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1. Introduction

Combined chemo-immuno-photothermal therapy
based on ursolic acid/astragaloside IV-loaded
hyaluronic acid-modified polydopamine
nanomedicine inhibiting the growth and
metastasis of non-small cell lung cancery

Fan Xu,#® Minghua Li,#* Zujun Que,® Mingliang Su,® Wang Yao,© Yu Zhang,®
Bin Luo,? Yan Li,® Zhanxia Zhang ) * and Jianhui Tian*®°

Combining chemotherapy and immunotherapy is a promising strategy for the treatment of non-small
cell lung cancer (NSCLC) metastasis. However, platinum-based chemotherapeutics and immune
checkpoint blockade-based cancer immunotherapy have toxic side effects and limitations. Ursolic acid
(UA) and astragaloside IV (AS-1V) are natural compounds with anticancer activity sourced from
Traditional Chinese medicine (TCM). However, their poor water solubilities and targeted deletions limit
their medicinal value. In this study, we fabricated hyaluronic acid (HA)-modified UA/(AS-IV)-loaded
polydopamine (PDA) nanomedicine (UA/(AS-IV)@PDA-HA) with a high yield at a low cost via simple
synthesis. This represents a novel multifunctional nanomedicine that combines chemotherapy,
photothermal therapy (PTT), and immunotherapy with an active tumor-targeting ability. The as-prepared
nanomedicine not only increased the aqueous solubilities of UA and AS-IV, but also improved their
active targeting abilities. HA binds specifically to the overexpressed cluster of differentiation 44 (CD44)
on the surface of most cancer cells, thereby improving drug targeting. While evaluating the anticancer
effect of UA/(AS-IV)@PDA-HA in vitro and in vivo, the PDA nanodelivery system significantly improved
UA-mediated cytotoxicity and anti-metastatic ability against NSCLC cells. In addition, the system also
improved the AS-IV-mediated self-immune response of tumor-related antigens, which further inhibited
the growth and distant metastasis of NSCLC. Further, PDA nanomaterial-mediated PTT inhibited tumor
growth substantially. UA/(AS-IV)@PDA-HA not only significantly eradicated the primary tumor but also
strongly inhibited the distant metastasis of NSCLC in vitro and in vivo. Thus, it has immense potential for
development as an efficient anti-metastatic agent for NSCLC.

latest large-scale epidemiological survey (185 countries across
six continents), lung cancer remains the highest ranked in

Lung cancer is characterized by malignant tumors that origi-
nate from the bronchial mucosa or glands. According to the
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terms of cancer-related mortality."” Non-small cell lung cancer
(NSCLC) is a major pathological type of lung cancer, accounting
for approximately 85% of all lung cancer cases.® The disordered
proliferation and metastasis of cancer cells cause high mortality,
severely affecting the prognosis, survival, and quality of life of
patients with NSCLC. Currently, effective clinical prevention and
treatment measures for this disease are lacking. Platinum-based
chemotherapy regimens have long been recognized as a first-line
treatment of NSCLC, to ensure anti-proliferation and anti-
metastasis of NSCLC. Immunotherapy has become a hot topic
in the field of NSCLC treatment in recent years and can
significantly improve the immunosuppressive tumor microen-
vironment by inhibiting the growth and metastasis of NSCLC
cells.* Current immunotherapies, including chimeric antigen
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receptor T-cell, checkpoint-blockade therapy, cytokine therapy,
and cancer vaccines, have been established as promising
cancer treatments. In this context, the combination of chemo-
therapy and immunotherapy has brought hope to patients
with NSCLC.”>”” The rationale behind this strategy lies in the
use of drugs that work through different mechanisms, thereby
decreasing the likelihood of NSCLC growth and metastasis and
is a more effective strategy than administering each treatment
alone. However, current platinum-based chemotherapy regi-
mens for NSCLC have limitations, including toxic side effects,
multi-drug resistance, and off-target effects in patients.®° The
clinical application of immunotherapies, such as programmed
death-1 (PD-1) and programmed cell death-ligand 1 (PD-L1), is
also limited by variations in the therapeutic responses of
individual patients, as well as non-specific inflammation, auto-
immunity, and extremely high costs. Anti-tumor efficacy is
observed only in 20-30% of patients with NSCLC, with most
patients not achieving objective responses.'®'! These issues
seriously limit the efficacy and clinical applicability of NSCLC.

Traditional Chinese medicine (TCM) is a rich resource for
drug discovery. Natural compounds extracted from TCM have
potential clinical applications with lower rates of toxicity and
higher efficiencies and could be used to overcome existing
bottlenecks in traditional anticancer therapeutics.'*™® Ursolic
acid (UA) is a member of the triterpenoid molecular family and
exists in medicinal herbs in free form or as aglycones of
triterpenoid saponins. Studies have shown that the pharmaco-
logical actions of UA include antibacterial, anticancer, anti-
inflammatory,"® sedative, and hypoglycemic effects.’® At present,
the anti-tumor effects of UA are receiving increasing attention,
with several studies confirming that UA inhibits proliferation,
promotes apoptosis,”> and mediates metastasis through its
associated signaling pathway”® as a chemotherapeutic agent.
Astragaloside IV (AS-IV) is the major pharmacologically active
ingredient extracted from astragalus and belongs to the chemical
class of triterpenes. Previous studies have demonstrated that AS-IV
is an excellent immunotherapeutic agent. Studies have shown that
AS-IV can efficiently decrease the proportion of Tregs and increase
cytotoxic T cells (CTLs) by interfering with the IDO signaling
pathway.> In addition, AS-IV inhibits lung cancer progression
and metastasis by modulating macrophage polarization through
the AMPK signaling pathway.”®> Thus, AS-IV exhibits significant
anti-tumor and anti-metastatic effects by overcoming the immuno-
suppressive mechanisms mediated by tumors, eliciting robust and
durable anticancer immunity, inhibiting tumor progression, and
prolonging survival. Thus, AS-IV shows great promise in anticancer
immunotherapy. The combination of the chemotherapeutic agent
UA and the immune therapeutic agent AS-IV kills NSCLC cells
directly and activates various signaling pathways and the systemic
immune response, further inhibiting the growth and avoiding
distant metastasis of NSCLC. These mechanisms directly compen-
sate for the shortcomings of traditional anticancer therapeutics,
namely toxic side effects and individual variations in therapeutic
responses.

However, the poor aqueous solubilities and non-specific
biodistribution patterns of free UA and AS-IV contribute to

3454 | J Mater. Chem. B, 2023, 11, 3453-3472

View Article Online

Journal of Materials Chemistry B

their low bioavailability in vivo, restricting their clinical appli-
cation. Therefore, an adaptive drug delivery system is required
to address this issue. In recent years, increasing efforts
have been devoted to the development of nano-drug delivery
systems. Nanotechnology has distinct advantages over conven-
tional drug delivery methods, including a high drug loading
efficiency, tumor-targeting capability, the co-delivery of multi-
ple drugs, a long circulation time, decreased drug resistance,
and diminished systemic adverse effects,”® which could facili-
tate the clinical efficacy of anticancer drugs by further improving
drug delivery efficiency.””*® Since 1995, anti-tumor nano-drugs
including Mvocet, Doxil, Mvocet, and DepoCyt are available in the
market. Research in the field of nano-drug delivery systems has
favorable prospects for clinical applications. Therefore, we focused
on the preparation of a novel nano-delivery system to improve the
therapeutic efficacy of UA and AS-IV in inhibiting lung cancer
proliferation and metastasis.>® Polydopamine (PDA) is an oxidative
polymeric product of dopamine hydrochloride (DA). DA has strong
molecular adsorption capacity for most inorganic and organic
materials. DA self-polymerizes to form surface-adherent PDA films
on a wide range of materials (i.e., organic and inorganic) via a
spontaneous oxidation reaction in an alkaline solution; this makes
it stable enough to reach the target cells.***> PDA has good water
solubility, which remarkably enhances the aqueous solubility of
otherwise insoluble drugs. PDA also contains numerous functional
groups, such as catechol and amine groups. As a result, PDA can
be easily surface-modified. In addition, PDA is extremely sensitive
to pH, self-assembling at alkaline pH and rapidly disintegrating at
acidic pH. Thus, PDA is prone to releasing loaded drugs in
acidic tumor microenvironments or lysosomes. Furthermore,
PDA exhibits low toxicity and excellent biodegradability. PDA
also has strong passive tumor-targeting properties owing to the
enhanced permeability and retention (EPR) effect. Studies have
shown that PDA nano-drug delivery systems have a high drug-
loading efficiency, representing a promising nano-drug delivery
system. More importantly, PDA is a highly efficient photo-
thermal agent due to its excellent optical-to-thermal energy
conversion efficiency. The complex aggregation mode during
the formation of PDA enables photothermal conversion,
allowing for photothermal therapy (PTT) under 808 nm laser
irradiation.>® PTT effectively converts a near-infrared (NIR)
laser into thermal energy and directly kills local tumor cells,
representing a novel non-invasive therapeutic technology. It is
typically administered after surgical treatment, radiotherapy,
chemotherapy, or biological treatment and overcomes the toxic
side effects of anticancer drugs. Hence, PTT is considered to be
one of the most efficient cancer treatments.>**> PTT agents include
carbon-based nanoparticles, noble metal nanomaterials, black
phosphorus, and some semiconductors.’*>° As an NIR-absorbing
nanomaterial, PDA shows high photothermal conversion efficiency
in the NIR region, which can be used to precisely destroy cancer
cells using locally raised temperatures. Hyaluronic acid (HA) is a
component of the extracellular matrix (ECM) and a high-molecular-
weight glycoprotein with hydrophilic properties and can enclose
hydrophobic molecules to enhance hydrophilicity. It is extensively
used as a vehicle for the specific targeting of the CD44 receptor,

This journal is © The Royal Society of Chemistry 2023
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(A) Schematic illustration of the key steps toward the synthesis of core—shell UA/(AS-1V)@PDA-HA nanomedicine. (B) Schematic illustration of

UA/(AS-IV)@PDA-HA nanomedicine combined chemo-immuno-photothermal therapy in inhibiting the growth and metastasis of lung cancer.
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which is overexpressed in NSCLC cells.
materials can achieve active tumor targetability.

In this paper, we report a new tumor-targeted nanomedicine
that combines chemotherapy, immunotherapy, and PTT,
wherein DA self-polymerizes under alkaline conditions and
forms a DA nanocoating on the surfaces of UA and AS-IV (UA/
(AS-IV)@PDA). The synthesized nanomedicine was found to
improve the water solubility and passive targeting ability of
UA and AS-IV. Thereafter, HA was added to the surface of the
UA/(AS-IV)@PDA, further enhancing the active tumor-targeting
property of the nanoparticles (Scheme 1(A)). The inhibition of
NSCLC growth and metastasis was evaluated in vitro and in vivo
through a series of experiments. Our preliminary results
show that fabricated hyaluronic acid (HA)-modified UA/(AS-
IV)-loaded polydopamine (PDA) nanomedicine (UA/(AS-IV)@
PDA-HA) not only effectively inhibited the growth of primary
tumors, but also strongly inhibited the distant metastasis of
NSCLC. UA/(AS-IV)@PDA-HA showed excellent inhibitory
effects on the growth and metastasis of lung cancer in vivo
and in vitro compared with free UA/(AS-IV). The active targeting
and PTT properties of the nanomedicine were evaluated in vitro
and in vivo. PDA nanomaterial-mediated PTT and HA-mediated
active targeting resulted in a highly efficient synergistic anti-
cancer effect (Scheme 1(B)).

This journal is © The Royal Society of Chemistry 2023

2. Materials and methods
2.1 Materials

UA, AS-1V, DA, sodium salt of HA (40-100 kDa, 97%), and
dimethyl sulfoxide (DMSO) were purchased from Macklin
(Shanghai, China). Hochest-33258 and tris-buffered saline
(TBS) were purchased from Solarbio (Beijing, China). Cell
Counting Kit-8 (CCK-8) was obtained from Biosharp (Beijing,
China). Ammonium hydroxide (NH;3-H,0), sodium hydroxide
(NaOH), and Rhodamine B (Rh B) were obtained from Aladdin
(Shanghai, China). Ethyl alcohol (EOH) was purchased from
Titian (Shanghai, China). Lyso-tracker Green, Annexin-V-FITC
apoptosis detection kit, and calcein-AM/PI staining kit were
purchased from Beyotime Biotech (Shanghai, China). Antibody
against B-actin was obtained from HuaBio (Hangzhou, China).
Antibody against CD44 was obtained from GeneTex (USA).
Matrigel-356234, FITC anti-mouse CD3, PE anti-mouse CD8a,
APC anti-mouse CD4, and PE-CF594 Mouse Anti-Mouse NK1.1
were purchased from BD (USA), while alanine transaminase
(ALT), aspartate aminotransferase (AST), and creatinine (CRE)
activity assay kits were obtained from JianCheng Bioengineering
Institute (Nanjing, China). High-glucose Dulbecco’s modified
Eagle’s medium (DMEM-High Glucose) was provided by Basal-
Media (China), whereas Ham’s F-12K (1x) medium was pro-
vided by Bioagrio (Shanghai, China). Fetal bovine serum (FBS)
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and penicillin-streptomycin solution were purchased from
Gibco (USA). Phosphate-buffered saline (PBS) was purchased
from ServiceBio (Wuhan, China).

2.2 Cell lines and cell culture

The human lung circulating tumor cell line CTC-TJH-01 used in
this study was obtained from the Jianhui Tian Research Group.
It is the first human lung adenocarcinoma circulating tumor
cell line in the world and was collected from the peripheral
blood of female patients with stage IIA lung adenocarcinoma
(Fig. S1, ESIt). Cells were cultured in Ham’s F-12K (1x) med-
ium with 10% FBS and 1% penicillin-streptomycin solution.
The normal human bronchial epithelial cell line BEAS-2B, the
human lung adenocarcinoma cell line A549 and the murine
lung cancer cell line LLC-luc were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, United States).
Cells were maintained in high-glucose DMEM containing 10%
FBS and 1% penicillin-streptomycin solution. Cells were grown
in a carbon dioxide (CO,) incubator (Heracell 240 i; Thermo
Scientific, Germany) at 37 °C with 5% CO,.

2.3 Cytotoxicity assay of UA and AS-IV

The in vitro cytotoxicities of UA and AS-IV were evaluated using
CCK-8 assays. LLC-luc and CTC-TJH-01 in log growth phase
were seeded into 96-well plates at a density of 3 x 10? cells per
well and incubated in a CO, incubator at 37 °C with 5% CO, for
12 h. Then, UA or AS-IV was added to wells in medium
supplemented with 10% FBS at different concentrations and
incubated for 48 h. Next, the original medium was removed,
and 90 pl fresh medium and 10 pl of CCK-8 solution were added
to each well. The cells were further cultured for another 1 hina
CO, incubator at 37 °C with 5% CO,. Finally, the optical density
(OD) of each well was measured at 450 nm using a multiwell
plate reader (Synergy HTX; BioTek, USA). Untreated cells in
growth media were used as blank controls.

2.4 Evaluation of the synergistic effects of UA and AS-IV

A single concentration of UA was combined with different
concentrations of AS-IV to evaluate the synergistic effects of
UA and AS-IV. The cell viability in each experimental group was
evaluated using the CCK-8 assay. Three data points were used
for each drug for each experiment. The non-constant-ratio
combination was chosen to determine the effects of both drugs
in combination. The synergistic effect between UA and AS-IV
was presented by the half maximal inhibitory concentration
(ICs0) and the coefficient of drug interaction (CDI) value. CDI
was determined using eqn (1):

AB

DI =
C A X B

1)

where AB is the ratio of the viability of cells treated with the
UA/(AS-IV) combination to that of the control groups and A or B
is the ratio of the viability of cells treated with only UA or AS-IV
to that of the control group, respectively. CDI > 1 indicates
antagonism and CDI < 1 indicates synergism; CDI = 1
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indicates additivity and CDI < 0.7 indicates significant
synergism.

2.5 Preparation of UA/(AS-IV)@PDA-HA

An alkaline alcohol aqueous solution was prepared using 10 ml
of distilled water (dH,0), 5 ml of EOH, and 200 pul of NH;-H,O.
The solution was magnetically stirred at room temperature
(25 °C £ 5 °C) for 5 min. Subsequently, 50 mg of UA was added
to the solution. The system was stirred for 2 h to ensure good
dispersion. Thereafter, 100 mg of DA was dissolved in dH,O
and slowly added to the solution. The color of the solution
quickly transformed from colorless to dark, indicating oxidative
self-polymerization of DA and the continuous formation of
UA-loaded PDA nanoparticles (UA@PDA). The reaction mixture
was then stirred for 12 h at room temperature (25 °C £ 5 °C).
After the reaction, the UA@PDA was washed and centrifuged
using a refrigerated high-speed centrifuge (AVANTI J-E;
Beckman Coulter, USA) to remove any free nanostructures or
UA. To modify the targeting molecule HA, 15 mg of HA was
added to 15 ml of TBS (pH = 8.5) with strong shaking to dissolve
it completely before adding it to the obtained UA@PDA under
stirring for another 4 h. Finally, UA-loaded HA-modified PDA
nanoparticles (UA@PDA-HA) were collected using a refrigerated
high-speed centrifuge. This method was also used to synthesize
(AS-IV)-loaded PDA nanoparticles (AS-IV)@PDA and (AS-IV)-
loaded HA-modified PDA nanoparticles (AS-IV)@PDA-HA.

UA@PDA-HA and (AS-IV)@PDA-HA were broken by adding
NaOH solution with a pH of more than 12 and centrifuging at
10000 rpm for 20 min. The UA and AS-IV content in the
nanomedicine was then measured by Liquid Chromatograph
Mass Spectrometer (LC-MS) (API 4000; AB SCIEX, USA). The
encapsulation efficiency (EE%) was calculated using eqn (2)
and (3):

UA encapsulated in nanomedicine
EE% (UA) = Amount of UA added X 100%(2)
AS-IV encapsulated in nanomedicine

Amount of AS-IV added
x 100% (3)

EE% (AS-IV) =

Finally, UA/(AS-IV)@PDA-HA was formulated by mixing the
two nanoparticles in a 1:5 UA/AS-IV molar ratio.

2.6 Characterization of UA/(AS-IV)@PDA-HA

2.6.1 Transmission electron microscopy (TEM). UA@PDA-
HA and (AS-IV)@PDA-HA were visualized using negative stain-
ing electron microscopy. Five microliters of the diluted samples
was separately deposited onto copper TEM grids for 1 min.
After sample absorption, the surplus was removed using a filter
paper, followed by the addition of 5 pl of 2% uranyl acetate for
1 min. After surplus removal, the samples were dried at room
temperature (25 °C = 5 °C) and examined by TEM (JEM-1230;
JEOL, Japan).

2.6.2 Scanning electron microscopy (SEM). Drops of the
prepared samples were spotted onto carbon-coated copper
grids and allowed to dry at room temperature (25 °C £ 5 °C).

This journal is © The Royal Society of Chemistry 2023
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A high-resolution scanning electron microscope (Sigma300;
Zeiss, Germany) was used to investigate the morphology of
UA@PDA-HA and (AS-IV)@PDA-HA.

2.6.3 Determination of particle size and zeta potential. The
nanoparticle size was observed using SEM and analyzed using a
particle size analyzer (Nano Measurer 1.2). The zeta potential
was measured by the wet method using a Zetasizer (Mastersizer
2000; Malvern, UK). The instrument was performed following
the manufacturer’s instructions in triplicate, and values are
expressed as mean =+ standard deviation (SD).

2.6.4 Fourier-transform infrared spectroscopy (FTIR).
Infrared spectra (FTIR) were obtained using a Fourier trans-
form infrared spectrometer (Nicolet iS 5; Thermo Scientific,
USA). Then, 1 ml of prepared suspension was dripped onto a
glass slide, forming a thick film after allowing to air dry for
5 min. The composite films were then placed directly on the
ATR crystal and analyzed. Spectra were collected over a range of
4000-500 cm ™', Three samples were examined under the same
conditions for each material and the final average spectrum
was calculated.

2.7 Invitro release of UA in UA@PDA-HA and release of AS-IV
in (AS-IV)@PDA-HA

The UA@PDA-HA and (AS-IV)@PDA-HA were sealed in dialysis
bags (molecular weight cutoff: 1000 Da), after which the bags
were placed in different centrifuge tubes. A total of 8 ml of PBS
with different pH levels (7.2 and 5.5) was added to each tube.
All centrifuge tubes were shaken, and 1 ml of the supernatant
buffer was collected at predetermined time intervals. Release of
the UA and AS-IV were detected with a LC-MS (API 4000; AB
SCIEX, USA).

2.8 Invitro photothermal property and photothermal stability
measurement

First, the photothermal properties of UA/(AS-IV)@PDA-HA were
evaluated. Five groups (1 ml per group) were included, as
follows: (i) PBS group; (ii) free UA/(AS-IV) group; (iii) blank
PDA-HA group; (iv) UA/(AS-IV)@PDA group; (v) UA/(AS-
IV)@PDA-HA group (concentration 0.6 mg ml ' UA and
5.6 mg ml~" AS-IV). The solutions were then irradiated with
an 808 nm laser at 1.0 W cm ™ > predetermined photodensity for
10 min. The laser-irradiation-induced temperature elevation
was recorded every minute using an infrared (IR) camera (Fotric
220; Fotric, USA). To evaluate the concentration-dependent
photothermal property, 1 ml of aqueous dispersion of UA/(AS-
IV)@PDA-HA at different concentrations was irradiated by an
808 nm laser (1.0 W cm ™2, 10 min). The following groups were
evaluated: (i) PBS group; (ii) UA/(AS-IVJ@PDA-HA group
(0.15 mg ml™' UA and 1.4 mg ml™" AS-IV); (iii) UA/(AS-IV)@
PDA-HA group (0.3 mg ml~" UA and 2.8 mg ml ™" AS-1V); (iv) UA/
(AS-IV)@PDA-HA group (0.6 mg ml™' UA and 5.6 mg ml '
AS-1V); (v) UA/(AS-IV)@PDA-HA group (1.2 mg ml ™' UA and
11.2 mg ml~ ' AS-IV). The laser irradiation-induced temperature
elevation was recorded every minute.

Next we measured the photothermal conversion efficiency of
UA/(AS-IV)@PDA-HA. The prepared nanomedicine solution was

This journal is © The Royal Society of Chemistry 2023
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placed in a 1 cm path length quartz cuvette. The temperature
change in response to irradiation with an 808 nm laser
(1.0 W cm™?) was measured using the IR camera (Fotric 220;
Fotric, USA). Photothermal conversion efficiency was calculated
using the following:

hA(Tmax - Tsurr) - Qs

T =10 A) @
g =" )
Ts
t=—15lno (6)
AT T-T.
6 — — surr 7
ATn]ilX ]-'lnax - Tiul‘l‘ ( )

The values of 1 were obtained from eqn (4)-(7). In equation,
h is the heat transfer coefficient, A is the surface area of the
container, m is the weight of the solvent and c, is the specific
heat capacity of water. 7 is the time constant measured from
the slope of linear regression line plotted by time ¢ and —In(6).
Tmax is the maximum steady-state temperature, and Ty, is the
surround temperature. Qg is the heat associated with the
light absorbance of control sample (water) and quartz cuvette.
I is the input power, and Agyg is the absorbance of sample at
808 nm.

For photothermal stability, 1 ml of aqueous dispersion of
UA/(AS-IV)@PDA-HA (0.6 mg ml~" UA and 5.6 mg ml~" AS-1V)
was irradiated by the 808 nm laser (1.0 W em™?) for 10 min
(laser on) and then natural cooled without irradiation for
10 min (laser off). Five on/off laser cycles were performed.
During the experiment, the temperature of the aqueous disper-
sion was recorded to determine the photothermal stability of
UA/(AS-IV)@PDA-HA.

2.9 In vitro biocompatibility

The in vitro biocompatibility of blank PDA-HA and 808 nm laser
irradiation was evaluated using the CCK-8 assay. Cytotoxicity
experiments were conducted using CTC-TJH-01, LLC-luc, and
BEAS-2B cells. Cells in the exponential growth phase (3 X
10> cells per well) were seeded into 96-well plates in triplicate,
and after incubation for 12 h to allow cell attachment, the cells
were co-cultured with blank PDA-HA NPs at a series of indicated
concentration gradients for another 48 h or treated with
808 nm laser irradiation (1.0 W em™?, 5 min). Then, 10 ul of
the CCK-8 reagent was added to each well and incubated for
1 h. Absorbance was measured using a fluorescence microplate
reader at 450 nm.

2.10 In vitro HA-mediated active targeting

2.10.1 Western blotting (WB). BEAS-2B, A549, CTC-TJH-01
and LLC-luc cells were inoculated in 60 mm?® dishes at a density
of 1 x 10° cells per dish. When the cells formed a confluent
monolayer, the cells were treated with RIPA lysis buffer and the
concentrations of extracted proteins were detected by a protein
assay kit. The obtained samples were then subjected to WB to

J. Mater. Chem. B, 2023, 11, 3453-3472 | 3457
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detect CD44. The immunoreactive bands were filmed using a
chemiluminescence image analysis system (Tanon, Shanghai,
China) and finally semi-quantitatived by Image]J software 1.8.0.

2.10.2 Cellular uptake experiments. Cellular uptake experi-
ments were performed to verify the targeting capacity of the HA.
First, fluorescently labelled UA/(AS-IV)@PDA and UA/(AS-IV)@
PDA-HA were prepared by adding Rh B for 12 h. The nano-
particles were then washed with PBS more than five times until
no noticeable color change was observed in the supernatant
fluids, followed by resuspension in F-12K or DMEM. BEAS-2B,
A549 and CTC-TJH-01 cells were seeded into confocal dishes
at 1 x 10° cells per well and LLC-luc cells were seeded into
confocal dishes at 1.5 x 10° cells per well. After 12 h, the cells
were co-cultured with either fluorescently labelled UA/(AS-IV)@
PDA NPs for 4 h or fluorescently labelled UA/(AS-IV)@PDA-HA
NPs for 2 h and 4 h. After incubation, the F-12K or DMEM was
removed. The cells were washed three times with cold PBS. The
cells were further stained with Lyso-Tracker®™ Green for 1 h,
washed three times with cold PBS (pH 7.4), and stained with
Hoechst for 15 min. Subsequently, these cells were fixed
with 4% paraformaldehyde for 15 min. HA-mediated cellular
targeting was then observed using confocal laser scanning
microscopy (CLSM) (SP8; Leica, Germany) with a Cy3 channel
for the nanoparticles, Oregon Green 488 channel for the lyso-
somes, and DAPI channel for the nucleus.

2.11 Invitro cell cytotoxicity assay

Cell cytotoxicity was measured using the CCK-8 assay and
Calcein-AM/Propidium Iodide (Calcein-AM/PI) staining. For
the CCK-8 assay, CTC-TJ-01 and LLC-luc cells were seeded into
96-well plates at 3 x 10’ cells per well in triplicate and
incubated for 12 h. After exposure to (i) fresh medium, (ii) free
UA/(AS-IV), (iii) UA/(AS-IV)@PDA, (iv) UA/(AS-IV)@PDA-HA,
and (v) UA/(AS-IV)@PDA-HA with 808 nm laser irradiation
(1.0 W em ™, 5 min) for 48 h in the dark, cells were added
100 pl of fresh medium containing 10% CCK-8 solution. After
incubation at 37 °C for another 1 h, the absorbance of the
solution at 450 nm was measured using a multiwell-plate
reader (Synergy HTX; BioTek, USA). Eqn (3) was used to
calculate the cell viability (%):

(Atreat - AO)

Cell viability (%) = i 1)
control — 40

x 100% (8)

where Ay, Atrear, and Acontrol epresent the absorbance of the
blank medium, treated cells, and untreated cells, respectively.

Calcein-AM/PI staining was performed to study the cytotoxi-
city of UA/(AS-IV)J@PDA-HA. Briefly, CTC-TJH-01 and LLC-luc
cells (3 x 10° cells per well) were seeded into 6-well plates and
cultured for another 12 h. The cells were then treated with:
(i) fresh medium, (ii) free UA/(AS-IV), (iii) UA/(AS-IV)@PDA,
(iv) UA/(AS-IV)J@PDA-HA, and (v) UA/(AS-IV)@PDA-HA with
808 nm laser irradiation (1.0 W em ™2, 5 min) for 24 h. The cells
were then stained with Calcein-AM/PI according to the manu-
facturer’s instructions. Fluorescence images were obtained using
a fluorescence microscope (DMI3000 B; Leica, Germany).
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2.12 In vitro apoptosis assay

CTC-TJH-01 and LLC-luc cells (3 x 10° cells per well) were
seeded into 6-well plates and incubated in 3 ml of medium.
Twelve hours later, the medium was replaced and cells were
treated with different formulations: (i) fresh medium, (ii) free
UA/(AS-IV), (iii) UA/(AS-IV)@PDA, (iv) UA/(AS-IV)@PDA-HA,
and (v) UA/(AS-IV)@PDA-HA with 808 nm laser irradiation
(1.0 W em™?, 5 min) for 48 h. Thereafter, the cells were
harvested, resuspended in Annexin V-FITC binding buffer,
and stained with 5 pl of Annexin V-FITC and 10 pl of PI for
15 min in a dark environment according to the apoptosis
Detection Kit. Finally, 1 x 10" cells were analyzed using a flow
cytometer (DXFLEX; Beckman Coulter, USA).

2.13 In vitro cell migration assay

2.13.1 Wound healing assay. CTC-TJH-01 and LLC-luc were
seeded into 6-well plates (1 x 10° cells per well) in complete
medium and incubated at 37 °C in 5% CO,. Once the cells
formed a confluent monolayer, the medium was removed and
the monolayers were scraped using a 200 pl pipette tip to create
a “scratch”. After rinsing the wells with cold PBS twice, the
wells were treated with different reagents: (i) fresh medium,
(ii) free UA/(AS-IV), (iii) UA/(AS-IV)@PDA, (iv) UA/(AS-TV)@PDA-
HA, and (v) UA/(AS-IV)@PDA-HA with 808 nm laser irradiation
(1.0 W em ™2, 5 min), which were formulated with DMEM or
F-12K (2% FBS medium and 1% penicillin-streptomycin
solution). The cells were observed after 0 and 24 h of treatment.
Images of the wound area were obtained using an optical
microscope (Thermo EVOS XL Core Scientific). The degree of
wound healing was evaluated as a percentage of wound healing,
as follows (4):

(4o — A1)
Ao

A= x 100% )

The proportions of the initial scratch (4,) and final scratch
(A;) were calculated using Image] software 1.8.0.

2.13.2 Transwell migration assay. The migration abilities
of CTC-TJH-01 and LLC-luc cells were determined using 24-well
Transwell chambers, with upper and lower culture compart-
ments separated by polycarbonate membranes with 8 pum
pores. Briefly, 1 x 10° CTC-TJH-01 cells were cultured in
100 pl of serum-free medium. The cells were then seeded into
the upper chamber (8.0 pm pore) and co-cultured with different
reagents: (i) fresh medium, (ii) free UA/(AS-IV), (iii) UA/(AS-
IV)@PDA, (iv) UA/(AS-IV)@PDA-HA, and (v) UA/(AS-IV)@PDA-
HA with 808 nm laser irradiation (1.0 W cm 2, 5 min). The
concentration of drugs used in migration assays is 2.129 uM
(CTC-TJH-01, IC5, value of UA/(AS-IV)@PDA-HA + Laser group)
and 2.147 uM (LLC-luc, ICs, value of UA/(AS-IV)@PDA-HA +
Laser group). A total of 600 pl media (20% FBS) was placed in
the lower well. After 24 h, cells on the upper surface of the
membrane were carefully removed with a cotton swab, and
migrant cells on the lower surface were fixed with 4% fresh
paraformaldehyde at 37 °C for 15 min, followed by staining
with 0.05% crystal violet for 30 min. Images were obtained
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using an optical microscope. Three random microscopic fields
(10x) of each membrane were chosen, and the metastatic cells
were counted with Image].

2.14 In vitro cell invasion assay

Cell invasion was evaluated using a Transwell invasion assay.
Serum-free medium was added to dilute the Matrigel (1:4).
Next, 25 pl of diluted Matrigel (1 mg ml™") was inoculated into
each chamber and hardened in a CO, incubator for 2 h at 37 °C.
Then, 100 pl of serum-free medium was added for 30 min at
37 °C. The remaining steps were the same as those used in the
Transwell migration assay. The migrated cells were counted
in three random fields (20x magnification) under an optical
microscope. The average number of cells per field was calcu-
lated and quantified using Image]J software.

2.15 Animals and tumor model

To establish xenograft tumor and lung metastasis models, six-
week-old C57BL/6 male mice (~20 g) were purchased from
Lingchang Biotechnology Co., Ltd (Shanghai, China) and main-
tained under standard housing conditions. Subcutaneous
LLC-luc tumors were generated by subcutaneously injecting
3 x 10° LLC-luc (suspended in PBS) into the left side of the
armpit. When the tumor volume reached 50 mm?®, the mice
were randomly divided into different groups. All animal proce-
dures were carried out according to the guidelines approved by
the Animal Ethics Committee of the Shanghai University of
Traditional Chinese Medicine.

2.16 In vivo PTT

The LLC-luc tumor-bearing mice were randomly divided into
four groups and injected intraperitoneally with (i) saline (0.9%
NaCl solution), (ii) free UA/(AS-IV), (iii) UA/(AS-IV)@PDA, or
(iv) UA/(AS-IV)@PDA-HA (concentration: UA dose of 5 mg per kg
bodyweight and a AS-IV dose of 25 mg per kg bodyweight).
At 24h post-intraperitoneal injection, each mouse was irra-
diated with an 808 nm laser (1.0 W cm™?) for 5 min. The
temperature of the tumor sites and infrared thermographic
maps during PTT were monitored using an infrared thermal
imaging camera (Fotric 220; Fotric, USA).

2.17 In vivo biodistribution of UA/(AS-IV)@PDA-HA

For biodistribution analysis, LLC-luc tumor-bearing mice were
injected intraperitoneally with fluorescently labelled UA/(AS-IV)@
PDA-HA. Fluorescent labelled UA/(AS-IV)@PDA-HA NPs were
prepared by adding Rh B to the UA/(AS-IV)@PDA-HA solutions
for 12 h, removing the excess dye molecules by centrifugation,
and washing with water more than five times until no notice-
able color change was observed in the supernatant fluids. At the
pre-planned time points (0, 24, and 36 h), the main organs
(heart, liver, spleen, lung, and kidney) and tumors were har-
vested. Subsequently, the fluorescence intensity in these organs
and tumors was analyzed at 0, 24, and 36 h using a VISQUE
in vivo imaging system (VISQUE® Invivo Smart-LF VIE-WORKS,
Inc., USA) in the PE (red) channel.
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In addition, HA-mediated active targeting in vivo was also
validated. LLC-luc tumor-bearing mice were separated into
two groups. After the tumor volume reached approximately
200-300 mm?>, the mice were injected intraperitoneally with
(i) fluorescently labelled UA/(AS-IV)@PDA or (ii) fluorescently
labelled UA/(AS-IV)@PDA-HA. Fluorescent labelled UA/(AS-IV)@
PDA NPs and UA/(AS-IV)@PDA-HA NPs were prepared in the
same way as above. After 24 h, the main organs (heart, liver,
spleen, lung, and kidney) and tumors were harvested. Subse-
quently, the fluorescence intensity in these organs and tumors
was quantitatively analyzed using the VISQUE in vivo imaging
system (VISQUE® Invivo Smart-LF VIE-WORKS, Inc., USA) in
the PE (red) channel to assess the HA-mediated active targeting
in vivo.

2.18 In vivo anti-tumor and anti-metastasis ability

The in vivo therapeutic effect of UA/(AS-IV)@PDA-HA was eval-
uated in LLC-luc tumor-bearing mice. Briefly, the mice were
stochastically divided into five groups (n = 6): (i) saline (0.9%
NaCl solution) group, (ii) free UA/AS-IV group, (iii) UA/(AS-
IV)@PDA group, (iv) UA/(AS-IV)@PDA-HA group, and (v) UA/
(AS-IVJ@PDA-HA group with 808 nm laser irradiation
(1 W ecm™?, 5 min). Treatments were diluted in 0.9% NaCl
solution and administered at a UA dose of 5 mg per kg body-
weight and an AS-IV dose of 25 mg per kg bodyweight. The mice
were intraperitoneally injected every two days during a 21 day
experimental period. Tumor volume and body weight were
measured every two days. Tumor volumes were measured using
Vernier calipers and evaluated using the following formula:
(major diameter) x (minor diameter)*/2. After 21 d, orbital
blood was obtained from all mice before sacrifice, which was
mainly used for the detection of hepatorenal function. The
main organs and tumors were harvested and used for histo-
logical analysis by H&E staining of the thin transverse sections.

2.19 Immunohistochemical staining

The tumors and main organs in each group were fixed over-
night with 4% paraformaldehyde. Then, the samples were
dehydrated in ethanol, embedded in paraffin, and sectioned
at a thickness of 5 um. Next, the sections were deparaffinized in
xylene and ethanol and rehydrated in water. Subsequently,
antigen retrieval was performed by heating the samples in a
microwave for 30 min in sodium citrate buffer (pH 6.0). Slides
were then quenched in hydrogen peroxide (3%) to block
endogenous peroxidase activity and washed with TBST buffer.
Finally, the primary antibodies were incubated at 4 °C over-
night, followed by analysis using a Polymer Detection kit (Life
Technologies), according to the manufacturer’s instructions,
along with antibodies against cleaved caspase-3 (Abcam), Ki-67,
CDS8, and NK1.1.

2.20 Statistical analysis

All experiments were independently repeated in triplicate.
All data are presented as mean + SD. Statistically significant
differences between two groups were analyzed using t-test,
while statistically significant differences between multiple
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groups were compared using one-way analysis of variance
(ANOVA). Statistical analyses were performed using GraphPad
Prism 7.0 (GraphPad Software, USA). p < 0.05 was considered
statistically significant in all analyses (95% confidence level).
*p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001.

3. Results and discussion

3.1 Synergistic anti-tumor effect between UA and AS-IV

To detect the cytotoxicity of UA, CTC-TJH-01 and LLC-luc cells
were incubated with different concentrations of UA. UA showed
an obvious inhibitory effect on CTC-TJH-01 (Fig. 1(A)) and LLC-
luc (Fig. 1(B)). Low concentrations of UA were found to inhibit
cell activity in the concentration range of 1-5 pM, and cell
proliferation gradually slowed down as the concentration
increased. Above 40 uM, UA showed significant cytotoxicity to
cells. The ICs, values (48 h) were 29.18 uM on CTC-TJH-01 and
43.87 uM on LLC-luc, respectively. The result showed that UA
significantly inhibited the proliferation of NSCLC cells.

The inhibitory effect of AS-IV on NSCLC cell proliferation
was also explored. Compared to the solvent control, different
doses of AS-IV (8, 16, 31, 63, 125, and 250 uM) did not
significantly inhibit the activity of CTC-TJH-01 (Fig. 1(C)) or
LLC-luc (Fig. 1(D)). Furthermore, AS-IV did not induce
any remarkable decrease in cell viability in CTC-TJH-01 or
LLC-luc cells, demonstrating that it does not exert any direct
cytotoxicity on lung cancer cells within a concentration interval
of 0-250 pM.

Previous experiments have shown that UA monotherapy
could inhibit the proliferation of CTC-TJH-01 and LLC-luc cells,
while AS-IV alone did not significantly reduce cell survival after
48 h of treatment. Studies have also reported that both UA and
AS-IV can enhance the sensitivity of cancer cells to chemother-
apeutic drugs, such as cisplatin. To identify the synergistic anti-
tumor activity between UA and AS-IV, we combined a single

View Article Online

Journal of Materials Chemistry B

concentration of UA with varying concentrations of AS-IV for
48 h and performed the CCK-8 assay to evaluate the cytotoxicity
of CTC-TJH-01 and LLC-luc. Subsequently, the IC5, and CDI
values were calculated to determine whether the cytotoxic
effects were synergistic. A CDI value <1 demonstrated a
synergistic cytotoxic effect. The results showed that the combi-
nation of UA and AS-IV (1:1, 1:2, and 1:5 molar ratio) led to
lower IC5o and CDI values in CTC-TJH-01 and LLC-luc cells
compared to UA monotherapy (Fig. 1(E) and (F)). This indicates
synergistic anti-tumor activity between UA and AS-1V, resulting
in improved anti-tumor efficacy. Furthermore, combination at a
molar ratio of 1:5 (UA:AS-IV = 1:5) was found to have an
optimal synergistic effect (ICs, value [48 h] of 25.322 uM
for CTC-TJH-01 and 25.799 pM for LLC-luc; the CDI value of
0.868 for CTC-TJH-01 and 0.610 for LLC-luc).

3.2 Synthesis and characterization of UA@PDA-HA and
(AS-IV)@PDA-HA

In this study, UA/(AS-IV)@PDA-HA was constructed using a
simple three-step synthetic procedure (Scheme 1(A)). First, UA
or AS-IV was encapsulated in DA in an aqueous alkaline alcohol
solution. Subsequently, the surfaces of the nanoparticles were
modified with HA. According to LC-MS detection, the encapsu-
lation efficiency of UA@PDA-HA was calculated to be 24% and
(AS-IV)@PDA-HA was 58% (Fig. S2, ESI{). Finally, UA/(AS-IV)@
PDA-HA was formulated by mixing the two nanoparticles at a
molar ratio of 1:5 (UA:AS-IV).

The nanomedicines were characterized after their synthesis.
The TEM and SEM images revealed that the obtained UA@PDA-
HA and (AS-IV)@PDA-HA had a spherical morphology, a
relatively homogeneous distribution of grain size, and good
dispersibility in water (Fig. 2(A)). The particle sizes of UA@PDA-
HA and (AS-IV)@PDA-HA were analyzed using SEM (Fig. 2(D)),
and the resulting size distribution curves showed that the mean
particle sizes of UA@PDA-HA and (AS-IV)@PDA-HA were
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Fig. 1 Synergistic effect evaluation of UA and AS-IV. (A) CCK-8 cell surviva

means additive; CDI>1 means antagonism.

L rate of CTC-TJH-01 after co-incubation with UA after 48 h. (B) CCK-8 cell

survival rate of LLC-luc co-incubation with UA after 48 h. (C) CCK-8 cell survival rate of CTC-TJH-01 co-incubation with AS-IV after 48 h. (D) CCK-8 cell
survival rate of LLC-luc co-incubation with AS-1V after 48 h. (E) and (F) Determination of the optimal proportions of UA and AS-1V for inducing the optimal

synergistic effect (the ICsp value and the CDI value).
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Fig. 2 Characterization of UA@PDA-HA and (AS-IV)@PDA-HA core—shell nanomedicine. (A) Representative transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) micrographs of UA@PDA-HA and (AS-1IV)@PDA-HA showing the nanostructure, respectively. (B) Fourier
transform infrared spectroscopy (FTIR) of PDA, HA and PDA-HA. (C) Zeta potential of PDA, UA@PDA, UA@PDA-HA, (AS-IV)@PDA and (AS-1V)@PDA-HA.
(D) The size distribution curves and polydisperse indexes (PDI) of UA@PDA-HA and (AS-IV)@PDA-HA. (E) UA and (F) AS-IV release curves at different

pH levels (5.5 and 7.2).

230 nm (PDI = 0.069) and 210 nm (PDI = 0.32), respectively. It
has been shown that nanomedicines around 20-200 nm in size
have good advantages in terms of overcoming cellular barriers
and being internalised by cells. Therefore nanomedicines
around 200 nm have better clinical translatability.

The zeta potentials of these nanoparticles in a neutral
aqueous solution were also measured (Fig. 2(C)). The zeta
potential of the PDA NPs, UA@PDA, and UA@PDA-HA were
—49.9 mV, —53.3 mV, and —38.1 mV, respectively. The zeta
potentials of the PDA NPs, (AS-IV)@PDA, (AS-IV)@PDA-HA
were —49.9 mV, —52.5 mV, and —41.2 mV, respectively. All
nanoparticles (PDA, UA@PDA, UA@PDA-HA, (AS-IV)@PDA, and
(AS-IV)@PDA-HA) exhibited negative zeta potentials. The load-
ing of UA or AS-IV during PDA synthesis led to a more negative
zeta potential. In addition, the continuous surface coating of
HA further lowered its zeta potential. The zeta potential
changes indicated that UA and AS-IV were successfully
embedded in the PDA nanoparticles, and the targeted molecule
HA was effectively modified on the surface of UA@PDA and
(AS-IV)@PDA.

To further verify the successful modification of the target
drug molecule HA, an FTIR experiment was performed
(Fig. 2(B)). The infrared spectrum of HA-loaded PDA exhibited
characteristic peaks of 1041 cm ™' (HA, the asymmetric stretch-
ing peak of a carboxyl group) and 3649 cm ™" (HA, the hydrogen-
bonded stretching vibration of -N-H or O-H), suggesting that
HA was successfully loaded on the surface of the nanoparticles.

In vitro release of UA from UA@PDA-HA and AS-IV from
(AS-IV)@PDA-HA in pH 7.2 and 5.5 were all investigated. The
results exhibited that more UA and AS-IV were released in pH
5.5 than they were in pH 7.2. About 49.14% of UA and 64.4% of

This journal is © The Royal Society of Chemistry 2023

AS-IV were released in pH 5.5, whereas only 16.43% and 21.83%
released in pH 7.2 (Fig. 2(E) and (F)). The results shows that
UA/(AS-IV)@PDA-HA could achieve sustained release in the
acidic environment of tumors.

3.3 Invitro photothermal effect and photothermal stability

To evaluate the in vitro photothermal conversion performance
of the nanomedicine under 808 nm laser exposure, four groups
were evaluated: (i) PBS buffer group, (ii) free UA/(AS-IV) group,
(iii) UA/(AS-IV)@PDA group, and (iv) UA/(AS-IV)@PDA-HA group
with 808 nm laser irradiation. The temperature of the different
solutions under 808 nm laser exposure was monitored using
IR thermal images (Fig. 3(A)). The temperature of the blank
PDA-HA, UA/(AS-IV)@PDA, and UA/(AS-IV)@PDA-HA suspen-
sions (0.3mg ml™" UA and 2.8 mg ml~" AS-IV) was found to
increase rapidly with time, gradually reaching a plateau at
52 °C, 54 °C, and 55 °C, respectively, under 808 nm (1.0 W cm™?)
laser irradiation for 10 min. However, negligible temperature
increments were detected for PBS and free UA/(AS-IV) under
808 nm laser irradiation (1.0 W em™? 10 min) (Fig. 2(B)).
In addition, the temperature change curves of UA/(AS-IV)@PDA-
HA (Fig. 3(C)) at various concentrations were measured with
808 nm laser irradiation, suggesting an obvious dose-dependent
increase in the PTT effect. These findings demonstrate that PDA-
induced PTT can efficiently and rapidly convert photo energy into
heat under 808 nm laser irradiation. This may be because the
electrons in PDA are excited by light energy, and the subsequent
non-radiative relaxation generates heat. Therefore, the nano-
medicine showed potential for PTT.

To evaluate photothermal stability, the temperature elevation
profiles of blank PDA, UA/(AS-IV)@PDA and UA/(AS-IV)@PDA-HA
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(1 W cm™2 10 min). (D) Photothermal stability of UA/(AS-IV)@PDA-HA (0.6 mg ml™?) for five consecutive photothermal cycles under 808 nm laser
irradiation (1 W cm™2). (E) and (F) Photothermal conversion efficiency of UA/(AS-IV)@PDA-HA. ***p < 0.001, ****p < 0.0001.

aqueous solution under five cycles of heating and cooling were
recorded (Fig. S3, S4, ESIT and Fig. 3(D)). The temperature of the
solution rapidly increased under 808 nm laser irradiation,
whereas the temperature rapidly decreased after the irradiation
was removed. No significant change was observed in the heating
and cooling processes after five cycles, indicating that the nano-
medicine had excellent photothermal stability. The photothermal
properties and photothermal stability demonstrated that UA/(AS-
IV)@PDA-HA can be adopted as a durable photoabsorbing agent
for photonic cancer hyperthermia in the NIR-I biowindow.

The temperature of UA/(AS-IV)@PDA-HA reached 51.77 °C
within 10 min in response to laser irradiation (Fig. 3(E)). The
system time constant (t) was calculated using the linear fitting
graph of the cooling time and temperature change data (Fig. 3(F)).
Based on these two results, we calculated the photothermal
conversion efficiency of UA/(AS-IV)@PDA-HA. We calculated the
photothermal conversion efficiency of UA/(AS-IV)@PDA-HA to be
42.83%.

3.4 Invitro biocompatibility

DA, a natural melanin, has been shown to have good biocom-
patibility as a nano-carrier. In theory, the metabolic products of
DA are biodegradable homovanillic and trihydroxyphenylacetic
acids. The potential toxicity of blank PDA-HA was determined
using a cell viability assay against lung cancer CTC-TJH-01 and

3462 | J Mater. Chem. B, 2023, 11, 3453-3472

LLC-luc cell lines, as well as the normal lung BEAS-2B cell line.
The CCK-8 results showed that the cell viability of BEAS-2B,
CTC-TJH-01, and LLC-luc was higher than 80%, indicating the
good biocompatibility of the PDA-HA nano-carrier (Fig. S5,
ESIt). The results showed that the blank PDA had negligible
cytotoxicity to both CTC-TJH-01 and LLC-luc at polymer con-
centrations of up to 200 ug mL~". Owing to its excellent photo-
thermal conversion efficiency, blank PDA-HA was used as PTT
agent. Then, the influence of the 808 nm laser on cell growth
was also explored, which showed little potential toxicity to
Bease2B, CTC-TJH-01, and LLC-luc without a photo-thermal
reagent. Taken together, these results indicate that the blank
nano-carrier and 808 nm laser irradiation have excellent
biocompatibility.

3.5 HA-mediated targeted delivery of UA and AS-IV

Cellular uptake by tumor cells is an important factor that
affects therapeutic efficacy. Enhancing cellular uptake effi-
ciency is key to enhancing anti-tumor abilities. A large number
of studies have shown that HA actively targets tumours by
binding to CD44 receptors that are overexpressed on the sur-
face of tumour cells. To verify HA-mediated active targeting, we
first selected non-small cell lung cancer cell lines with different
CD44 expression levels. The expression of CD44 in the four cell
lines (BEAS-2B, CTC-TJH-01, A549, LLC-luc cell lines) were

This journal is © The Royal Society of Chemistry 2023
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verified by western blotting (Fig. 4(C) and (D)). The results
showed that A549, CTC-TJH-01 and LLC-luc expressed CD44 at
high level whereas BEAS-2B lacked CD44 expression. Further-
more, the expression level of CD44 were: A549 < CTC-TJH-01 <
LLC-luc.

Then, a series of cellular uptake experiments were carried
out to verify the active targeting effect of HA. BEAS-2B, A549,
CTC-TJH-01 and LLC-luc were incubated with UA/(AS-IV)@PDA
and UA/(AS-IV)@PDA, which were stained with Rh B with red
fluorescence. As shown in the fluorescent images (Fig. 4(A) and
(B)), stronger fluorescence of nanoparticles was observed in
the cytoplasm and surrounding nuclear region in NSCLC cells
(A549, CTC-TJH-01 and LLC-luc) in UA/(AS-IV)@PDA-HA 2 h
group and UA/(AS-IV)@PDA-HA 4 h group, whereas lower
fluorescence of nanoparticles was observed in UA/(AS-IV)®
PDA 4 h group. In addition, the red fluorescence of Rh B from
UA/(AS-IV)@PDA-HA after 2 h or 4 h was not significantly

A BEAS-2B
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stronger than that from UA/(AS-IV)@PDA after 4 h in BEAS-2B
cells. The fact that insignificant change observed in the BEAS-
2B was attributed to non-specific endocytosis. In comparison,
the UA/(AS-IV)@PDA-HA group showed a high level of endo-
cytosis in NSCLC cells (A549, CTC-TJH-01 and LLC-luc), sug-
gesting a specific tumor-targeting property of HA. These results
indicate that the modification of HA markedly facilitated the
endocytosis of tumor cells, strongly improving the tumor-
targeted drug delivery ability of UA/(AS-IV)@PDA-HA.

3.6 Invitro anti-tumor effect

The in vitro anticancer effects were evaluated using the CCK-8
assay kit. Compared with the control group and the free UA/(AS-
IV) group, the viability of the UA/(AS-IV)@PDA group was
significantly reduced in CTC-TJH-01 (Fig. 5(A) and (B)) and
LLC-luc (Fig. 5(C) and (D)) cells, demonstrating that the nano-
drug delivery system improves the delivery of UA/(AS-IV)
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In vitro targeting effect of HA-mediated nanomedicine. (A) CLSM images of BEAS-2B, A549, CTC-TJH-01, and LLC-luc incubated with

unmodified PDA nanomedicine for 4 h and HA-modified PDA nanomedicine for 2 h or 4 h. The blue panel is Hoechst staining to represent the cell
nucleus. The red panel is Rh B staining to represent the nanoparticles. The green panelis Lyso Tracker Green staining to represent the Lysosomes. (B) The
corresponding fluorescence intensity after different treatments. (C) Western blot analysis and (D) the corresponding fluorescence intensity after different
treatments.**p < 0.01, ***p < 0.001, ****p < 0.0001.
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apoptosis level of CTC-TJH-01 and LLC-luc co-stained with Annexin V-FITC and PI for different treatments. Data are presented as mean + SD (n = 3).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

through the EPR effect. As for the active targeting ability of HA,
the CCK-8 assay was performed for UA/(AS-IV)@PDA-HA. Com-
pared to UA/(AS-IV)@PDA, UA/(AS-IV)@PDA-HA markedly sup-
pressed the cell proliferation of CTC-TJH-01 (IC5o = 3.17 uM,
48 h) and LLC-luc (ICso = 3.167 uM, 48 h). This may be because
UA/(AS-IV)@PDA-HA could realize specific accumulation at the
tumor site due to the active targeting specificity of HA for
cancer cells overexpressing the CD44 receptor. In addition,
UA/(AS-IV)@PDA-HA with 808 nm laser irradiation resulted in
the highest therapeutic efficacy in vitro, effectively inhibiting
the viability of CTC-TJH-01 (IC5, = 2.129 uM, 48 h) and LLC-luc
(ICs50 = 2.147 pM, 48 h), indicating that the nanomedicine
possesses outstanding PTT ability. Taken together, the results
indicate that UA/(AS-IV)@PDA-HA plus PTT displayed the high-
est anti-tumor efficacy in vitro against lung cancer cells com-
pared to free UA/(AS-IV) drugs.

3464 | J Mater. Chem. B, 2023, 11, 3453-3472

In addition, calcein-AM/PI staining and apoptosis experiments
demonstrated the remarkable cell lethality of nanomedicines
(Fig. 5(E)), which was consistent with the results of the cytotoxicity
assay. The apoptosis rate (including early apoptosis and late
apoptosis) induced by the delivery of different medicines was
analyzed in CTC-TJH-01 and LLC-luc cells (Fig. 5(F)-(H)). The
resulting apoptotic ratios of cells treated with free UA/(AS-IV), UA/
(AS-IV)@PDA, UA/(AS-IV)@PDA-HA, and UA/(AS-IV)@PDA-HA with
808 nm laser irradiation in CTC-TJH-01 were 9.44%, 20.91%,
40.36% and 50.56%, respectively. The apoptotic ratios of cells
treated with free UA/(AS-IV), UA/(AS-IV)@PDA, UA/(AS-IV)@PDA-HA,
and UA/(AS-IV)@PDA-HA with 808 nm laser irradiation in LLC-luc
were 14.92%, 32.78%, 40.56%, and 53.06%, respectively. The apop-
tosis experiment further indicated that nanomedicines better induce
apoptotic processes. Additionally, HA, NIR irradiation could effi-
ciently promote the apoptosis of CTC-TJH-01 and LLC-luc cells.

This journal is © The Royal Society of Chemistry 2023
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3.7 Invitro anti-metastasis effect

Cell migration and invasion play crucial roles in lung cancer
metastasis. To investigate the effect of the formulated nano-
medicine on cell migration, a scratch wound healing assay was
performed (Fig. 6(A)). The process of wound closure in the
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View Article Online

Paper

scratched area by migratory cells was monitored using inverted
microscopy after 24 h. Wound healing closure was calculated
using Image] software (Fig. 6(D)). As indicated by the results,
CTC-TJH-01 and LLC-luc without treatment exhibited a marked
wound healing ability, with 78% and 94.83% wound closure
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Fig. 6 In vitro anti-metastatic efficacy. (A)—(C) Microscopic images of time-dependent wound gaps after different treatments indicating the migratory
ability of CTC-TJH-01 and LLC-luc. Scale bars = 50 um. (D) and (F) Assessment of migration with different treatments in vitro after 24 h. Scale bars =
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****p < 0.0001.
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after 24 h of incubation, demonstrating the intense metastatic
characteristics of lung cancer cells. Free UA/AS-IV had a minor
inhibitory effect on the wound healing ability of lung cancer
cells. However, nanomedicines can significantly inhibit cell
motility due to their high efficiency of delivery capacity through
the EPR effect. HA-mediated targeted delivery may be better for
inhibiting cell migration. Notably, cells co-treated with UA/(AS-
IV)@PDA-HA under 808 nm laser irradiation showed only 22%
wound closure (CTC-TJH-01) and 0% wound closure (LLC-luc)
with negligible cell motility.

Next, a Transwell migration assay was used to evaluate the
effect of the formulated nanomedicines on cell migration
(Fig. 6(B)). Similar results were observed in the wound-
healing assay. In the control group, the migrating cells dis-
played almost the entire lower surface of the Transwell cham-
ber. Free UA/(AS-IV) showed a slight inhibitory effect on cell
migration ability, while nanomedicines notably suppressed cell
migration, with fewer migrating cells on the lower surface. In
particular, the fewest cells were displayed on the lower surface
of the Transwell chamber after combined treatment with UA/
(AS-IV)@PDA-HA NPs and 808 nm laser irradiation (Fig. 6(E)).
These results demonstrate that the combination of UA/(AS-IV)
nanomedicine with PTT is beneficial for inhibiting lung cancer
cell migration in vitro.

Heart

Spleen Lung Kidney
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To evaluate the effect of the formulated nanoparticles on cell
invasion, a Transwell invasion assay was performed. Free
UA/(AS-IV) showed a slight inhibitory effect on cell invasion
ability (Fig. 6(C)). However, nanomedicines notably suppressed
cell invasion, with fewer cells on the lower surface. UA/(AS-
IV)@PDA-HA significantly inhibited cancer cell migration. In
particular, the fewest cells were displayed on the lower surface
of the Transwell chamber by the combined treatment of UA/(AS-
IV)@PDA-HA with 808 nm laser irradiation (Fig. 6(F)). These
results demonstrate that the combination of UA/(AS-IV) nano-
delivery and PTT is beneficial for inhibiting lung cancer cell
invasion in vitro.

3.8 In vivo photothermal experiment

To explore drugs that inhibit the growth of lung cancer cells
in vivo, LLC-luc tumor-bearing mice were divided into four
groups, which each received intraperitoneal injections of either
saline, free UA/(AS-IV), UA/(AS-IV)@PDA, or UA/(AS-IV)@PDA-
HA. First, the PTT of the nanomedicine in vivo was tested. The
tumor temperature changes of the mice with various treat-
ments were recorded using an IR thermal camera 24 h post-
injection. Then, the tumours in the mice were irradiated with
an 808 nm laser for 5 min at a power density of 1.0 W cm™>
(Fig. 7(A)). The spatial temperature distribution and temperature
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In vivo photothermal experiment and biodistribution. (A) Representative photothermal images LLC-luc tumor-bearing C57BL/6 mice under

808 nm laswer irradiation (1.0 W cm™~2, 5 min) after 12 h injected intraperitoneally with saline, UA/(AS-1V), UA(AS-IV)@PDA and UA/(AS-1V)@PDA-HA and
(B) The corresponding temperature rise curves of the tumor region of mice over 5 min irradiation. (C) In vivo biodistribution of UA/(AS-1V)@PDA-HA.
(D) Bioluminescence images of UA(AS-IV)@PDA and UA/(AS-IV)@PDA-HA distribution in vivo 24 h after administration and (E) the corresponding
fluorescence semi-quantification (n = 3). *p < 0.05, **p < 0.01.
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increase at the tumor sites were monitored in real-time using an
IR imaging camera. The temperature of the tumor region in the
NP-injected group was found to increase rapidly under 1 W cm 2
laser irradiation (Fig. 7(B)). However, the temperature of the
tumor region of the saline-injected group and free UA/(AS-IV)-
injected group did not show any obvious increase, even under
1 W cm™? laser irradiation. This difference in temperature was
attributed to the good photothermal conversion efficiency of the
PDA nanomaterial. In addition, the temperature of the UA/
(AS-IV)@PDA-HA-treated tumor site was higher than that of the
non-targeted UA/(AS-IV)@PDA-treated tumor site due to the spe-
cific targeting of HA-modified nanoparticles to tumor cells, which
causes more drugs to accumulate at the tumor site for enhanced
therapeutic efficiency. These results indicate that UA/(AS-
IV)@PDA-HA possesses a high photothermal conversion capabil-
ity for potential applications in PTT.

3.9 In vivo biodistribution and HA-mediated acting targeting

To monitor the distribution in vivo, fluorescently labelled UA/
(AS-IV)@PDA and UA/(AS-IV)@PDA-HA were injected intraper-
itoneally into LLC-luc tumor-bearing mice. After either 24 or
36 h of injection, the mice were sacrificed, and the main organs
and tumors were isolated for ex vivo imaging. As a result, the
fluorescence intensity in the tumors and main organs was
found to increased gradually over time from 0 to 24 h
(Fig. 7(C)). Nanomedicine accumulation in the tumors was
highest at 24 h. Similarly, the nanomedicine content in the
different organs (e.g., heart, liver, spleen, lungs, and kidneys)
and tumors was also detected within 24 h. Nanomedicine was
found to mainly accumulate in the liver, kidneys and tumors
(Subcutaneous tumor and Lung metastasis).
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In addition, we found that tumors (Subcutaneous tumor and
Lung metastasis) in the UA/(AS-IV)J@PDA-HA group exhibited
stronger fluorescence intensity than those in the UA/(AS-IV)@PDA
group, whereas main organs (heart, liver, spleen and kidneys) in
the UA/(AS-IV)@PDA-HA group exhibited Lower fluorescence inten-
sity than those in the UA/(AS-IV)@PDA group (Fig. 7(D) and (E)).
The result demonstrates that the HA-modified nanomedicine
aggregated better at tumor sites and aggregated less at normal
tissue due to the HA-mediated active targeting ability.

3.10 (AS-IV)-mediated immune response

In addition, nanomedicine further remodels the immunosup-
pressive microenvironment to suppress lung cancer metastasis.
Immunohistochemical (IHC) experiments in subcutaneous
tumors and lung metastasis foci were performed to investigate
the immune status change. Since CD8" T and NK cells are
crucial for the regulating immune response, we evaluated the
levels of these T cells in subcutaneous tumors (primary tumors)
and in lung metastatic foci. The number of CD8" T cells and NK
cells in the primary tumors was found to be significantly
increased in UA/(AS-IV)@PDA-HA compared to groups treated
with free UA/(AS-IV) (Fig. 8(A)—(C)). Furthermore, the number of
CD8" T cells and NK cells in the lung metastatic foci was also
significantly increased in UA/(AS-IV)@PDA-HA compared to the
groups treated with free UA/(AS-IV) (Fig. 8(D)-(F)). These com-
parisons indicate that the nanomedicine induced stronger anti-
tumor immunity in the LLC-luc tumor model.

3.11 In vivo anti-tumor effect

The mice were stochastically divided into five groups
(n = 6): (i) saline (0.9% NaCl solution), (ii) free UA/(AS-IV),
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quantification of the number of CD8-positive T cells in subcutaneous tumor and lung metastasis. Immunofluorescence staining results of NK cells in (D)
subcutaneous tumor and (E) lung metastasis. (F) The corresponding quantification of the number of NK cells in subcutaneous tumor and lung metastasis.

***p < 0.001, ****p < 0.0001. Scale bar = 100 um, 50 pm.
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(iii) UA/(AS-IV)@PDA, (iv) UA/(AS-IV)@PDA-HA, and (v) UA/
(AS-IV)@PDA-HA with 808 nm laser irradiation (1 W cm™?,
5 min) (Fig. 9(A)). The resulting anti-tumor efficiency was
evaluated in LLC-luc-bearing mice. Among the groups, the
tumor volumes of mice injected with free UA/(AS-IV) alone
showed only marginally suppressed tumor proliferation
(Fig. 9(B) and (C)). However, treatment with nanomedicine
resulted in a marked decrease in the tumor volume.
In addition, UA/(AS-IV)@PDA-HA-treated mice exhibited a
stronger delay in tumor growth and a greater therapeutic
efficiency than UA/(AS-IV)@PDA mice due to HA-mediated
cellular targeting. Strikingly, UA/(AS-IV)@PDA-HA-treated
mice with 808 nm laser irradiation exhibited the strongest
tumor growth inhibition compared with all other groups
because of PTT. The different therapeutic efficacies were also
confirmed by the weight of the tumor after the mice were
sacrificed at the final stage of the in vivo studies. This is
consistent with the changes in tumor growth and tumor
weight results. These results were further confirmed by
H&E, caspase-3 (Fig. 9(D)), and Ki-67 staining of tumors after
treatment. Taken together, the results indicate that NPs can
effectively inhibit tumorigenesis, demonstrating excellent
therapeutic efficacy in vivo, wherein the combination of
chemo-immuno-PTT markedly inhibited tumor growth.
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3.12 In vivo anti-metastasis effect

To evaluate the anti-metastatic efficacy of each treatment, we
established a mouse lung metastasis model. At the end of the
administration period, over 15 metastatic nodules were found
in the lungs of mice injected with saline and free UA/(AS-IV),
indicating severe lung metastasis (Fig. 10(A) and (C)). Fortu-
nately, the nanomedicines administered were found to effec-
tively inhibit lung cancer metastasis in the corresponding
treatment groups. A histopathological examination of the lung
sections further confirmed tumor metastasis (Fig. 10(B) and
(D)). Compared to the control group, the administration of free
UA/(AS-IV) alone showed a slight anti-metastatic effect on the
tumors. However, UA/(AS-IV)@PDA, UA/(AS-IV)@PDA-HA, and
UA/(AS-IV)@PDA-HA combined with 808 nm irradiation was
found to significantly suppress tumor metastasis, with negli-
gible metastatic nodules and a small area of tumor burden
observed in the tissue slides. Owing to the excellent anti-tumor
effects, almost no tumor burden area appeared in the H&E
staining images of mice treated with UA/(AS-IV)@PDA-HA with
808 nm irradiation, which suggested an attenuated risk of
tumor metastasis. Taken together, these results indicate that
the combination of chemo-immuno-PTT appears to be a pro-
mising therapeutic strategy for metastatic lung cancer, based
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In vivo anti-tumor effect. (A) Schematic illustration for the establishment of a subcutaneous tumorigenic and lung metastasis model and

subsequent treatment regime. (B) Representative photographs of excised subcutaneous tumors after different treatments on day 21. (C) Relative
subcutaneous tumor weight after 21 d with different treatments during the therapy period. (D) H&E-stained subcutaneous tumor slices (scale bar =100 pm)
collected from mice and immunohistochemistry staining results of Cleaved caspase 3 and Ki-67 of subcutaneous tumor tissue slices (scale bar =50 pm)
obtained from mice on day 21. (I) Saline, (Il) UA/(AS-IV), (Ill) UA/(AS-IV)@PDA, (IV) UA/(AS-IV)@PDA-HA, (V) UA/(AS-IV)@PDA-HA under 808 nm laser irradiation
(1.0 W cm™2, 5 min), and *p < 0.05, **p < 0.01.
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Fig. 10 In vivo anti-metastatic efficacy. (A) Representative photos of the metastasis in the lung after different treatments on day 21. (B) H&E-stained lung
sections (scale bar = 100 pm, 50 pm) collected from mice on day 21. (C) Lung metastasis nodules after different treatment. (D) Lung metastasis index
after different treatment, calculated by (lung tumor area/lung area) x 100. (I) Saline, (Il) UA/(AS-1V), (Il) UA/(AS-IV)@PDA, (IV) UA/(AS-IV)@PDA-HA,
(V) UA/(AS-IV)@PDA-HA under 808 nm laser irradiation (1.0 W cm™2, 5 min).

on the effective inhibition of the proliferation of orthotopic treatment among the different groups (Fig. 11(B)). The major
tumors and the excellent restriction of lung cancer metastasis. organs were harvested from the mice at the end of the treat-
ment. To further explore biocompatibility in vivo, H&E staining
of the major organs was performed after treatment. H&E
LLC-luc tumor-bearing mice were injected intraperitoneally for staining analysis of the heart, liver, spleen, lung, and kidneys
three weeks to assess the potential toxicity of UA/(AS-IV)@PDA- in all treatment groups showed no obvious damage in com-
HA. None of the mice died during the treatment period. The parison with the control group (Fig. 11(A)). These results
body weight of the mice showed no apparent changes during further indicated the good compatibility of the nanomedicine.

3.13 In vivo biocompatibility evaluation
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Fig. 11 Long-term in vivo toxicity. (A) H&E staining images of major organs (heart, liver, spleen, lung, and kidney) of mice after different treatment, scale
bar = 100 um. (B) Weight of mice after different treatments. (C) Alanine aminotransferase (ALT). (D) Aspartate aminotransferase (AST) and (E) Creatinine
(CRE). () Saline, (I) UA/(AS-IV), (Il) UA/(AS-IV)@PDA, (IV) UA/(AS-IV)@PDA-HA, (V) UA/(AS-IV)@PDA-HA under 808 nm laser irradiation (1.0 W cm~2,
5 min).
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Furthermore, we evaluated hepatorenal toxicity in mice, and no
apparent toxicity was observed among the different treatments
(Fig. 11(C)—~(E)). These results confirmed the safety of free
UA/(AS-IV), UA/(AS-IV)@PDA, UA/(AS-IV)@PDA-HA, and UA/
(AS-IV)@PDA-HA with 808 nm laser irradiation. Collectively,
these results suggest that the nanoformulation is safe and
tolerable in vivo at the selected dose.

4. Conclusion

In this study, we developed a UA/(AS-IV)-loaded HA-modified
PDA nanomedicine, referred to as UA/(AS-IV)@PDA-HA. This is
a synergistic therapy of chemo-immuno-PTT, with active tumor-
targeting ability, for highly effective anti-primary tumor and
anti-distant metastasis treatment. The results presented herein
demonstrated that UA/(AS-IV)@PDA-HA: (i) exhibits excellent
photothermal conversion efficiency in the NIR-I window based
on PDA nanomaterial, using light to destroy cancer cells by
heat; (ii) actively targeted NSCLC based on HA-modified nano-
medicine; (iii) has good biocompatibility; (iv) shows UA-
mediated cytotoxicity, effectively inhibiting proliferation and
metastasis; (v) shows great promise in (UA-IV)-mediated anti-
cancer immunotherapy to inhibit the growth and metastasis of
NSCLC. Overall, UA/(AS-IV)@PDA-HA was found to be a promis-
ing medication for the effective treatment of primary and
metastatic NSCLC. The effectiveness of the nano-drug was
superior to that of free UA/(AS-IV). Thus, this study provides
important insights for the clinical management of lung cancer
growth and metastasis.
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