeed showing the presence of a layer of CM on the nanostructure surface 

(Figure 1d inset vs Figure 1c inset). After CM coating, the mean size of nanostructures 

increased to 104.9 ± 2.8 nm (Figure S10, Supporting Information), indicating that the 

thickness of CM layer was about 5 nm. Surface zeta potential of Au@Rh nanostructures 

before and after CM coating (Figure S11a, Supporting Information) was measured to further 

confirm the attachment of CM. After CM coating, the surface zeta potential of Au@Rh-CM 

nanostructures changed from −6.2 to −21.3 mV, which was close to the zeta potential of 

MDA-MB-231 CM (−24.5 mV). Fourier transform infrared (FTIR) spectra showed the 

presence of signature absorptions of amide bond, phosphate, and carbohydrate region of CM 

in the Au@Rh-CM nanostructures thereby confirming the successful attachment of CM 

(Figure S11b, Supporting Information). Protein analysis using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) also demonstrated that the presence and 

maintenance of protein contents of purified CM in Au@Rh-CM in contrast to the minimal 

protein content from the Au@Rh (Figure 1e). Following successful coating of CM onto 

Au@Rh nanostructure, it becomes essential to understand the stability of such structures 

especially for future in vitro and in vivo use. Stability tests of Au@Rh-CM nanostructures 

were, respectively, carried out in deionized (DI) water, phosphate-buffered saline (PBS, pH 

= 7.4), and cell culture media with 10% serum. Upon incubation for 30 d in individual 

solutions, the Au@Rh-CM nanostructures remained well suspended without noticeable 

aggregation or precipitation (Figure S12, Supporting Information) or any noted size changes 

(Table S1, Supporting Information) for the entire investigating period. In contrast, 

precipitation was readily seen with Au@Rh only particles (Figure S12a, Supporting 

Information). Apparently, the demonstrated stability of Au@Rh-CM was mainly attributed 

to the stealth effect of negatively charged CM.[33]

As Au@Rh nanostructures are primarily responsible for the photoabsorption behavior of 

Au@Rh-CM nanostructures, we therefore only established the UV–vis–NIR spectra of 

Au@Rh nanostructures. Interestingly, the synthesized Au@Rh nanostructures exhibited 

strong broadband absorption (Figure 1g), similar to a blackbody.[25] With this said, Au@Rh 

nanostructures could effectively convert the absorbed photonic energy from a broad 

spectrum of wavelengths including NIR into heat. Thus, it becomes feasible to load NIR-

activated photosensitizers in Au@Rh-CM to achieve concurrent PTT and PDT upon single 

NIR laser irradiation, which can simplify treatment procedures and reduce therapy time. To 

demonstrate this, the photosensitizer ICG was particularly chosen for its excitability with a 
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deep tissue penetration 808-nm NIR laser approved for clinical use by the U.S. Food and 

Drug Administration (FDA),[34] and ICG was loaded into the mesopores of Au@Rh-CM 

nanostructures. As shown in Figure 1g, Au@Rh-ICG-CM nanocomposites did exhibit a 

slight redshift of characteristic ICG absorption peak from 780 to 810 nm in contrast to no 

noticeable shift of the physically mixed Au@Rh-CM and free ICG, confirming successful 

loading of ICG in Au@Rh-CM nanostructures. During incubation with ICG solution, the 

large mesopores and high surface area of the porous Rh shells in Au@Rh nanostructures 

could effectively trap ICGs and therefore result in a high payload. Indeed, a high loading 

efficiency of 15.6 ± 2.1 wt% was achieved, which was much higher than that of previously 

reported nanostructures.[35] Parallel studies were also performed to determine the 

photothermal capabilities of Au@Rh-CM and Au@Rh-ICG-CM. Respective aqueous 

solution of Au@Rh-CM (0.1 mg mL−1 in DI water) and Au@Rh-ICG-CM (0.1 mg mL−1 in 

DI water) was irradiated with an 808-nm laser at a power density of 0.3 W cm−2. The time-

dependent temperature changes were recorded using a digital thermocouple thermometer. As 

shown in Figure 1h, after 6 min irradiation the temperature of both Au@Rh-CM and 

Au@Rh-ICG-CM solutions increased dramatically, significantly higher than that of free ICG 

or DI water. Although ICG could also act as PTT agent, the combination of the relatively 

low concentration of free ICG (18.5 μg mL−1) and low 808-nm laser power (0.3 W cm−2) 

only resulted in a weak PTT effect. Photothermal images of Au@Rh-CM and Au@Rh-ICG-

CM solutions confirmed heat generation within the solution (Figure 1i). Clearly, the 

dramatic temperature elevation is ascribed to the high photothermal efficiency of Au@Rh 

nanostructures. Compared to Au@Rh-CM, the temperature of Au@Rh-ICG-CM solution 

was slightly higher, reaching as high as 44.3 °C. Such a difference is mainly from ICG 

loaded in the nanostructures in consideration of its maximum absorption peak at 800-nm 

wavelength and noted temperature increase after 808-nm laser irradiation. Interestingly, the 

observed photothermal effect of Au@Rh-CM is relatively mild compared to other 

nanostructures such as Au nanoshells, resulting in a high temperature increase (e.g., 70 °C).
[36] As reported, mild-to-moderate hyperthermia is favorable for cancer treatment by 

regulating tumor vascular perfusion, lymphocyte trafficking, inflammatory cytokine 

expression, tumor metabolism, and innate and adaptive immune function.[37] As such, 

Au@Rh-ICG-CM is expected to improve subsequent PDT efficacy as an adjuvant 

nanosystem.

Based on the evidence that platinum group metals exhibited the catalytic activity of 

decomposing H2O2,[19] we therefore hypothesized that Au@Rh-CM bimetal nanostructures 

with porous Rh shell can effectively catalyze the decomposition of H2O2 into O2. Bubble 

formation of released O2 in a reaction solution could be used as an indicator as the onset of 

catalyzed decomposition. To better manifest this, a high concentration of H2O2 (20 × 10−3 

M) was used. As shown in Figure S13 (Supporting Information), formation of abundant O2 

bubbles was observed upon addition of H2O2 (20 × 10−3 M) in the tubes containing Au@Rh-

CM (50 μg/mL). No bubbles were observed in tubes with either H2O2 (20 × 10−3 M) or 

Au@Rh-CM (50 μg mL−1) alone. Such an observation verifies that Au@Rh-CM indeed has 

catalase-like catalysis capability.

Previous findings highlighted the superior catalytic capabilities of bimetallic structures to 

their monometallic counterparts.[38] To elaborate the advantages of bimetallic Au@Rh, 
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porous Rh nanoparticles with comparable sizes were also synthesized and used to evaluate 

their catalytic efficiency. In recognition of the high catalytic capacity of platinum (Pt)-based 

nanomaterials in decomposing endogenous H2O2 to improve tumor hypoxia,[14d,39] porous 

core–shell Au@Pt nanostructures were also similarly prepared and used as a benchmark to 

determine the catalytic efficiency of Au@Rh nanostructures. As confirmed by SEM, the 

prepared Rh nanoparticles and Au@Pt nanostructures both showed similar size and porous 

morphology to Au@Rh (Figure 1j inset). Steady-state kinetics of Au@Rh, Rh, and Au@Pt 

toward H2O2 decomposition was established by measuring the initial decomposition rates as 

a function of H2O2 concentration using the Goth method.[40] As reported, the catalytic 

process typically follows a Michaelis–Menten reaction model.[40b] Based on the 

corresponding Lineweaver–Burk plots (Figure 1j,k), key enzyme kinetic parameters 

including Michaelis–Menten constants (Km), catalytic constants (Kcat), and maximum 

reaction velocity (Vmax) were calculated (Figure 1l). In the catalytic reactions, Km represents 

the enzyme affinity for substrate (low Km indicates a high affinity), while Kcat represents the 

enzyme activity (high Kcat implies a high catalytic ability).[41] Our results showed that the 

Vmax value for Au@Rh nanostructures was almost 14 times that of porous Rh nanoparticles, 

confirming the much higher catalytic activity of bimetallic Au@Rh nanostructures than that 

of monometallic Rh nanomaterials. In the comparison between Au@Pt and Au@Rh, we 

noticed that the Km value of Au@Rh nanostructures was a little lower than that of Au@Pt, 

however, its Kcat value was much higher than that of Au@Pt, implying significantly 

improved catalytic capability with Au@Rh nanostructures. Obviously, porous core–shell 

Au@Rh nanostructures exhibited a strong affinity for H2O2 and high catalase-like activity.

Further studies were done to evaluate the catalysis capacity of Au@Rh-CM under a 

pathophysiologically relevant concentration (1 × 10−4 M).[42] To better understand the O2 

generation kinetics of Au@Rh-CM-enabled H2O2 decomposition, an O2 probe of 

[Ru(dpp)3]Cl2 (RDPP), whose fluorescence can be immediately quenched by O2,[43] was 

used to monitor O2 generation. As shown in Figure 2a, addition of H2O2 (1 × 10−4 M) to the 

Au@Rh-CM/RDPP aqueous solution caused immediate decrease of fluorescence intensity 

of RDPP for the first 10 min. Afterward, the fluorescence intensity loss remained at a similar 

level for the next 20 min, indicating the approach to an equilibrium of H2O2 to O2 

conversion with an ≈77.4 ± 2.8% conversion rate. In contrast, no obvious loss of 

fluorescence intensity was found with H2O, H2O2, or Au@Rh-CM without H2O2, further 

confirming that O2 generation was from H2O2 and the participation of Au@Rh-CM was 

required. In addition, the O2 generation capacity of Au@Rh-CM under different pH 

conditions was also examined (Figure S14a, Supporting Information). Here, pH 5 was used 

to mimic the real acidic tumor microenvironment.[44] As shown in Figure S14a (Supporting 

Information), comparable O2 generation capacity was seen between pH 7.4 and 5.0, 

suggesting the applicability of Au@Rh-CM to physiological pH. It is worth mentioning that 

the elevated temperature as a result of mild/moderate photothermal effect of Au@Rh-CM 

(Figure 1h) might facilitate the catalytic decomposition of H2O2 to O2. To demonstrate this 

assumption, the Au@Rh-CM-enabled H2O2 decomposition was also evaluated at an elevated 

temperature (i.e., 42°C). Compared to room temperature (25 °C), elevated temperature (42 

°C) indeed accelerated the rate of H2O2 decomposition and improved the conversation 

efficiency to 93.9 ± 3.4% (Figure S14b, Supporting Information). Furthermore, time-
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dependent change of H2O2 concentration in the Au@Rh-CM-enabled catalytic reaction was 

also monitored by measuring the absorbance of H2O2 at 240 nm (Figure S15, Supporting 

Information). As shown in Figure 2b, continuous decrease of H2O2 concentration in the 

reaction was observed, however a sharp decrease was only seen for the first 10 min, which 

agreed well with the trend of O2 generation. Such a close correlation between H2O2 

consumption and O2 generation could ameliorate local hypoxia conditions of tumor.

During PDT treatment, generation of toxic 1O2 is essential to eradicate tumor cells. Hence, 
1O2 production with the presence of Au@Rh-ICG-CM was first investigated in an acellular 

setting, i.e., solution-based study, using 1,3-diphenylisobenzofuran (DPBF) as a probe, 

which could be oxidized by ROS irreversibly and resulted in the decrease of its characteristic 

absorption peak at 410 nm. As seen in Figure 2c, the combination of Au@Rh-CM and laser 

irradiation (808 nm, 0.3 W cm−2) caused negligible changes of the absorption intensity of 

DPBF at 410 nm, while a rapid decrease occurred with a combination of Au@Rh-ICG-CM 

and laser irradiation. Such results demonstrated that Au@Rh-CM itself had minimum 

contribution to direct ROS formation and ICG loaded in the Au@Rh-CM was primarily 

responsible for ROS production. Such results demonstrated that Au@Rh-CM itself had 

minimum contribution to direct ROS formation and ICG loaded in the Au@Rh-CM was 

primarily responsible for ROS production. In addition, time-dependent UV–vis–NIR 

absorption spectra were obtained with solutions containing Au@Rh- ICG-CM under laser 

irradiation. The measurement showed that 1O2 production (i.e., peak at 410 nm) was time-

dependent and a majority was formed within 10 min as demonstrated by significantly 

reduced absorption after 10 min (Figure S16, Supporting Information). Considering that 

DPBF can react with all ROS including H2O2 (Figure 2c),[45] singlet oxygen sensor green 

(SOSG) with good selectivity toward 1O2 than other species (e.g., hydrogen peroxide or 

hydroxyl radicals),[46] was used to evaluate the 1O2 production. Along with the consumption 

of soluble O2 in the solution, decelerated production of 1O2 was expected with Au@Rh-

ICG-CM (Figure 2d). In this regard, addition of exogenous H2O2 (1 × 10−4 M) into the 

system could boost O2 level via Au@Rh-CM-enabled H2O2 decomposition and 

consequently increase further 1O2 production (Figure 2d). Indeed, the combination of H2O2 

and Au@Rh-ICG-CM yielded the highest 1O2 level. Following the acellular solution-based 

studies, intracellular 1O2 generation by Au@Rh-ICG-CM was also investigated in breast 

cancer cells (MDA-MB-231) using SOSG as the probe, which reacts with 1O2 to generate a 

green fluorescence endoperoxide product.[7a] Under 808-nm laser irradiation, strong 

intracellular green fluorescence was detected in cells incubated with either free ICG or 

Au@Rh-ICG-CM, with no detectable green fluorescence in untreated cells (Figure 2e). The 

comparable intracellular SOSG fluorescence intensity (Figure S17a, Supporting 

Information) between Au@Rh-ICG-CM and free ICG groups suggests that both free ICG 

and Au@Rh-ICG-CM similarly produce 1O2 under 808-nm laser irradiation. As such, 

cellular uptake of Au@Rh-ICG-CM should take place prior to the intracellular release of its 

ICG cargo. Thus, internalization and intracellular localization of Au@Rh-ICG-CM in MDA-

MB-231 cells were investigated with both fluorescence microscopy and TEM. After 6 h 

incubation with Au@Rh-ICG-CM, MDA-MB-231 cells showed strong red fluorescence, 

similar to those with free ICG (Figure 2f and Figure S17b, Supporting Information), 

indicating successful internalization of Au@Rh-ICG-CM. Meanwhile, it was found that 
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core–shell Au@Rh-ICG-CM nanostructures were mainly located in the cytoplasm and 

lysosome (Figure 2g). Efficient cellular uptake of Au@Rh-ICG-CM by MDA-MB-231 cells 

may come from the homologous CM coating,[47] ensuring O2 and subsequent toxic 1O2 

generation for PDT (Figure 3a). To further illustrate the homologous targeting effect of 

Au@Rh-ICG-CM, a coculture of GFP-labeled human umbilical vein endothelial cells 

(HUVECs) and nonlabeled MDA-MB-231 cells was treated with respective Au@Rh-ICG-

CM or ICG only. As shown in Figure 2h and Figure S18 (Supporting Information), stronger 

ICG fluorescence (red) was found in MDA-MB-231 cells than that in HUVECs with 

Au@Rh-ICG-CM treatment while comparable red fluorescence intensity in HUVECs and 

MDA-MB-231 cells was seen with free ICG treatment, consistent with the flow cytometry 

analysis results (Figure 2i). Cellular uptake of Au@Rh-ICG-CM under a mild photothermal 

effect was also evaluated. Since both 808 nm and 1064 nm laser irradiation of Au@Rh-CM 

led to identical temperature increases (Figure S19, Supporting Information), 1064 nm laser 

was particularly used to induce a mild photothermal effect in order to avoid fluorescence 

loss of ICG under 808 nm laser irradiation. Interestingly, after 1064-nm laser irradiation for 

3 min, elevated red fluorescence (ICG) intensity was observed in MDA-MB-231 cells 

compared to that without laser irradiation (Figure S20, Supporting Information), suggesting 

a favorable influence of mild photothermal effect on cellular uptake of Au@Rh-ICG-CM as 

well as the release of ICG from Au@Rh-CM (Figure S21, Supporting Information).

Cellular uptake of Au@Rh-CM should be able to help alleviate hypoxia (purposely induced 

via the N2 atmosphere) by generating intracellular O2. To better mimic the tumor 

microenvironment with endogenous H2O2, 1 × 10−4 M H2O2 was supplemented to the 

culture.[14a] Using RDPP as an indicator for intracellular O2 level (red fluorescence is 

quenched by O2),[12a] we found that MDA-MB-231 cells treated with Au@Rh-CM and 

H2O2 displayed the lowest fluorescence compared to other groups (no treatment, H2O2 

alone, Au@Rh-CM alone) in N2 atmosphere (Figure 3b). Semiquantification of the 

fluorescence intensity using ImageJ revealed that no treatment group was ≈9.5 times that of 

Au@Rh-CM+ H2O2 group, demonstrating the catalytic capability of cellular Au@Rh-CM in 

O2 generation from H2O2 (Figure S22a, Supporting Information). The subsequent 

responsibility of such elevated O2 for intracellular 1O2 increase by Au@Rh-ICG-CM in N2 

atmosphere was also investigated by using SOSG as the probe. In comparison to negligible 

fluorescence in other groups (no treatment, Au@Rh-ICG-CM, or Au@Rh-CM plus laser), 

Au@Rh-ICG-CM and 808-nm laser irradiation (0.3 W cm−2, 3 min) yielded some green 

fluorescence, but still relatively weak (Figure 3c4 vs c1–3). However, upon addition of H2O2 

much stronger green fluorescence (Figure 3c5 vs c4) was observed, ≈5.8 times of the no 

treatment controls (Figure S22b, Supporting Information), suggesting that O2 generation 

could increase 1O2 level even under the hypoxic condition.

The cytocompatibility of Au@Rh-ICG-CM and the in vitro cell killing efficacy to MDA-

MB-231 via combined PDT and mild PTT were investigated using 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Both Au@Rh-CM and Au@Rh-ICG-CM 

themselves showed superior cytocompatibility for all the investigated concentrations (up to 

200 μg mL−1) (Figure S23, Supporting Information). However, when combined with laser 

irradiation (808 nm, 0.3 W cm−2, 3 min), ≈36% cancer cell killing efficiency was achieved 

with Au@Rh-CM comparably under normoxia (air) or hypoxia (N2) (Figure S24, 
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Supporting Information) and such killing was mainly ascribed to the mild PTT induced by 

Au@Rh-CM. Next, the cell killing efficiency under normoxia and hypoxia with or without 

exogenous H2O2 was also evaluated (Figure 3d). Different from Au@Rh-CM, Au@Rh-

ICG-CM displayed drastic distinction between normoxia and hypoxia in cell killing 

capacity, i.e., 84% (air) versus 36% (N2) with the hypoxic killing similar to that of Au@Rh-

CM. As noted, addition of H2O2 into the hypoxic culture could boost the killing efficiency 

to 80%, effectively resolving the challenge of hypoxia-compromised PDT. As observed, the 

mild cell killing from PTT was dependent on the concentration of Au@Rh-CM or Au@Rh-

ICG-CM but independent of O2 (Figure 3f). However, the dominant cell killing by ICG-

enabled PDT was not only dependent on the concentration of Au@Rh-ICG-CM, but also 

closely related to the presence of O2 (Figure 3e,f). The hypoxic MTT results were also 

echoed by live and dead staining of the cells upon various treatments (Figure 3g). Once 

again, under 808-nm laser irradiation addition of exogenous H2O2 to the hypoxic culture 

with Au@Rh-ICG-CM led to all dead cells in contrast to partial and identical cell death with 

either Au@Rh-CM or Au@Rh-ICG-CM. The above results confirmed the dependence of 
1O2 generation on O2 during ICG-enabled PDT. More importantly, exogenous addition of 

H2O2 to the culture with Au@Rh-ICG-CM successfully overcame the hypoxia-induced 

reduction of cell killing, demonstrating that Au@Rh-ICG-CM could effectively catalyze the 

decomposition of H2O2 into O2 so an adjacent photosensitizer (ICG) could produce 1O2 to 

eradicate hypoxic tumor cells.

Based on the demonstrated in vitro H2O2 decomposition capability (Figure 3b), in vivo 

utility of Au@Rh-ICG-CM for cancer therapy was evaluated on MDA-MB-231-tumor-

bearing mice. Loading of fluorescent ICG in Au@Rh-CM allowed the nanosystems use for 

in vivo imaging with NIR fluorescence. Thus, fluorescence images of mice were obtained 

before and after i.v. injection of Au@Rh-ICG-CM and free ICG was used for control. 

During the entire observation period, free ICG showed minimal fluorescence signal in tumor 

tissues and by 24 h postinjection relatively weak fluorescence signal was detected within the 

whole body (Figure 4a), indicating that free ICG had no preference to accumulate in tumor 

and was quickly excreted from the body. In contrast, Au@Rh-ICG-CM gradually 

accumulated in the tumor sites most likely as a result of homologous binding of CM to 

MDA-MB-231 cells and the strongest fluorescence signal was seen at 12 h postinjection of 

Au@Rh-ICG-CM, suggesting a lapse of 12 h is necessary prior to in vivo PDT. To better 

characterize the biodistribution of ICG between free and loaded formats, major organs 

(heart, liver, spleen, lung, and kidneys) and tumors were collected after 24 h for ex vivo 

fluorescence imaging. As evidenced, strong fluorescence signal still presented in the tumor 

tissue with Au@Rh-ICG-CM injection along with expected liver accumulation, and such 

findings were further confirmed by semi-quantification of the fluorescence intensity in 

various tissues (Figure 4b,c). Clearly, the fluorescence imaging capability is beneficial to 

real-time monitor the real-time in vivo distribution of Au@Rh-ICG-CM and provides 

guidance for specific tumor PDT.

Given the strong NIR absorption of Au@Rh-ICG-CM, we also anticipated that this 

nanosystem could serve as a contrast agent for PA imaging.[48] To demonstrate this 

capability, Au@Rh-ICG-CM solutions at different concentrations were performed for PA 

imaging and intense photoacoustic signals were detected from Au@Rh-ICG-CM in a linear 
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response to its concentration (Figure 4d). Then efforts were extended to in vivo PA imaging 

to verify the high tumor accumulation of Au@Rh-ICG-CM (Figure 4e). Compared to 

negligible PA signal prior to i.v. injection of Au@Rh-ICG-CM (i.e., baseline), continuous 

increase of PA signal in the tumor region was seen soon after i.v. injection of Au@Rh-ICG-

CM and reached the maximum at 12 h (i.e., ≈7 times the baseline) (Figure 4e,f), which 

coincided with the fluorescence imaging results (Figure 4a). Both fluorescence and PA 

imaging results have highlighted the superiority of Au@Rh-ICG-CM in terms of allowing 

for precisely tracking their tumor accumulation via self-enabled fluo-rescence/PA bimodal 

imaging capacities.

Recognizing the high accumulation of Au@Rh-ICG-CM in tumor tissues, efforts were made 

to utilize such nanocomposites for in vivo tumor therapy. MDA-MB-231-tumor-bearing 

Balb/c nude mice randomly divided into five groups and were, respectively, treated with 

PBS, laser irradiation only, Au@Rh- ICG-CM only, Au@Rh-CM with laser irradiation, and 

Au@Rh- ICG-CM with laser irradiation. To assure maximum accumulation of Au@Rh-

ICG-CM in the tumor region, the mice were not exposed to 808-nm laser (0.3 W cm−2) until 

12 h after Au@Rh-ICG-CM injection. Considering the mild photothermal effect of Au@Rh-

ICG-CM (Figure 1h), exposure of the tumor region accumulated with Au@Rh-ICG-CM to 

laser could increase the local temperature. Indeed, 5 min irradiation resulted in a temperature 

increase to about 43.0 from 35.5 °C as recorded by infrared camera (Figure 5a). Such a mild 

temperature increase is beneficial, not only inducing PTT of cancer via hyperthermal 

destruction but also promoting tumor uptake of nanopar- ticles.[49] With established 

evidence, i.e., Au@Rh-ICG-CM was able to facilitate H2O2 decomposition and 

subsequently promote 1O2 generation; improved PDT of tumor was also expected. As shown 

in Figure 5b, significant inhibition and size reduction was seen with tumors treated with 

Au@Rh-ICG-CM plus laser irradiation for all the investigated time points. Notable size 

reduction of tumors happened as soon as 2 d after treatment and by 16 d the tumors became 

very tiny and even invisible in some cases (Figure 5b and Figure S25, Supporting 

Information). Tumors treated with Au@Rh-CM plus laser irradiation exhibited suppressed 

growth only for the first 6 d and then slowly regained growth potential though still much 

lower than those treated with PBS, laser alone, or Au@Rh-ICG-CM alone (Figure 5b). 

Actually, neither laser alone nor Au@Rh-ICG-CM alone exhibited noticeable inhibition to 

tumor growth (Figure 5b and Figure S25, Supporting Information). The endpoint weighing 

of harvested tumors from each treatment group further affirmed the size measurement results 

(Figure 5c). The observed in vivo tumor inhibition effects from various treatments agreed 

well with in vitro MDA-MB-231 cell results (Figure S24, Supporting Information). The 

collected tumors were also processed for intratumor histologic assessment by staining thin 

cross sections with hematoxylin and eosin (H&E). Based on cell morphology, various 

treatments induced distinctive therapeutic outcomes. The combination of Au@Rh-ICG-CM 

with 808-nm laser irradiation caused significant necrosis of tumor cells (Figure 5d). The 

mild PTT from Au@Rh-CM combined with laser irradiation only resulted in moderate 

necrotic/apoptotic cell killing. No obvious destruction could be seen in the tumors treated 

with either 808-nm laser irradiation or Au@Rh-ICG-CM alone.

Immunofluorescence staining was also performed on the tissue sections to evaluate the 

capability of Au@Rh-ICG-CM in relieving tumor hypoxia by using fluorescently tagged 
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antibodies against endogenous hypoxia-inducible factor (HIF)-lα (green) and a platelet 

endothelial cell adhesion molecule (CD31, red).[50] Tumor hypoxia induced expression of 

HIF-1α[51] can be used as an indirect indicator of hypoxic microenvironment, while CD31 

visualizes tumor vascularization.[52] In contrast to bright green fluorescence in control 

tumors, negligible fluorescence was detected in the tumors treated with Au@Rh-CM or 

Au@Rh-ICG-CM (Figure 5e), implying this nanosystem indeed alleviated the hypoxic 

conditions of tumor microenvironment. To further confirm the hypoxia of tumors while 

evaluate oxygen production in vivo, the tumor sections were also analyzed with another 

commercial hypoxyprobe (pimonidazole) immunofluorescence assay kit, in which the 

hypoxic areas were stained with fluorescently labeled antibody against pimonidazole.[53] 

Notably, tumors treated with Au@Rh-CM and Au@Rh-ICG-CM showed marked low 

fluorescence intensity (Figure S26a, Supporting Information) compared with the controls. 

Semiquantitative analysis of the positive hypoxic area and microvessel density clearly 

revealed that Au@Rh-CM and Au@Rh-ICG-CM could efficiently relieve tumor hypoxia 

without obvious alteration of tumor vasculature (Figure 5f and Figure S26b, Supporting 

Information). To determine whether replenishment of O2 in tumors was able to elevate the 

ROS level, dihydroethidium (DHE) probe, which can be oxidized into ethidium by 

intracellular ROS and then intercalate into DNA to produce red fluorescence,[54] was used to 

stain frozen sections of tumors. As shown in Figure S27 (Supporting Information), strong 

red fluorescence was observed in tumors treated with Au@Rh-ICG-CM and 808-nm laser 

irradiation, confirming a high level of ROS generation. Moreover, the production of toxic 
1O2 in tumors was also evaluated by using SOSG. Strong green fluorescence was observed 

in tumors after treated with Au@Rh-ICG-CM plus 808-nm laser irradiation (Figure S28a, 

Supporting Information), indicating a high level of 1O2 production, as high as ≈9.4 times of 

the controls (Figure S28a, Supporting Information). These fluorescence staining results 

suggest that Au@Rh-ICG-CM is able to increase tumorous O2 level via its catalase-like 

decomposition of endogenous H2O2 and subsequent elevation of toxic ROS concentration 

for enhanced PDT.

To maximize the use of animals, biosafety evaluation of Au@Rh-ICG-CM was combined 

with the therapeutic assessment. Multiple analyses were performed to determine the 

systemic toxicity of Au@Rh-ICG-CM in mice. Monitoring the body weight of mice during 

treatment revealed comparable weight changes among different groups (Figure S29a, 

Supporting Information). Biochemical analyses of blood samples collected from the mice 

showed comparable liver and kidney functions between Au@Rh-ICG-CM treated and 

nontreated mice at day 8 and 16 (Figure S29b,c, Supporting Information). Routine blood 

analysis of Au@Rh-ICG-CM-treated mice for 16 d also confirmed the maintenance of 

normal range for nine blood indexes including red blood cells (RBC), white blood cell 

(WBC), hemoglobin (HGB), hematocrit (HCT), platelets (PLT), mean corpuscular volume 

(MCV), mean platelet volume (MPV), mean corpuscular hemoglobin (MCH), and mean 

corpuscular hemoglobin concentration (MCHC), indicating negligible blood toxicity of 

Au@Rh-ICG-CM (Figure S29d-l, Supporting Information). Histological analyses of major 

organs harvested after 16 d treatment with Au@Rh-ICG-CM showed no noticeable signs of 

tissue damage or inflammatory injury (Figure S29m, Supporting Information), revealing 

negligible toxicity of Au@Rh-ICG-CM to major organs. All of these analyses demonstrate 
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that Au@Rh-ICG-CM nanosystems have good in vivo biocompatibility as a promising 

therapeutic agent for future application.

In sum, we have successfully synthesized biometallic and biphasic core–shell Au@Rh 

nanostructures with mesopores in the Rh shell and used them to develop a new 

nanotherapeutic agent, Au@Rh-ICG-CM, which can effectively modulate the hypoxic tumor 

microenvironment with demonstrated improvement of PDT therapeutic efficiency. The 

porous Au@Rh core–shell nanostructures exhibit a high efficiency to catalyze H2O2-to-O2 

decomposition and effectively relieve the hypoxic challenge in tumors. Meanwhile, with the 

assistance of homologous tumor CM, photosensitizer ICG-loaded Au@Rh nanostructures 

preferably accumulate in the tumor site to produce tumor toxic 1O2. Moreover, the mild 

temperature increases in tumor sites caused by photothermal effect of Au@Rh-ICG-CM 

further promotes cellular uptake of ICG and consequent generation of 1O2, thereby 

strengthening its PDT efficacy. In vitro cellular studies show that Au@Rh-ICG-CM can 

catalyze the decomposition of endogenous H2O2 into O2 and then enhance PDT efficacy 

under a simulated hypoxic condition. In vivo experiments further demonstrate that Au@Rh-

ICG-CM can effectively alleviate tumor hypoxia and therefore yield increased therapeutic 

efficiency upon laser irradiation of tumors. Overall, the reported findings provide a new 

route to synthesize a bimetallic Rh- based core–shell nanosystems with catalase-like 

capacity along with demonstration of their potential utility for cancer therapy in hypoxic 

tumor microenvironments via enhanced PDT. With this said, the current nanosystem may 

also find other possible use in treating those pathophysiological conditions with moderately 

elevated H2O2, such as in the chronic ulcers to reduce the oxidative stress due to prolonged 

inflammations.[55] Besides, we believe the simplicity of the synthesis method for Au@Rh 

can be extended to other bi- or tri-metallic nanostructures as demonstrated with Au@Pt 

(inset of Figure 1j) in this report to achieve enhanced catalytic ability in comparison with 

monometals.[56] Furthermore, it is worth mentioning that the biphasic core–shell 

nanocrystals, unlike many doped or alloyed nanostructures,[57] can also be used to achieve 

heterogeneous catalysis with the possibility of individually tailoring the core and shell with 

the metals for desired catalytic potential and specificity.

Experimental Section

Methods and any associated references are available in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Schematic illustration of the processes in formation of porous Au@Rh core–shell 

nanostructures. b) Representative SEM image of the surfaces of as-prepared Au@Rh 

nanostructures to show the presence of mesopores. c) Representative TEM images of 

Au@Rh nanostructures to confirm the existence of a dense core and porous shell in 

individual nanostructures. d) Representative TEM images of Au@Rh-CM nanostructures to 

confirm the presence of cell membrane on the nanostructure surface. Au@Rh-CM 

nanostructures were stained with uranyl acetate to increase the contrast of cell membrane 

(arrows in inset). e) SDS-PAGE protein analysis of Au@Rh, CM, and Au@Rh-CM. f) 

STEM-HAADF image and corresponding EDS elemental mapping of Au and Rh of Au@Rh 

nanostructures. g) UV–vis–NIR absorption spectra of Au@Rh-CM, free ICG, Au@Rh-ICG-

CM, and the physically mixed Au@Rh-CM and free ICG. h) Heating curves of free ICG, 

Au@Rh-CM, and Au@Rh-ICG-CM compared to DI water only under 808-nm laser 

irradiation (0.3 W cm−2). i) Photothermal images of DI water, free ICG, Au@Rh-CM, and 
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Au@Rh-ICG-CM under 808-nm laser irradiation (0.3 W cm−2, 360 s). j) The velocity of the 

catalytic reaction was measured using different nanostructures and different concentrations 

of H2O2. Inset is TEM image of the corresponding nanostructures. Data are expressed as 

mean ± SD (n = 3). k) Double-reciprocal plots to determine the kinetic constants of three 

types of nanostructures for H2O2 substrate. Data are expressed as mean ± SD (n = 3). l) 

Comparison of the kinetic parameters of various nanostructures toward H2O2.
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Figure 2. 
a) Generation of O2 from H2O2 aqueous solution (1 × 10−4 m) with the catalysis of Au@Rh-

CM (50 μg mL−1). Data are expressed as mean ± SD (n = 3). b) UV–vis spectra of H2O2 

remained in the reaction with Au@Rh-CM at different time points (n = 3, independent 

experiments). c) ROS-induced absorbance changes of DPBF at 410 nm after irradiation (808 

nm, 0.3 W cm−2) for different times in water, H2O2, free ICG, Au@Rh-CM, Au@Rh-ICG-

CM, or Au@Rh-ICG-CM + H2O2 solution. A0 is the initial absorbance of DPBF probe. 

Data are expressed as mean ± SD (n = 3). d) Elevated generation of singlet oxygen upon 

laser irradiation (808 nm, 0.3 W cm−2) for different times in water, H2O2, Au@Rh-CM, or 

Au@Rh-ICG-CM solution with or without H2O2. Singlet oxygen was detected by the 
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fluorescence probe of SOSG. Data are expressed as mean ± SD (n = 3). e) MDA-MB-231 

cells treated with free ICG or Au@Rh-ICG-CM nanocomposites under laser irradiation (808 

nm, 0.3 W cm−2, 3 min). Green fluorescence represents intracellular singlet oxygen 

production. Experiments were performed for three times independently. f) Fluorescence 

images of MDA-MB-231 cells incubated with free ICG or Au@Rh-ICG-CM for 6 h (n = 3, 

independent experiments). g) TEM image of MDA-MB-231 cells incubated with Au@Rh-

ICG-CM for 6 h, showing the intracellular localization in lysosomes (arrow). Each bio-TEM 

observation was performed on three cell sections collected from respective culture dishes, 

and the representative images are presented. h) Fluorescence images of the coculture of 

MDA-MB-231 cells and GFP-labeled HUVECs after respective incubation with free ICG 

and Au@Rh-ICG-CM (n = 3, independent experiments). i) Flow cytometry analyses of the 

cocultured MDA-MB-231 and GFP-labeled HUVEC cells after incubation with PBS, free 

ICG, and Au@Rh-ICG-CM, respectively. Experiments were repeated three times 

independently.
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Figure 3. 
a) Schematic illustration of O2 generation and 1O2 production catalyzed by Au@Rh-CM. b) 

Fluorescence images of O2 generation in MDA-MB-231 cells in a hypoxic setting (i.e., N2 

atmosphere) treated with: b1) no treatment, b2) H2O2, b3) Au@Rh-CM, and b4) Au@Rh-

CM + H2O2. Experiments were repeated three times independently. c) Fluorescence images 

of singlet oxygen production in MDA-MB-231 cells in N2 atmosphere treated with: c1) no 

treatment, c2) Au@Rh-ICG-CM in dark, c3) Au@Rh-CM under 808-nm laser irradiation, 

c4) Au@Rh-ICG-CM under 808-nm laser irradiation, and c5) Au@Rh-ICG-CM + H2O2 

under 808-nm laser irradiation. Irradiation time was 3 min. Experiments were performed 

three times independently. d) Schematic illustration of MDA-MB-231 cells treated with 

Au@Rh-ICG-CM and laser irradiation in normoxia (air atmosphere) and hypoxia (N2 
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atmosphere). e) Viability of MDA-MB-231 cells treated with Au@Rh-CM or Au@Rh-ICG-

CM plus 808-nm laser irradiation (3 min) under normoxia (air atmosphere). Data are 

expressed as mean ± SD (n = 6). f) Viability of MDA-MB-231 cells treated with Au@Rh-

CM, Au@Rh-ICG-CM, or Au@Rh-ICG-CM/H2O2 plus 808-nm laser irradiation (3 min) 

under hypoxia (N2 atmosphere). Data are expressed as mean ± SD (n = 6). g) Fluorescence 

images of hypoxic MDA-MB-231 cells after different treatments: g1) no treatment in dark, 

g2) Au@Rh-ICG-CM in dark, g3) Au@Rh-CM under 808-nm laser irradiation, g4) 

Au@Rh-ICG-CM under 808-nm laser irradiation, and g5) Au@Rh-ICG-CM/H2O2 under 

808 nm laser irradiation. Cells were stained live (green) with calcein (AM) and dead (red) 

with propidium iodide (PI). The irradiation time was 3 min. Experiments were repeated 

three times independently.
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Figure 4. 
a) Representative in vivo fluorescence images of MDA-MB-231-tumor-bearing mice at 

indicated time points (0, 2, 4, 8, 12, and 24 h) after intravenous injection of free ICG and 

Au@Rh-ICG-CM (n = 3). b) Ex vivo images of excised organs and tumors examined at 24 h 

postinjection (n = 3). c) Semiquantitative analyses of fluorescence intensity from these 

organs and tumors. Data are expressed as mean ± SD (n = 3). Statistical significance was 

assessed by unpaired Student's t-test. **p < 0.01. d) Correlation of photoacoustic intensity 

with the concentration of Au@Rh-ICG-CM aqueous solutions (n = 3). Top: the 

corresponding PA images. e) Representative PA images of Au@Rh-ICG-CM at the tumor 

site at designated time points (0, 2, 4, 8, 12, and 24 h). f) Quantification of the time-

dependent PA intensity at the tumor site in (e). Data are expressed as mean ± SD (n = 3).

Wang et al. Page 24

Adv Mater. Author manuscript; available in PMC 2020 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
a) Representative time-dependent photothermal images of MDA-MB-231-tumor-bearing 

mice (n = 3) exposed to an 808 nm laser (0.3 W cm−2) for up to 5 min after intravenous 

injection with PBS and Au@Rh-ICG-CM (5 mg kg−1), respectively. The images were 

recorded with an infrared camera. b) The time-dependent size changes of MDA-MB-231 

tumors in nude mice after various treatments. The volume was measured using a vernier 

caliper. Data are expressed as mean ± SD (n = 5). Statistical significance was assessed by 

unpaired Student's t-test. *p < 0.05, **p < 0.01. c) Average weight of tumors and photos of 

tumors harvested from different treatment groups at the end of experiments (day 16). Group 

1: PBS, Group 2: Laser only, Group 3: Au@Rh-ICG-CM, Group 4: Au@Rh-CM + Laser, 

and Group 5: Au@Rh-ICG-CM + Laser. Data are expressed as mean ± SD (n = 5). 

Statistical significance was assessed by unpaired Student's t-test. *p < 0.05, **p < 0.01. d) 

Wang et al. Page 25

Adv Mater. Author manuscript; available in PMC 2020 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Representative microscopy images of tumor cross sections stained with hematoxylin and 

eosin (H&E) from different treatment groups after 16 d (n = 5). Arrows indicate necrotic 

cells. e) Representative fluorescence images of tumor sections from mice treated with PBS 

(control), Au@Rh-CM, or Au@Rh-ICG-CM (n = 3). Thin tissue sections were 

immunofluorescently stained for microvessels (CD31, red), hypoxia (HIF-1α, green), and 

cell nuclei (DAPI, blue). f) Quantification of tumor hypoxia and blood vessels for different 

groups shown in (e). The relative hypoxia positive areas and blood vessel densities as 

recorded from more than five images for each group were analyzed by ImageJ (NIH). Data 

are shown as mean ± SD. Statistical significance was assessed by unpaired Student's t-test. 

**p < 0.01.
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Scheme 1. 
Schematic illustration to show the key steps involved in preparation of porous Au@Rh-ICG-

CM core–shell nanostructures and their associated major mechanistic pathways in cancer 

therapy.
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