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ABSTRACT

Traditional combined photodynamic and photothermal therapy (PDT/PTT) was limited in clinical treat-
ment of cancer due to the exceptionally low drug delivery efficiency to tumor sites and the activation
by laser excitation with different wavelengths. We have accidentally discovered that our synthesized
chlorin e6-C-15-ethyl ester (HB, a new type of photosensitizer) be activated by a laser with an excita-
tion wavelength of 660 nm. Herein, we utilized Au nanorods (AuNRs) as 660 nm-activated PTT carriers
to be successively surface-functionalized with HB and tumor-targeting peptide cyclic RGD (cRGD) to
develop HB-AuNRs@cRGD for single NIR laser-induced targeted PDT/PTT. The HB-AuNRs@cRGD could
be preferentially accumulated within tumor sites and rapidly internalized by cancer cells. Thereby, the
HB-AuNRs@cRGD could exhibit amplified therapeutic effects by producing both significant reactive
oxygen species (ROS) and hyperthermia simultaneously under the guidance of fluorescence imaging.
The tumor inhibition rate on ECA109 esophageal cancer model was approximately 77.04%, and the
negligible systematic toxicity was observed. This study proposed that HB-AUNRs@cRGD might be a
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promising strategy for single NIR laser-induced and imaging-guided targeted bimodal phototherapy.

1. Introduction

As a safe modality of tumor ablation, phototherapy has
received widespread attention for their favorable efficacy in
cancer therapy (Baldea et al., 2016; Li et al., 2020; Yang et al.,
2021). Two main approaches are available: photodynamic
therapy (PDT), which could induce cell apoptosis and necro-
sis by converting laser energy to generate cytotoxic reactive
oxygen species (ROS) under laser irradiation (Mehraban &
Freeman, 2015; Kwiatkowski et al., 2018; Donohoe et al.,
2019), and photothermal therapy (PTT), which could result in
localized irreversible thermal damage to cells by converting
laser energy to produce hyperthermia, accompanied by pro-
tein denaturation and membrane destruction (Kennedy et al.,
2011; Melancon et al., 2011; Yang et al, 2013). Compared
with conventional chemotherapy, phototherapy has signifi-
cant advantages such as the low invasiveness, high spatio-
temporal selectivity, and rapid post-operation recovery
(Cheng et al, 2014; Li et al., 2020). Therefore, researchers
have proposed a new treatment model which is based
on the combination of PDT and PTT, exhibiting the better
anti-tumor effect via photodynamic and photothermal
therapy (PDT/PTT) synergy (Camerin et al., 2016; Denkova et
al., 2018).

However, traditional combination of PDT and PTT gener-
ally needs to be activated by two separate lasers with differ-
ent excitation wavelengths, which result in the prolongation
of treatment time and the complication of therapeutic pro-
cess. In particular, if there is a time interval between PDT
and PTT, the hyperthermia produced during PTT would
accelerate the necrosis of tumor tissue, impeding its absorp-
tion of laser and ultimately limiting the efficacy of PDT (Tian
et al,, 2011; Xiao et al., 2013; Camerin et al., 2016). Therefore,
it is necessary to develop a nanoplatform irradiated by a sin-
gle wavelength laser to generate ROS and hyperthermia, trig-
gering PTT and PDT simultaneously.

In our previous studies, we had developed a new type of
photosensitizer, called chlorin e6-C-15-ethyl ester (HB)
(Figure 1(A)), which needs to be triggered by a laser with an
excitation wavelength of 660nm (Liu et al., 2020). It could
not only be applied to PDT but also shows a good perform-
ance in fluorescence imaging and lower dark toxicity. Gold-
nanoparticles could not only effectively deliver the HB to
tumors by the enhanced permeability and retention (EPR)
effect but also effectively convert laser energy to generate
hyperthermia to kill tumor cells (Liu et al., 2018a,b,c; Kalyane
et al, 2019; Mioc et al, 2019). Importantly, its active
intermediate products during PTT could promote the
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Figure 1. Synthesis of HB-AuNRs@cRGD. (A) Schematic diagram of HB structure. (B) Photographs and (C) UV absorption spectrum of AuNRs prepared by adding dif-
ferent concentrations of AgNOs. (D) Standard curve of HB concentration in ultrapure water. (E) HB-loading efficiency of HB-AuNRs@cRGD as a function of different

mass ratio of HB/AuNRs.

decomposition of H,O, inside tumor cells to produce ROS
(Xu et al., 2012a,b; Mohammadi et al, 2013). Therefore, we
tried to integrate HB and gold nanorods (AuNRs) into a
theranostic nanoplatform, which could achieve PDT and PTT
effects simultaneously through only a single NIR laser irradi-
ation (Wang et al., 2013a,b; Li et al., 2017).

However, the tumor-selectivity of these nanoparticles
needs to be further improved. The active targeting strategy
has been extensively utilized to deliver nanoparticles to
tumor cells (Bertrand et al., 2014; Li et al, 2018). It was
reported that integrin avp3 is highly expressed on the sur-
face of most tumor cells and tumor neovascular endothelial
cells, but almost not expressed in normal endothelial cells
and tissues, which could also inhibit the tumor cell adhesion,
proliferation, invasion, and metastasis (Weber et al., 2016;
Lino et al, 2019). Arginine (R)-glycine (G)-aspartate (D)
(RGD), which could bind to avfp3 integrin with high affinity,
was one of the most widely applied peptide sequence for
stimulating cell adhesion on synthetic nanodrugs surfaces.
Once RGD was recognized and bound to integrins, an integ-
rin-mediated cell adhesion process would be initiated, and
subsequently the signal transduction would be activated to
influence cell biological behavior. Recently, many emerging
studies confirmed nanodrugs composed of RGD and AuNRs
could effectively accumulate at the tumors through both EPR
and active binding, meanwhile exhibiting highly selective tar-
geting and destructive effects on tumors under NIR laser
irradiation (Li et al., 2010; Gui & Cui, 2012; Xu et al., 2012a,b;
Liu et al., 2018a,b,c). Inspired by this, we introduced the

cyclic RGD (cRGD, Arg-Gly-Asp-D-Phe-Lys) peptide synthe-
sized by genetic engineering technology and functionalized
it on our nanoprobes’ surface. Compared with the traditional
linear RGD, cRGD possesses more adhesion sites and stron-
ger binding affinity to integrin avP3, which is easier to
induce apoptosis of tumor cells and inhibit their adhesion
and migration (Wang et al, 2013ab; Kim et al, 2018;
Gajbhiye et al., 2019).

Herein, an activatable photosensitizer-introduced thera-
nostic nanoprobe was successfully designed for single NIR
laser-induced combined PDT/PTT under the guidance of
fluorescence imaging. First, we synthesized AuNRs via the
seed-mediated growth method followed by PEGylation. The
PEG-modified AuNRs had been found to have long lasting
circulation in the blood with low cytotoxicity (Huang et al.,
2010; Gui & Cui, 2012). Subsequently, the AuNRs were cova-
lently anchored with HB, and further grafted with a tumor-
targeting peptide cRGD to develop HB-AuNRs@cRGD. After
intravenous injection of HB-AuNRs@cRGD in ECA109 esopha-
geal tumor-bearing mice, HB-AuNRs@cRGD were efficiently
accumulated at the tumor sites via EPR effects, and internal-
ized by tumor cells via cRGD receptor-mediated endocytosis.
Once excited by a single 660nm NIR laser, the HB-
AuNRs@cRGD would simultaneously produce ROS and hyper-
thermia, ultimately obtaining an optimal performance of PDT
and PTT (Scheme 1). Both results of in vitro and in vivo experi-
ments showed that compared with the single PDT or single
PTT, our nanoprobes can achieve better synergistic antitumor
effects under the guidance of fluorescence imaging of HB.
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Scheme 1. (A) Schematic illustrations of formation of HB-AuNRs@cRGD. (B)
Mechanism of combined photothermal (PTT) and photodynamic therapy (PDT)
by a single 660 nm laser irradiation.

2. Materials and methods
2.1. Materials

HB was provided by Haining Lvsheng Pharmaceutical
Technology Co., Ltd. (Haining, China). Cetyltrimethylammonium
bromide (CTAB), sodium borohydride (NaBH,), chloroauric acid
(HAuCly), ascorbic acid, N-hydroxysuccinimide (NHS), 1-(3-dime-
thylaminopropyl)-3-ethylcarbodiimide  hydrochloride  (EDC),
HS-PEG-NH, (MW, 2000), and DPBF were purchased from
Sigma-Aldrich (Shanghai, China). Silver nitrate (AgNOs) was
purchased from Shanghai Shenbo Chemical Co. Ltd.
(Shanghai, China). c(RGDfk) was purchased from Gil
Biochemical Co., Ltd. (Shanghai, China) in the following
sequence: Arg-Gly-Asp-D-Phe-Lys. The FITC fluorescent probe
was modified at the N-terminus of cRGD, which was purchased
from Abcam (Shanghai, China). The cell cytotoxicity kit for
CCK-8 assay, calcein AM/PI co-staining, and Annexin V-FITC/PI
staining assay were purchased from Shanghai Yisheng
Biotechnology Co., Ltd. (Shanghai, China). ROS assay kit (DCFH-
DA) for cell, frozen section and Hoechst-33258 were purchased
form Abcam (Shanghai, China). Crystal violet for colony forma-
tion assay was purchased from Shanghai Biyuntian Biological
Technology Co. Ltd. (Shanghai, China). Matrigel for Transwell
assay was purchased from Becton, Dickinson and Company
(Franklin Lakes, NJ). All the used agents were of analytical
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grade. In addition, human esophageal cancer cells (ECA109)
were obtained from the Cancer Research Center of Xiamen
University (Xiamen, China). The female BALB/c mice (4-5 weeks
of age, 18-20g) were purchased from Xiamen University
Experimental Animal Co., Ltd. (Xiamen, China).

2.2. Synthesis of HB-AuNRs@cRGD

AuNRs were synthesized according to the seed-mediated
method (Mehraban & Freeman, 2015). First, we prepared the
seed solution by adding NaBH, solution (0.60 mL, 0.01 M) into
a mixture solution composed of HAuCl, (0.10 mL, 0.01 M) and
CTAB (7.50mL, 0.10 M). This seed solution reacted for 2h.
Second, we prepared a growth solution by adding ascorbic
acid (0.64mL, 0.10 M) into a mixture containing HAuCl,
(1.65mL, 001 M), AgNOs (0.10mL, 0.01 M), and CTAB
(95.00mL,0.10 M). Third, 040 mL of seed solution was added
into all the growth solution, and the reaction mixture was
allowed to react for 5h. The product was purified by centrifu-
gation at 8000rpm for 25minutes. The resulting blue-black
precipitate was dispersed in 100 mL of ultra-pure water.

To obtain the amine-functionalized AuNRs (AuNRs-NH,),
HS-PEG-NH, (10.00 mL,10.00 uM, MW, 2000) was added and
kept stirring overnight. After centrifugal purification, NHS
(0.45mL, 0.10 M) was added into a mixture solution consist-
ing of HB (0.86 mL, 16.00 mM), cRGD (0.02mL, 0.05 M), and
EDC (1.50mL, 0.10 M), and the reaction mixture was reacted
for 12h. Then, all the products were added into the above
100 mL solution (AuNRs-NH,). The reaction mixture was
reacted for 48 h and subjected to centrifugal purification.

2.3. Characterization of HB-AuNRs@cRGD

Each synthesis step was preliminary monitored by solution
appearances, and further confirmed by particle size and zeta
potential (Dynamic Light Scattering Particle Size Analyzer SZ-
100, Shanghai, China), UV-vis spectra (Agilent Cary 60 UV-
Visible Spectrophotometer, Shanghai, China), and fluores-
cence spectra (PerkinElmer LS55 Fluorescence
Spectrophotometer, Waltham, MA) methods. The gold con-
centration of formulations was measured by inductively
coupled plasma mass spectroscopy (ICP-MS, Agilent, Santa
Clara, CA). This experiment mainly detected the loading effi-
ciency of HB. After centrifugation, the supernatant was col-
lected and its UV-vis absorbance at 660 nm was used to
determine HB. The morphology of nanocarriers was charac-
terized by transmission electron microscopy (TEM, Hitachi
HT-7800, Tokyo, Japan) and atomic force microscopy (AFM,
Cypher S).

2.4. In vitro efficacy evaluation

The solubility of substances in the reaction process and the
releasing efficiency of HB under different conditions were
evaluated. Samples were irradiated with a 660 nm laser at a
power density of 300 mW/cm? for different time to achieve
photothermal conversion. Real-time thermal imaging of
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formulations was recorded by an infrared thermal imag-
ing camera.

2.5. Singlet oxygen ('0,) and mitochondrial membrane
potential detection

Under the condition of pH 6.5, HB-AUNRs@cRGD was irradi-
ated under a 660 nm laser to trigger the generation of ROS.
The absorbance of the solution containing DPBF (0.01 mM)
and HB-AuNRs@cRGD at 415nm was monitored at deter-
mined time points using UV-vis spectrophotometer. The
decrease of the absorbance caused by photobleaching of
DPBF indicated 'O, generation.

In the cell system, we used the DCFH-DA and JC-1 probes to
detect '0, generation and mitochondrial membrane potential,
respectively. ECA109 cells were incubated with HB, AuNRs, and
HB-AuNRs@cRGD (6.40 uM HB equiv.) for 24 h with 660 nm laser
irradiation (light dose density of 20 J/cm?). DCF was monitored
by a Leica TCS SP5 CLSM (Wetzlar, Germany) with the excitation
and emission wavelengths of 485 nm and 525 nm. Additionally,
under the same excitation laser at 488 nm, JC-1 monome and
JC-1 aggregates were detected at the emission wavelengths of
530nm (green) and 590 nm (red), respectively. The operation
should be carried out at a dark environment.

2.6. Subcellular localization

ECA109 cells were plated at least 12h at a density of 5 x 10°
cells/ymL before incubation with HB, AuNRs, and HB-
AuNRs@cRGD (6.40 uM HB equiv.) for 24 h. Then, 0.5 mL DAPI
was added to stain nucleus. The samples were detected by
Leica TCS SP5 CLSM (Wetzlar, Germany) to evaluate subcellu-
lar localization of HB and cRGD-FITC. HB was monitored by
CLSM with the excitation and emission wavelengths of 506
and 663 nm, respectively. cRGD-FITC was monitored by CLSM
with the excitation and emission wavelengths of 494 and
518 nm, respectively. DAPI was monitored by CLSM with the
excitation and emission wavelengths of 340 and 488nm,
respectively. Flow cytometry fluorescence quantitative ana-
lysis was used to detect the cellular uptake of HB. The oper-
ation should be consisted in a dark environment.

2.7. In vitro phototoxicity studies

ECA109 cells were plated at least 12h at a density of 5 x 10°
cells/mL before incubation with HB, AuNRs, and HB-
AuNRs@cRGD at serial concentrations of 0, 0.80, 1.60, 3.20,
6.40, and 12.80 uM (HB equiv.) for 24h. After removing non-
internalized formulations, the cells were submitted to a 660 nm
NIR irradiations at a power density of 120 mW/cm? for 84s or
168's (light dose density of 10 or 20 J/cm?) or no laser condi-
tions, further incubated for 12h. The cytotoxicity was meas-
ured by CCK-8, calcein AM/PI co-staining, and Annexin V-FITC/
Pl staining assay. All the experiments were conducted in the
dark. The cell viability was calculated by using the formula:

_ ODtreatment *ODM

1
ODcontrol - ODM

x Dntr

2.8. Wound-healing assay

ECA109 cells were seeded and transiently transfected with
HB, AuNRs, and HB-AuNRs@cRGD (3.20uM HB equiv.) for
24 h. Then the cells were submitted to a 660 nm NIR irradi-
ation at the power density of 120 mW/cm? for 168s (light
dose density of 20 J/cm?) or no laser condition. When cells
reached approximately 100% confluency, use a 200 uL pip-
ette tip to form a linear wound on the confluent cell layer.
Next, the cells were washed twice by PBS, and the culture
was continued for 24 h. Then, wound healing was recorded
under the inverted microscope. The wound closure rate (%)
was calculated by using the formula (Sgn or So4n: the acreage
of the blank area between cells at 0 h or 24 h):

Saan
1 ——="-xhh
5 x hhr

Oh

2.9. Colony formation assay

ECA109 cells were seeded into 60 mm dishes at a density of
1x10° cells and incubated with HB, AuNRs, and HB-
AuNRs@cRGD (3.20 uM HB equiv.) for 24 h. The light irradi-
ation treatment was the same as above. Then, cells were fur-
ther cultured for 10 d. After being fixed, cell colonies were
subsequently stained with 0.5% crystal violet. Then, we used
the following formula to calculate the clone formation rate
(Sq: the amount of cell clones, Sy: the total amount of cells):

3 100%
So

2.10. Transwell assay

Tumor cell migration and invasion assay were carried out
using transwell chambers with 6.5 mm diameter polycarbon-
ate filters (8 um pore size) coated with 35puL Matrigel. The
ECA109 cell suspensions (1 x10°) in serum-free medium
were added to the upper well of transwell chambers, and at
the same time 500 uL of medium supplemented with 10%
FBS was added to the bottom chambers as a chemoattract-
ant. HB, AuNRs, and HB-AuNRs@cRGD (3.20uM HB equiv.)
were added to both upper and lower wells. The light irradi-
ation treatment was the same as above. Then, the plates
were further cultured for 24 h and the cells on the upper sur-
face of the filter were wiped with a cotton swab. Cells
migrating through the filters were fixed, stained with 0.5%
crystal violet, and counted under a light microscope.

2.11. In vivo phototoxicity studies

All procedures of animal study were approved by the
Institutional Animal Care and Use Committee of Xiamen
University. The subcutaneous esophageal cancer models
were established by injecting 100 mL of ECA109 cells suspen-
sion (1 x 107 cells/mL) into the right armpit of BALB/c female
nude mice (6-8 mice per group). Until the tumors volume
reached approximately 100-150mm?>, the mice were iv.
administrated with 200puL of free HB, AuNRs, and HB-
AuNRs@cRGD (1 mg-kg HB equiv.). For phototherapy studies,
660 nm NIR irradiations at the power density of 200 mW/cm?
for 500s (light dose density of 100 J/em?) or no laser



provided 12h after injection. After phototherapy, the tumor
size and body weights were measured every three days.
Tumor volume was calculated with the formula: V=AxB?x1/
2, where A is the longest axis and B is the perpendicular
shorter tumor axis. Mice were sacrificed by cervical disloca-
tion at day 15. Tumor tissues and major organs were
removed and then fixed in 4% formalin. H&E staining was
carried out to monitor the morphological feature of each tis-
sue. Moreover, blood samples of mice were collected for
serum chemistry (AST, ALT, CRE) and hematological parame-
ters analysis (n=3).

2.12. In vivo fluorescence imaging

For the laser-induced in vivo fluorescence imaging studies,
the tumor-bearing nude mice were injected with 200 uL of
free HB and HB-AuNRs@cRGD at the same concentration of
HB via the tail vein, respectively. The fluorescence imaging
was acquired an IVIS Lumina imaging system at different
time points. At 12 h post-injection, the mice were sacrificed
and the organs and tumor tissues were excised for fluores-
cence imaging and semi-quantitative analysis (n = 3).

2.13. In vivo infrared thermal imaging

For in vivo infrared thermal imaging studies, the tumor-bear-
ing nude mice were injected with 200 L of free PBS, free
HB, AuNRs, and HB-AuNRs@cRGD at the same concentration
of HB via the tail vein, respectively. A 660 nm laser irradiation
(light dose density of 100 J/cm?) was applied to the central
part of the tumor at 12 h post-injection. An IR camera (Ax5,
Beijing, China) was used to measure the temperature rise in
tumor tissues during the radiation process to record thermal
images in real time (n=3).

2.14. Statistical analysis

Statistical analyses were carried out using SPSS 24.0 software
(SPSS Inc., Chicago, IL), with Student’s t-test for two groups
or one-way ANOVA for multiple groups. All results were
expressed as ‘meanxSD’. Means were considered signifi-
cantly different when p<.05.

3. Results and discussion
3.1. Synthesis and characterization of HB-AuNRs@cRGD

The AuNRs could be successfully synthesized according to
the seed-mediated growth method. Due to the difference of
AgNO;3 concentration in the reaction system, the optical
properties of AuNRs are also different. By changing the con-
centration of AgNO3 (0.10 mL, 0.01 M), we adjusted the opti-
mal UV-vis absorption wavelength of AuNRs to 660nm,
which is consistent with that of HB (Figure 1(B,C)). Thus, a
single wavelength of 660 nm laser could be applied to simul-
taneously excite both HB and AuNRs to exert the effect of
PDT/PTT. In addition, according to HB concentration (C) and
UV-vis absorbance at 660 nm (OD), a standard curve of HB

DRUG DELIVERY 1773

concentration in ultrapure water (OD = 0.0285C + 3.66E-2)
was constructed with a linear correlation coefficient
(R?=0.9912) (Figure 1(D)). By measuring the UV-vis absorb-
ance of the supernatant at 660 nm, the unloaded HB concen-
tration could be calculated to obtain the loading efficiency
of HB. To obtain the optimal HB loading efficiency, we used
different mass ratios of HB and AuNRs (mHB/mAuNRs) to
prepare nanoprobes. As mHB/mAuNRs was increased, the HB
loading efficiency increased linearly. When mHB/mAuUNRs
was increased to 70%, the HB loading efficiency arrived at
about 22.6%. As mHB/mAuUNRs continued to increase, the HB
loading efficiency showed a slow increase and arrived a plat-
eau (Figure 1(E)). Therefore, we chose 70% HB loading effi-
ciency as the optimal formula ratio, aiming to reduce the HB
dosage to obtain the same or better PDT effect.

RGD had been employed extensively owing to their effi-
cient binding capacity to the avf3 integrin which was fre-
quently overexpressed on both intratumoral neovascular
endothelium and tumor cells (Danhier et al., 2012). In previ-
ous studies, Miller and Veale confirmed that overexpressed
avpB3 integrin was shown for each of the five human esopha-
geal cells maintained in vitro and in vivo environment (Miller
& Veale, 2001). Zheng et al. also found that avf3 integrin
was highly expressed in many tumors including osteosarco-
mas, melanomas, carcinomas of esophagus and more (Zheng
et al., 2014). Consistent with the above results, Tanaka et al.
indicated that the overexpression of avfp3 integrin was
exhibited in human esophageal carcinomas, which might
play an important role in esophageal tumor invasion (Tanaka
et al., 2000). Moreover, Fan et al. verified that the tumor tis-
sues in esophageal cancer patients also presented increased
expression of integrin avf3 in both vasculature and cancer
cells like other solid tumors (Fan et al., 2018). Therefore, it
was an objective fact that esophageal cancer exhibited
enhanced expression of integrin avf3. Meanwhile, RGD pre-
sented superior affinity to the overexpressed avp3 integrin
subunits and effective internalization into esophageal cancer
cells for increased tumor homing and cellular uptake
(Ruoslahti et al., 2010; Hamzah et al., 2011; Fan et al., 2018).
In addition, cyclic peptides could withstand proteolysis and
possess more adhesion sites and stronger binding affinity to
integrin receptors (Wang et al, 2013ab; Gajbhiye et al,
2019). In view of the above excellent properties of cRGD and
its high binding affinity with avp3 integrin, we chose this
peptide moiety to coat on HB-AuNRs (termed as HB-
AuNRs@cRGD) to improve their esophageal tumor target-
ing capability.

The UV-vis spectra of HB, AuNRs, and HB-AuNRs@cRGD
was compared (Figure 2(A)). The characteristic peaks of HB
and AuNRs were both at 660 nm, and the payload of HB con-
tributed to the broaden absorption of near-infrared range
around 660nm due to the increased thickness of AuNRs
outer shells. Moreover, FITC fluorescent probe was modified
in the N terminal of cRGD, in order to identify cRGD. The
fluorescence characteristic peaks of FITC in cRGD were
observed between 490 nm and 500 nm suggesting successful
payload of cRGD. Meanwhile, the fluorescent signal and
appearance of HB also changed after being absorbed on the
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Figure 2. Characterization of HB-AuNRs@cRGD. (A) UV-vis spectra, (B) fluorescence emission spectra, (C) photographs, (D) surface charges (zeta-potential), and (E)

size distribution of HB, AuNRs, and HB-AuNRs@cRGD.

surface of AuNRs (Figure 2(B,C)). As shown in Figure 2(D),
AuNRs showed a positive surface charge (48.20+5.50 mV)
due to the presence of cationic surfactant CTAB. After surface
functionalization with HS-PEG-NH, and HB, HB-AuNRs exhib-
ited a positive charge (75.66 £6.20 mV). When cRGD was fur-
ther grafted with HB-AuNRs, the surface charge of HB-
AuNRs@cRGD changed from positive to negative
(-61.60£4.31 mV), indicating the grafting of cRGD on the
surface of AuNRs. As shown in Figure 3(A), compared with
the  AuNRs (37.11£2.57nm), the HB-AuNRs@cRGD
(42.73 £0.51 nm) exhibited an obvious core-shell structure,
and the shell thickness on the AuNRs was approximately
5.62+2.61nm. Moreover, the hydrodynamic size of HB-
AuNRs@cRGD increased from 32.75£0.21 nm to
68.50+£1.98 nm after sequential grafting of HB and cRGD
onto the surface of AuNRs (Figure 2(E)) which was well-con-
sistent with the AFM observations (Figure 3(B)). All above
results verified the successful synthesis of HB-AUNRs@cRGD.

3.2. In vitro PTT and PDT efficacy evaluation

To verify the photothermal conversion ability of HB-
AuNRs@cRGD, the HB-AuNRs@cRGD was irradiated upon a
660 nm laser at a power density of 300 mW/cm? for different
time periods. As shown in Figure 4(A-D)), HB-AuNRs@cRGD
exhibited excellent photothermal conversion ability with a
faster rate of temperature increase than AuNRs, which was
attributed to the additive light absorption of HB loaded on
AuNRs and the synergy between photothermal conversion
ability of HB and AuNRs. To further confirm the 'O, gener-
ation capability of HB-AuUNRs@cRGD, DPBF was used as an 'O,
trapping reagent to quench its intrinsic absorbance via form-
ing DPBF-endoperoxide complex after laser irradiation. A sig-
nificant decrease of absorbance at the characteristic peak of
DPBF at 415 nm was observed within 5min, indicating the 'O,
generation ability of HB-AuNRs@cRGD exposure to 660 nm
laser irradiation (Figure 4(E,F)). Moreover, as shown in Figure
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Figure 3. TEM and AFM images of HB-AuNRs@cRGD. (A) TEM and (B) AFM images of AuNRs and HB-AuNRs@cRGD.

4(G), AuNRs (without PEGylated) showed poor dispersity in
PBS and DMEM, whereas AuNRs and HB-AuNRs@cRGD exhib-
ited good dispersity and kept for 120 h. The result was likely
due to the surface functionalization of PEG.

3.3. In vitro cytotoxicity evaluation

The phototherapeutic activity of AuNRs, HB, and HB-
AuNRs@cRGD on ECA109 cells was evaluated by CCK-8 assay.
First, ECA109 cells were incubated with AuNRs, HB, and HB-
AuNRs@cRGD in the dark condition for 24 h. No obvious dark
toxicity was found in ECA109 cells (Figure 5(A)), which dem-
onstrated that all formulations exhibited biocompatibility in
a certain concentration range. Upon the laser irradiation con-
dition (660 nm, 120 mW/cm?, 1685), all formulations showed
a concentration-dependent phototoxicity. Moreover, the cell
viability of ECA109 cells incubated with HB-AuNRs@cRGD
nanoprobes was significantly lower than that of free AuNRs

and HB (Figure 5(B)). The remarkably increased phototoxicity
of HB-AuNRs@cRGD could be explained by the fact that the
production of both ROS and hyperthermia caused by the
combined PDT and PTT triggered much more damage to
cancer cells.

Next, both confocal microscopy imaging by calcein AM/PI
co-staining (living/dead cell staining) and flow cytometry by
Annexin V-FITC/PI staining were used to evaluate the death/
apoptosis of cancer cells. ECA109 cells were incubated with
AuNRs, HB, and HB-AuNRs@cRGD for 24 h, respectively, with
or without laser radiation treatment. Upon laser irradiation
conditions, the death/apoptosis ratios of cancer cells in HB-
AuNRs@cRGD group were significantly stronger than the
other groups (Figure 5(C-E)). The results of living/dead cell
staining and Annexin V-FITC/PI staining were consistent with
the CCK-8 result, indicating that HB-AuNRs@cRGD nanop-
robes could be used as a promising phototherapeutic agent
with powerful phototoxic potential.
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Figure 4. In vitro efficacy evaluation. (A-D) Photothermal performance of HB-AuNRs@cRGD. (A) Infrared thermographic images and (B) temperature change curves
of different formulations exposure to 660 nm laser irradiation. (C) Infrared thermographic images and (D) temperature change curves of HB-AuNRs@cRGD at differ-
ent concentrations exposure to 660 nm laser irradiation. (E, F) Time dependent (E) UV-vis spectra of mixture of HB-AuNRs@cRGD and DPBF, and (F) SO generation
of HB-AuNRs@cRGD exposure to 660 nm laser irradiation. (G) Photographs of different formulations in PBS and DMEM.

3.4. In vitro ROS generation

To evaluate the ROS generation ability of AuNRs, HB, and

probe was used to monitor the generation of ROS. DCFH-DA
could be hydrolyzed by intracellular esterase to produce

HB-AuNRs@cRGD upon 660 nm laser irradiation, DCFH-DA DCFH, which could be rapidly oxidized by intracellular ROS
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to produce the highly fluorescent DCF (green fluorescence).
As shown in Figure 6(A), the green fluorescence of DCF was
observed inside ECA109 cells incubated with HB and HB-
AuNRs@cRGD after laser irradiation. Moreover, the generation
efficiency of ROS in ECA109 cells incubated with HB-
AuNRs@cRGD was significantly higher than that of free HB

groups. The phenomenon indicated that the HB-
AuNRs@cRGD could enhance the yield of intracellular ROS.

In addition, intracellular ROS often lead to mitochondrial
membrane permeabilization and depolarization. Generally,
the dissipation of mitochondrial membrane potential was
observed in PDT-induced apoptosis (Chauhan et al.,, 2018).
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Figure 6. In vitro ROS generation, cellular uptake, and subcellular localization of ECA109 cells. (A) CLSM images of ECA109 cells incubated with different formula-
tions using DCFH-DA under 660 nm laser irradiation for ROS generation. (B) CLSM images of ECA109 cells incubated with different formulations using JC-1 under
660 nm laser irradiation for mitochondrial membrane potential detection. (C) CLSM images of ECA109 cells incubated with PBS, HB, HB-AuNRs, and HB-
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HB equiv.) for 24 h. (E) Subcellular localization of ECA109 cells incubated with HB-AuNRs@cRGD by CLSM observation.

To evaluate the alteration in mitochondrial membrane poten-
tial, JC-1 staining assay was carried out. JC-1 could accumu-
late in the mitochondrial matrix to form JC-1aggregates (red
fluorescence). However, when ROS induced mitochondrial
membrane depolarization, JC-1 could be not assembled in
the mitochondrial matrix and kept the form of JC-1 mono-
mers (green fluorescence). Therefore, the decrease in the
ratio of red (JC-1 aggregate)/green (JC-1 monomer) fluores-
cence intensity could reflect the mitochondria depolarization
and indirectly reflect the generation of ROS. As shown in
Figure 6(B), the mitochondrial depolarization of HB-
AuNRs@cRGD after laser irradiation was significantly higher
than that of HB. These results indicated that HB-
AuNRs@cRGD after laser irradiation could produce more ROS,
which in turn lead to strong PDT-induced apoptosis.

3.5. In vitro cellular uptake

To investigate the cellular uptake of photosensitizer (HB),
confocal microscopy imaging was first applied to observe
the internalization of esophageal cancer cell lines ECA-109
cells on all formulations. The green, red, and blue fluores-
cence signals respectively represented cRGD-FITC, HB, and
DAPI. ECA109 cells were incubated with AuNRs, HB, and HB-
AuNRs@cRGD in the dark condition for 24h. As shown in
Figure 6(C), the HB-AuNRs@cRGD nanoprobes-treated
ECA109 cells showed obviously stronger red fluorescence sig-
nals compared to that of free HB and HB-AuNRs, which was
well consistent with the results of mean fluorescence inten-
sity of HB (Figure 6(D)). Moreover, as shown in Figure 6(E),

the different distribution of red fluorescence signals (HB was
distributed in the cytoplasm) and green fluorescence signals
(cRGD was distributed onto the membrane) indicated the
intracellular release of HB photosensitizer from nanoprobes,
which would be benefit for the activated PDT. Both the con-
focal microscopy imaging results indicated that HB-
AuNRs@cRGD nanoprobes could remarkably improve the cel-
lular uptake of photosensitizers by integrin avp3 receptor-
mediated targeting by cRGD.

3.6. In vitro cell biological behavior evaluation

To assess the effect of nanoprobes on clonogenic ability of
ECA109 cells, the colony formation assay was performed. The
results showed that HB-AuNRs@cRGD with laser irradiation treat-
ment reduced the rate of colony formation by 8.77 £ 3.50%,
which was obviously lower than HB (18.62 + 1.26%) and AuNRs
(22.73 +2.04%) groups (Figure 7(A,D)). In addition, the wound-
healing assay was performed to investigate the role of nanop-
robes on cancer cell migration ability of ECA109 cells. As shown
in Figure 7(B,E), HB-AuNRs@cRGD with laser radiation treatment
showed a more significant tendency to decrease cancer cells
migration in ECA109 cells compared with the other groups.
Similarly, the transwell invasion assays illustrated that HB-
AuNRs@cRGD dramatically impeded the migration and invasive
ability of ECA109 cells after laser irradiation compared with the
other groups (Figure 7(C,F)). Notably, it could be seen that cRGD
was mainly distributed on the surface of ECA-109 cancer cells
(Figure 6(E)), which was due to its specific binding to integrin
avB3 receptors on the surface esophageal cancer cells, thereby
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inhibiting tumor cells adhesion and migration. These above
results demonstrated HB-AuNRs@cRGD nanoprobes could hin-
der proliferation, migration, and invasion of ECA109 cells associ-

ated with the synergistic PDT/PTT.

3.7. The bio-distribution of HB-AuNRs@cRGD

Then, we carried out the fluorescence imaging to investigate
the bio-distribution of free HB and HB-AuNRs@cRGD nanop-

robes in ECA109 tumor-bearing BALB/c mice. As shown in
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Figure 8(A), the considerable HB fluorescence was observed
in the tumor areas after 12h post-injection of HB-
AuNRs@cRGD. Moreover, the HB fluorescence located at the
tumor sites of HB-AuNRs@cRGD-injected groups was signifi-
cantly stronger than that of free HB-injected groups. The
results implied that the tumor accumulation capacity of
HB-AuNRs@cRGD was stronger than that of free HB. In add-
ition, the fluorescence signals in the tumor areas of HB-
AuNRs@cRGD-injected groups could continue for 36 h, indi-
cating HB-AuNRs@cRGD nanoprobes possessed tumor reten-
tion effect. Next, the tumor and major organ tissues of
tumor-bearing mice at 12h post-injection were separately
isolated for ex vivo fluorescence imaging and semi-quantita-
tive analysis of biodistribution. As shown in Figure 8(B,C), the
fluorescence signal in the tumor of HB-AuNRs@cRGD-injected
group was significantly higher compared with that of free
HB-injected group. However, the fluorescence signals in
major organ tissues of HB-AuNRs@cRGD-injected group was
significantly lower than those of free HB-injected group,
especially in liver tissues. These results were well in accord-
ance with the infrared thermal imaging result (discussed
below), confirming that the HB-AuNRs@cRGD nanoprobes
could preferentially accumulate in the tumor areas with
long-term retention through both EPR and active binding.

3.8. In vivo infrared thermal imaging

To investigate the PTT effect of HB-AuNRs@cRGD nanoprobes
in vivo, ECA109 tumor-bearing BALA/c mice were used for
infrared thermal imaging and monitored at different time
after intravenous injection. As shown in Figure 9(A,B), the
tumor temperature of AuNRs-treated mice rose up to
approximately 50.4°C within 500s, while that of HB-
AuNRs@cRGD-treated group increased to approximately
59.7 °C. In contrast, PBS and free HB-treated groups exhibited
slight temperature increase in the tumor areas under the
same irradiation condition. The results indicated that HB-
AuNRs@cRGD could effectively accumulate at the tumor sites,
and produced hyperthermia to kill the cancer cells after laser
irradiation. Moreover, the significantly improved enrichment
of HB-AuNRs@cRGD at the tumor sites contributed to the
significantly stronger PTT performance compared with
free AuNRs.

3.9. In vivo anti-tumor effect investigation

The anti-tumor effects of free HB, AuNRs, and HB-
AuNRs@cRGD without/with different laser irradiation (660 nm,
200 mW/cm?, 500's) were performed to investigate the tumor
growth inhibition effect. The digital photographs of mice
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and tumor tissues of each group were recorded at the 15th
day during the treatment (Figure 9(C,D)). The volume of
tumors was measured every three days, and then the tumor
volume was plotted as a function of time (Figure 9(E)). For
PBS (control group), HB, AuNRs, and HB-AuNRs@cRGD with-
out laser irradiation, the tumors grew rapidly. The similar
phenomenon was observed in PBS with laser irradiation,
which illustrated that the photosensitizer or laser irradiation
alone could not inhibit tumors growth. Remarkably, the
enhanced tumor therapeutic effect was observed in the HB-
AuNRs@cRGD group with laser irradiation, which was signifi-
cantly stronger than the HB and AuNRs with laser irradiation.
Moreover, H&E stains of tumor sections were collected from
PBS and HB-AuNRs@cRGD with/without laser irradiation on
15 days post-treatment. As shown in Figure 10(A), the

significant tumor cell damage with nuclear membrane frag-
mentation (karyorrhexis) and nuclei shrinkage with pyknosis
(the irreversible condensation of chromatin) was observed
from tumor tissues in HB-AuNRs@cRGD group with laser
irradiation, which could lead to intensive necrosis or apop-
tosis. Nevertheless, the tumor cells in PBS group exhibited a
tightly arranged structure and vigorous proliferation. These
results suggested that HB-AuNRs@cRGD under 660 nm laser
irradiation exhibited excellent anti-tumor effects on tumors.

3.10. The biosafety evaluation of HB-AuNRs@cRGD

To gain insight into the biosafety of HB-AuUNRs@cRGD nanop-
robes, major organs were collected from PBS and HB-
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AuNRs@cRGD with/without laser irradiation on 15 days post-
treatment for HE staining analysis (Figure 10(A)). The major
organ tissues in each group exhibited normal cells tightly
arranged with intact shape, indicating no significant acute
toxicity of formulation or laser irradiation. Next, blood sam-
ples of mice on 15 days post-treatment were collected for
serum chemistry and blood cell analysis. No obvious abnor-
mality in the main serum enzyme content, creatinine and
blood «cell counts was observed in Figure 10(B,C).
Furthermore, no obvious fluctuation in mice body weight
was found in all groups (Figure 9(F)). These results indicated
that HB-AuNRs@cRGD nanoprobes exhibited ideal biosafety
and potentiality for clinical transformation.

3.11. The advantages of HB-AuNRs@cRGD

In previous studies, some AuNRs-based nanoprobes were
applied to PTT/PDT of cancer. Zhang et al. reported a 4-car-
boxyphenyl porphyrin-conjugated silica coated AuNR
(AUNR@SiIO2-TCPP) with almost 180 nm diameter for PTT/PDT
of lung cancer, which needed to be activated by 660 nm and
808 nm lasers. In vitro, the A549 cell inhibition rate was less
than 80% (Zhang et al., 2019). Liu et al. constructed a pegy-
lated mesoporous SiO2 coated AuNRs for entrapping

photosensitizer Ce6 and d-CPP (Ce6-AuNR@SiO2d-CPP) with
almost 170nm diameter. Ce6-AuNR@SiO2d-CPP could be
used for PTT/PDT of breast cancer with 650 nm and 808 nm
lasers irradiation (Liu et al., 2018a). Wang et al. synthesized a
AuNR conjugated with rose bengal (RB-GNRs), exhibiting
PDT/PTT synergistic effects against oral cancer when illumi-
nated by 532nm and 810nm lasers. However, RB-GNRs
might present stronger dark toxicity as the concentration
enhanced (Wang et al., 2014).

In this study, we constructed a novel therapeutic nanop-
robe for PDT/PTT of esophageal cancer composed of HB and
AuNRs, further grafted with tumor-targeting peptide cRGD
(HB-AuNRs@cRGD). Compared with other AuNRs-based
nanoprobes, HB-AUNRs@cRGD possessed smaller size (almost
70 nm diameter) and better biocompatibility with more con-
cise synthesis process. In addition, our previous study first
reported that a new type of second-generation photosensi-
tizer HB was a monomer with clearer chemical structure and
higher purity (>99%) compared with other clinical photosen-
sitizers. Moreover, the absorption coefficient of HB at the
optimal UV-vis absorption wavelength (660nm) was signifi-
cantly improved (£>10* M~ cm™") , thereby further raising
the tissue infiltration depth of laser (Liu et al., 2020). In par-
ticular, our nanoprobes exhibited stronger phototoxicity



(almost 95% of cell inhibition rate) with lower biotoxicity,
due to the advanced physiochemical characteristics, superior
photodynamic efficacy, and high biosafety of HB. Benefited
from the EPR effect and active binding of cRGD, HB-
AuNRs@cRGD presented an increased tumor homing and cel-
lular uptake with 2.0-fold absorption property vs. free HB.
Different from the traditional combination of PDT and PTT
activated by two separate lasers, HB-AuNRs@cRGD nanop-
robes would simultaneously produce ROS and hyperthermia
excited by a single 660nm NIR laser, thereby synergistically
improving antitumor efficiency and effectively inhibiting
tumor growth (almost 80% of tumor inhibition rate) without
obvious acute side effects. This promising strategy for single
NIR laser-induced and imaging-guided targeted combination
phototherapy avoided the prolongation of treatment time
and the complication of therapeutic process, presenting
enormous potential for clinical application of esophageal
cancer therapy.

4, Conclusions

We had developed a self-imaging and tumor-targeting nano-
drug to significantly improve the PDT/PTT effect. By chemically
coupling HB and cRGD to PEG-functionalized AuNRs via an
amide bond (-NH=CO-), PDT and PTT were integrated into
one therapeutic system (HB-AuNRs@cRGD). The PEG modified
on HB-AuNRs@cRGD could prolong the blood half-life, and the
loaded cRGD could improve the tumor-targeting ability. Under
a single 660 nm laser irradiation, the HB-AuNRs@cRGD could
preferentially accumulate in the tumor areas and achieve a
powerful killing effect on ECA109 cells by simultaneously pro-
ducing both significant ROS and hyperthermia. In addition, the
HB-AuNRs@cRGD exhibited excellent phototherapeutic efficacy
in the subcutaneous esophageal cancer models, the tumor
growth was significantly inhibited. Our tumor-targeting photo-
therapeutic nanodrugs showed a potential prospect in single
NIR laser-induced PDT/PTT under the guidance of fluorescence
imaging. We believed that HB-AuNRs@cRGD might be promis-
ing as a effective tumor theranostic platform.
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