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The combination of photothermal therapy (PTT) and photodynamic therapy (PDT) has emerged as a promising
strategy for cancer treatment. However, the poor photostability and photothermal conversion efficiency (PCE) of
organic small-molecule photosensitizers, and the intracellular glutathione (GSH)-mediated singlet oxygen
scavenging largely decline the antitumor efficacy of PTT and PDT. Herein, a versatile nanophotosensitizer (NPS)
system is developed by ingenious incorporation of indocyanine green (ICG) into the PEGylated chitosan (PEG-
CS)-coated polydopamine (PDA) nanoparticles via multiple n-n stacking, hydrophobic and electrostatic in-
teractions. The PEG-CS-covered NPS showed prominent colloidal and photothermal stability as well as high PCE
(ca 62.8 %). Meanwhile, the Michael addition between NPS and GSH can consume GSH, thus reducing the GSH-
induced singlet oxygen scavenging. After being internalized by CT26 cells, the NPS under near-infrared laser
irradiation produced massive singlet oxygen with the aid of thermo-enhanced intracellular GSH depletion to
elicit mitochondrial damage and lipid peroxide formation, thus leading to ferroptosis and apoptosis. Importantly,
the combined PTT and PDT delivered by NPS effectively inhibited CT26 tumor growth in vivo by light-activated
intense hyperthermia and redox homeostasis disturbance. Overall, this work presents a new tactic of boosting
antitumor potency of ICG-mediated phototherapy by PEG-CS-covered NPS.

1. Introduction

Near-infrared (NIR)-triggered phototherapy based on the use of NIR
light in combination with photosensitizers (PS) has emerged as a
promising strategy for cancer treatment due to its capability for selective
damage of tumor sites with minimal adverse effects [1-10]. Photody-
namic therapy (PDT) and photothermal therapy (PTT) are highly po-
tential therapeutic methods in phototherapy and have displayed great
potential as minimally invasive techniques for clinical cancer treatment
[1-10]. In the PDT-mediated treatment process, the utilized small-
molecule PS exposed to NIR laser irradiation can transform surround-
ing molecular oxygen (Oy) into toxic reactive oxygen species (ROS) such

as singlet oxygen (10,), thus eliciting the apoptosis of cancer cells
[5,8,9]. Unfortunately, in addition to the tumor hypoxia (below 2 % O3)
highly resistant to PDT, glutathione (GSH), a key intracellular antioxi-
dant, overexpressed with several-fold higher concentration (up to 10
mM) in cancer cells than that in normal cells, can largely scavenge ROS,
thus lowering the anticancer potency of PDT [11,12]. Distinct from PDT,
PTT utilizes heat generated from the NIR-induced energy conversion of a
photothermal agent to directly ablate cancer cells [5,13,14]. However,
PTT usually cannot completely inhibit tumor growth due to non-uniform
heat transfer and distribution within the tumor, thus leading to tumor
recurrence [15,16]. Recently, to conquer the limitations associated with
a single phototherapy modality, considerable efforts to combine PDT
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Scheme 1. Illustration of (a) fabrication of ICG@PEG-CS/PDA NPS and (b) their antitumor mechanisms via PTT/PDT-mediated manner combined with ferroptosis.

with PTT have accomplished significantly enhanced therapeutic efficacy
[1-10]. Several studies demonstrate that the adequate local hyperther-
mia provided by PTT promotes intratumoral blood flow and oxygena-
tion, being beneficial for PDT, while PDT-mediated ROS sensitize cancer
cells to the hyperthermia produced by PTT [5,7,15].

In the past decade, to achieve effective tumor-targeted delivery of
the combined PTT and PDT for augmented therapeutic outcomes,
various nanoparticles including liposomes [17], silica nanoparticles
[18], polymeric micelles and nanoparticles [19-21] have been devel-
oped as vehicles of small-molecule PS. For example, as reported by
Zhang’s group [22], the PpIX (PS for PDT) and IR-820 (PS for PTT) were
encapsulated into liposomes to attain PpIX-IR-820@liposomes. Under
irradiation of 793 and 450 nm lasers, the PpIX-IR820@liposomes
showed a PDT/PTT synergistic anticancer effect on HeLa cells, human
cervical cancer cells. Guo et al. developed mitochondria-targeted ther-
anosomes capable of carrying both chlorin e6 (Ce6, PS for PDT) and
IR780 (PS for PTT and NIR imaging agent) to realize enhanced PDT and
PTT efficacy under sequential 808 and 660 nm laser irradiation [23].
Furthermore, to effectively boost the therapeutic outcomes of combined
PDT and PTT, the tumor acidity-responsive lipid membrane-enclosed
perfluorooctyl bromide (PFOB) oil droplet nanoparticle surface modi-
fied with N-acetyl histidine-modified D-a-tocopheryl polyethylene gly-
col 1000 succinate (PFOB@IMHNPs) were fabricated, capable of co-
delivering oxygen, mTHPC (PS for PDT) and IR780 (PS for PTT) into
tumors [16]. Notably, with NIR irradiation at 808 and 660 nm, the
combination of PDT and PTT utilizing PFOB@IMHNPs prominently
suppressed the growth of TRAMP-C1 tumors through effective tumor-
targeted cargo delivery and relief of tumor hypoxia. However, in the
above studies, the combination of PTT and PDT involved the co-delivery
of two different PS and use of two different lasers, thereby being not
favorable to clinical application. Therefore, the design of a facile PS-
carrying nanoplatform coupled with usage of single laser is important
for the PTT/PDT-mediated clinical cancer treatment.

Indocyanine green (ICG) composed of two hydrophobic polycyclic
parts and sulfonate groups is an amphiphilic and non-toxic compound
[24]. As the NIR fluorescent dye, ICG has been approved by the United
States (US) Food and Drug Administration (FDA) to detect liver malig-
nancy or vascularization in clinical operation [24,25]. Additionally, so
far ICG utilized as a small-molecule PS has been demonstrated to
generate singlet oxygen and hyperthermia under single NIR irradiation,
thus disrupting solid tumor via the combination of PDT and PTT
[25,26]. However, ICG applications in cancer treatment has been
limited due to lack of specific tumor targeting, fast body clearance (2-4
min) in vivo, self-aggregation under physiological conditions and poor
photothermal stability [24,25].

To achieve the single laser-triggered ICG-mediated PTT and PDT,
various polymeric nanoparticles-based ICG delivery systems have been
created [27-30]. Among them, the bioinspired poly(dopamine) (PDA)
nanoparticles have attracted considerable attention owing to the
prominent biocompatibility, satisfied PCE and effective integration with
diverse therapeutic agents [31-38]. Furthermore, it has been demon-
strated that PDA nanoparticles can consume intracellular GSH upon
Michael addition or Schiff reaction [39-41]. Despite some strategies of
using hydrophilic poly(ethylene glycol) (PEG) or linear hyaluronate
(HA) to decorate the surfaces of ICG-carrying PDA nanoparticles for
improved colloidal stability and ICG-mediated cancer phototherapy
[20,21,42-44], all these nanoparticles only displayed limited PCE
(25-48 %) because the additional surface coating was not able to further
enhance their PCE. Furthermore, the studies mentioned above
[20,21,42-44] did not explore the impact of intracellular PDA-mediated
GSH depletion on the accumulation of singlet oxygen and the formation
of lipid peroxides (LPO). Actually, the effectiveness of ICG-based pho-
totherapy was limited because of its low PCE and photothermal stability,
as well as the scavenging of singlet oxygen by intracellular GSH. To
address these issues, herein, the graft-type PEGylated chitosan (PEG-CS)
conjugates were synthesized upon Schiff base reaction between chitosan
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Fig. 1. (a) Synthetic pathway and chemical structure of PEG-CS conjugates. (b) "H NMR spectra of chitosan, mPEG-CHO and PEG-CS in D,0.

and methoxy PEG benzaldehyde (mPEG-CHO), and utilized as a key
coating material of nanophotosensitizers (NPS). Chitosan, a cationic
polysaccharide produced from deacetylation of natural chitin, has been
extensively utilized in the surface modification of various nanoparticles
owing to its biocompatibility, biodegradability and pH-responsive
properties [45,46]. Through simple co-deposition of dopamine mole-
cules and PEG-CS conjugates in basic aqueous solution, the PEG-CS/PDA
nanoparticles were attained as ICG vehicles (Scheme 1a). Next, a ver-
satile NPS system was fabricated by ingenious incorporation of ICG into
PEG-CS/PDA nanoparticles via multiple n-n stacking, hydrophobic and
electrostatic interaction. Note that the PEG-CS conjugates coated on the
surfaces of NPS remarkably promoted their PCE (ca 62.8 %), colloidal
and photothermal stability. Also, the PEG-CS-coated NPS exhibited
outstanding singlet oxygen-generating and PDA-mediated GSH-
consuming capability, and sustained ICG release. After being internal-
ized by CT26 cells, mouse colon adenocarcinoma cell line, these NPS
under single 808 nm NIR laser irradiation produced massive singlet
oxygen with the aid of hyperthermia-enhanced intracellular GSH con-
sumption via PDA-mediated Michael reaction, thus promoting mito-
chondrial damage and LPO formation to provoke apoptosis and
ferroptosis (Scheme 1b). The in vivo antitumor efficacy studies showed
that these PEG-CS-decorated NPS potently inhibited CT26 tumor growth
upon NIR-elicited hyperthermia and singlet oxygen generation without
severe systemic toxicity. To the best of our knowledge, rare studies on
the surface modification of ICG-carrying PDA nanoparticles with PEG-
CS conjugates and their cancer treatment via PTT/PDT-mediated
manner combined with ferroptosis were reported. Therefore, based on
our findings, the PEG-CS-covered NPS show promising potential in the
clinical cancer treatment of ICG-mediated phototherapy.

2. Experimental section
2.1. Materials
Dopamine-hydrochloride (DA) was acquired from Alfa Aesar (USA).

Tris(hydroxymethyl) aminomethane (99 % for biochemistry) were
supplied by Acros Organics (USA). ICG was purchased from Chem-Impex

International (USA). Chitosan oligosaccharide (MW 5.0 kDa, 81 % de-
gree of deacetylation) was obtained from Glentham Life Science Ltd.
(UK). Methoxy PEG (mPEG) (MW 5.0 kDa), 3-(4,5-Dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT), GSH, 2,7’-Dichlorodihy-
drofluorescein diacetate (DCFH-DA), RPMI-1640 medium, 1,3-dipheny-
lisobenzofuran (DPBF) and D0 (99.9 atom % D) were purchased from
Sigma-Aldrich (USA). 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) was
purchased from Fluorochem (UK). Fetal bovine serum (FBS) was ob-
tained from Hyclone (USA). Hoechst 33342 was purchased from Invi-
trogen. JC-1 assay kit was purchased from MedChemExpress (USA).
BODIPY ™ 581/591 C11 was obtained from Thermo Fisher Scientific
(USA). Anti-Ki67 antibodies (no. ab15580) and Anti-Glutathione
peroxidase 4 (GPX4) antibodies (no. ab125066) were obtained Abcam.
Deionized water was produced from Milli-Q Synthesis (18 MQ, Milli-
pore). All other chemicals were reagent grade and used as received.
CT26 cells (murine colon adenocarcinoma cell line) and 4 T1 cells
(murine breast cancer cell line) were acquired from Food Industry
Research and Development Institute (Hsinchu City, Taiwan).

2.2. Synthesis and characterization of PEG-CS conjugates

PEG-CHO employed in this study was synthesized according to our
previous report [46,47]. The detailed synthetic route of PEG-CS conju-
gates is presented in Fig. la. Chitosan (200 mg) and mPEG-CHO (120
mg) were dissolved in anhydrous DMSO (5.0 mL) and the reaction was
carried out under stirring at room temperature for 24 h, followed by
dialysis (Cellu Sep MWCO 6000-8000) against pH 8.0 phosphate buffer
to eliminate unreacted mPEG-CHO and chitosan. The final product was
collected by freeze drying and characterized by FT-IR (HORIBA FT-720)
and 'H NMR (Agilent DD2 600 MHz NMR spectrometer).

2.3. Preparation of ICG@PEG-CS/PDA NPS

PEG-CS conjugates (1.4 fold with respect to weight of DA residues in
feed) dissolved in 0.2 M Tris buffer was added into DA-containing co-
solvent (3.5 mg/mL) comprising ethanol and deionized water of 4:3 (v/
v). The polymerization reaction of DA was performed in dark at room
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temperature for 24 h to attain hybrid PEG-CS/PDA nanoparticles. Af-
terward, the hybrid nanoparticle solution was dialyzed (Cellu Sep
MWCO 12000-14,000) against pH 8.0 phosphate buffer at 4 °C to
remove unreacted DA, PEG-CS and ethanol. For comparisons, the PDA
nanoparticles were prepared in a similar manner. The ICG@PEG-CS/
PDA NPS were prepared as follows: ICG dissolved in DMSO (4.0 mg/
mL, 0.1 mL) was added dropwise into pH 8.0 phosphate buffer con-
taining PEG-CS/PDA nanoparticles (4.2 mg/mL, 1.9 mL) under stirring.
The obtained solution was then stirred in dark at room temperature for
24 h, followed by dialysis (Cellu Sep MWCO 12000-14,000) with pH 8.0
phosphate buffer at 4 °C to remove unloaded ICG molecules and DMSO.

2.4. Characterization of PDA-based nanoparticles

The absorption spectra of DA molecules, PDA nanoparticles, PEG-
CS/PDA nanoparticles, free ICG molecules, ICG@PEG-CS/PDA NPS
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by UV/Vis spectrophotometer (U-2900, Hitachi). The calibration curve
utilized for ICG loading assessment was established by absorbance of
ICG with various concentrations in DMSO. The ICG loading efficiency
(LE) and loading content (LC) were calculated by the following
formulas:

LE (%) = (weight of loaded ICG/weight of ICG in feed) x 100%.

LC (%) = (weight of loaded ICG/total weight of ICG — carrying NPS) x 100%.

To explore the aqueous photo-stability of ICG, the characteristic ICG
absorbance of free ICG molecules and ICG@PEG-CS/PDA NPS (ICG
concentration = 23 pM) in pH 7.4 PBS at 37 °C was determined over
time by UV/Vis spectrophotometer (U-2900, Hitachi). The ICG absor-
bance measured at different time intervals was normalized by the
following formula.

Normalized absorbance (%) = (ICG absorbance at the predetermined time points/initial ICG absorbance) x 100%.

and ICG@PDA NPS in pH 7.4 phosphate buffered saline (PBS) were
obtained using a UV/Vis spectrophotometer (U2900, Hitachi, Japan). X-
ray photoelectron spectroscopy (XPS) analysis of PDA nanoparticles,
PEG-CS conjugates and PEG-CS/PDA nanoparticles was conducted by a
PHI 5000 VersaProbe III X-ray photoelectron spectrometer (ULVAC-PHI,
Japan) with AlKa radiation (hy = 1486.6 eV) at 15 kV and 150 W.
Thermogravimetric analysis (TGA) was performed with Exstar TG/DTA
6200 (SEIKO INSTRUMENTS Inc.) in a Ny atmosphere by heating the
sample to 900 °C at the rate of 10 °C/min. The particle size and size
distribution of various PDA-based nanoparticles in aqueous solutions of
different pH values were determined by dynamic light scattering (DLS)
using a Brookhaven BI-200SM goniometer equipped with a BI-9000 AT
digital correlator using a solid-state laser (35 mW, A = 637 nm) detected
at a scattering angle of 90°. At least triplicate measurements of each
sample were conducted and then averaged. To further explore the
morphology of PEG-CS/PDA nanoparticles and ICG@PEG-CS/PDA NPS
in aqueous solutions at pH 7.4 and 5.0, respectively, in addition to the
angular dependence of the autocorrelation functions, the ratio of the
root-mean-square radius of gyration (Rg) to the mean hydrodynamic
radius (Ry) of these nanoparticles was obtained by angular dependent
dynamic and static light scattering (DLS/SLS) measurements using the
aforementioned instrument. The R; of PEG-CS/PDA nanoparticles and
ICG@PEG-CS/PDA NPS was quantitatively determined using Berry plot
of the scattering intensity (Ie/2) versus the square of the scattering
vector (q?) from the angle-dependent measurements of the light scat-
tering intensity. The zeta potential of PDA nanoparticles and PEG-CS/
PDA nanoparticles with or without ICG payloads in aqueous solutions
at different pH was measured with a Litesizer 500 (Anton Paar, USA).
The morphology of PEG-CS/PDA nanoparticles with or without ICG
payloads was acquired by transmission electron microscope (TEM)
(JEM-1400 FLASH, JEOL, Japan) and scanning electron microscope
(SEM) (JEOL JSM-7800F Prime Schottky Field Emission SEM, Japan).
To quantify ICG encapsulated within nanoparticles, 100 pL of the
purified ICG@PEG-CS/PDA NPS solution was lyophilized and then
dispersed in DMSO for complete drug isolation from nanoparticles. Af-
terward, the solution was centrifuged at 15000 rpm to collect the su-
pernatant for analysis. The absorbance of ICG at 794 nm was measured

For in vitro ICG release test, the ICG@PEG-CS/PDA nanoparticle
dispersion (1.0 mL) was dialyzed (Cellu Sep MWCO 12000-14,000)
against PBS (pH 7.4 or 6.5) and acetate buffer (pH 5.0) (20 mL) at 37 °C,
respectively. At prescribed time intervals, the internal sample was
withdrawn periodically for measurement of maximum ICG absorbance
by the UV/Vis spectrophotometer (U2900, Hitachi, Japan). After each
analysis, the sample was then put back into the dialysis bag. The cu-
mulative ICG release (%) was obtained by the following formula:

Cumulative ICG release (%) = ((A, — A¢/A,) X 100%.

A, = Initial ICG absorbance
A¢ = ICG absorbance at different time points

2.5. Photothermal conversion effect and stability

Free ICG molecules, PEG-CS/PDA nanoparticles, ICG@/PDA NPS
and ICG@PEG-CS/PDA NPS dispersed in pH 7.4 PBS (1.0 mL), respec-
tively, were irradiated by 808 nm NIR laser (1.0 W/cm?) for 5 min. The
solution temperatures and infrared thermographic maps were recorded
with an infrared thermal imaging camera (Thermo Shot F20, NEC Avio
Infrared Technologies, Germany). Also, according to the data from the
cooling status, the PCE (1)) of the above formulations was calculated by
the previously reported formula [47]. Moreover, the temperature of an
aqueous solution containing ICG@PEG-CS/PDA NPS of different con-
centrations exposed to laser irradiation (1.0 W/cmz) for 5 min was
monitored by the above apparatus. On the other hand, to evaluate the
photothermal stability, an aqueous solution of free ICG molecules (42.5
pM), PEG-CS/PDA nanoparticles (200 pg/mL) and ICG@PEG-CS/PDA
NPS (ICG concentration = 42.5 pM) was irradiated with 808 nm laser
(1.0 W/cm?) for 2.5-min laser on and 5-min laser off cycles. Further-
more, the ICG absorbance of free ICG molecule and ICG@PEG-CS/PDA
nanoparticle solutions (ICG concentration = 42.5 pM) receiving various
on/off cycles of laser irradiation was determined by UV/Vis spectro-
photometer. The ICG absorbance measured at different on/off cycles of
laser irradiation was normalized by the following formula.

Normalized absorbance (%) = (ICG absorbance at various on/off cycles of laser irradiation/initial ICG absorbance) x 100%.
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On the other hand, the particle size of PEG-CS/PDA nanoparticles
and ICG@PEG-CS/PDA NPS with or without NIR laser irradiation was
attained by DLS measurement.

2.6. Singlet oxygen generation and GSH depletion

The NIR-activated singlet oxygen generation of free ICG molecules
and ICG@PEG-CS/PDA NPS dispersed in pH 7.4 PBS was evaluated by
DPBF assay. Briefly, free ICG molecules and ICG@PEG-CS/PDA NPS
(ICG concentration = 65 pM) were dispersed in DPBF solution (225 pg/
mL) containing GSH (100 pM) or not and the aqueous solutions were
irradiated with 808 nm laser (1.0 W/cm?) for 2.5, 5.0 and 10 min. The
absorption spectra of DPBF were recorded by UV/Vis spectrophotom-
eter. The normalized DPBF absorbance was calculated by the following
formula.
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supernatant was taken out and intracellular GSH level of each group was
determined by DTNB-thiol assay kit through a microplate reader at a
wavelength of 405 nm. The intracellular GSH level of CT26 cells treated
with the above formulations without laser irradiation was also assessed
in a similar manner.

On the other hand, to explore the intracellular singlet oxygen gen-
eration, CT26 cells (2 x 10° cells/well) seeded onto 22 mm round glass
coverslips in 6-well plates were incubated with PEG-CS/PDA nano-
particles (360 pg/mL), free ICG molecules or ICG@PEG-CS/PDA NPS
(ICG concentration = 20 pM) at 37 °C for 4 h. After discarding the
culture medium, the cells were irradiated with 808 nm NIR laser (1.0 W/
em?) for 10 min. Afterward, the cells were treated with DCFH-DA (10
pM) for 30 min and washed three times with HBSS, followed by
immobilization with 4 % formaldehyde. The cellular images were
attained using CLSM (Olympus, FluoView FV3000, Japan) at excitation
wavelengths of 485 nm for DCF.

Normalized absorbance (%) = (DPBF absorbance after different laser irradiation times/initial DPBF absorbance) x 100%.

The GSH depleting capability of PEG-CS/PDA nanoparticles with or
without ICG loading was studied by DTNB assay. Briefly, the PEG-CS/
PDA nanoparticles (400 pg/mL) and ICG@QPEG-CS/PDA nanozymes
(400 pg/mL) were respectively added to 1 mL of GSH solution (100 pM)
and reacted at 37 °C for 2, 4, 8 and 24 h. Next, the resulting solution was
centrifugated at 16000 rpm for 10 min to collect the supernatant. Then,
250 pL of DTNB (100 pM) was added to the supernatant and the
absorbance of the mixture at 412 nm was examined. Furthermore, at the
prescribed 2 h reaction time, the GSH depleting capability of the PEG-
CS/PDA nanoparticles and ICG@PEG-CS/PDA NPS at 37 and 50 °C
was assessed by the similar manner.

2.7. Invitro cellular uptake

CT26 cells (2 x 10° cells/well) seeded in 6-well plates were incu-
bated with free ICG molecules and ICG@PEG-CS/PDA NPS (ICG con-
centration = 5 pM), respectively, for 1 and 4 h at 37 °C. After being
detached with trypsin-EDTA solution, the ICG fluorescence signals of the
treated CT26 cells suspended in PBS (1.0 mL) were analyzed by the
FACSCalibur flow cytometer (BD Bioscience). On the other hand, CT26
cells (2 x 10° cells/well) seeded onto 22 mm round glass coverslips in 6-
well plates were incubated with free ICG molecules and ICG@PEG-CS/
PDA NPS (ICG concentration = 5 pM), respectively, for 1 and 4 h at
37 °C. After being washed three times with Hanks’ balanced salt solution
(HBSS) and immobilized with 4 % formaldehyde, the cell nuclei were
stained with Hoechst 33342. The cellular images were gained by
confocal laser scanning microscope (CLSM) (Olympus, FluoView
FV3000, Japan) at the excitation wavelengths of 405 and 782 nm for
Hoechst and ICG, respectively.

2.8. Intracellular GSH depletion and singlet oxygen generation

To evaluate intracellular GSH consumption, CT26 cells (1.5 x 10%/
well) seeded in 6-well plate were incubated with free ICG molecules (12
uM), PEG-CS/PDA nanoparticles (100 or 200 pg/mL) and ICG@PEG-CS/
PDA NPS (200 pg/mL), respectively, for 24 h. After being washed twice
with PBS, the treated cells were detached with trypsin-EDTA and then
centrifugated (1500 rpm) for 5 min. The collected cell pellets were
irradiated by 808 nm NIR laser (1.0 W/cmz) for 5 min and re-dispersed
in 0.3 mL RIPA buffer, followed by freezing and thawing for cell lysis.
After being centrifuged at 12000 rpm for 10 min at 25 °C, the

2.9. Mitochondrial membrane potential (MMP) analysis

The MMP detection kit (JC-1) was to observe the depolarization of
the mitochondria membranes. CT26 cells (2 x 10°/well) seeded in 6-
well plate were incubated with PEG-CS/PDA nanoparticles (360 pg/
mL), free ICG molecules and ICG@PEG-CS/PDA NPS (ICG concentra-
tion = 20 uM), respectively, for 4 h. After discarding the culture me-
dium, the cells were irradiated with 808 nm NIR laser (1.0 W/cm?) for
10 min. Subsequently, the cells were incubated with JC-1 (2 pM) for 30
min and washed two times with HBSS, followed by immobilization with
4 % formaldehyde. The cellular images were acquired using fluores-
cence microscopy (ZEISS Axio Imager M2) at excitation wavelengths of
485 and 535 nm for JC-1 monomer and JC-1 aggregate, respectively.

2.10. Intracellular lipid peroxide examination.

CT26 cells (2 x 10°/well) seeded in 6-well plate were incubated with
PEG-CS/PDA nanoparticles (360 mg/mL), free ICG molecules and
ICG@PEG-CS/PDA NPS (ICG concentration = 20 pM), respectively, for
4 h. After discarding the culture medium, the cells were irradiated with
808 nm NIR laser (1.0 W/cm?) for 10 min. Subsequently, the cells were
incubated with BODIPY™ 581/591 C11 (5 pM) for 30 min and washed
two times with HBSS, followed by immobilization with 4 % formalde-
hyde. Finally, the intracellular lipoperoxidation was observed by fluo-
rescence microscopy (ZEISS Axio Imager M2).

2.11. In Vitro PDT/PTT anticancer efficacy

CT26 cells (1.5 x 10° cells/well) seeded in a 6-well plate were
incubated at 37 °C for 24 h in RPMI-1640 containing 10 % FBS and 1 %
penicillin. The medium was then replaced with 1.0 mL of fresh medium
containing free ICG molecules, PEG-CS/PDA nanoparticles or
ICG@PEG-CS/PDA NPS of different concentrations and incubated for
additional 24 h. After being washed twice with PBS, cells were detached
with trypsin-EDTA and centrifuged (1500 rpm). After removal of su-
pernatant, the collected cell pellets were irradiated with NIR 808 nm
laser (1.0 W/cm?) for 2 min. The laser-treated cells dispersed in 0.85 mL
fresh medium were reseeded in a 12-well plate and incubated for
additional 24 h. MTT (0.25 mg/mL, 1.0 mL) was then added into each
well, followed by incubation at 37 °C for 3 h. After discarding the culture
medium, DMSO (0.8 mL) was added to dissolve the precipitate and the
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Fig. 2. (a) UV/Vis spectra of aqueous solutions of (i) DA molecules, (ii) PDA nanoparticles, (iii) PEG-CS/PDA nanoparticles, (iv) free ICG molecules, (v) ICG@PEG-
CS/PDA NPS and (vi) ICG@PDA NPS. O1s XPS spectra of (b) PDA nanoparticles and (c) PEG-CS/PDA nanoparticles. (d) TGA profiles of PEG-CS conjugates, PDA
nanoparticles and PEG-CS/PDA nanoparticles. (e) DLS particle size distribution profiles of PDA nanoparticles, PEG-CS/PDA nanoparticles and ICG@PEG-CS/PDA
NPS in pH 7.4 PBS. (f) Zeta potential of various PDA-containing nanoparticles in aqueous solutions of pH 7.4, 6.5 and 5.0.

absorbance of the resulting solution at 570 nm was measured by a
BioTek 800TS microplate reader. The cell viability of CT26 cells treated
with free ICG molecules, PEG-CS/PDA nanoparticles or ICG@PEG-CS/
PDA NPS in the absence of NIR laser irradiation was also assessed in a
similar approach. Besides, the PDT/PTT-mediated anticancer effect of
ICG@PEG-CS/PDA NPS on 4 T1 cells was evaluated by the similar
manner.

2.12. Live and dead cell assay

CT26 cells (2.0 x 10° cells/well) seeded in a 12-well plate were
incubated at 37 °C for 24 h in RPMI-1640 containing 10 % FBS and 1 %
penicillin. The medium was then replaced with 1.0 mL of fresh medium
containing free ICG molecules (1.25 pM), PEG-CS/PDA nanoparticles
(22.5 pg/mL) or ICG@PEG-CS/PDA NPS (ICG concentration = 1.25 puM;
PEG-CS/PDA nanoparticle concentration = 22.5 pg/mL) and incubated
for additional 24 h. After that, cells were irradiated with 808 nm NIR
laser (1.0 W/cm?) for 2 min and gently washed with HBSS twice to avoid
washing off dead cells. Calcein AM (2 pg/mL) and propidium iodide (P,
4 pg/mL) mixture solution (500 pL) was added and kept at room tem-
perature for 45 min. The cellular images were obtained with a NIB-100F
inverted fluorescent biological microscope (Nanjing Jiangnan Novel
Optics Co., Ltd., China)

2.13. Animals and tumor model

Healthy female BALB/c mice (5-7 weeks old, 20 + 2 g) purchased
from National Laboratory Animal Center (Taiwan) were cared in
accordance with the Guidance Suggestions for the Care and Use of
Laboratory Animals, approved by the Administrative Committee on
Animal Research in the Chung Shan Medical University (Taiwan)
(IACUC Approval No: 2722). Meanwhile, animal experiments also
complied with the National Research Council’s Guide for the Care and
Use of Laboratory Animals. The animals were housed in standard
environmental conditions, i.e., pathogen-free area, at a temperature of
25 + 0.5°C, with provision of standard diet and water excess. To

establish tumor model, 5 x 10 CT26 cells were subcutaneously injected
into the right thigh of mice. After 10 days post-inoculation, the tumor
model was attained. Tumor volume (V) was calculated as follows: V=L
x W2/2, where W is the tumor measurement at the widest point and L
the tumor dimension at the longest point.

2.14. In vivo imaging and biodistribution

When the tumor volume reached 90-120 mm?®, all mice were
randomly allocated into 3 groups (n = 1 in PBS group, n = 3 in free ICG
and ICG@PEG-CS/PDA NPS groups, respectively) and injected intra-
tumorally with 100 pL of PBS, free ICG or ICG@PEG-CS/PDA NPS at a
dosage of 0.1 mg/kg ICG. The fluorescence signals of ICG (Ex. 710 nm
and Em. 760 nm) at 0.5, 6, 24 and 48 h post-injection were collected
using an IVIS imaging system (IVIS Lumina II, Caliper, LifeSciences, MA,
USA). The treated mice were sacrificed at 48 h post-injection and the
major organs and tumor were harvested for individual organ imaging by
IVIS.

2.15. In vivo NIR-triggered tumor hyperthermia

When tumor volume of mice reached 90-120 mm?, mice were
randomly divided into 4 groups (n = 4 in each group) and injected
intratumorally with 100 pL of PBS, PEG-CS/PDA nanoparticles, free ICG
molecules or ICG@PEG-CS/PDA NPS at an ICG dosage of 0.1 mg/kg or,
in the case of PEG-CS/PDA nanoparticles, 2.2 mg PEG-CS/PDA nano-
particles/kg. At 0.5 h post-injection, the tumor region of mice was
irradiated by the 808 nm laser with a power density of 1.0 W/cm? for 2
min. The infrared thermographic maps of mice and the tumor local
temperature during NIR laser irradiation were attained with infrared
thermal imaging camera (Thermo Shot F20, NEC Avio Infrared Tech-
nologies, Germany).

2.16. In vivo tumor growth inhibition

3

When tumor volume of mice reached 90-120 mm~, mice were
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Table 1

DLS data and ICG loading characteristics of PDA-based nanoparticles.
Sample Dy, (nm) PDI LE (%) LC (wt%)
PDA nanoparticles 431.7 £206 029 - -
PEG-CS/PDA nanoparticles ~ 142.5 + 5.3 0.184 - -
ICG@PDA NPS 143.3 + 14.3 0.173 67.7 £ 1.8 8.74 £ 0.21
ICG@PEG-CS/PDA NPS 143.2+ 6.8 0.217 96.4 + 2.6 4.60 £ 0.12

randomly divided into 5 groups (n = 4 in each group) and injected
intratumorally with 100 pL of PBS, PEG-CS/PDA nanoparticles, free ICG
molecules or ICG@PEG-CS/PDA NPS at an ICG dosage of 0.1 mg/kg or,
in the case of PEG-CS/PDA nanoparticles, 2.2 mg PEG-CS/PDA nano-
particles/kg. At 0.5 h and one day post-injection, the tumor region of
mice was irradiated by the 808 nm laser with a power density of 1.0 W/
cm? for 2 min. The tumor volumes and body weight of various groups
were measured every two days until 14 days post-injection. Tumor
sections of pertinent sizes were stained with H&E, anti-Ki67 antibodies
and anti-GPX4 antibodies, respectively, and observed by digital micro-
scope. Furthermore, sections of major organs were stained with H&E
and observed by the above instrument.

2.17. Statistical analysis

Data are reported as mean =+ SD. The differences among groups were
determined using one-way or two-way ANOVA analysis; ns > 0.05, *p <
0.05, **p < 0.01, ***p < 0.001. All statistical analyses were performed
using Prism software. (PRISM 5.01 GraphPad Software).

3. Results and discussion
3.1. Synthesis and characterization of PEG-CS conjugates

Through Schiff base reaction of mPEG-CHO and chitosan (Fig. 1a),
the PEG-CS conjugates were attained and used in the preparation of

PEG-CS/PDA nanoparticles. As shown in the FT-IR spectrum of PEG-CS
conjugates (Fig. S1), in addition to the feature bands of C—0O and C=N
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stretching vibration from ethylene glycol residues and imine linkages at
1145 and 1649 cm ™, respectively, the absorption band of the N—H and
O—H stretching vibration from chitosan at 3200-3600 cm™ ' was
observed. Furthermore, in addition to the absence of the proton signals
of aldehyde groups at 5 10.1 ppm, the feature proton signals of ethylene
groups of mPEG at § 3.7 ppm, and of benzene ring group at 5 7.9-8.2
ppm were observed in the 'H NMR spectrum of PEC-CS conjugates
(Fig. 1b). These findings confirm the successful conjugation of chitosan
with mPEG-CHO upon the formation of benzoic imine bonds. According
to the signal integral ratio of the methoxy protons (5 3.4 ppm) of mPEG-
CHO and the H2 protons (6 2.7 ppm) from glucosamine groups of chi-
tosan, the degree of substitution of chitosan with mPEG-CHO defined
here as the number of mPEG segments per 100 glucosamine units was
attained to be ca 11.1.

3.2. Preparation and characterization of ICG@PEG-CS/PDA NPS

To obtain PEG-CS/PDA nanoparticles as ICG vehicles, the self-
polymerization of DA molecules was performed in Tris buffer contain-
ing PEG-CS conjugates. As shown in Fig. 2a, the resulting PEG-CS/PDA
nanoparticles exhibited the enhanced absorption from 300 to 800 nm,
whereas the DA molecules displayed feature absorption peak at 281 nm.
Also, compared to DA solution with colorless and transparent state, the
PEG-CS/PDA nanoparticle solution displayed a dark black hue. Un-
doubtedly, through simple one-step co-deposition of DA molecules and
PEG-CS conjugates, the hybrid PEG-CS/PDA nanoparticles were suc-
cessfully attained. As revealed in the XPS spectra (Fig. 2b and c and S2),
the PEG-CS/PDA nanoparticles possessed the characteristic peak of C-O-
C (533.0 eV) from PEG-CS conjugates and the peaks of C=0 (531.0 eV)
and C—O (532.5 eV) from PDA nanoparticles. Furthermore, in addition
to the feature peaks of pyridinc N (398.3 eV), pyrrolic N (399.5 eV) and
graphitic N (400.4 eV) from PDA nanoparticles, the new peaks of amine
(399.4 eV) and amide (399.7 eV) from PEG-CS conjugates were attained
for hybrid PEG-CS/PDA nanoparticles (Fig. S3). These results clearly
confirm the effective coupling of PEG-CS conjugates with PDA nano-
particles upon Michael addition between primary amine groups of
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Fig. 3. (a) TEM images of (i) PEG-CS/PDA nanoparticles and (ii) ICG@PEG-CS/PDA NPS. SEM images of (iii) PEG-CS/PDA nanoparticles and (iv) ICG@PEG-CS/PDA
NPS. Scale bars are 200 nm. Berry plot for Ry and angle dependent correlation function of Ry, of (b) PEG-CS/PDA nanoparticles and (c) ICG@PEG-CS/PDA NPS in pH
7.4 0.15 M PBS. (d) Time-evolved mean hydrodynamic diameter of ICG@PEG-CS/PDA NPS dispersed in pH 7.4 PBS and FBS-containing RPMI-1640. (e) Normalized
maximum absorbance of free ICG molecules and ICG@PEG-CS/PDA NPS (ICG concentration = 23 pM) in pH 7.4 0.15 M PBS at 37 °C. Inset: photographs of aqueous
solutions containing free ICG molecules (right) or ICG@PEG-CS/PDA NPS (left) on day 0 and 7. (f) Cumulative ICG release profiles of ICG@PEG-CS/PDA NPS in
aqueous solutions of pH 7.4, 6.5 and 5.0 at 37 °C. For comparison, diffusion of free ICG molecules across the dialysis tube at pH 7.4 is included.
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Fig. 4. (a) Temperature profiles of free ICG molecules, ICG@PDA NPS, PEG-CS/PDA nanoparticles and ICG@PEG-CS/PDA NPS (ICG concentration: 42.5 uM, PDA
concentration: 200 pg/mL) in pH 7.4 phosphate buffer with 808 nm NIR laser irradiation (1.0 W/cm?). (b) Temperature profile of ICG@PEG-CS/PDA nanoparticle
solution (ICG concentration: 42.5 pM, PDA concentration: 200 pg/mL) after exposure to 808 nm laser irradiation (1.0 W/cm?) for single on/off cycle of laser
irradiation, and plot of cooling time versus negative logarithm of the temperature driving force. (c) Temperature change of aqueous solutions containing ICG@PEG-
CS/PDA NPS of different concentrations under NIR laser irradiation (1.0 W/cm?). (d) Temperature change of aqueous solutions containing free ICG molecules, PEG-
CS/PDA nanoparticles or ICG@PEG-CS/PDA NPS (ICG concentration: 42.5 pM, PDA concentration: 200 pg/mL) exposed to three on/off cycles of 808 nm NIR laser
irradiation (1.0 W/cm?). (e) Normalized absorbance of free ICG molecules and ICG@PEG-CS/PDA NPS in pH 7.4 PBS exposed to various on/off cycles of laser
irradiation. Inset: photographs of ICG@PEG-CS/PDA NPS and free ICG molecule solution before (i, iii) and after (ii, iv) three on/off cycles of laser irradiation. (f) DLS
particle size distribution profiles of PEG-CS/PDA nanoparticles and ICG@PEG-CS/PDA NPS in aqueous solutions with or without NIR laser irradiation (1.0 W/cm?,

2 min).

chitosan with 5,6-dihydroxyindole units of PDA (Scheme 1a). According
to the TGA profiles shown in Fig. 2d, the PEG-CS/PDA nanoparticles
consist of approximately 64.7 wt% PEG-CS and 35.3 wt% PDA.

The mean hydrodynamic diameters and polydispersity index of PEG-
CS/PDA nanoparticles in pH 7.4 PBS characterized by DLS were ca
142.5 nm and 0.184, respectively, (Fig. 2e and Table 1). By contrast, the
PDA nanoparticles from self-polymerization of DA monomers alone
exhibited appreciably large particle size (ca 431.7 nm) after being
dispersed in PBS, being attributed to the inter-particle aggregation as
evidenced by their TEM images (Fig. S4). As presented in Fig. 2f, the
PEG-CS/PDA nanoparticles at pH 7.4 displayed a zeta potential absolute
value of ca —1.9 mV significantly lower than the PDA nanoparticles (ca
—38.7 mV). This signifies that the hydrophilic PEG-CS conjugates
covalently decorated on the surfaces of PDA nanoparticles could
remarkably shield the negatively-charged phenolic hydroxyl groups of
PDA cores. Moreover, with the solution pH being reduced from 7.4 to
5.0, the zeta potential of PDA nanoparticles was changed from —38.7 to
—21.4 mV due to the declined dissociation of phenolic hydroxyl groups
[38,48], while the conversions in zeta potential of PEG-CS/PDA nano-
particles from nearly neutral (—1.9 mV) to positive values (+17.3 mV)
were obtained because of the decreased dissociation of phenolic hy-
droxyl groups as well as increased protonation of primary amine groups
from chitosan segments. Importantly, taking advantage of the excellent
hydration and steric repulsion effect of PEG-CS-rich surfaces, the PEG-
CS/PDA nanoparticles dispersed in pH 7.4 PBS still maintained sound
colloidal stability over 24 h as shown in Fig. S5.

TEM and SEM images of PEG-CS/PDA nanoparticles clearly illustrate
their well-dispersed spherical shape (Fig. 3a). Also, based on a high
linear correlation between the relaxation frequency (I') and the square

of the scattering vector (q2) from the angle-dependent DLS data of PEG-
CS/PDA nanoparticles in PBS (Fig. 3b), these nanoparticles were char-
acterized to possess a spherical form in aqueous solution. Furthermore,
the R of PEG-CS/PDA nanoparticles was examined by angle-dependent
SLS to be ca 55 nm (Fig. 3b). For PEG-CS/PDA nanoparticles, the
calculated Rg/Ry, value (ca 0.79) is comparable to that (0.78) of solid
sphere-like nanoparticles [49,50]. According to the above results, the
PEG-CS/PDA nanoparticles were demonstrated to have a spherical ar-
chitecture comprising hydrophobic PDA core and hydrophilic PEG-CS
shell (Scheme 1a).

To obtain the ICG@PEG-CS/PDA NPS, ICG molecules were added
into aqueous solution of PEG-CS/PDA nanoparticles and then stirred for
24 h. For comparison, the ICG@PDA NPS were also prepared in a similar
way. As presented in the UV/Vis spectra (Fig. 2a), compared to free ICG
molecules, the ICG@PDA NPS and ICG@PEG-CS/PDA NPS showed
remarkable red shift of characteristic ICG absorption peak from 775 to
795 and 804 nm, respectively, indicating the successful ICG loading.
Similar results regarding the UV/Vis spectrum of free ICG molecules in
aqueous solution and the red shift of absorption peak of ICG encapsu-
lated within PDA-containing nanoparticles were also reported elsewhere
[20,51-55]. Moreover, the particle size and size distribution ICG@QPEG-
CS/PDA NPS were comparable to those of drug-free PEG-CS/PDA
nanoparticles (Fig. 2e and Table 1). The zeta potential of PEG-CS/PDA
nanoparticles after being loaded with ICG molecules was converted
from —1.9 to —7.1 mV (Fig. 2f), implying attachment of ICG molecules
on the particle surfaces to expose their negatively-charged sulfonate
groups. Importantly, the ICG@PEG-CS/PDA NPS showed profound drug
loading efficiency and content for 96.4 % and 4.6 wt% (Table 1). By
contrast, in the lack of PEG-CS coating, the ICG@PDA NPS had a low ICG
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GSH, exposed to NIR laser irradiation (1.0 W/cm?). (¢) UV/Vis spectra of DTNB molecules dissolved in GSH solution pretreated with ICG@PEG-CS/PDA NPS at 37 °C
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ICG@PEG-CS/PDA NPS exposed to NIR laser irradiation.

loading efficiency (67.7 %). The above results further demonstrate that
the electrostatic attraction of sulfonate-bearing ICG molecules and
amine-rich PEG-CS layers in combination with the n-n stacking and
hydrophobic interactions between ICG and PDA could effectively pro-
mote the integration of ICG molecules with PEG-CS/PDA nanoparticles.

Based on the TEM and SEM images (Fig. 3a), and angle-dependent
DLS and SLS data (Fig. 3c), the ICG@PEG-CS/PDA NPS exhibited well-
dispersed spherical solid-like structure. On the other hand, no signifi-
cant variation in the particle size of ICG@PEG-CS/PDA NPS dispersed in
pH 7.4 PBS or FBS-containing RPMI for 24 h was observed (Fig. 3d),
suggesting their excellent colloidal stability. As presented in Fig. 3e,
different from the considerable reduction in the normalized absorbance
of free ICG molecules in PBS at 37 °C over 3 days, the normalized ICG
absorbance of ICG@PEG-CS/PDA NPS was slightly decreased under the
same condition. Moreover, the ICG@PEG-CS/PDA NPS dispersed in the
above environment for 7 days maintained well suspension, whereas ICG
molecules tended to aggregate and precipitate. The findings suggest that
the ICG@QPEG-CS/PDA NPS could not only increase the photostability of
ICG molecules but also prevent their aggregation. Note that, different
from quick diffusion of free ICG molecules across dialysis tube in pH 7.4
PBS (over 80 % within 6 h) (Fig. 3f), the sustained ICG release from
ICG@PEG-CS/PDA NPS at pH 7.4, 6.5 and 5.0 was attained (beyond 40
% during 48 h), being attributed to the attachment of ICG to PEG-CS/
PDA nanoparticles by multiple interactions as described above. More-
over, for ICG@PEG-CS/PDA NPS, the total amount of ICG released at pH
5.0 was slightly less compared to that at pH 7.4 and 6.5. This could be
ascribed to that the promoted protonation of primary amine groups from
PEG-CS layers and reduced dissociation of phenolic hydroxyl groups
from PDA nanoparticles at pH 5.0 further enhance the interactions of
PEG-CS/PDA nanoparticles with ICG molecules, thereby hindering ICG
liberation.

3.3. Photothermal effect and stability of ICG@QPEG-CS/PDA NPS

To explore the practicability of ICG@PEG-CS/PDA NPS used in PTT-
mediated cancer treatment, their photothermal capability and stability
was assessed by measuring temperature variation of aqueous solution
containing ICG-loaded NPS under irradiation of 808 nm NIR laser. As
revealed in Fig. 4a, during NIR laser irradiation (1.0 W/cm? for 300 s),
the temperature of ICG@PEG-CS/PDA nanoparticle solution (ICG con-
centration = 42.5 pM, PDA concentration = 200 pg/mL) was markedly
elevated compared to that of aqueous solutions containing either free
ICG molecules or PEG-CS/PDA nanoparticles at the same ICG and PDA
concentrations. Importantly, based on the photothermal heating-cooling
curve (Fig. 4b), the PCE (1) of ICG@PEG-CS/PDA NPS was calculated to
be ca 62.8 %, being prominently higher than that of free ICG molecules
(ca 15.7 %) and that of PEG-CS/PDA nanoparticles (38.5 %) and that of
ICG@PDA NPS (40.9 %) (Fig. S6). Obviously, in addition to zn-x stacking
and hydrophobic interaction between ICG and PDA, the electrostatic
attraction of amine-rich PEG-CS with negatively-charged ICG plays an
important role in promoting the incorporation of ICG in monomer rather
than dimer form with PEG-CS/PDA nanoparticles, thereby leading to
remarkable red shift of ICG absorption as shown in Fig. 2a. Such a red-
shifted ICG absorption of ICG@PEG-CS/PDA NPS better approaches the
central wavelength (808 nm) of the NIR laser, thus enhancing their
absorbing NIR capability and PCE. It should be highlighted that
ICG@PEG-CS/PDA NPS exhibited a higher PCE (beyond 60 %)
compared to other ICG-loaded PDA-containing nanoparticles (PCE
below 48 %) reported in previous works [20,21,42-44]. As expected,
when the concentration of ICG@PEG-CS/PDA NPS in aqueous solution
was increased from 175 to 700 pg/mL, the NIR-triggered elevation of
solution temperature was further promoted (Fig. 4c). More importantly,
after three on/off cycles of NIR laser irradiation, the ICG@PEG-CS/PDA
NPS still retained virtually intact photothermal capability, while free
ICG molecules showed considerably lowered photothermal effect
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Fig. 6. (a) Flow cytometric histograms (b) CLSM images of CT26 cells incubated with free ICG molecules or ICG@PEG-CS/PDA NPS for 1 and 4 h, respectively, at
37 °C (ICG = 5 pM). Scale bars are 15 pm. (c) Intracellular GSH content of CT26 cells treated with PEG-CS/PDA nanoparticles for 24 h in the lack of NIR laser
irradiation. (d) Intracellular GSH content of CT26 cells treated with (i) PBS, (ii) free ICG molecules, (iii) PEG-CS/PDA nanoparticles and (iv) ICG@PEG-CS/PDA NPS,
respectively, for 24 h with or without NIR laser irradiation (1.0 W/cmz, 5 min). (e) DCF fluorescence images of CT26 cells receiving different formulations with or
without laser irradiation (1.0 W/cm?, 10 min). Scale bars are 15 pm. ns > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

(Fig. 4d). Also, after three on/off cycles of NIR laser irradiation, the
absorbance of free ICG molecules in the wavelength range of 600-850
nm was appreciably reduced in comparison with that of ICG@PEG-CS/
PDA NPS (Fig. S7). Compared to the considerable decline in the
normalized absorbance of free ICG molecules owing to their severe
photo-bleaching, only mild decrease in the normalized absorbance and
nearly unchanged particle size were observed for ICG@PEG-CS/PDA
NPS (Fig. 4e and f). These findings strongly demonstrate that the
developed ICG@PEG-CS/PDA NPS exhibit quite high PCE and robust
colloidal photothermal stability, and reduce the photobleaching of ICG,
thus being favorable to promote anticancer efficacy of ICG-mediated
PTT and PDT.

3.4. Singlet oxygen generation and GSH depletion of ICG@QPEG-CS/PDA
NPS

Encouraged by the outstanding photothermal performance, the
photo-activated singlet oxygen generation ability of ICG@PEG-CS/PDA
NPS was explored by DPBF, a ROS indicator, that shows the decreased
UV absorbance at about 410 nm in the presence of ROS. Under irradi-
ation of 808 nm NIR laser, the absorbance of DPBF molecules in aqueous
solutions containing ICG@PEG-CS/PDA NPS or free ICG molecules (ICG
concentration = 65 pM) was appreciably decreased with the prolonged
irradiation time (Fig. 5a and S8a), whereas the absorbance of DPBF
molecules in aqueous solution of PEG-CS/PDA nanoparticles was
virtually unchanged regardless of laser irradiation time (Fig. S8b). The
results strongly verify that the ICG@PEG-CS/PDA NPS and free ICG
molecules exposed to NIR irradiation could convert surrounding oxygen
to singlet oxygen upon ICG-mediated photodynamic effect. Notably,
with NIR laser irradiation time being increased, in comparison with free
ICG molecules, the ICG@PEG-CS/PDA NPS led to appreciable decrease
in the normalized absorbance of DPBF in solution (Fig. 5b). Further-
more, at the same laser irradiation time, the normalized ICG absor-
bances of ICG@PEG-CS/PDA NPS were remarkably higher than those of
free ICG molecules (Fig. S9), illustrating again their superior photo-
thermal stability. Based on these findings, it was concluded that the
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ICG@PEG-CS/PDA NPS moderately increased the ROS-generating abil-
ity of ICG molecules by reducing photo- and thermo-elicited degradation
of ICG, thus showing promise in PDT application.

Despite the great potential of PDT in clinical cancer treatment, a high
level of GSH in cancer cells can largely scavenge intracellular ROS to
reduce oxidative injury, thus impacting the anticancer potency of PDT.
To improve the PDT efficacy, it is essential to integrate the GSH-
depleting material with PDT regents. Considering that PDA has been
demonstrated to deplete GSH by Michael addition [39,56], the GSH
consumption ability of ICG@PEG-CS/PDA NPS at 37 °C was assessed by
DTNB assay. As presented in Fig. 5c and S10, with the reaction time of
GSH treated with PEG-CS/PDA nanoparticles with or without ICG pay-
loads being prolonged, the absorbance of the reduced DTNB at 412 nm
in an aqueous solution containing the treated GSH molecules gradually
decreased. Obviously, the quinone-rich PEG-CS/PDA nanoparticles
could effectively consume GSH by irreversibly reacting with thiol groups
of GSH upon Michael addition reaction. Note that, after 24 h reaction,
the cumulative GSH depletion for ICG@PEG-CS/PDA NPS was some-
what lower than that for PEG-CS/PDA nanoparticles (Fig. 5d). It could
be ascribed that ICG molecules attached on the surfaces of PEG-CS/PDA
nanoparticles partially occupy reactive cites, thus hindering Michael
addition of PDA with GSH. Importantly, in the presence of 100 pM GSH,
taking advantage of the PDA-mediated GSH consumption, the
ICG@PEG-CS/PDA NPS exposed to NIR irradiation still maintained
satisfied ROS-generating capability as reflected by the appreciable
decrease in normalized DTNB absorbance (Fig. 5b). By contrast, with
laser irradiation, no significant reduction in the normalized absorbance
of DTNB in aqueous solution containing free ICG and GSH was observed,
indicating that the singlet oxygen generated by ICG-based photody-
namic effect was largely scavenged by GSH. Furthermore, with the so-
lution temperature being elevated from 37 to 50 °C, after 4-h reaction,
the PEG-CS/PDA nanoparticles with or without ICG payloads displayed
remarkably increased GSH depletion as compared to free ICG molecules
(Fig. 5e), signifying that the Michael reaction between PDA and GSH
could be accelerated by increasing reaction temperature. Such a thermo-
enhanced PDA-mediated GSH consumption was also reported elsewhere
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[39,56]. In view of the above findings, it was anticipated that the
ICG@PEG-CS/PDA NPS could largely boost anticancer potency of ICG-
based PTT and PDT by photo-triggered hyperthermia and massive
singlet oxygen generation with the aid of thermo-enhanced intracellular
GSH consumption (Fig. 5f).

3.5. Cellular uptake, intracellular GSH depletion and singlet oxygen
generation

The internalization of ICG@PEG-CS/PDA NPS by CT26 cells was
studied by flow cytometry and CLSM. Free ICG molecules were used for
comparison. Distinct from CT26 cells alone without fluorescence signals,
CT26 cells incubated with ICG@PEG-CS/PDA NPS for 1 h showed
appreciable ICG fluorescence signals, indicating the successful cellular
uptake of these NPS via endocytosis (Fig. 6a). Moreover, with the in-
cubation time being prolonged from 1 to 4 h, CT26 cells treated with
ICG@PEG-CS/PDA NPS showed 2.9-fold increase in ICG fluorescence
intensity. Also, the time-evolved increase in cellular uptake of
ICG@PEG-CS/PDA NPS was confirmed by CLSM images (Fig. 6b).
Similar findings were also attained for free ICG group (Fig. 6a and S11).
Notably, in the absence of NIR laser irradiation, the intracellular GSH
level of CT26 cells treated with PEG-CS/PDA nanoparticles was
remarkably reduced from 80 % to 65 % with nanoparticle concentration
being increased from 100 to 200 pg/mL (Fig. 6¢). This suggests that the
PEG-CS/PDA nanoparticles internalized by CT26 cells could moderately
consume endogenous GSH via Michael addition. In a similar way, after
being uptake by CT26 cells, the ICG@PEG-CS/PDA NPS also showed
GSH-depleting capability (Fig. 6d). Especially, without laser irradiation,
the intracellular GSH-consuming ability of ICG@PEG-CS/PDA NPS was
slightly lower than that of PEG-CS/PDA NPS, being attributed to that
ICG molecules attached on the surfaces of PEG-CS/PDA nanoparticles
partially occupied reactive cites, thereby retarding interactions between
PDA and GSH. Similar result was also observed in Fig. 5d. By contrast, no
significant reduction in the intracellular GSH content of CT26 cells
incubated with free ICG molecules was attained in the lack of laser
irradiation, verifying the lack of GSH-consuming ability for ICG mole-
cules. More importantly, with NIR irradiation, CT26 cells treated with
ICG@PEG-CS/PDA NPS showed considerably declined intracellular GSH
content compared to cells incubated with free ICG molecules or PEG-CS/
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PDA nanoparticles (Fig. 6d). A minor decrease in the intracellular GSH
content of ICG-treated CT26 cells with laser irradiation could be
attributed to that the singlet oxygen produced by ICG-mediated photo-
dynamic effect somewhat consume GSH. In view of the higher PCE of
ICG@PEG-CS/PDA NPS than that of PEG-CS/PDA nanoparticles (Fig. 4b
and S6), it was concluded that the NIR-elicited powerful hyperthermia
of ICG@PEG-CS/PDA NPS could speed up Michael reaction of intracel-
lular GSH and PDA component, thus largely promoting GSH depletion,
which being consistent with the results as presented in Fig. 5e. Also,
undoubtedly, substantial singlet oxygen generated from the endocy-
tosed ICG@PEG-CS/PDA NPS exposed to NIR irradiation contributed to
intracellular GSH depletion.

The intracellular singlet oxygen generation of CT26 cells incubated
with free ICG molecules and ICG@PEG-CS/PDA NPS, respectively, was
measured by DCFH-DA probes using CLSM. In the lack of NIR irradia-
tion, no significant DCF fluorescence in CT26 cells incubated with free
ICG molecules or ICG@PEG-CS/PDA NPS was observed (Fig. 6e), indi-
cating formation of few singlet oxygen. By contrast, with irradiation of
808 nm NIR laser, CT26 cells treated with free ICG molecules and
ICG@QPEG-CS/PDA NPS (ICG concentration = 5 pM), respectively,
exhibited clearly visible DCF fluorescence, whereas CT26 cells incu-
bated PEG-CS/PDA nanoparticles had no DCF fluorescence. This proves
that the internalized free ICG molecules and ICG@PEG-CS/PDA NPS
exposed to NIR laser irradiation could convert intracellular oxygen into
singlet oxygen. More importantly, under NIR laser irradiation, the
ICG@PEG-CS/PDA NPS group showed stronger DCF fluorescence than
free ICG group, indicating that the former could effectively promote the
accumulation of intracellular singlet oxygen by depleting endogenous
GSH as described above.

3.6. Mitochondrial damage and LPO production

Several studies report that the mitochondria damage is a vital and
characteristic hallmark of ROS-elicited apoptosis [12,42,57,58]. JC-1, a
cationic fluorescent probe, is commonly utilized to identify the mito-
chondrial membrane potential. In healthy cells, JC-1 gathers in the
mitochondrial matrix to create a polymer that emits red fluorescence.
However, when the mitochondrial membrane potential decreases due to
apoptosis, JC-1 transforms into a monomer that emits green
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fluorescence. This colour alteration is a significant indication of the
changes in the mitochondrial membrane potential [58-60]. As pre-
sented in Fig. 7a, in the lack of NIR laser irradiation, CT26 cells incu-
bated with free ICG molecules or ICG@PEG-CS/PDA NPS only revealed

(a) (b)

red fluorescence comparable to the control group. In contrast, with NIR
laser irradiation, the ICG@PEG-CS/PDA NPS treatment group exhibited
stronger green fluorescence than free ICG group; while the PEG-CS/PDA
nanoparticle group only showed weak green fluorescence. The above
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Fig. 9. (a) In vivo NIR fluorescence images and (b) ICG fluorescence signals of CT26 tumor-bearing mice receiving intratumoral injection of free ICG molecules or
ICG@PEG-CS/PDA NPS by IVIS. The tumor sites were labeled with yellow circle. (c) Average ICG fluorescence intensities and (d) NIR fluorescence images of tumor
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findings demonstrate that the endocytosed ICG@PEG-CS/PDA NPS
exposed to NIR irradiation could effectively product singlet oxygen with
the aid of the PDA-mediated GSH depletion, thus potently destroying
mitochondrial (Scheme 1b), whereas the internalized free ICG molecules
under laser irradiation only showed limited mitochondrial damage due
to the scavenging of singlet oxygen by endogenous GSH. On the other
hand, considering that the intracellular singlet oxygen generation has
been demonstrated to irreversibly oxidize the cellular unsaturated lipid
into LPO, ultimately leading to ferroptosis, a type of iron-dependent
non-apoptotic cell death [13,61,62], the formation of LPO induced by
ICG@PEG-CS/PDA NPS was studied with BODIPY C11 as the probe.
Notably, with NIR laser irradiation, CT26 cells incubated with
ICG@PEG-CS/PDA NPS exhibited considerably stronger green fluores-
cence signals than cells treated with free ICG molecules or PEG-CS/PDA
nanoparticles (Fig. 7b). In contrast, in the lack of NIR laser irradiation,
no significant green fluorescence signals were observed in CT26 cells
incubated with ICG-containing formulations. The results suggest that
the ICG@PEG-CS/PDA NPS could prominently promote the intracellular
accumulation of toxic LPO by NIR-triggered GSH consumption and
singlet oxygen generation (Scheme 1b), while free ICG molecules only
product limited LPO under laser irradiation owing to the consumption of
ROS by intracellular GSH. Based on the above findings, it was expected
that the ICG@PEG-CS/PDA NPS internalized by cancer cells could not
only potently impair mitochondrial and generate LPO by NIR-elicited
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redox homeostasis imbalance but also ablate cancer cells upon NIR-
triggered powerful hyperthermia, thus enhancing PDT/PTT-mediated
anticancer effect.

3.7. Invitro anticancer potency of the combined PTT and PDT

To assess the anticancer effect of ICG-mediated PTT and PDT, the
viability of CT26 cells incubated with either ICG@PEG-CS/PDA NPS or
free ICG molecules with NIR laser irradiation was determined by MTT
assay. As shown in Fig. 8a and b, in the lack of NIR irradiation, CT26
cells incubated with free ICG molecules or PEG-CS/PDA nanoparticles
with or without ICG payloads maintained the high viability beyond 95
%, indicating that these formulations were non-toxic to cancer cells.
Upon laser irradiation, the PEG-CS/PDA nanoparticles only showed
slight anticancer activity against CT26 cells (ca 20 % cell death) despite
the concentration of PEG-CS/PDA nanoparticles being increased to 100
pg/mL, signifying the limited therapeutic efficacy of PTT alone. Notably,
the remarkable decrease in viability of CT26 cells treated with
ICG@PEG-CS/PDA NPS or free ICG molecules (ICG concentration over
0.31 pM) was obtained with NIR laser irradiation, in particular for
ICG@PEG-CS/PDA NPS. This illustrates that the ICG@PEG-CS/PDA NPS
could effectively cause cancer cell death upon ICG-mediated PDT and
PTT. Also, under NIR laser irradiation, the ICG dose required for 50 %
cell cellular growth inhibition (ICsp) value of ICG@PEG-CS/PDA NPS
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was attained to be ca 0.72 pM is 2.1-fold lower than that (1.53 pM) of
free ICG molecules (Fig. 8c). At the same ICG concentration (1.25 pM)
and 2-min NIR laser irradiation, most of CT26 cells treated with
ICG@PEG-CS/PDA NPS exhibited significant PI-positive staining rela-
tive to cells receiving free ICG molecules (Fig. 8d). The same findings
were attained with another cell model, 4 T1 cancer cells (Fig. 8e and
$12). Such a prominent NIR-triggered anticancer efficacy of ICG@PEG-
CS/PDA NPS superior to free ICG molecules could be attributed to the
following reasons. First, compared to free ICG molecules, the ICG@PEG-
CS/PDA NPS under laser irradiation showed higher photothermal effect
and better ROS-generating ability by reducing ICG photobleaching as
revealed in Fig. 4a and 5b. Additionally, the ICG@PEG-CS/PDA NPS
efficiently consumed intracellular GSH to promote accumulation of
singlet oxygen within cancer cells, thereby leading to remarkable
mitochondrial damage and LPO generation (Scheme 1b).

3.8. In vivo biodistribution

As presented in several studies [63,64], after being administered
intravenously, free ICG molecules showed quite lower tumor accumu-
lation than ICG-carrying nanoparticles due to their poor aqueous sta-
bility and quick body clearance. To objectively evaluate the difference in
the antitumor efficacy between free ICG molecules and ICG@PEG-CS/
PDA NPS based on ICG-mediated phototherapy, it is essential to
ensure the equal intratumoral ICG accumulation of free ICG molecules
and ICG@PEG-CS/PDA NPS. To this end, free ICG molecules and
ICG@PEG-CS/PDA NPS were intratumorally injected, respectively, into
CT26 tumor-bearing mice at a dosage of 0.1 mg/kg ICG. As revealed in
Fig. 9a and b, the tumor sites injected with free ICG molecules and
ICG@PEG-CS/PDA NPS, respectively, exhibited similar ICG fluores-
cence intensity from 0.5 to 48 h post injection. Also, the ex vivo ICG
fluorescence signals of tumors receiving free ICG molecules was com-
parable to those of tumors treated with ICG@PEG-CS/PDA NPS (Fig. 9¢
and d). Undoubtedly, through the intratumoral injection of free ICG
molecules and ICG@PEG-CS/PDA NPS, the equal amount of ICG accu-
mulation within tumor was realized. On the other hand, for free ICG and
ICG@PEG-CS/PDA NPS groups, the tumor sites showed strongest ex
vivo ICG fluorescence intensity than other organs, corresponding to the
typical biodistribution of ICG molecules injected intratumorally.
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3.9. In vivo antitumor potency of the combined PTT and PDT

Encouraged by the brilliant in vitro anticancer performance, the in
vivo photo-triggered antitumor efficacy of ICG@PEG-CS/PDA NPS on
CT26 tumor-bearing mice was further explored (Fig. 10a). First, to
confirm the NIR-triggered hyperthermia capability of ICG@PEG-CS/
PDA NPS on the tumor, the temperature change of tumor receiving
PBS as the control, free ICG molecules, PEG-CS/PDA nanoparticles and
ICG@PEG-CS/PDA NPS, respectively, exposed to irradiation of 808 nm
laser, was monitored by the infrared thermal imaging camera. As shown
in Fig. 10b and c, compared to PBS group with few temperature eleva-
tion of tumor, other three groups displayed appreciably increased tumor
temperature (beyond 50 °C), in particular for ICG@PEG-CS/PDA NPS.
The NIR-activated hyperthermia of ICG@PEG-CS/PDA NPS superior to
free ICG molecules could be attributed to that the former exhibit higher
PCE and lower ICG photobleaching degree than the latter (Fig. 4b, e, S6,
S7 and S9). However, the temperature of tumor in the ICG@PEG-CS/
PDA NPS group eventually exceeded 60 °C within 2 min, thus inevi-
tably causing inflammation and collateral damage to the surrounding
healthy tissues. Some studies reported that mild PTT, whose tempera-
ture range is usually controlled from 42 to 45 °C, could reduce the side
effects of PTT [65,66]. Considering that the ICG@PEG-CS/PDA NPS
exhibited a photothermal effect that varied with concentration and laser
irradiation time (Fig. 4c and 10c), it is essential to optimize the dose of
ICG@PEG-CS/PDA NPS as well as laser irradiation time during treat-
ment to ensure the biosafety. We also observed the mice in different
treatment groups for 14 days post intratumoral injection and recorded
the variations of tumor volume and body weight to investigate the
antitumor effects of combined PTT and PDT. In the absence of NIR laser
irradiation, a remarkable enlargement in the tumor volume of mice
treated with ICG@PEG-CS/PDA NPS similar to that of PBS group was
observed (Fig. 10d and S13), suggesting the failure of tumor growth
suppression owing to the lack of PTT and PDT. Notably, with 2-min NIR
laser irradiation, the administration of ICG@PEG-CS/PDA NPS effec-
tively inhibited tumor growth in comparison with that of free ICG
molecules and PEG-CS/PDA nanoparticles during treatment process. In
agreement with the data of in vivo tumor growth inhibition, in addition
to complete disappearance of some tumors, the size and weight of tu-
mors collected from the mice treated with ICG@PEG-CS/PDA NPS plus
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laser irradiation were the smallest among the tumor receiving other
treatments (Fig. 10e and f). The above findings demonstrate that the
ICG@PEG-CS/PDA NPS could substantially boost the antitumor potency
of ICG-mediated PTT and PDT by NIR-elicited powerful hyperthermia
and redox homeostasis disturbance. By contrast, free ICG molecules and
PEG-CS/PDA nanoparticles exposed to laser irradiation only displayed
limited antitumor effect. For free ICG molecules, the NIR-triggered
singlet oxygen production and hyperthermia within tumor sites were
largely impacted by the endogenous GSH and severe ICG photo-
bleaching. Moreover, the inadequate and nonuniform photothermal
effect of PEG-CS/PDA nanoparticles within tumor region restricted their
PTT-based antitumor efficacy. On the other hand, the treated mice in all
groups showed nearly unchanged body weight (Fig. 10g), indicating
that these formulations did not lead to acute side effect.

In the H&E staining images of the tumor sections (Fig. 11), the
ICG@PEG-CS/PDA NPS plus laser group showed more nuclear frag-
mentation and lower cell density as compared to other groups. Similarly,
a remarkable decline in Ki67 proliferation staining was observed in the
tumor sections of ICG@PEG-CS/PDA NPS plus laser group. These results
illustrate that the combined phototherapy delivered by ICG@PEG-CS/
PDA NPS could display strong anti-proliferative effects. Furthermore,
as presented in GPX4-stained images, the tumor sections of ICG@PEG-
CS/PDA NPS-treated mice with NIR laser irradiation showed signifi-
cantly decreased expression of GPX4 in comparison with those of other
treatment groups. This could be ascribed to that the ICG@PEG-CS/PDA
NPS exposed to NIR irradiation can largely deplete GSH of tumor cells by
singlet oxygen and PDA-mediated Michael reaction, thus leading to
GPX4 inactivation. Some previous studies reported that the inhibited
activity of GPX4 in cancer cells appreciably decreased ability of tumor to
scavenge free radicals, thereby resulting in LPO accumulation to induce
ferroptosis [42,59,67,68]. On the other hand, no appreciable abnor-
mality was observed in major organs of mice receiving ICG-containing
formulations with laser irradiation (Fig. S14), because the NIR irradia-
tion as hyperthermia and ROS trigger was utilized exclusively on tumors
only. Based on the above findings, it can be concluded that the rein-
forced dual-modal phototherapy delivered by ICG@PEG-CS/PDA NPS
developed in this work could achieve NIR-triggered potent redox ho-
meostasis disruption and hyperthermia to promote intracellular mito-
chondrial damage and LPO accumulation, thus effectively suppressing
tumor growth without significant systemic toxicity (Scheme 1b).

4. Conclusions

To maximize antitumor potency of the combined PTT and PDT, the
PEG-CS conjugate was synthesized and then decorated on the surfaces of
PDA nanoparticles for ICG delivery. Through the multiple interactions
between ICG molecules and PEG-CS/PDA nanoparticles, the resulting
ICG@PEG-CS/PDA NPS not only exhibited sound ICG loading capacity
and prominent PCE (62.8 %) but also remarkably promoted photo-
thermal stability and singlet oxygen-generating ability of ICG molecules.
Moreover, these NPS realized sustained ICG release. After being inter-
nalized by CT26 cancer cells, the NPS under NIR laser irradiation
effectively produced hyperthermia and massive singlet oxygen with the
assistance of PDA-mediated GSH depletion, thereby promoting mito-
chondrial damage and LPO generation to induce cell apoptosis and
ferroptosis. More importantly, in comparison with free ICG molecules
and PEG-CS/PDA nanoparticles, the ICG@PEG-CS/PDA NPS generated
powerful hyperthermia on tumor in vivo by NIR laser irradiation. By the
enhanced PTT combined with self-augmented PDT, the NPS prominently
suppressed tumor growth without systemic adverse effect. Over all, the
ICG@PEG-CS/PDA NPS featured with prominent GSH-depleting, singlet
oxygen-generating and photothermal conversion capabilities as well as
sound photothermal stability show great potential in tumor treatment of
the combined PTT and PDT.
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