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ABSTRACT: The development of nanotheranostics for precision imaging-guided regulated cell death (RCD)-mediated syner-
gistic tumor therapy is still challenging. Herein, a novel multifunctional nanotheranostic agent, iRGD-coated maleimide-
poly(ethylene glycol)-poly(lactic acid/glycolic acid) (iRGD-Mal-PEG-PLGA) encapsulated hydrophobic gold nanocages 
(AuNCs) and hydrophilic epigallocatechin gallate (EGCG) (PAuE) is developed for multispectral optoacoustic tomography 
(MSOT)-guided photothermal therapy (PTT) and chemotherapy. The portion of necroptotic and apoptotic tumor cells were 
52.9 % and 5.4 % at 6 hrs post-incubation after AuNC-induced mild PTT treatment, whereas they became 14.0 % and 46.1 % 
after 24 hrs, suggesting that the switch of cell death pathway is a time-dependent process. Mild PTT facilitated the release of 
EGCG which induces the downregulation of hypoxia-inducible factor-1 (HIF-1α) expression to enhance apoptosis at a later 
stage, realizing a remarkable tumor growth inhibition in vivo. Moreover, RNA sequence analyses provided insights about the 
significant changes in genes related to the crosstalk between necroptosis and apoptosis pathways via PAuE upon laser irra-
diation. In addition, the biodistribution and metabolic pathways of PAuE have been successfully revealed by 3D MSOT. Taken 
together, this strategy of first combination of EGCG and AuNCs-based photothermal agent (PTA) via triggering necropto-
sis/apoptosis to downregulate HIF-1α expression in tumor environment provides a new insight in anticancer therapy. 
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1. INTRODUCTION 
PTT is a non-invasive and localized tumor treat-

ment modality that holds promise and has attracted 
extensive research attention in recent years due to 
its high selectivity and limited adverse side ef-
fects.1,2 In order to ablate tumors completely, a high-
energy throughput photothermal heating 
(temperature over 50 oC) is required to induce 
necrosis in tumors.3,4 Nevertheless, inevitable dam-
age to surrounding healthy regions is derived from 
non-localized heat and hyperthermia.5,6 Moreover, 
cancer cells absorb heat and generate ther-
moresistance, with a significantly increased expres-
sion of heat shock proteins (Hsps) attributing to 
apoptosis resistance and decreased cytotoxicity.7–9 
In addition, overheating the tumor tissue in PTT 
treatment would induce high levels of hypoxia-in-
ducible factor-1 (HIF-1α) in the tumor hypoxia re-
gion, which reduces the therapeutic efficacy of 
chemo-drugs.10 Therefore, mild hyperthermia via 
PTT (42-49 oC) is preferred for clinical applications. 
It has also been proven that cancer cell membranes 
at a mild hyperthermia temperature range exhibit 
enhanced permeability and fluidity which aids the 
intracellular uptake of chemo-drugs.11,12 Mild PTT is 
often been used in conjunction with traditional 
chemotherapy,13–16molecularly targeted drugs,17,18 
gene therapy19 and immunotherapy20,21 to maximize 
anticancer effects. Researchers have revealed that 
PTT combined with chemotherapy offers several 
advantages compared to individual therapies: it is 
one of the non-invasive therapies with high 
efficiency in eliminating cancer cells at low 
temperatures, the adjustable dosage of PTAs can be 
precisely located at tumor region, minimize dosage 
of chemo-drug, the minimize the damage to the 
healthy cells.22 

Apoptosis and necrosis were long thought to be 
the main regulated cell death (RCD) pathways. Re-
cent studies demonstrated that triggering necropto-
sis to orchestrate cell death is an effective therapeu-
tic strategy to overcome apoptosis resistance in can-
cer.23 Necroptosis is known as a novel caspase-inde-
pendent RCD modality that highlights the im-
portance of changes of necrosis-like morphology, as 
well as mediating receptor-interacting protein (RIP) 
kinase-like RIP1 and RIP3, and mixed lineage kinase 
domain-like (MLKL) proteins.24,25 In the past dec-
ade, cell death mechanisms such as apoptosis, 
necroptosis and pyroptosis have been considered to 
employ parallel pathways to kill cells. Currently, in-
creasing evidence discloses that apoptosis and 
necroptosis are tightly connected to coordinate cell 
death. 26,27 Previous studies have shown that differ-
ent nanomaterials-mediated PTT such as carbon 
dots, black phosphorus, CuS-NiS, and gold 
nanostructurs will trigger necroptosis to induce tu-
mor cell death.28–32 Nevertheless, the occurrence of 
necroptosis pathways via nanomaterials and the 
role of necroptosis in PTT/chemotherapy are still 
topics of controversy and warrants more investiga-
tion. Hence, we proposed to develop a novel “all in 

one” nanoplatform, comprehensively contributing 
to the “programmed cell death” via both necroptotic 
and apoptotic mechanisms, which might demon-
strate the key function of mild PTT. Epigallocatechin 
gallate (EGCG), the main component in green tea, is 
a novel class of powerful anti-oxidant that inter-
rupts the generation and metastasis of different can-
cers types such as brain, liver and breast cancers. 
33,34 More and more studies proved that the EGCG 
anti-cancer mechanism is related to suppressing 
early angiogenesis, cancer cell death induction and 
inhibition of cancer cells metastasis.35–39 Neverthe-
less, the biomedical application of EGCG in vivo is re-
stricted by insufficient stability, low bioavailability 
and fast clearance rate in living objects. 40 Therefore, 
several EGCG-nanovehicles have been designed to 
improve the stability, bioavailability and improve 
the efficacy of cancer treatment.41 In addition, to sig-
nificantly improve the therapeutic effects in EGCG-
involved nanovehicles, it is necessary to integrate 
EGCG and other drug molecules with different func-
tions in a single nanostructured entity. The combi-
nation of EGCG with other chemical drugs, gene 
therapy, and photodynamic therapy (PDT) has been 
reported. 42–44 Despite recent endeavors to utilize 
DOX-loaded EGCG-Fe(III) to realize PTT and chemo-
therapy simultaneously, the combination between 
EGCG and PTA is still rare.45 

Anisotropic gold nanostructures have unique 
advantages in photothermal properties and  
nanocarriers to deliver drug molecules, but their bi-
omedical application in EGCG loading for combined 
PTT and chemotherapy is rarely exploited.46 To 
date, AuNCs hold great promises as novel MSOT im-
aging contrast agents and drug carriers because 
they enable the conversion of light into heat effec-
tively and own hollow interior structure with high 
drug loading efficacy.13,47–50 Nevertheless, the intrin-
sic hollow interiors and pores of the AuNCs could 
lead to premature drug leakage in vivo. Hence, it is 
necessary to prepare a stimuli-responsive coating 
layer for AuNCs to prevent premature leakage.51 The 
hydrophilic block of PEG-PLGA copolymer could in-
crease the systemic circulation time with favorable 
degradation and multifunctional property, which 
have attracted much attention for the development 
of smart drug delivery system.52,53 To meet the 
challenges of multidrug resistance of tumor micro-
environment, the localized surface plasmon 
resonance (LSPR) property of AuNCs with high 
photothermal converting capacity to combined 
EGCG as chemo-drug via emulsion for enhanced 
synergistic therapy and PAI capability. Besides 
EGCG can significantly inhibit the expression of 
VEGF, HIF-1α.54 This combination in cancer 
treatment can also block VEGF signal transduction 
pathways to inhibit tumor angiogenesis and 
metastasis.55 In consideration of these advantages of 
AuNCs and PEG-PLGA, we encapsulated AuNCs and 
EGCG with PEG-PLGA, followed by conjugation with 
tumor-targeting peptide iRGD to obtain the final 
product iRGD-PEG-PLGA@AuNCs/EGCG (denoted 
as PAuE). The generated nanoplatform was used to 
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investigate the therapeutic efficacy and the function 
of mild PTT (Scheme 1). EGCG, on the other hand, 
performs chemotherapy. In order to investigate the 
mechanism of mild PTT-mediated cell death path-
way, necroptosis and apoptosis are carefully inves-
tigated by modulating the incubation time upon la-
ser irradiation, which downregulates the expression 

of HIF-1α induced by EGCG in the tumor environ-
ment. So far this is the first work to combine the 
chemo-drug EGCG and nanomaterial-based PTA for 
synergistic cancer therapy.  relationship between 
the necroptosis and apoptosis cell death pathway 
induced by nanotheranostics.  

 

 

Scheme 1. (a) Schematic of the preparation of PAuE nanoplatform. (b) The necroptosis and apoptosis mechanism 
induced by PAuE after laser irradiation. 

2. Material and methods 
2.1 Chemical and reagents. Chloroauric acid hy-
drate (HAuCl4·4H2O), sodium borohydride (NaBH4), 
sodium citrate silver nitrate (AgNO3), hydroxyla-
mine hydrochloride (NH2OH·HCl) were purchased 
Sigma Aldrich. Di-block copolymer maleimide-
poly(ethylene glycol)-poly(lactide-co-glycolide)-
COOH were purchased from Ruixi Biological 
Technology (China). 
 
2.2 Cell culture experiment. MDA-MB-231 
breast cancer cells (ATCC) were cultured in 
Dulbecco Modified Eagle Medium (DMEM, Thermo 
Fisher Scientific Inc.) supplemented with 10 % fetal 
bovine serum and 100 units/mL penicillin and 100 
µg/mL streptomycin  with humidified air 
containing 5 % CO2 in 37 °C. Cells were pre-
incubated with 20 µM Nec-1 (MedChemExpress, 
Princeton, NJ, USA) for 2 hrs followed by the above 
procedures, which was set as negative control for 
necroptotic events. Cells were pre-incubated with 
20 µM Z-VAD-FMK (In VivoGene) for 2 hrs, serving 
as a negative control for apoptotic events.  
 
2.3 Animals model. Female Balb/c Nude mice 
(Balb/C, 5 weeks, female, 20-25 g) acquired from 
the Animal Center of The Hong Kong Polytechnic 
University were used for the tumor-bearing model. 
MDA-MB-231 cells (3 x 106) were mixed in 

matrigel/DMEM (40 µl) solution and injected into 
the inguinal gland of the mammary fat pad. Studies 
were initiated until tumors reached 80 mm3. 
 
2.4 Preparation of iRGD-PEG-
PLGA/AuNCs/EGCG (PAuE) NPs. Preparation of 
gold nanocage (AuNCs) and dodecanethiol-modified 
AuNCs (Dod@AuNCs) were reported detailed in 
Supporting Information. The Mal-PEG-PLGA copoly-
mer encapsulated AuNCs and EGCG NPs were syn-
thesized according to the nanoprecipitation method 
with slight modification.56 MAL-PEG-
PLGA@AuNCs/EGCG NPs were conjugated with 
iRGD peptide to obtain the targeted nanoplatform 
iRGD-PEG-PLGA@AuNCs/EGCG (PAuE) NPs was il-
lustrated detailed in Supporting Information. Cys-
tine was used for quenching the unreacted Mal 
groups on the surface of PAuE NPs. 
 
2.5 Characterization of PAuE, PAu and PE NPs. 
The UV-vis-NIR absorption spectra of the samples 
were measured with a spectrophotometer (Agilent 
8453). Fourier-transform infrared (FTIR) spectra 
were measured on a Thermo Scientific Nicolet IS50 
IR spectrometer using the KBr pellet technique. The 
hydrodynamic size, zeta potential and stability of 
NPs were determined using a dynamic light scatter-
ing instrument (DLS, ZetasizerNanoZS90, Malvern 
Instruments Ltd, UK). The morphologies of AuNCs 
and PAuE were characterized using a transmission 
electron microscopy (TEM, JEOL JEM-2010). The 
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AuNCs content in NPs were performed using induc-
tively coupled plasma mass spectrometry (ICP-MS, 
Agilent 7500). The EGCG loading capacity and en-
capsulation efficiency was illustrated detailed in 
Supporting Information. 

  
2.6 In vitro cytotoxicity. The standard CCK-8 as-
say was used to investigate the cytotoxic effect of 
PAuE, PAu and PE NPs. The experiment detail was 
illustrated in Supporting Information. Cells were 
pre-incubated with 20 mM Nec-1 
(MedChemExpress, Princeton, NJ, USA) for 2 hrs 
followed by the above procedures, which was set as 
negative control for necroptotic events. The absorb-
ance of the mixture was measured at 450 nm on a 
Spectra Max ® M3 Microplate Reader to determine 
the cell viability of NPs. The experiment detail for 
CLSM images is shown in Supporting Information. 
 
2.7 Annexin V-FITC/PI double staining (flow 
cytometry). The apoptosis induced relative protein 
expression level via EGCG or PE NPs was deter-
mined by the western blot analysis, the detail as il-
lustration in Supporting Information. For the 
combined effect of PTT and EGCG, MDA-MB-231 
cells were seeded in 6-well plate, subsequently 
incubated with respective groups, (PBS, laser, PE, 
PAu + laser and PAuE + laser; 40 ppm of AuNCs; 50 
µg/ml of EGCG) for 6 hrs. The medium was replaced 
by PBS before NIR laser irradiation (808 nm, 1.2 W 
cm-2, 5 min). Then the cells were further incubated 
for 6 hrs. The protein concentrations were 
calibrated and determined via standard 
bicinchoninic acid assay and experiment detail as 
illustrated in Supporting Information. 
 
2.8 Western blot analysis of apoptosis/necrop-
tosis. The apoptosis induced relative protein ex-
pression level via EGCG or PE NPs was determined 
by the western blot analysis, the detail as illustra-
tion in Supporting Information. For the combined 
effect of PTT and EGCG, MDA-MB-231 cells were 
seeded in 6-well plate, subsequently incubated with 
respective groups, (PBS, laser, PE, PAu + laser and 
PAuE + laser; 40 ppm of AuNCs; 50 µg/ml of EGCG) 
for 6 hrs. The medium was replaced by PBS before 
NIR laser irradiation (808 nm, 1.2 W cm-2, 5 min). 
Then the cells were further incubated for 6 hrs. 
Total protein from MDA-MB-231 cells was extracted 
using lysis buffer. The protein concentrations were 
calibrated and determined via standard 
bicinchoninic acid assay and experiment detail as 
illustrated in Supporting Information.  
 
2.9 In vivo MSOT and monitoring. In vitro and In 
vivo MSOT imaging was carried by an MSOT imaging 
system (inVision 128, iThera Medical). The mice 
bearing MDA-MB-231 tumor were anaesthetized 
and scanned with MSOT after intravenous injection 
of CAuE or PAuE (30 mg/kg of AuNCs). The follow-
ing wavelengths were chosen for correspondence 
with the main characteristic imaging wavelengths in 
the absorption spectra of PAuE NPs (680, 690, 700, 

720, 730, 750, 780, 800, 850 and 900 nm) were se-
lected for data reconstruction under a standard 
back projection algorithm in the experiments. A to-
tal of n = 3 nude mice were conducted independent 
measurements. For each ROI, approximately 50 
frames were evaluated. The images reconstruction 
is illustrated in Supporting Information. 
 
2.10 In vivo tumor inhibition efficacy and animal 
survival. The tumor-bearing mice bearing MDA-
MB-231 tumor were randomly divided into six 
groups (n = 4) and intravenously injected with PBS, 
PBS+laser, PAu, PAu+laser, PE +laser, PAuE + laser, 
PAuE, or PE (5 mg/kg EGCG, 30 mg/kg AuNCs, 200 
µL), pending PTT treatments. Tumor regions were 
irradiated by NIR laser 6 hrs after injection (1.2 
Wcm-2, 5 mins x 3 times). Continuous-wave Nd: YAG 
(LSR808H-2W) laser was used as the light source for 
mild PTT. The surface temperature was recorded 
using a thermal camera (FLUKE camera and quanti-
fied by the Smart View 4.3 software). Tumor 
volumes were calculated following a well-
established formula. V = (a*b*b)/2 where a and b 
stand for the longest and shortest diameters of the 
tumor, respectively. For the overall survival study, 
30 tumor-bearing mice were randomly set into six 
groups (n=5) with respective treatment regimen. 
After the endpoint, Kaplan-Meier survival curves 
were plotted for the statistical analysis. 
 
2.11 Immunohistochemistry staining and histo-
pathological evaluation of tumor. Tumor-bearing 
mice were sacrificed after respective treatments, in-
cluding PBS, PBS+ laser, PAuE, PAuE + laser, PAu + 
laser, and PE + laser followed by tumor harvest. All 
isolated tumor samples were fixed with 4 % formal-
dehyde and subsequently embedded in paraffin for 
further processing. The experiment details IHC 
staining of HIF-1α, CD-31, PCNA and TUNEL/PI 
double staining were illustrated in Supporting In-
formation. 
 
2.12 RNA extraction and data analysis  
The experiments were performed in triplicate. Total 
RNA was extracted from the MDA-MB-231 using 
TRIzol reagent (Invitrogen) and RNeasy Mini Kit 
(Qiagen). The details for experiment and calculation 
are shown in Supporting Information.  
 
2.13 Statistical analysis. Data represents mean ± 
SD from certain independent experiments, each per-
formed in three replicates. Statistical comparisons 
were performed using GraphPad software 7. Differ-
ences between two groups were e calculated tested 
by a student's t-test. Reported p-values: ** P <0.05 
and *P < 0.01 were illustrated as significant differ-
ence between groups.  

3. Results and Discussions  
3.1. Preparation and characterization of PAuE, 
PAu and PE. AuNCs were synthesized via galvanic 
replacement reaction according to our previous 
report.47 To improve the encapsulation efficiency of 
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AuNCs into Mal-PEG-PLGA , hydrophobic 
dodecanethiol (Dod)-decorated AuNCs 
(Dod@AuNCs) were firstly prepared by conjugation 
of Dod onto the surface of AuNCs with thiol group. 
To achieve the synergistic PTT and chemotherapy,
 MAL-PEG-PLGA@AuNCs/EGCG were obtained 
by encapsulating Dod@AuNCs and EGCG into MAL-
PEG-PLGA polymer using nanoprecipitation 
method.57 HS-iRGD peptides were attached to the 
surface of NPs by melamine-thiol interaction to ob-
tain the targeted iRGD-PEG-PLGA@AuNC/EGCG 
(PAuE).58 The control NPs, including non-targeting 
cysteine-modified Mal-PEG-PLGA-encapsulated 
AuNC and EGCG (CAuE), iRGD-modified Mal-PEG-
PLGA-encapsulated AuNCs (PAu), iRGD-modified 
Mal-PEG-PLGA-encapsulated EGCG (PE) and Mal-
PEG-PLGA NPs (BP) were also prepared. The chem-
ical properties of each NP are shown in Table 1. A 
slight difference in particle sizes was observed by 
dynamic light scattering (DLS) measurements, rang-
ing from 135-140 nm, indicating that the encapsula-
tion of AuNCs and EGCG does not affect the size of 
Mal-PEG-PLGA NPs. Alternatively, the significant in-
crease of zeta potential of PAuE (1.6 ± 0.5), PAu (1.8 
± 0.6) and PE (1.4 ± 0.3) compared to CAuE (-23.9 ± 
1.4) indicated successful attachment of iRGD pep-
tide on NPs surface. The DL % and EE % of PAuE NPs 
were estimated to be 2.27 % and 22.3 %, much 
higher than that of PE NPs (1.06 % of DL and 5.91% 
EE). The improved DL % and EE % is due to the hol-
low interior of AuNCs which facilitates drug load-
ing.49  
Representative transmission electron microscopy 
(TEM) images revealed Dod@AuNCs have uniform 
size distribution (Fig. 1a). A high-resolution TEM 
analysis confirmed (111) crystal plane with lattice 
spacing of 2.36 Å. TEM images also revealed shows 
the uniform spherical shape of PE NPs (Fig. 1b) and 
no obvious morphology change after entrapping 
AuNCs into the polymer core (Fig. 1c). The absorp-
tion spectra of AuNCs and PAuE indicated that the 
encapsulation process did not affect the optical 

properties of AuNCs (Fig. 1d). To further prove the 
successful surface modification, Fourier-transform 
infrared (FTIR) spectra of blank BP, free EGCG, CAuE 
and PAuE were conducted and compared (Fig. 1e). 
The characteristic peaks of Mal-PEG-PLGA (stretch-
ing bands at 3489 cm−1 for –OH and 2970 cm−1 for C–
H, 1776 cm−1 for C=O of ester groups of PEG and 
PLGA) were present in the corresponding IR spectra. 
The IR spectra of EGCG displayed typical peaks at 
3381 cm-1 for –OH groups adhere on aromatic rings, 
strong bands at 1691 cm−1 for the C=O functional 
group, and a series of bands in the range of 1400-
1600 cm-1 correspond to the stretching of C-C bonds 
in EGCG benzene ring. The spectrum of CAuE indi-
cated strong absorption bands at 3439, 2970, 1757 
cm-1 and several bands in the region of 1400-1600 
cm-1, which correspond to the stretching vibration 
of EGCG and Mal-PEG-PLGA. The appearance of a 
classic peak at 1648 cm−1 is related to the C=O bond 
of amide groups of iRGD peptide in the spectrum of 
PAuE, which revealed iRGD peptide conjugation. 
 
The drug release profile of EGCG from PAuE in two 
pH buffers (pH 7.4 and 5.8) was recorded by moni-
toring the drug concentration outside the bag using 
UV-vis absorption. The curve indicated an initial 
burst release followed by a slow and steady release 
to retain long circulation. The release of EGCG was 
observed to be about 20.3 ± 3.6 % and 70.5 ± 4.3 % 
over 24 hrs at pH 7.4 and pH 5.8, respectively (Fig. 
1f). The increased release at lower pH is attributed 
to the degradation of PEGylation PLGA at mildly 
acidic conditions.52,53 Under NIR irradiation, the 
amount of drug released from PAuE over 24 hrs 
showed a mild increase (49.5 ± 5.3 % and 85.0 % ± 
6.3 %) compared to without laser irradiation at pH 
7.4 and 5.8. Enhanced EGCG release triggered by la-
ser irradiation is attributed to the heat generated 
from AuNCs which results in hyperthermia-induced 
collapse of NPs. After 3 days, the cumulative per-
centage of drug release from PAuE at pH 5.8 and un-
der laser irradiation was 93.3 ± 2.0 %.  

 
Table 1 Characterization of Mal-PEG-PLGA-encapsulated AuNCs and EGCG NPs using nanoprecipitation method. 
Data are mean ± SD, n = 3.  

Nanoparticles Particle size 
(nm) 

Polydispersity 
index (PDI) 

Zeta potential  
(mV) DL (%) EE (%) 

BP 136.1 ± 2.7 0.11± 0.03 -33.4 ± 0.8 / / 

PAu 135.3 ± 3.3 0.09 ± 0.04 1.8 ± 0.6 / / 

PE 136.3 ± 2.4 0.12 ± 0.02 1.4 ± 0.3 1.06 5.91 

CAuE 137.3 ± 3.4 0.22 ± 0.08 -23.9 ± 1.4 2.21 22.1 

PAuE 140.1 ± 3.6 0.08 ± 0.07 1.6 ± 0.5 2.27 22.3 
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Fig. 1 Preparation and characterization of AuNCs and PAuE nanotheranostics. a TEM images of Dod@AuNCs with 
a high-resolution TEM image of the lattice planes (2.3 Å). b, c TEM images of PE and PAuE. d UV-vis-NIR spectra 
of AuNCs and PAuE. e FTIR spectra of BP, EGCG, CAuE and PAuE. f The in vitro EGCG release behavior of PAuE (n 
= 3) in different buffers with and without laser irradiation (1.2 W cm-2, 3 mins) were recorded along with different 
time points. g Temperature response curves of BP and PAuE (40 ppm) after receiving 808 nm irradiation at dif-
ferent power densities (0.8, 1.2 and 1.5 W cm-2). h The photothermal effect of PAuE at various Au concentrations 
(0, 10, 20, 40 and 80 ppm) after laser irradiation (1.2 W cm-2, 5 mins). i Multiple heating cycles of PAuE (40 ppm), 
AuNCs and BP upon NIR irradiation (1.5 W cm-2, 5 mins). 
 
3.2. Photothermal efficiency and photoacoustic 
property of the PAuE. To verify the photothermal 
ability of PAuE, photothermal-heating curves and 
the individual thermal image of PAuE were meas-
ured in different conditions. PAuE exhibited a power 
density-dependent photothermal-conversion effi-
ciency upon laser irradiation (Fig. 1g). In contrast, 
BP exhibited negligible temperature change upon 
laser irradiation. On the other hand, the tempera-
ture of a higher concentration of PAuE increased in 
a dose-dependent manner upon laser irradiation 
(Fig. 1h). The photostability of PAuE was evaluated 

by testing three repeated heating-cooling cycles (la-
ser on / off). The results indicated no obvious dete-
rioration during the recycling, implying that PAuE 
has excellent photothermal stability (Fig. 1i). More-
over, the photothermal conversion efficiency (ŋ) of 
PAu was estimated to be 32.6 % based on the formu-
las shown in supporting information (Figure S1). 
This high photothermal conversion efficiency and 
high photostability of PAuE provide a good founda-
tion for MSOT imaging and PTT cancer therapy ap-
plications.  
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Fig. 2 Determination of cell death pathway after mild PTT treatment (808 nm, 1.2 W cm-2, 3 mins) in MDA-MB-
231 cells. a Cell viabilities after different treatments (PAu, PAu + laser and PAu + laser + Nec-1) for 24 hrs (n = 5). 
** P< 0.05. b Presentative flow cytometry plots and quantitative analysis of the percentage of necroptotic cells of 
MDA-MB-231 cells receiving PAu + laser or PAu + laser + Nec-1 (40 ppm of AuNCs) treatment with different 
incubation time after laser irradiation (n = 3). c, d Western blot and semiquantitative analysis of necroptosis-
related proteins in cells after PAu + laser treatment with different incubation time (4, 6, 24 and 48 hrs). RIP1: 
76KD; RIP3: 57KD; β-actin: 42 KD. Data were represented as mean ± SD, each performed in five replicates.  
 
3.3. In vitro cytotoxicity and necroptosis-related 
cell death induced by PAu. To address the mecha-
nism of the cell death events from mild PTT, western 
blots and flow cytometry was carried out to test PAu 
+ laser using human breast cancer MDA-MB-231 
cells. There was a negligible effect on the cells even 
for with a concentration of 40 ppm of PAu, which 
verified its good biocompatibility, while a significant 
decrease was noticed in the PAu + laser group in a 
dose-dependent manner (Fig. 2a). Given those vari-
ous extrinsic stimuli may trigger cell death in differ-
ent manners, the cells were pre-treated with a 
necroptotic inhibitor, necrostatin-1 (Nec-1), to eval-
uate whether necroptosis dominates the pro-
grammed cell death. In the presence of PTT + Nec-1, 
the cytotoxicity of MDA-MB-231 cells decreased re-
markably than that of the PTT-only group, with both 
at a higher dose, suggesting that necroptosis is the 
main cause of cell death. We then performed flow 
cytometry with annexin V/propidium iodide (PI) 
double staining to investigate the trend of necropto-
sis in a time-dependent way (Fig. 2b). Acknowledg-
ing that the signal of annexin V indicates an apop-
totic process, we considered the cell population to 
fall in the upper left quadrant, the annexin V-nega-
tive (annexin V-) /PI-positive (PI +) portion, as an 
indicator for necroptosis. We noticed that 52.9 % of 
cells went through necroptosis at 6 hrs post-incuba-
tion after mild PTT (PAu + laser, reaching 45 °C), 
which was apparently higher than that of 4 hrs 
(4.0 %) and 24 hrs (14.0 %). No significant apoptotic 

events were observed in both 4 hrs (5.9 %) and 6 
hrs (5.4 %) of incubation time, but apoptosis be-
came dominant at 24 hrs (46.1%) (the upper row in 
Fig. 2b). The percentage of live, necroptotic and 
apoptotic cells is totally different at different incu-
bation times, indicating that the cell death pathway 
inflicted from mild PTT of PAu is a time-dependent 
process that mainly goes through necroptosis at 
first followed by apoptosis. Nec-1 treatment was in-
troduced before mild PTT, and the flow cytometry 
analysis showed a great reduction of the cell popu-
lation at the upper left quadrant, validating necrop-
tosis was highly involved in the mild PTT-induced 
cell death (the lower row in Fig. 2b).  
In comparison to apoptosis, necroptosis is caspase-
independent and the implementation of the necrop-
tosis pathway is mainly related to the expression of 
proteins RIP1 and RIP3. We examined their expres-
sion levels and found that both were highly ex-
pressed at 6 hrs post-incubation after mild PTT (Fig. 
2c and 2d). Notably, the 6 hrs group exhibited sig-
nificant RIP1 and RIP3 expression compared to the 
4 and 24 hrs marks, revealing that the necroptosis 
phenomenon reaches its maximum at this time 
point. Also, the lower expression of RIP1 and RIP3 
at other time points may result from the delayed 
apoptosis (24 hrs after mild PTT), given that necrop-
tosis is often activated by apoptosis inducers such as 
tumor necrosis factor (TNF). In line with these ob-
servations, we began our investigations in the 
switch between necroptosis and apoptosis.  
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3.4. In vitro cytotoxicity and necroptosis and 
apoptosis-related cell death induced by PAuE. 
The synergistic therapeutic effect of PAuE with or 
without laser irradiation was evaluated on MDA-
MB-231 cell lines by CCK8 assays (Fig. 3a and b). 
With the presence of laser exposure (808 nm, 1.2 W 
cm-2, 5 min), the cytotoxicity of PAuE enhanced 3.6 
folds than the laser absent group at the highest dose. 
Meanwhile, the IC50 (based on Au concentration) of 
PAuE significantly decreased from 40.3 ppm to 28.4 
ppm in the presence of laser exposure, demonstrat-
ing an efficient photothermal therapeutic effect in 
vitro. Concomitantly, the IC50 (based on EGCG con-
centration) of PAuE also decreased from 98.3 µg/ml 
for EGCG (laser absent) to 74.5 µg/ml for EGCG (la-
ser present) revealed that mild PTT/chemotherapy 
can reach a superior anti-tumor efficacy (Fig. 3a). 
Besides, the cell viability of PAuE was significantly 
lower than PAu, revealing the release of EGCG from 
the NPs led to higher cytotoxicity than EGCG-free 
NPs, regardless of NIR laser irradiation. With 50 
µg/ml EGCG introduced, the cell viability of PAuE + 
laser was down to 15.7 %, whereas PAu landed 
around 85.2 % even at higher dose level (40 ppm Au) 
showing no obvious toxicity (Fig. 3b). All the cell vi-
ability studies showed convincing evidence that 
PAuE is biologically compatible. Despite the en-
hanced EGCG release kinetics following laser irradi-
ation in an acidic condition, we explored the feasi-
bility of PE as a chemotherapeutic agent. An in vitro 
cytotoxicity test was done with PE, showing the cy-
totoxicity of PE on MDA-MB-231 cells increased in a 
dose-dependent manner regardless of laser expo-
sure (Figure S2). To visualize the synergistic efficacy 
of PAuE in vitro, a calcein-AM (green FL, live cells) 
and PI (red FL, dead cells) costaining study was per-
formed. It was clear from these fluorescence images 
that the majority of cells incubated with PAuE + la-
ser showed much more red fluorescence than cells 
that received other treatments, indicating more 
cells were dead (Fig. 3c).  
We also observed that apoptosis is a major mecha-
nism for PE to destroy breast cancer, which is simi-
lar to previous studies (Figure S3). The expressions 
of a series of apoptosis-associated proteins, includ-
ing Bcl-2 and cleaved caspase 3, were assessed to 
verify the mechanism that PE and free EGCG caused 
cell death (Figure S4). A single treatment via PE that 
shifted the expression level of Bcl-2 in favor of apop-
tosis requires a high dosage of EGCG (100 µg/ml). 

With AuNCs installation and laser exposure (50 
µg/ml and 40 ppm for EGCG and Au concentration, 
laser < 49 oC), we noticed a synergistic anti-tumor 
effect in which PAuE significantly activated apopto-
sis with increased expression of caspase (Fig. 3d).  
 
TNF-1α would induce the activation of PARP1 via 
DNA damage leading to ATP depletion and subse-
quently triggering necroptosis 59. PAPR1 is a nuclear 
enzyme that is activated by DNA damage, generating 
plenty of NAD+, resulting in large amount ATP de-
pletion. Herein, PARP1 acts as cross regulators pre-
sumably between necroptosis and apoptosis by reg-
ulating ATP levels. The downstream manifestations 
of PARP1 often connect with death receptors such 
as RIP1 and RIP3 26. To further confirm the necrop-
tosis mechanism in-depth, the expression level of 
two critical kinases, RIP1 and RIP3 was studied in 
MDA-MB-231(Fig. 3d and 3e). The activity of RIP1 
and RIP3 are highly expressed in the cells treated 
with PAu + laser and PAuE + laser compared to PBS, 
laser only and PE NPs. Mitochondrial impairment 
via activation of PARP1 induced by necroptosis in-
volves the change in the mitochondrial membrane 
permeability. PAuE also exhibited slight enhance-
ment in the expression of pro-caspase 3 and cleaved 
caspase to activate the apoptosis in cancer cells 
compared to PE with the same EGCG concentration. 
We also performed western blot analysis on another 
pair of the proteins Bcl-2/Bax that the expression 
ratio is crucial to affect apoptosis. The moderate 
change in expression level of Bcl-2/Bax of PAuE + 
laser would benefit cell apoptosis at a EGCG concen-
tration of 50 µg/ml. Previous studies reported on 
potential apoptosis induction in breast cancer cells 
by decreasing Bcl-2/Bax expression when treated 
with EGCG 60. Our results are in line with the above 
observations, owing to these characteristics en-
dowed by PAuE + laser with combined actions of 
dual necroptosis and apoptosis induction and in-
creased expression of PARP1. The schematic of the 
mechanism of PAuE + laser treatment leading to cell 
death (Fig. 3f). We hypothesized that necroptosis 
maybe dominates the pathway for cell death after 
PAuE + laser in 6 hrs post-incubation. Nevertheless, 
the expression of pro-caspase does not change much, 
indicating the apoptosis takes small portion in cell 
death at this time point.  
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Fig. 3 a, b Cell viability upon treatment with PAuE, PAu and PE for 24 hrs with (a) and without (b) laser irradiation 
(808 nm, 1.2 W cm-2, 3 mins). *P < 0.1, ** P < 0.05. Data represent mean ± SD from three independent experiments, 
each performed in five replicates. c CLSM images of live and dead MDA-MB-231 cells with Calcein AM /PI staining 
and different treatments. Scale bar is 100 µm. d Western blot analysis of apoptosis/necroptosis-associated pro-
teins after 24 hrs treatment with PBS, PBS + laser, PE, PAu + laser, and PAuE + laser. (40 ppm of AuNCs; 50 µg/ml 
of EGCG; laser irradiation: 808 nm, 1.2 W cm-2, 3 mins). (e) Corresponding semiquantitative result. (f) Signaling 
pathway of anticancer mechanism of PAuE + laser. 
  
 
3.5. In vivo distribution of PAuE tracked by MSOT 
imaging. To test the capability of targeting PAuE 
and non-targeting CAuE for MSOT imaging in vivo, 
we performed MSOT images analysis to reveal the 
real time biodistribution of PAuE at the tumor site 
and other organs in the MDA-MB-231 orthotropic 
tumor model. In our present study, in vivo MSOT sig-
nal from AuNCs can be visualized in the tumor at 6 
hrs post-injection of PAuE (30 mg kg-1, based on 
AuNCs weight; 5 mg kg-1 based on the EGCG weight) 
(Fig. 4a). The images showed a local distribution in 
tumor of the AuNCs over 24 hrs which gradually de-
creased and eventually disappeared after 72 hrs. 
Besides, 3D whole-body (excluding head, neck and 
tail) MSOT images demonstrated that PAuE was 
observed in other organs, including liver, spleen and 
lungs at different time points (Fig. 4b). The quanti-
fied MSOT intensities in the tumor, liver, and spleen 

were recorded at different points (Fig. 4c). The grad-
ual decrease of PAuE accumulation in the tumor and 
main organs were attributed to renal clearance via 
liver and spleen after 72 hrs. In comparison, no 
obvious accumulation of CAuE was found in the 
tumor region after intravenous administration 
(Figure S5a). However, the liver and spleen retained 
high uptakes at 24 hrs post-injection of CAuE, which 
was much stronger than that of PAuE (Additional 
file 1: Figure S5b and c). It indicated that iRGD 
played a pivotal role in enhancing cellular uptake in 
the tumor region. The utilization of distinct LSPR 
characteristics of AuNCs via MSOT imaging provides 
a capacity for reflecting the optoacoustic signal in-
tensities of the PAuE distribution in vivo at varied 
times.  
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Fig. 4 MSOT images of mice bearing MDA-MB-231 tumor receiving PAuE NPs. a Cross-sectional MSOT images of 
MDA-MB-231 tumor for a tumor-bearing mouse at a varied time upon injection of PAuE NPs. The region of the 
tumor is marked with white curves (n = 3), scale bar (5 mm). b Relative MSOT signal intensity of liver, spleen and 
tumor at different time points upon injection of PAuE. c In vivo representative z-stack orthogonal MSOT maximal 
intensity projection (MIP) images of tumor after tail vein injection of PAuE (AuNCs concentration: 30 mg/kg) at 
different time points (n = 3). The images were combined with both signals from PAuE (in color) and typical cross-
sectional MSOT images (with a background in gray color), scale bar (5 mm).  
 
3.6. In vivo antitumor activity and mechanism 
studies. With the promising in vitro cytotoxicity 
studies and the synergistic induction of necroptosis 
and apoptosis, we further extended our interests in 
the therapeutic efficacy of mild PTT/EGCG com-
bined therapy in vivo. Twenty-four MDA-MB-231 or-
thotopic tumor-bearing mice were randomly di-
vided into six treatment groups: (1) PBS, (2) PBS + 
laser, (3) PE, (4) PAu + laser, (5) PAu, and (6) PAuE 
+ laser. Tumor inhibition, body weights and survival 
rates were assessed for addressing the therapeutic 
outcomes. MSOT images depicted the maximum ac-
cumulation of PAuE inside tumor at 6 hrs post-injec-
tion. Laser irradiation (808 nm) was employed after 
6 hrs post-injection of nanotheranostics to assess 
the synergistic therapeutic effect of mild PTT and 
EGCG (Fig. 5a). Notably, the tumor temperature was 
found to reach 49 °C after 5 mins of laser exposure 
in the PAuE + laser group (Fig. 5b). In contrast, the 
control group exhibited minimal temperature 
change (34 °C to 39°C), demonstrating the localized 
heating effect of PAuE after laser irradiation. The 
mice treated with PAu showed a moderate inhibi-
tion effect on the tumor growth compared to the 
control groups (PBS or PBS + laser). On the contrary, 
the treatment of PE (green line) and PAu + laser (red 
line) both exhibited growth inhibition effects, re-
vealing their anti-tumor activity respectively. More 

importantly, PAuE + laser (black line) exhibited sig-
nificantly higher anti-tumor inhibition efficacy than 
other groups, demonstrating the combined effect of 
mild PTT and chemotherapy. PAuE + laser group 
achieved significant inhibition in tumor growth, fol-
lowed by the groups of PE, PAu + laser, PAu, PBS (Fig. 
5d, and Figure S6). To investigate systemic toxicity 
on the mice, we continue to monitor the change in 
body weight in all groups during the treatment pe-
riod, confirming no significant body weight fluctua-
tion to reveal the low toxicity of PAuE + laser (Fig. 
5h). Moreover, no obvious tissue damages were pre-
sent in main organs (liver, heart, kidney) in all ex-
perimental groups measured by the H&E staining 
assay; this result is consistent with our in vivo tox-
icity tests (Figure S7). Furthermore, Kaplan-Meier 
survival curves were used to assess the therapeutic 
efficacy. During the whole treatment process, PAuE 
+ laser exhibited a gradual increase in survival rate, 
where 100 % of the mice survived. With PBS or PBS 
+ laser as control groups, all mice died as an effect of 
tumor metastasis whereas treatment with PE, PAu + 
laser rescued only 40 % and 60 % of mice. As re-
vealed in the survival curves, PAuE + laser could ef-
ficiently increase the lifespan of mice bearing malig-
nant tumors. 
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Fig. 5 In vivo antitumor effects of the NPs in the MDA-MB-231 tumor-bearing nude mice, showing that PAuE + 
laser group has the best synergistic therapy performance. a Schematic illustration of the establishment of ortho-
topic breast model and treatment with PAuE nanoparticles under 808 nm laser irradiation at the (5 mg/kg) con-
centration, guided by MSOT imaging. b Infrared thermal images of tumor-bearing mice. c Temperature changes of 
tumor regions intravenously injected with 200 µL of PBS and PAuE (5 mg/kg EGCG, 30 mg/kg AuNCs) and CAuE 
+ laser (5 mg/kg EGCG, 30 mg/kg AuNCs), PE+ laser (5 mg/kg EGCG) at 6 hrs post-injection subject NIR laser 
irradiation (1.2 W cm-2, 5 mins) (n = 4). d Tumor growth curve of various treatment groups (n = 4). e Images of 
tumors receiving all treatment groups after the 21 days of the experiment. f, g Survival curve and organ efficiency 
of tumor-bearing mice treated by various groups during 42 days (n = 5). h Body weight change of mice after var-
ious treatments at the duration of therapy (n = 4). 
 
Current studies demonstrated that EGCG induces 
anti-cancer effect by blocking the activity of mito-
gen-activated protein kinases (MAPKs), IGF/IGF-I 
receptor, NFkB and HIF-1α pathways.54,61 In addi-
tion, HIF-1α is a critical mediator of hypoxia-in-
duced apoptosis in the intralesional tumor and the 
expression level of the HIF-1α might affect the prog-
nosis of cancer treatment.62 Therefore, we present a 
further study to test whether PAuE nanoplatform 
induced apoptosis through suppression of HIF-1α in 
MDA-MB-231 cells. The results indicated that PE 
and PAuE both inhibited the expression level of HIF-
1α upon laser irradiation in MDA-MB-231 cells 
(Figure S8), which holds a promising inhibition ef-
fect on the growth and proliferation of breast cancer 
cells via the inhibition of HIF-1α-associated apop-
totic signal. In addition, PE showed stronger down-
regulated expression of HIF-1α than free EGCG, 
possibly due to the sustained release and enhanced 
upake of the nanoplatform.56 Also, the expression of 
HIF-1α in PAuE + laser group is much lower than 
that of PE or PAu + laser alone (Fig. 6a), suggesting 
the combination of mild PTT and chemotherapy en-
hanced the inhibition of HIF-1α activation. Immuno-
histochemical (IHC) staining for HIF-1α of tumor tis-
sue showed that HIF-1α protein expression was 
mainly localized in the nuclei of tumor cells, with 

some in the cytoplasm (Fig. 6a). The IHC staining in-
tensity was measured as the optical density deter-
mined by Image J and a detailed calculation process 
is shown Supporting Information.  

The anti-tumor effects of treatment groups 
were also investigated with histopathology analysis 
via hematoxylin-eosin (H&E) staining, IHC assay 
with CD31 and PNAC staining and immunofluores-
cent study of tumor tissues (Fig. 6b). Apparent 
shrinkage of cell morphology and breakdown of tu-
mor tissue were noticed in the PAuE + laser group 
compared with control, indicating the effective tu-
mor suppression effect. IHC assay with CD31 and 
proliferating cell nuclear antigen (PCNA) staining 
demonstrated that tumor angiogenesis and cancer 
cell proliferation were significantly reduced in the 
tumors in the PAuE NPs + laser group. Moreover, 
terminal deoxynucleotidyl transferase dUTP nick 
end labelling (TUNEL) assay and PI double staining 
were performed on tissue sections to study the pro-
portion of apoptotic (green fluorescence) or necrop-
totic (red fluorescence) cell death in the treatment 
groups. It revealed that the PE group contributes to 
a higher apoptosis rate of tumor cells compared to 
the others, indicating that apoptosis was the major 
occurrence for tumor growth inhibition for the PE 
group. Nevertheless, the tumor tissue of PAu + laser 
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group exhibited primarily red fluorescence, indicat-
ing the evidence of necroptotic cell death which 
might result in lower levels of green fluorescence in 
only mild PTT treatment tissue sections. Besides, 
the high percentage of TUNEL and PI-positive nuclei 

could be observed in the PAuE + laser group, indi-
cating that apoptosis and necroptosis might induce 
the primary pathways of PAuE + laser leading to cell 
death.  

 
 
 

 
Fig. 6 Validation of cell death pathway via IHC. a Representative images and quantities of IHC staining of HIF-1α 
in tumor tissue (Scale bars 50 µm). b Histological observation of the tumor tissues with H&E staining (Scale bars 
200 µm); IHC staining of angiogenic neovessels (CD31) and PCNA; and detection of apoptosis by TUNEL assay 
and necroptosis by PI staining in tumor tissues from different treatments. Cell nuclei (blue), apoptotic spots 
(green) and necroptotic spots (red) (Scale bars 100 µm). (40 ppm of AuNCs; 50 µg/ml of EGCG; laser irradiation: 
808 nm, 1.2 W cm-2, 3 mins).

3.7 Gene expression studies  

To evaluate the combined effect of mild PTT and 
chemotherapy on certain cell death responses in hu-
man MDA-MB-231 cells, the expressions of necrop-
tosis/apoptosis-related genes treated with PAuE 
upon laser irradiation was studied by RNA sequenc-
ing. Using KEGG analysis, our findings illustrated the 
DEGs (differentially expressed genes)-enriched 
pathways which showed that the altered genes were 
part of the core network of genes driving RCD in 
cancer (Fig. 7a). Extracting DEGs information from 
KEGG pathways of interest, we showed that PAuE + 
laser activated a set of unique gene expression re-
sponses in MDA-MB-231 cells. 10 and 6 genes exhib-
ited up- and downregulation, respectively, in a total 
of 19 differently regulated genes of PAuE + laser 
group; the expression in the other 3 genes were un-
changed (Fig. 7b). Besides, the gene expression pat-
tern for PAu + laser group was similar to PAuE + la-
ser group. Interestingly, upregulated genes include 

BCL2L14, and TNF α, which exert proapoptotic ac-
tivity and are also involved in triggering necropto-
sis. MDA-MB-231 is refractory to apoptosis thus the 
upregulation of FAS and TNFAIP2 genes in the TNFα 
pathway might be related to the induction of 
necroptosis cross-talking. 

BCL2 and receptor-interacting protein kinase 1 
(RIPK1), in particular RIP1 and RIP3, act as messen-
gers to induce necroptosis (Scheme1). As a result, 
PAuE + laser evoked more cell death upon laser ir-
radiation and slightly initiated caspase-intendent 
cell death mechanisms in apoptotic impervious cells 
(Fig. 7b). The results of the transcriptomic analysis 
for PAuE + laser showed a significant change in the 
expression of effectors in different components of 
necroptosis machinery like TNFαand RIPK1. This 
situation demonstrated a fine crosstalk among the 
RCD pathway. Not surprisingly, autophagy-related 
genes (ATG16L2) and ATG3, which could induce au-
tophagy-related cell death, and key factors related 
to necroptosis signalling (PARP1, RIPK1) were up-
regulated upon irradiation in PAuE treated gro
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Fig. 7 Cell death pathway focused gene expression analyses in MDA-MB-231. a Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analysis of PAuE + laser. The enrichment analysis implies the number of all 
genes in a certain enrichment pathway. b A heat map shows apoptosis/necroptosis-related differentially expressed 
gene. Color intensity represents the degree of expression value of this gene after standardized treatment in each 
sample. Relative expression levels are shown in yellow (upregulation) and blue (downregulation). 

 

4. Conclusion 

In summary, an original PAuE nanoplatform inte-
grating the facilitation of mild PTT, enhanced drug-
loading, in vivo tracking, and tumor-targeting func-
tions into a single formulation was fabricated. PAuE 
could serve as an effective nanotheranostic agent to 
enable MSOT-guided synergistic mild PTT and 
chemotherapy. Upon laser irradiation, AuNCs gen-
erated a moderate thermal escalation to explore the 
necroptosis and apoptosis mechanisms by adjusting 
the incubation time. A combination of mild PTT and 
EGCG in the form of a nanoplatform greatly en-
hances its in vitro and in vivo therapeutic efficacy 
through evoking necroptosis at an early stage fol-
lowed by apoptosis in a later stage. Targeting the 
necroptosis pathway by nanoparticles via PTT is 
emerging as an effective approach in cancer ther-
apy, in which inducing apoptosis in later chemother-
apy gains a potential advantage to bypass the apop-
tosis resistance and maintain antitumor immun-
ity.63 Besides, the other potential advantages of the 
cell death pathway switch include the minimized 
risk of  the tumor recurrence. More importantly, in 
vivo experiments have confirmed that mild PTT pro-
motes the release of EGCG which is capable of en-
hancing apoptosis by inhibition of HIF-1α expres-
sion. The synergistic induction of necroptosis and 

apoptosis by combining mild phototherapy and 
chemotherapy is convincing by the gene expression 
studies. The results provided insights on efficient 
anticancer response receiving PAuE + laser in view 
of precision medicine applications. 
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