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Abstract

Due to the limitations of single-model tumor therapeutic strategies, multimodal combination therapy have become
a more favorable option to enhance efficacy by compensating for its deficiencies. However, in nanomaterial-based
multimodal therapeutics for tumors, exploiting synergistic interactions and cascade relationships of materials to
achieve more effective treatments is still a great challenge. Based on this, we constructed a nanoplatform with a
“triple-linkage” effect by cleverly integrating polydopamine (PDA), silver nanoparticles (AgNPs), and glucose oxidase
(GOx) to realize enhanced photothermal therapy (PTT) and activatable metal ion therapy (MIT) for hepatocellular
carcinoma (HCC) treatment. First, the non-radiative conversion of PDA under light conditions was enhanced by
AgNPs, which directly enhanced the photothermal conversion efficiency of PDA. In addition, GOx reduced the
synthesis of cellular heat shock proteins by interfering with cellular energy metabolism, thereby enhancing cellular
sensitivity to PTT. On the other hand, H,0,, a by-product of GOx-catalyzed glucose, could be used as an activation
source to activate non-toxic AgNPs to release cytotoxic Ag™, achieving activatable Ag™-mediated MIT. In conclusion,
this nanosystem achieved efficient PTT and MIT for HCC by exploiting the cascade effect among PDA, AgNPs, and
GOx, providing a novel idea for the design of multimodal tumor therapeutic systems with cascade regulation.

Introduction

Hepatocellular carcinoma (HCC) is the most predomi-
nant type of liver cancer [1, 2]. Common treatments
like surgical resection, transarterial chemoembolization
(TACE), liver transplantation, transarterial radioemboli-
zation (TARE), and chemotherapy are effective to some
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extent but still have their drawbacks [3, 4]. For example,
severe toxic side effects after chemotherapy and rejection
reactions after liver transplantation make the treatment
of HCC still extremely challenging [5, 6].

The exceptional structural and physicochemical char-
acteristics of nanomaterials confer upon them superior
lesion-site targeting capabilities and therapeutic func-
tions [7, 8]. Consequently, they have garnered signifi-
cant attention and utilization within the realm of tumor
therapy in recent years. Novel therapeutic approaches
rooted in nanomedicine, such as targeted chemother-
apy [9], photodynamic therapy (PDT), photothermal
therapy (PTT) [10], chemodynamic therapy (CDT) [11,
12], and immunotherapy [13], have been documented
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to substantially enhance the efficacy of HCC treatment
while mitigating adverse effects. As one of the non-
invasive thermal ablation therapies, PTT utilizes photo-
thermal agents (PTAs) to convert light energy into heat
energy for tumor destruction when exposed to an exter-
nal light source, which has shown superiority over other
therapies due to its low adverse effects and high specific-
ity [14-16].

The efficacy of the PTT process is largely dependent on
the PTAs utilized. Commonly employed PTAs include
inorganic materials like gold nanoparticles, palladium
nanosheets, and transition metal dichloride, as well as
organic nanoparticles such as polypyrrole, polyaniline,
and polydopamine (PDA) [17-20]. PDA is considered a
promising PTA due to its ease of synthesis, good photo-
stability, and excellent biosafety [21-23]. However, like
other organic PTAs, the incomplete non-radiative con-
version of PDA results in low efficiency of photothermal

conversion under near-infrared light irradiation [24, 25].
Therefore, additional efforts are required to enhance the
photothermal conversion efficiency of PTAs.

Metal-ion therapy (MIT) is a recognized method for
treating tumors by manipulating intracellular metal ion
levels to inhibit tumor growth or modulate immune
responses [26]. Despite its potential, MIT is hindered
by limitations such as poor specificity and inadequate
changes in ion concentrations [27]. Nanomedicine tech-
nology has emerged as a promising strategy to enhance
the delivery of metal ions and maintain optimal intra-
cellular levels, thereby improving the efficacy of MIT
[28]. Research in the field has shown that the inclusion
of metal nanoparticles can enhance the photothermal
conversion efficiency of photothermal agents through
improved non-radiative transformation and enhanced
charge transfer efficiency [25, 29]. Among metal
nanoparticles, silver nanoparticles (AgNPs) are preferred
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by researchers for their biodegradability and favorable
biosafety profile [30, 31]. In addition to augmenting pho-
tothermal therapy efficiency, AgNPs can release Ag®
ions, which are cytotoxic, from inert nanoparticles under
oxidizing conditions, leading to cellular damage [32, 33].

Nevertheless, the efficacy of treatment is hindered
by the limited optimism of the treatment effect, as the
robust self-protection mechanisms of tumor cells signifi-
cantly diminish their sensitivity to treatment [34—36]. For
example, heat shock proteins (HSPs) are stress-respon-
sive proteins found in mammals that are produced in
large quantities to protect proteins from damage caused
by heat stress [35, 37]. The increased expression of HSPs
in cancer cells can reduce the efficacy of PTT. Therefore,
the inhibition of HSP synthesis is a preferable strategy
to overcome resistance in cancer cells. However, exist-
ing small molecule inhibitors of HSPs are limited by poor
water solubility and high toxicity, while siRNAs are hin-
dered by issues such as instability and degradation [38—
40]. Consequently, there is an urgent need for a more
effective approach to target HSP synthesis.

Recently, glucose oxidase (GOx) has emerged as a
promising candidate in the realm of tumor diagnosis and
treatment [41-43], with our group having demonstrated
its ability to disrupt HSPs synthesis by perturbing cel-
lular glucose metabolism and diminishing intracellu-
lar energy production. Furthermore, the production of
H,0, as a by-product during the GOx-mediated catalytic
process has been shown to elevate the oxidation state of
cells [44—46], a factor that is advantageous for activatable
MIT treatment. Based on this, we employed PDA as the
core for the in situ synthesis of AgNPs on its surface, fol-
lowed by the loading of GOx to construct a “triple-link-
age” nanoplatform (PDA@Ag@GOx) for enhanced PTT
and activatable MIT of HCC (Scheme 1A). Initially, the
combination of PDA@Ag@GOx demonstrated improved
PTT efficacy compared to PDA alone when exposed to
NIR light, attributed to the enhanced non-radiative con-
version facilitated by AgNPs decoration. Additionally,
the presence of GOx further augmented the PTT effect
by disrupting glucose metabolism in tumor cells, leading
to reduced ATP production and subsequent inhibition of
HSPs synthesis, resulting in a dual enhancement of PTT
[47]. Moreover, the GOx-mediated generation of H,O,
could serve as a trigger for activating dormant AgNPs to
release cytotoxic Ag*, thereby enabling Ag*-mediated
MIT (Scheme 1B). Collectively, this nanosystem has
potential to achieve highly efficient PTT and MIT for
HCC through the rational integration of PDA, AgNDPs,
and GOXx, leveraging the synergistic effects among these
components, which provide a promising approach for the
design of a tumor cascade regulation therapeutic system.
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Materials and methods

Materials

Dopamine hydrochloride, AgNO; and glucose were pur-
chased from Aladdin-Reagent Co. Ltd. (China). Glucose
Oxidase (GOx), JC-1 probe, Hydrogen Peroxide Assay
Kit, Calcein-AM and Enhanced BCA Protein Assay
Kit, and Enhanced ATP Assay Kit were obtained from
Beyotime Institute of Biotechnology (China). The Reac-
tive Oxygen Species probe Dihydroethidium (DHE) was
purchased from Applygen. All other materials were used
directly as received unless otherwise specified.

Instruments

TEM image was obtained on FEI-Tecnai G2 F20 at
200 kV. The hydrodynamic size and zeta potential were
performed by dynamic light scattering (DLS) on a Lite-
sizer 500 instrument. The UV —vis absorbance was mea-
sured by UV —vis spectroscopy (Lambda Bio40). The in
vivo imaging experiments were conducted using IVIS
imaging systems (PerkinElmer). Released Ag"™ was col-
lected by ICP-AES (Agilent 5110).

Synthesis of PDA@Ag@GOx nanostructures

PDA synthesis

First, 2 mL NH;H,0, 90 ml pure water, and 40 mL
ethanol were mixed and stirred for 30 min, then 10 mL
50 mg/mL dopamine hydrochloride solution was added
to stir for another 24 h. Subsequently, the mixture was
centrifuged (12,000 rpm, 15 min) and washed with water
three times to obtain the pure PDA nanoparticles.

PDA@Ag synthesis

PDA@Ag was prepared by reducing AgNO; in situ on
PDA. In brief, the PDA nanoparticles (6 mg) were dis-
persed in DMF (20 mL) containing TEA (50 pL) under
stirring at 60 °C for 10 min. Subsequently, 4 mL ethanol
solution of AgNO; (3 mg/mL) was dropped into the mix-
ture at the feeding rate of 1 mL/h. After that, the precipi-
tation was centrifuged (12,000 rpm, 15 min) and washed
with water for 3 times, and finally stored in water for later
use.

PDA@Ag@Gox

150 pL PEI (100 mg/mL) was added to 3 mL PDA@
Ag solution (1 mg/mL) to stir for 2 h, then the precipi-
tate was collected and washed to obtain PDA@Ag@PEI,
and dispersed in 3 mL of pure water. Then, 300 uL. GOx
(10 mg/mL) was added to the above PDA@Ag@PEI solu-
tion to stir at 4 °C for 2 h. Finally, PDA@Ag@GOx was
collected by centrifugation. PDA@GOx was synthesized
in the same way as PDA@Ag@GOx except that PDA@Ag
was replaced by PDA.
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Scheme 1 “Triple-linkage”effect nanoplatform for HCC treatment. (A) Schematic diagram of the synthesis of PDA@Ag@GOXx. (B) lllustration of PDA@Ag@
GOx for HCC treatment with enhanced PTT and MIT via“triple-linkage”effect: (I) AQNPs enhanced PTT effect, (Il) GOx-sensitized PTT, and (lll) GOx-triggered

Ag* release

H,0, production

H,0, production by PDA@Ag@GOx catalyzes glu-
cose was tested using the Hydrogen Peroxide Assay Kit.
PDA@Ag@GOx and PDA@Ag (100 ug/mL) were dis-
persed in 1 mg/mL glucose solution respectively, and the
supernatant was collected via centrifugation at a given
time point (0, 0.5, 1, 2, 4 h). Then the H,0O, concentra-
tions in all samples were tested according to instructions
of the Hydrogen Peroxide Assay Kit, and each sample was
retested three times.

Glucose detection

The ability of PDA@Ag@GOx to consume glucose was
tested by using the DNS method. For the solution experi-
ment, 0.1 mg PDA@Ag@GOx was added to 1 mL glucose
solution for reaction, and then the glucose content at
different time points was detected by the DNS reagent.
Specifically, 1 mL reaction solution was mixed with 1 mL
water and 3 mL DNS reagent, then the mixture was incu-
bated at 100 °C for 5 min. Finally, the UV-Vis absorption
at 532 nm of the mixture was detected. The detection
method at the cell level was consistent with that in the
liquid phase experiment. For the cell experiment, the cul-
ture medium of cells treated with different samples was
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collected and used the same method to detect the ability
of materials to consume glucose at the cellular level.

pH change detection

100 pg/mL PDA@Ag@GOx was added in PBS (pH=7.4)
containing glucose (1 mg/mL), and the pH values at dif-
ferent time intervals were recorded by a pH meter.

Ag* release

PDA@Ag@GOx and PDA@Ag were dispersed in glucose
solution (1 mg/mL) respectively, and placed in a rotary
mixer for different times (0,4,8,12 h) at room tempera-
ture. Then, the PDA@Ag@GOx and PDA@Ag solutions
incubated for different times were detected by full spec-
trum UV-Vis absorption to observe the change of silver
absorption peak.

PDA@Ag@GOx and PDA@Ag were dispersed in glu-
cose solution (1 mg/mL) respectively. After incubation at
room temperature for 24 h, the supernatant was obtained
by centrifugation and the content of Ag* was detected by
inductively coupled plasma emission spectrometer (ICP).

Photothermal efficiency calculation
0.3 mL solution containing water and PDA, PDA@Ag,
and PDA@Ag@GOx (at equal PDA concentration of
0.1 mg/mL) were separated into clear plastic centrifuge
tubes. Then the solutions were exposed to 808 nm light
irradiation at 0.8—1.0 W/cm? for 5 min, and imaged by
an IR thermal camera. Further, the temperatures at each
time points were quantified by Guide software. Besides,
five cycles of heating and cooling were also recorded to
evaluate the photothermal stability of nanoparticles.

The photothermal conversion efficiency () was calcu-
lated according to classical method reported in the litera-
ture by following Equation:

. }LS (Tmaz - TS’[L’!‘) - Qin
- ](1 _ 107A808>

where T, .. and T, stands for the maximum system
temperature and the environmental temperature, respec-
tively. Q;, is the heat dissipation from the light absorbed
by the used tubes was determined as 20.3 mW. [ is the
input laser power (1.0 W/cm?) and A808 is the absor-
bance of nanoparticles at 808 nm. Subsequently, the A4S

value can be derived by following Equation:

. mDCD
T RS

where m, and Cj, are the mass (0.3 mg) and heat capacity
(4.2 /g °C) of the solvent of deionized water, respectively.
And 14 is the time constant of the sample system, which
can be calculated as following Equation:
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Here, 0 can be expressed as following Equation:
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In summary, the photothermal conversion efficiency ()
of PDA, PDA@Ag, and PDA@Ag@GOx could be calcu-
lated based on the above Equations step by step.

Cell Culture

Mouse hepatoma cells (Hepa 1-6) were cultured in
DMEM medium with 10% fetal bovine serum (FBS), 1%
antibiotics (penicillin-streptomycin, 10,000 U/mL) at
37 °C in a humidified atmosphere with 5% CO.,,.

Cytotoxicity test

The cytotoxicity of PDA@Ag@GOx against Hepa 1-6
cells was tested via MTT assay. Hepa 1-6 cells were
placed in a 96-well plate and cultured for 24 h. Then the
old medium was replaced by fresh medium containing
different samples with concentration gradients, and cul-
tured for another 4 h. After that, the groups treated with
light were irradiated by 808 nm laser (1 W/cm? 3 min),
and the others were cultured in the dark all the time.
After the cells were cultured for 24 h, MTT was added to
each well and the cells were further cultured for 4 h. Then
the medium was replaced by 150 uL. DMSO to dissolve
formazan, and the plate was measured by microplate
reader at 570 nm. Then the cell viability (%) was calcu-
lated as (OD570(samples)/OD570(control)) X 100%.

Live/dead cell staining analysis

The death of Hepa 1-6 cells caused by PDA@Ag@GOx
was evaluated intuitively by the live/dead cells staining
experiment. Hepa 1-6 cells were placed in a 96-well plate
and cultured for 24 h. Then the old medium was replaced
with fresh medium containing different samples and cul-
tured for another 4 h. After that, the groups treated with
light were irradiated by 808 nm laser (1 W/cm? 3 min),
and the others were cultured in the dark all the time.
After 24 h incubation, all the cells were double stained
with Calcein AM (labeled live cells) and PI (labeled dead
cells) for 20 min, and finally observed by an inverted fluo-
rescence microscope.

JC-1 analysis

The JC-1 assay was conducted to study the mechanism of
cell death. Hepa 1-6 cells were placed in a 6-well plate
cultured for 24 h. Then the cells were treated with various
samples. After treatment, the cells were stained with JC-1
for 15 min and further observed by an inverted fluores-
cence microscope.
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Intracellular ATP detection

The intracellular ATP level of Hepa 1-6 after various
treatments was detected by the ATP Assay Kit. Heap
1-6 cells were placed in a 6-well plate and cultured for
24 h. Further, the cells were treated with PBS, GOx, PDA,
PDA@Ag, and PDA@Ag@GOx respectively to co-cul-
ture for 24 h. Subsequently, the cells were lysed and cen-
trifuged (12,000 g, 4 °C, 5 min) to collect the supernatant
after being washed with PBS. Finally, the ATP content in
the supernatant was detected by the ATP Assay Kit.

Western blot analysis

Hepa 1-6 were placed in 6-well plates and incubated
for 24 h. Then the cells were undergone various treat-
ments: (1) PBS-L, (2) PBS+L, (3) PDA@Ag-L, (4) GOx,
(5) PDA@Ag@GOx-L, (6) PDA@Ag@GOx+L. The con-
dition of light irradiation was 1 W/cm? 3 min. After
various treatments, the proteins were extracted from the
treated cells. Then the extracted proteins were quanti-
fied, followed by electrophoresis and transmembrane.
Subsequently, the PVDF membrane was incubated with
Glutl (Rabbit, R380464, ZEN-BIOSCIENCE, Cheng Du,
CHINA), HSP70 (Rabbit, R24633, ZEN-BIOSCIENCE,
Cheng Du, CHINA), HSP90 (Rabbit, R24635, ZEN-
BIOSCIENCE, Cheng Du, CHINA) or B-actin (Rabbit,
R23613, ZEN-BIOSCIENCE, Cheng Du, CHINA) pri-
mary antibody at 4 °C overnight after protein blocking.
Then the membrane was washed with TBST 3 times and
followed by incubation with a secondary antibody at 37
°C for 1 h. Finally, the specific protein expression was
graphed by an omnipotent imager.

LDH assay

The cytotoxicity of PDA@Ag@GOx was further detected
by the LDH Cytotoxicity Assay Kit. Hepa 1-6 cells were
placed in a 6-well plate and cultured for 24 h. Further,
after the cells were cultured for 24 h after various treat-
ments, the LDH released was measured according to the
instructions of the LDH Assay Kit.

In vivo tumor-targeting study

All live animal experiments were conducted according to
the protocols of the Institutional Animal Care and Use
Committee of the Animal Experiment Center of Xian
Jiaotong University (Xi'an, China).

Hepa 1-6 cells were injected subcutaneously into male
C57 mice to construct the tumor-bearing model. When
the tumor volume reached 150 mm? PBS, PDA, or
PDA@Ag@GOx were intravenously injected into tumor-
bearing mice respectively. A near-infrared thermal
imaging system was used to record the thermal imaging
pictures under irradiation with 808 nm laser (1 W/cm?,
3 min). The temperature of tumor tissue at different time
points was quantified by Guide software.
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In vivo antitumor effect

The mice were randomly divided into 8 groups (6 mice
per group) when the tumor volume reached 100 mm?,
Then the mice were treated with (1) PBS, (2) PBS+L, (3)
GOx, (4) PDA+L, (5) PDA@Ag-L, (6) PDA@Ag+L, (7)
PDA@Ag@GOx-L, (8) PDA@Ag@GOx+L. Mice in the
group requiring laser irradiation were irradiated with
808 nm (1 W/cm?, 3 min) after 24 h of injection. After
that, the mice’s body weight and tumor volume were
recorded and measured every day. Tumor volume (V)
was calculated as width? X length/2, and relative tumor
volume (%) was defined as V/V,, where V, was the tumor
volume on the first day. After treatment, all the mice
were sacrificed, and the tumor tissues and other major
organs were collected to further evaluate the antitumor
mechanism.

Hemolysis test

We collected red blood cells (RBCs) from the periph-
eral blood of mice and incubated a series of concentra-
tions of PDA@Ag@GOx with RBCs at 37 °C for 30 min.
After that, the samples were centrifuged to detect the
absorption of the supernatant at 510 nm to calculate the
hemolysis rate. RBCs treated with PBS acted as negative
control and those treated with water acted as positive
control.

ALT&AST level detection

PDA@Ag@GOx was injected intravenously into mice for
three consecutive days, after which the mice were exe-
cuted to obtain peripheral blood, and the levels of AST
and ALT were measured using AST and ALT assay kits,
respectively.

Results and discussion

Preparation and characterization of PDA@Ag@GOx

First, PDA was synthesized according to the classical
method in the literature [25, 48]. Then, PDA@Ag was
obtained by generating silver nanoparticles onto the
PDA surface by in situ AgNO; reduction [25, 49]. How-
ever, direct attachment of GOx to the surface of PDA@
Ag was challenging due to their similar surface poten-
tial (both negatively charged) as illustrated in Fig. 1A
and S1. To address this issue, the biocompatible posi-
tively charged PEI-600 was selected as an intermediate
ligand to facilitate the loading of the negatively charged
GOx via electrostatic adsorption [47, 50], thus obtain-
ing the final nanomedicine PDA@Ag@GOx. Follow-
ing the preparation of the materials, the morphology
and size of the materials were observed. The size of the
PDA@Ag@GOx particles was approximately 220 nm and
exhibited uniform distribution, as depicted in Fig. 1B.
More importantly, the hydrated particle size of PDA@
Ag@GOx was larger than that of PDA@Ag (~ 180 nm)
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Fig. 1 Characterization and performance of PDA@Ag@GOx. (A) Zeta potential and (B) hydrodynamic size distribution of PDA, PDA@Ag, and PDA@Ag@
GOx. (€) UV absorption curves of PDA, PDA@Ag, and PDA@Ag@GOx at equal PDA concentration of 100 pg/mL. TEM images of (D) PDA, (E) PDA@Ag,
and (F) PDA@Ag@GOx. (G) SDS-Page protein analysis of (1) GOx, (2) PDA@Ag, and (3) PDA@Ag@GOx. (H) Glucose degradation, (I) H,O, generation, and
(J) pH value at different times for different samples treated with glucose solutions (1 mg/mL) at equal GOx concentration (1.5 ug/mL). Significance was

calculated via One-way ANOVA analysis

and PDA (~160 nm), which could laterally prove the
successful loading of AgNPs and GOx to some extent.
Meanwhile, it could be seen from Fig. 1A that the sur-
face potential of PDA@Ag@GOx also changed com-
pared with that of PDA, PDA@Ag. In order to visually
and accurately confirm the successful loading of AgNPs
and GOx, UV absorption, TEM and sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-Page) were
utilized for analysis. As shown in Fig. 1C, the UV absorp-
tion curve of PDA@Ag and PDA@Ag@GOx exhibited a
peak at approximately 420 nm, which is the characteristic
absorption peak of AgNPs. Besides, the nanoparticle dis-
tribution of small particles could be observed in PDA@
Ag and PDA@Ag@GOx, but not in PDA in TEM images
(Fig. 1D-F). All the results confirmed the successful load-
ing of AgNPs. As evidenced, the SDS-Page plot showed

consistent protein bands of PDA@Ag@GOx with free
GOx, indicating successful loading of GOx (Fig. 1G).
Subsequently, the quantity of GOx in PDA@Ag@GOx
was quantified using the BCA method, revealing a con-
centration of approximately 3% (Fig. S2). Furthermore,
the stability of the nanoplatform under various physi-
ological conditions was assessed by examining the long-
term size distribution and surface potential of PDA@
Ag@GOx in water, PBS, and DMEM over a period of 7
days. The hydrodynamic size and zeta potential of PDA@
Ag@GOx remained relatively consistent across various
storage media for 7 days, suggesting the stability of the
material under diverse physiological conditions (Fig. S3).

The catalytic activity of PDA@Ag@GOx was further
confirmed through protein fugacity. According to the lit-
erature, the catalytic ability of GOx is mainly manifested
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as the catalytic decomposition of glucose to produce
H,0, and gluconic acid [51], prompting an investigation
into the corresponding properties. After adding PDA@
Ag@GOx to the glucose solution (1 mg/mL), a decrease
in glucose concentration was observed (Fig. 1H) using
DNS method (Fig. S4), along with an increase in H,O,
concentration determined (Fig. 1I) by H,0, assay kit
(Fig. S5). Additionally, a decrease in pH value was noted,
attributed to the production of gluconic acid as the reac-
tion time increased (Fig. 1J). Furthermore, it is notewor-
thy that the glucose solution treated with PDA@Ag alone
exhibited no substantial alterations in glucose concentra-
tion, H,0O, concentration, or pH value over time. Con-
versely, the observations consistent with the PDA@Ag@
GOx group were evident in the PDA@Ag+GOx group.
These findings collectively suggested that the catalytic
activity of GOx remained unaffected throughout the syn-
thesis of PDA@Ag@GOx.

The enhanced PTT of PDA@Ag@GOx mediated by AgNPs
decoration

Despite being a commonly utilized nano-photother-
mal agent, PDA is hindered by its limited photothermal
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conversion efficiency, resulting in inadequate PTT effi-
cacy. Consequently, there is a need to enhance the pho-
tothermal therapeutic efficiency of PDA in order to
generate heat more effectively at the tumor site for tumor
ablation. According to the literature, the integration of
PDA with metal nanoparticles can accelerate the charge
transfer efficiency of PDA, which in turn enhances the
non-radiative transition and ultimately improves the
photothermal efficiency of PDA. Thus, we first verified
the photothermal enhancement effect when PDA was
decorated with AgNPs (Fig. 2A). From the liquid-phase
thermographic images and the corresponding tempera-
ture quantification curves, it could be seen that the tem-
perature of the PDA@Ag solution was higher than that
of the PDA solution (with equal PDA concentration
at 100 pg/mL) at the same irradiation power and irra-
diation time, indicating that the composite of AgNPs
could indeed enhance the photothermal effect of PDA.
In addition, the temperature of PDA@Ag solution was
enhanced with the laser power at a consistent irradia-
tion time, demonstrating that its photothermal efficiency
can be conveniently controlled by adjusting the intensity
of NIR light as well as the irradiation time (Fig. 2B and
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C). Following multiple laser irradiation cycles, the PDA@
Ag solution exhibited a sustained maximum temperature
without significant decrease, demonstrating its effec-
tive photothermal cycling capability (Fig. 2D). In addi-
tion, the photothermal conversion efficiency (n) of PDA
and PDA@Ag was calculated to be 18.3% and 31.8% (Fig.
S6), using the established calculation method from pre-
vious literature [52, 53], which further highlighted the
enhanced photothermal effect of PDA through AgNPs
modification (Fig. S7A and S7B). Furthermore, analysis of
the photothermal images, photothermal curves, and pho-
tothermal conversion efficiency results (30.2%) of PDA@
Ag@GOx (Fig. S7C) indicated that the loading of GOx
had minimal impact on the photothermal effect of PDA@
Ag. This suggested that PDA@Ag@GOx retained an
exceptional photothermal conversion effect, which could
be effectively utilized for tumor ablation through PTT.

Toxic Ag* release from PDA@Ag@GOx triggered by GOx

In addition to enhancing the photothermal efficiency of
PDA, AgNDPs are often used for antitumor and antibacte-
rial purposes. However, the silver present in AgNPs typi-
cally exists in a minimally toxic 0-valent state, resulting
in limited cytotoxic effects. However, AgNPs are highly
susceptible to oxidation by ROS with strong oxida-
tive activity and subsequent release of Ag*, which has a
superior cell lethal ability compared to Ag’. Based on the
theoretical analysis, we deduced that PDA@Ag@GOx
could transform AgNPs from the inert state to the toxi-
cogenic active state by catalyzing the production of H,O,
from glucose via GOx, thus achieving Ag*-mediated cell
killing (Fig. 2E). Thus, the efficacy of PDA@Ag@GOx
in inducing the release of Ag" was initially confirmed
through in vitro experiments. Considering that 420 nm
is the specific UV absorption peak of AgNPs, PDA@Ag@
GOx was immersed in solutions with or without glucose,
and the variations in UV absorption were monitored over
time. As depicted in Fig. 2F and G, the UV absorption
peak at 420 nm for PDA@Ag@GOx in the glucose-con-
taining solution exhibited a gradual reduction with pro-
longed soaking duration, whereas no significant changes
were observed in the absence of glucose. Subsequently,
the Ag' content in the supernatant of PDA@Ag and
PDA@Ag@GOx was analyzed after a 24 h immersion in a
glucose solution using ICP analysis. It could be seen that
a large amount of Ag* was detected in the supernatant
of PDA@Ag@GOx, in contrast to the minimal detec-
tion of Ag* in the PDA@Ag solution (Fig. 2H). All the
above findings demonstrated that the H,O, generated by
GOx-catalyzed glucose could indeed effectively trigger
the release of Ag* from AgNPs, providing a prerequisite
basis for the subsequent Ag*-mediated cell killing effect.
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GOx-mediated PTT sensitization

GOx not only triggers the release of Ag" by catalyzing
the production of H,0, from glucose, but in the process,
GOx interferes with cellular energy metabolism by con-
suming glucose and subsequently affects the synthesis of
intracellular HSPs, thereby reducing the heat resistance of
tumor cells and sensitizing the response to PTT (Fig. 3A).
Subsequently, we conducted a systematic assessment of
the capacity of GOx to enhance PTT. First, the ability of
PDA@Ag@GOx to consume glucose at the cellular level
was investigated. As shown in Fig. 3B, the intracellular
glucose concentration showed a gradual decrease as the
concentration of PDA@Ag@GOx increased, demonstrat-
ing its ability to consume glucose. Moreover, the glucose
solution treated with PDA@Ag alone did not change sig-
nificantly over time while that treated with GOx alone
demonstrated a gradual decline in glucose levels. These
outcomes suggested that GOx was primarily responsi-
ble for glucose depletion in the study. Subsequently, the
intracellular ATP production capacity was investigated
following various sample treatments. The ATP content
detected in the cells treated with PDA@Ag@GOx was
found to be significantly lower compared to the con-
trol group, which was similar to the group treated with
GOx alone. Conversely, cells treated with PDA or PDA@
Ag showed no significant reduction in ATP levels, sug-
gesting that the presence of GOx hindered ATP syn-
thesis in cells (Fig. 3C). This phenomenon was not only
attributed to the direct depletion of glucose by GOx, but
also because GOx downregulates glucose transporters 1
(Glutl), a major protein for glucose uptake by tumor cells
[47, 54]. Glutl expression was assessed in cells cultured
in glucose-containing and glucose-free media, revealing
a notable decrease in Glutl expression in cells exposed
to glucose-free conditions (Fig. S8). Furthermore, Glutl
expression was reduced in PDA@Ag@GOx-treated cells
compared to untreated cells in the presence of glucose-
containing medium (Fig. 3D and E). Conversely, no sig-
nificant disparity in Glutl expression was observed in
PDA@Ag-treated cells compared to the control group.
All these results indicated that GOx played a key role in
down-regulating Glutl to reduce cellular uptake of glu-
cose, consistent with findings in the works of literature.
After verifying the attenuation of intracellular energy
metabolism, we finally investigated the synthesis of intra-
cellular HSPs. From the western blot images and the cor-
responding semi-quantitative data, the levels of HSP70
and HSP90 were found to be elevated in cells treated with
PDA@Ag and exposed to light irradiation compared to
the control group. This increase can be attributed to the
activation of the heat-resistant protection mechanism,
which involves the upregulation of HSPs in response to
external thermal stimulation. Conversely, the expression
of HSPs was significantly downregulated in cells treated
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with PDA@Ag@GOx with or without light treatment,
offering the possibility of sensitizing PTT by interfering
with cellular energy metabolism (Fig. 3D and F). In order
to further explore the interplay between GOx, HSPs, and
energy levels within our system intuitively, we conducted
experiments to measure ATP concentration and HSPs
protein expression in different culture environments with
and without the presence of both PDA@Ag@GOx and
glucose, as depicted in Fig. S8. Cells cultured with glu-
cose-free medium showed a significant decrease in intra-
cellular ATP content as well as HSP70, HSP90 expression
compared to cells cultured with glucose-containing
medium. What’s more, when treated with PDA@Ag@
GOx, the ATP and HSPs levels in cells were decreased
regardless of the culture conditions with or without glu-
cose, which further intuitively demonstrated the rational-
ity of our proposal to sensitize PTT by regulating glucose
metabolism and decreasing ATP synthesis, thus down-
regulating HSPs.

In vitro therapeutic effects of PDA@Ag@GOx

Having demonstrated the excellent photothermal
enhancement, the toxic Ag" release capacity, and the
potential to sensitize PTT of PDA@Ag@GOx, its cytoci-
dal effect against Hepa 1-6 cells was further investi-
gated. As seen from the cytotoxicity results (Fig. 4A),
the cells treated with PDA@Ag did not show cytotoxic-
ity after dark treatment, indicating that AgNPs have not
yet shown a killing effect on the cells. The survival rate
of cells treated with PDA@Ag@GOx-L was lower com-
pared to cells treated with equivalent concentrations
of PDA@Ag or GOx, which was attributed to its cata-
lytic production of H,O, that activates the release of
toxic Ag*, in addition to the toxic effect of GOx, thus
enabling Ag*-mediated ion therapy (Fig. S9). In addi-
tion, the cell survival rate of PDA@Ag-treated cells was
much smaller than that of PDA-treated cells at the same
PDA concentration under light treatment, indicating that
the enhanced photothermal effect due to AgNPs load-
ing could indeed significantly enhance the cell killing
effect. Most importantly, the PDA@Ag@GOx+L group
exhibited the strongest toxic effect compared to PDA@
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Ag+L or PDA@Ag@GOx-L treated cells. This phenom-
enon was attributed to a “triple-linkage” effect between
AgNPs-mediated enhanced photothermal effect, GOx-
mediated Ag' release, and GOx-sensitized cells in
response to PTT. In addition, the disruption of cell mem-
brane structure caused by cell death results in the release
of lactate dehydrogenase (LDH) from the cell plasma
into the culture medium [55]. By measuring the activ-
ity of LDH released into the culture medium from cells
with ruptured plasma membranes, quantitative analy-
sis of cytotoxicity can be achieved [56]. Consequently,
we assessed the cytotoxic impact of nanotherapeutics
on neoplastic cells by quantifying the amount of LDH
discharged from cells subjected to varying treatments.
As illustrated in Fig. 4B, the cells within the PDA@Ag@
GOx+L group exhibited the highest release of LDH
among all groups, consistent with the cytotoxicity find-
ings, thus further confirming the remarkable anti-tumor
efficacy of the nanoplatform. Subsequently, to visualize

the cytocidal effect of PDA@Ag@GOx more thoroughly,
live/dead cell staining experiments were performed
immediately afterward. Expectedly, the strongest red
fluorescence and the weakest green fluorescence expres-
sion were exhibited in cells treated with PDA@Ag@GOx
and light, demonstrating its strongest cytocidal effect.
In addition, a proportion of both red fluorescence and
green fluorescence could be detected in PDA@Ag+L and
PDA@Ag@GOx-L treated cells, while only strong green
fluorescence could be detected in the control group
(Fig. 4C). All these results were consistent with the above
cytotoxicity results.

To elucidate the mechanism by which PDA@Ag@GOx
induces apoptosis in tumor cells, we conducted JC-1
staining analysis. A reduction in mitochondrial mem-
brane potential serves as a crucial indicator of apoptosis,
prompting us to investigate alterations in mitochondrial
membrane potential through JC-1 staining to validate
the precise mechanism of cell death [57]. JC-1 emits red
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fluorescence when the mitochondrial membrane poten-
tial is high, while green fluorescence will be observed
when the mitochondrial membrane potential is low.
Therefore, when the ratio of green to red fluorescence is
at a high level it represents a decrease in mitochondrial
membrane potential, implying more apoptotic cell death.
As shown in Fig. 4D, cells subjected to treatment with
PDA@Ag@GOx and light exhibited the greatest green to
red fluorescence ratio, indicating their superior efficacy
in eliminating tumor cells through apoptosis.

To further explore the synergistic “triple-linkage”
effect of PDA@Ag@GOx in tumor therapy, the distinct
contributions of each component were assessed at the
cellular level. Firstly, the phototoxicity of PDA@Ag was
investigated in both glucose-containing and glucose-free
medium. As shown in Fig. 4E, the phototoxicity of PDA@
Ag in a glucose-free medium was greater than that in a
glucose-containing medium, suggesting that reduced
glucose levels did sensitize the cells in response to PTT.
Additionally, the viability of cells treated with PDA@Ag
in a medium containing H,0O, (500 pM) was approxi-
mately 75%, representing a decrease of approximately
17% compared to cells treated in a H,0,-free medium
(92%). This suggested that H,O, serves as a stimulus for
the release of more toxic Ag* ions from AgNPs, thereby
augmenting the cytotoxic effect on cells (Fig. 4F). To
circumvent the cytocidal effect of H,O, itself, a con-
centration of H,O, that was essentially non-cytotoxic
was screened for the previous experiments (Fig. S10).
This finding suggested that H,O, did indeed activate the
release of Ag* from AgNPs and thus strengthen the cyto-
toxic effect.

It has been reported in the literature that Ag*-induced
cell death is mostly attributed to its ability to cause cell
peroxidation. Therefore, the ROS detection probe,
DHE, was used to examine cells after different treat-
ments [58, 59]. The results indicated that the red fluo-
rescence observed in cells treated with PDA@Ag@GOx
was more pronounced compared to cells treated with
either PDA@Ag or GOx alone, suggesting an augmented
toxic response due to the activation of Ag* by GOx. At
the same time, it has been previously demonstrated that
PDA@Ag phototoxicity was stronger than the photo-
toxicity of PDA alone at equal concentrations of PDA
(Fig. 4G and H). All these observations provided better
validation that PDA@Ag@GOx achieved tumor cell kill-
ing through the interlocking effects of AgNPs-enhanced
PTT, GOx-activated Ag® release, and GOx-sensitized
PTT action.

In vivo photothermal conversion and imaging of PDA@
Ag@GOx

In order to conduct a more comprehensive examination
of the photothermal conversion efficacy of PDA@Ag@
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GOx in an in vivo setting, the alterations in temperature
within tumor tissues were monitored through the uti-
lization of infrared thermography under 808 nm laser
exposure. From the thermal imaging photos and the cor-
responding temperature change curves (Fig. 5A and B), it
could be seen that the temperature of the tumor tissues
of mice injected with PDA@Ag@GOx via the tail vein
gradually increased with the prolongation of the irradia-
tion time, and was higher than that of mice injected with
PDA at the same irradiation time. In addition, there was
essentially no significant change in tumor temperature in
mice treated with PBS only. These findings collectively
indicated that the advantageous photothermal conver-
sion capabilities of PDA@Ag@GOx in vivo are primarily
due to the enhanced PTT effect of silver nanoparticles,
rendering it a highly promising nano-formulation for
achieving tumor thermal ablation.

In vivo antitumor effect of PDA@Ag@GOx

Based on the proven tumor targeting as well as in vitro
anti-tumor properties of PDA@Ag@GOx, its antineo-
plastic effect against Hepa 1-6 tumor-bearing mice was
further validated in vivo. A tumor-bearing mice model
was established by subcutaneously injecting Hepa 1-6
cells under the back skin of mice. When the tumor vol-
ume was about 100 mm?® the mice were randomly
divided into 8 groups (6 mice/group), G1) PBS-L, G2)
PBS+L, G3) GOx, G4) PDA+L, G5) PDA@Ag-L, G6)
PDA@Ag+L, G7) PDA@Ag@GOx-L, G8) PDA@Ag@
GOx+L (Fig. 6A). The effectiveness of the treatment is
assessed by daily monitoring of the mouse weight and
changes in tumor size. During the treatment period, the
mice in each group showed a steady and slow increase in
body weight (Fig. 6B), indicating the low systemic toxic-
ity of the designed nanoplatform. As shown in Fig. 6C,
the tumor volumes of the mice in the PBS-L and PBS+L
groups changed consistently and were the fastest of all
groups, indicating that the light conditions used in the
experiments did not affect the growth of the tumors. Fur-
thermore, the findings suggested that tumor growth rates
were similar between the PDA@Ag-L and PBS groups,
indicating that the presence of AgNPs in an inactive state
did not hinder tumor growth inhibition. Conversely,
the PDA@Ag@GOx-L group exhibited notably greater
tumor suppression compared to the PDA@Ag-L and
GOx-L groups, underscoring the role of GOx in activat-
ing AgNPs to release Ag* that effectively target and kill
tumor cells. Notably, the light-treated groups demon-
strated enhanced tumor suppression in mice treated with
PDA@Ag compared to those treated with PDA alone,
with the PDA@Ag@GOx group showing the most pro-
nounced suppression effect. This finding was attributed
to the dual effect of the PTT effect of PDA enhanced by
AgNPs and the PTT sensitized by GOx. At the end of 14
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days of treatment, all mice were executed and tumor tis-
sue was collected for photography and weighing. Among
all groups, the tumor tissue of the PDA@Ag@GOx+L
group was the smallest in size and lightest in mass, once
again certifying its excellent anti-tumor capacity (Fig. 6D
and E). Subsequently, the anti-tumor capacity at the cel-
lular level of the nanoplatform was detected by H&E
staining as well as Ki67 and caspase immunofluorescence
staining. As seen in the H&E staining result, the PDA@
Ag@GOx+L group had the highest number of dead
tumor cells (Fig. 6F). At the same time, the PDA@Ag@
GOx+L group expressed the strongest green fluores-
cence of caspase as well as the weakest red fluorescence
of Ki67. Taken together, these results collectively demon-
strated that PDA@Ag@GOx has excellent tumor elimi-
nation capacity under light conditions.

In addition to the notable therapeutic benefits, the
assessment of in vivo biosafety of nanomedicines serves
as a crucial parameter to be evaluated. Therefore, H&E
staining of the major organs (heart, liver, spleen, lungs,

and kidneys) was first performed at the end of the treat-
ment. The results revealed that the structural integrity of
the normal tissues in mice treated with the nanomedicine
remained largely unchanged in comparison to the control
group, suggesting the favorable biosafety profile of the
employed nanomaterials (Fig. S11). Furthermore, it was
observed in hemolysis assays that the treatment of eryth-
rocytes with high concentrations of PDA@Ag@GOx did
not cause erythrocyte rupture (Fig. S12). In addition, it
was found that the liver function parameters (AST/AST)
of mice injected intravenously with PDA@Ag@GOx did
not differ significantly from those of normal mice (Fig.
S13). These biosafety results demonstrate the safety of
PDA@Ag@GOx in vivo and offer the possibility to realize
its translational potential.

Conclusion

In summary, we constructed a cascade-modulated nano-
platform, PDA@Ag@GOx, to realize dual-mode HCC
therapy through enhanced PTT and activatable MIT.
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AgNPs have the potential to improve the photothermal
conversion efficiency of PDA under NIR illumination
through the enhancement of non-radiative transitions.
Conversely, GOx interferes with tumor glucose metab-
olism, leading to decreased energy production and
reduced synthesis of HSPs, thereby diminishing cancer

resistance to hyperthermia and augmenting the efficacy
of PTT. Furthermore, the H,0, produced by GOx during
glucose catalysis creates a highly oxidized intracellular
environment capable of oxidizing inert AgNPs to release
cytotoxic Ag*, facilitating cascade-activated Ag*-medi-
ated MIT. Moreover, experiments related to biosafety
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indicated that the nano-platform exhibited favorable
biosafety in vivo, characterized by low toxicity and mini-
mal side effects. Ultimately, the nanosystem successfully
facilitated the treatment of hepatocellular carcinoma by
leveraging the cascade effect involving polydopamine,
silver nanoparticles, and glucose oxidase. This cascade-
regulated multimodal nanotherapeutic platform serves as
a valuable model for the development of more effective
tumor therapy systems.
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