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ARTICLE INFO ABSTRACT
Keywords: Despite the remarkable progress in reactive oxygen species (ROS)-mediated tumor treatment based on catalytic
Tumor-targeting Danozymes therapy and photodynamic therapy, the high intracellular glutathione (GSH) level, low Fenton reaction efficacy,
Dual GSH depletion and poor tumor targeting of small-molecule photosensitizers largely restrict the ROS-based antitumor effect. To
Photothermal-boosted ROS production . . .
) overcome these challenges in better tumor treatment, versatile tumor-targeting nanozymes capable of con-
ROS-mediated tumor treatment . S . . . .
Cu2* ions ducting photothermal-reinforced GSH consumption and ROS production were fabricated through the incorpo-
IR820 ration of Cu®* ions and IR820 with hyaluronic acid (HA)-decorated polydopamine (PDA) nanoparticles. The

resulting HA-coated Cu2+/IR820@PDA (HCIP) nanozymes exhibited a solid-like spherical shape, sound colloidal
dispersion, acid-activated Cu>" and IR820 release. These nanozymes not only showed outstanding photothermal
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conversion efficiency (42.5 %), photothermal-enhanced PDA/Cu?*-elicited dual-mode GSH depletion and Ccu®t-
mediated hydroxyl radical (-OH) production, but also produced sufficient singlet oxygen (105) via IR820-based
photodynamic effect. After being internalized by CT26 colon cancer cells via CD44-mediated endocytosis, the
HCIP nanozymes efficiently depleted endogenous GSH and generated massive ROS comprising -OH and 10 as
well as hyperthermia under near-infrared (NIR) laser irradiation, thereby promoting apoptosis and ferroptosis via
mitochondrial damage and lipid peroxidation. Notably, the in vivo studies showed that the HCIP nanozymes
effectively accumulated at the CT26 tumor sites and inhibited tumor growth and splenomegaly upon
photothermal-boosted ROS-mediated anticancer efficacy combined with ferroptosis without severe side effects.
This work provides a new strategy for the design of dual-mode GSH-depleting and ROS-producing nanozymes to
realize synergistic tumor treatment.

1. Introduction

Cancer poses a significant threat to human health, prompting the
development of various strategies to promote clinical efficiency [1-3].
Among the most studied approaches are exogenous-triggered photody-
namic therapy (PDT) and endogenous-responsive catalytic therapy, both
of which have been demonstrated to effectively induce cell apoptosis
and ferroptosis by generating singlet oxygen (*0,) and hydroxyl radicals
(eOH) [3-6]. The production of 102 is influenced by oxygen (O3) con-
centration, while the generation of eOH is primarily determined by the
types of nanozymes used [3]. In general, excessive reactive oxygen
species (ROS), such as eOH, 10,, and superoxide anions (Oge ), can
irreversibly oxidize and damage essential cellular biomacromolecules
like proteins, lipids, and DNA, leading to cancer cell apoptosis and/or
ferroptosis [3-9]. To further enhance the antitumor potency of the ROS-
mediated therapy, the integration of catalytic therapy and PDT, capable
of enhancing intracellular toxic 10, and eOH accumulation, has
emerged as a potential strategy [10-14]. Although promising, the
combination of catalytic therapy and PDT still encounters several crit-
ical challenges that hinder its practical application. In addition to poor
photostability and non-tumor targeting of small-molecule photosensi-
tizers, tumor hypoxia remarkably reduced the anticancer effect of Oo-
dependent PDT [15,16]. Also, the high levels of glutathione (GSH)
(ranging from 2 to 10 mM) act as a scavenger of ROS, keeping the redox
homeostasis in cancer cells, which in turn reduces the effectiveness of
catalytic therapy and PDT [16-18].

In the past decade, nanozymes with inherent enzyme-like properties
have garnered significant attention due to their desirable catalytic ac-
tivity, sound stability, low cost, and ease of preparation [19,20]. A va-
riety of nanozymes, such as metal oxides [21,22], carbon nanomaterials
[23,24], and metal-organic frameworks (MOFs) [3,9,10,17,18], have
been created and found to mimic various enzyme activities, including
catalase (CAT), peroxidase (POD), and glucose oxidase (GOx). The
nanozymes with POD-like activity can convert intracellular HoO5 into
toxic eOH based on Fenton or Fenton-like reaction, which elicit cell
death and are thus extensively utilized in catalytic therapy. Various
multivalent metal ion pairs, including Cu*/Cu®* [1,9,10], Fe?*/Fe3*
[12,13,17,18], and Mn®*/Mn3* [25], serving as Fenton or Fenton-like
agents, have been employed as essential components of nanozymes for
catalytic therapy. Some studies reported that Cu'-mediated Fenton-like
reactions can occur in weakly acidic or neutral environments, and the
reaction rate (1 x 10* M1 s ) is approximately 160 times faster than
that of the Fe2+—catalyzed Fenton reaction [26,27]. Also, the valence
transition between Cu?" and Cu™ has been demonstrated to deplete
intracellular GSH effectively [9,27-29]. In view of the above findings,
several Cu?*/Cu*-containing nanozymes have been developed for can-
cer catalytic therapy [1,9,30]. Note that the concentration of free copper
must remain below one atom per cell to prevent severe systemic toxicity
[27]. Therefore, for Cu'-mediated catalytic therapy to be safe and
effective, free copper ions must be confined to tumor cells while
remaining in a non-free ionic form during the blood circulation. To this
end, it is essential to endow the Gu?*/Cu-rich nanozymes with active
tumor-targeting capability and controlled copper ion release.

Polydopamine (PDA) nanoparticles that can convert near-infrared

(NIR) light into heat through a non-radiative procedure used as a pho-
tothermal conversion agent of photothermal therapy (PTT) to treat
cancer and wound infection have received substantial attention due to
several superior properties, including outstanding biocompatibility,
strong chelation with various transition metal ions, and non-long-term
toxicity [31-33]. Also, it should be mentioned that PDA has a large
number of o,p-unsaturated carbonyl groups, thus irreversibly reacting
with thiols by the Michael addition reaction in a mild milieu [34,35].
This can facilitate intracellular GSH depletion to increase the ROS level.
Furthermore, the increased studies revealed that the photothermal effect
can effectively boost the catalytic activity of nanozymes [3,19,36,37].
Several studies have reported that the delivery of Cu?* ions or photo-
sensitizers by PDA-based nanoparticles to achieve combination cancer
therapy [27,34]. These therapeutic nanoparticles are often functional-
ized with hydrophilic poly(ethylene glycol) (PEG) to improve colloidal
stability; however, the internalization of PEGylated nanoparticles by
cancer cells is remarkably hindered, potentially reducing their anti-
cancer efficacy. Additionally, to the best of our knowledge, there have
been rare studies investigating the tumor-targeted co-delivery of Cu?*
ions and photosensitizers by PDA-based nanoparticles for synergistic
PTT-enhanced catalytic therapy and PDT. Based on the above view-
points, it is worth developing PDA nanoparticles decorated with hy-
drophilic and tumor-targeting functionalized surfaces to deliver both
Cu* ions and photosensitizers for realizing effective tumor treatment
by tumor-specific photothermal-augmented catalytic therapy and PDT.

Herein, we fabricate the active tumor-targeting PDA nanoparticles
for co-delivery of Cu?* and IR820, a photosensitizer, to boost antitumor
potency by photothermal-augmented catalytic therapy and PDT. First,
through the self-polymerization of dopamine monomers, the PDA
nanoparticles were prepared and then coordinated with Cu?* and laden
with IR820 via n-n stacking and hydrophobic interactions. Due to the
catalytic activity of Cu®* ions, the Cu>-containing nanoparticles can be
considered as nanozymes. Subsequently, the thiol-modified hyaluronic
acid (HA-SH) segments were decorated onto the surfaces of cu?ty
IR820@PDA nanozymes via Michael addition, yielding HA-Cu?t/
IR820@PDA (HCIP) nanozymes with active targeting capability toward
CD44 receptors, which are overexpressed in various cancer cells. The
HCIP nanozymes were characterized to have a uniform solid-like
spherical shape and satisfied Cu?>" and IR820 loading capability. The
HCIP nanozymes stabilized by hydrophilic HA coating displayed sound
colloidal dispersion in pH 7.4 serum-containing aqueous solutions and
accelerated Cu®" and IR820 liberation under weakly acidic conditions
mimicking acidic organelles. Also, these nanozymes not only showed
prominent photothermal conversion efficiency (42.5 %), PDA/Cu?*-
elicited dual-mode GSH depletion and photothermal-enhanced Cu?*-
mediated - OH production, but also generated sufficient 10, via IR820-
based photodynamic effect. After being internalized by CT26 colon
cancer cells via CD44-mediated endocytosis, the HCIP nanozymes
significantly depleted endogenous GSH and produced enormous ROS
composed of -OH and 'O, as well as hyperthermia under NIR laser
irradiation, thus provoking mitochondrial damage and lipid peroxida-
tion (LPO) to lead to apoptosis and ferroptosis. Notably, the in vivo
studies demonstrated that the HCIP nanozymes effectively accumulated
at the CT26 tumor sites and inhibited tumor growth and splenomegaly
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via photothermal-boosted PDT/catalytic therapy combined with fer-
roptosis without severe side effects. This work provides a new horizon
for rationally designing versatile nanozymes with dual-mode GSH
depletion and ROS production, promising manifest progress in tumor
treatment.

2. Experimental section
2.1. Materials and reagents

Copper (II) chloride dihydrate (CuCly-2H50, 299 %) was obtained
from SHOWA (Japan). IR820 (80 %), propidium iodide (PI, 294 %),
2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA, 297 %), 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 98 %),
1,3-diphenylisobenzofuran (DPBF, 97 %), and Roswell Park Memorial
Institute (RPMI) 1640 medium were obtained from Sigma-Aldrich
(USA). N-(3-Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochlo-
ride (EDC, 95 %) was obtained from Matrix Scientific (USA). Dopamine
hydrochloride (DA-HCI, 99 %), N-hydroxysuccinimide (NHS, 98 %),
and bathocuproin sulfonate disodium salt hydrate (BCS, 97 %) were
acquired from Alfa Aesar (USA). 2,2-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS, 95 %) was obtained from Combi-Blocks (USA).
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB, 99 %) was purchased from
Fluorochem (UK). 3,3,5,5-Tetramethylbenzidine (TMB, 99 %) was
purchased from Acros Organics (USA). Fetal bovine serum (FBS) was
purchased from Hyclone (USA). HA (Mw 30 k-50 k Da) was obtained
from Glentham Life Science (UK). Hoechst 33342 was purchased from
Invitrogen. The JC-1 assay kit was purchased from MedChemExpress
(USA). Calcein-AM was obtained from AAT Bioquest (USA). BODIPY TM
581/591 C11 was obtained from Thermo Fisher Scientific (USA). Anti-
Ki67 antibodies (no ab15580) and anti-glutathione peroxidase 4
(GPX4) antibodies (no ab125066) were purchased from Abcam. All
other chemicals were reagent grade and used as received. CT26 cells
(murine colon cancer cell line), PC9 cells (human non-small cell lung
cancer cell line), and WS1 cells (human skin fibroblast cells) were ac-
quired from the Food Industry Research and Development Institute
(Hsinchu City, Taiwan).

2.2. Synthesis and characterization of HA-SH adducts

The HA-SH adducts employed in this study were attained through the
EDC/NHS-mediated amidation of cysteamine molecules and HA seg-
ments [38]. The detailed synthetic pathway of HA-SH is revealed in
Scheme S1. First, HA (68.1 mg), NHS (41.4 mg), and EDC (103.5 mg)
were dissolved in deionized water (3.0 mL) and stirred at room tem-
perature for 2 h to activate the carboxylic group of HA. Afterward,
cysteamine (60 mg) in deionized water (0.45 mL) was added to the
above solution, followed by 1.0 N NaOH to adjust the pH to 6.0. The
solution was stirred at room temperature for 24 h, followed by dialysis
(Biomate MWCO 12000-14,000) against 0.1 M NaCl solution (pH 3.5)
for 48 h and deionized water for 24 h. After being collected by lyophi-
lization, the HA-SH adducts were characterized by 'H NMR (Agilent
DD2 600 MHz NMR spectrometer) and FT-IR (FT-720 spectroscopy,
HORIBA, Japan).

2.3. Preparation of HA-decorated PDA (HP) nanoparticles

Based on a previously reported approach [35], the PDA nano-
particles utilized in this work were prepared by the oxidative self-
polymerization of DA. Briefly, 35.8 mg DA-HCI was dissolved in 20
mL deionized water and stirred at 50 °C for 30 min. Subsequently, 150
pL of NaOH solution (1 N) was added to the above solution and gently
stirred at 50 °C for 5 h. The solution was dialyzed (Biomate MWCO

Journal of Colloid And Interface Science 703 (2026) 139183

6000-8000) with 0.01 M phosphate buffer (pH 8.0) at 4 °C to remove
unreacted DA. To obtain the HP nanoparticles, 37.5 pL of HA-SH dis-
solved in pH 8.0 phosphate buffer (10 mg/mL) was added to 1.29 mL
aqueous solution of PDA nanoparticles (1.75 mg/mL), and the mixing
solution was stirred at room temperature for 24 h. Afterward, the HP
nanoparticle-containing solution was dialyzed (Biomate MWCO
12000-14,000) against pH 8.0 phosphate buffer and stored at 4 °C for
subsequent use. For comparison, the HP nanoparticles with different HA
coating contents were prepared by changing the weight ratio of HA-SH
and PDA in the feed.

2.4. Preparation of HCIP nanozymes

To prepare the HCIP nanozymes, 15 pL of CuCly*2H,0 aqueous so-
lution (30 mg/mL) was added dropwise into 1.29 mL of PDA nano-
particle solution (1.75 mg/mL), and the mixture was stirred at 25 °C for
1.5 h. Subsequently, 75 pL of IR820 solution (4 mg/mL) was added
dropwise into the above solution and stirred in the dark for 30 min,
followed by the addition of HA-SH solution (10 mg/mL, 37.5 pL) and
stirring for 24 h. Next, the resulting solution was dialyzed (Biomate
MWCO 12000-14,000) against pH 8.0 phosphate buffer at 4 °C to
remove unloaded Cu®?* and IR820. For comparison, HA-Cu?>*@PDA
(HCP) nanozymes and HA-IR820@PDA (HIP) nanoparticles were pre-
pared in a similar approach.

2.5. Characterization

The absorption spectra of DA monomers, IR820 molecules, PDA and
HP nanoparticles, and HCIP nanozymes dispersed in pH 7.4 phosphate
buffer were attained with a UV/Vis spectrophotometer (V-730, JASCO,
Japan). The FT-IR spectra of PDA and HP nanoparticles were obtained
using a FT-IR (FT-720 spectroscopy, HORIBA, Japan). The particle size
and size distribution of PDA-based nanoparticles and nanozymes in
aqueous solutions of different pH were measured with a Brookhaven BI-
200SM goniometer equipped with a solid-state laser (35 mW, A = 637
nm), and their zeta potential was determined by a Litesizer 500 (Anton
Paar, USA). Each sample was measured at least three times, and the
results were averaged. Furthermore, the angle-dependent autocorrela-
tion functions and the ratio of the root-mean-square radius of gyration
(Rg) to the mean hydrodynamic radius (Ry) of HCIP nanozymes in pH
7.4 0.15 M phosphate-buffered saline (PBS) were obtained by dynamic
and static light scattering (DLS/SLS) measurements using the afore-
mentioned BI-200SM goniometer. X-ray photoelectron spectroscopy
(XPS) analysis was carried out using a PHI 5000 VersaProbe III X-ray
photoelectron spectrometer (ULVAC-PHI, Japan). Thermogravimetric
analysis (TGA) was performed by a thermogravimetric analyzer EXSTAR
TG/DTA 6200 (Seiko Instruments Inc.) in an N, atmosphere. The sample
was heated to 900 °C at 10 °C/min. The morphology of PDA-based
nanoparticles and nanozymes was observed by scanning electron mi-
croscope (SEM) (JEOL JSM-7800F Prime Schottky Field Emission SEM,
Japan) and transmission electron microscope (TEM) (JEM-1400, FLASH,
JEOL, Japan). X-ray energy dispersive spectroscopy (EDS) elemental
mapping of HCIP nanozymes was attained using TEM (JEM-F200,
JEOL).

2.6. Determination of Cu?* and IR820 content

To determine the Cu?' content of PDA-based nanozymes, the
nanozymes were diluted 20 times with HNOg solution (1 %) for com-
plete Cu?' dissociation. The Cu®" concentration was quantified by
inductively coupled plasma-atomic emission spectrometry (ICP-AES)
with an Agilent 725 emission spectrometer.

To determine IR820 content, the HCIP nanozyme solution was
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centrifuged, and the absorbance of the supernatant at 818 nm was
measured using a UV/Vis spectrophotometer. The calibration curve
utilized for drug loading characterization was attained by the absor-
bance of IR820 with different concentrations in a pH 8.0 phosphate
buffer. The following formulas were used to calculate the IR820 loading
efficiency (LE) and loading content (LC).

LE (%) — amount of IR820 in feed — amount of unloaded IR820
0= Amount of IR820 in feed

x 100%

LC (%) = welght of loaded IR820 « 100%
Total weight of HCIP nanozymes

2.7. Invitro Cu®" and IR820 liberation

For the in vitro Cu®" dissolution study, HCIP nanozyme solution
(0.01 mL) was dispersed in pH 7.4 phosphate buffer and pH 5.0 acetate
buffer (1.0 mL), respectively, and shaken at 100 rpm and 37 °C. The
solution was taken out at the prescribed time, followed by centrifugation
(16,000 rpm, 10 min) to acquire the supernatant. 0.25 mL of superna-
tant was mixed with 0.25 mL of vitamin C (40 mM) and 0.5 mL of BCS (2
mg/mL). After a 30-min reaction, the absorbance of the solution at 483
nm was examined with a UV/Vis spectrophotometer.

Cumulative Cu®* release (%) = A/A, x 100%

A, = the absorbance of pristine HCIP nanozymes treated with
vitamin C and BCS.

A; = the absorbance of supernatant treated with vitamin C and BCS.

For the in vitro IR820 release test, the HCIP nanozyme solution (1.0
mL) was dialyzed (Biomate MWCO 12000-14,000) against pH 7.4 PBS
and pH 5.0 acetate buffer (15 mL), respectively. The internal sample was
periodically withdrawn at specified intervals to measure the maximum
IR820 absorbance using the UV/Vis spectrophotometer (U2900, Hita-
chi, Japan). After each analysis, the sample was returned to the dialysis
tube. The following formula was used to estimate the cumulative IR820
liberation (%).

Cumulative IR820 liberation (%) = ((A, — At)/A, ) X 100%

A, = Initial IR820 absorbance.
A = IR820 absorbance at different time points.

2.8. Photothermal conversion performance

Free IR820, PDA, HP, and HIP nanoparticles, HCP, and HCIP nano-
zymes were dispersed in pH 7.4 PBS (1.0 mL), respectively, and exposed
to irradiation of 808 nm NIR laser (1.0 W/cm?) for 5 min. In this work,
the PDA and IR820 concentrations were fixed at 0.2 mg/mL and 56.5
pM. During laser irradiation, the solution temperatures and thermal
images were measured using an infrared thermal imaging camera
(Thermo Shot F20, NEC Avio Infrared Technologies, Germany). More-
over, the temperature elevation of the aqueous solutions containing
HCIP nanozymes of various concentrations exposed to laser irradiation
(1.0 W/cm?) or HCIP nanozymes (313 pg/mL) irradiated by 808 nm
laser of different power densities was recorded by the above apparatus.
On the other hand, the infrared thermal imaging camera was used to
measure the temperature change of an aqueous solution of HCIP nano-
zymes (313 pg/mL) exposed to 808 nm laser irradiation for 5 min and
cooled to room temperature. The photothermal conversion efficiency of
HCIP nanozymes was estimated using the previously reported eq. [35].
For comparison, the photothermal conversion efficiency of free IR820
molecules, PDA, and HP nanoparticles was determined similarly. To
assess the photothermal stability, the aqueous solutions of free IR820
molecules (56.5 pM), HP nanoparticles (270 pg/mL), and HCIP
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nanozymes (IR820 concentration = 56.5 pM) were subjected to irradi-
ation of 808 nm laser (1.0 W/cmz) with 5-min laser on and 5-min laser
off for three cycles.

2.9. Catalytic activity

The catalytic activity (eOH production) of HCP nanozymes was
assessed by the TMB assay. Through the eOH-induced TMB oxidation,
the absorption of 0oxTMB at 665 nm can be enhanced. HCP nanozymes
(334 pg) were dispersed in 4 mM Hy0, and 0.5 mM TMB-containing
aqueous solutions of pH 7.4 and 5.0 (1.0 mL), then incubated in the
dark at 37 °C for 10 min. After the solution was centrifuged at 16000
rpm for 10 min, the absorption of the collected supernatant was deter-
mined using a UV/Vis spectrophotometer. Moreover, to evaluate the
effects of the reaction time on the ¢OH generation, the treatment time of
HCP nanozymes with HoO5 and TMB was adjusted from 5 to 20 min, and
the absorption of oxTMB was measured by the aforementioned
approach. For exploring the effects of reaction temperature on the «OH
production, the HCP nanozymes were treated with HoOy and TMB at
various solution temperatures for 10 min, and the absorption of oxTMB
was measured by the aforementioned method. Similarly, the HyOy/
TMB-treated HCP nanozymes were exposed to 10-min laser irradiation
1.0 W/crnz), and the absorption of oxTMB was measured. On the other
hand, the ABTS assay was employed to explore the eOH-producing
performance of HCIP nanozymes. 0.167 mL of HCIP nanozymes (2.35
pg/mL) was added to aqueous solutions of pH 7.4 and 5.0 (0.833 mL)
containing 100 pM H205 and 0.5 mM ABTS, and the solutions were
incubated in the dark at 37 °C for 20 min. The solutions were centrifuged
(16,000 rpm, 10 min), and the supernatant was collected for absorption
analysis.

2.10. Photo-triggered 10, production

DPBF as a 10, probe was used to assess the NIR-triggered 10, gen-
eration of IR820-containing formulations. The IR820 molecules, HIP
nanoparticles, or HCIP nanozymes (IR820 concentration = 56 pg/mL)
were dispersed in an aqueous solution of DPBF (0.24 mg/mL) and
irradiated with NIR laser (808 nm, 1 W/cm?) for 2.5, 5, and 10 min.
Subsequently, the absorption of DPBF in the range 300-600 nm was
measured using a UV/Vis spectrophotometer (U2900, Hitachi, Japan).

2.11. Cu**-mediated GSH depletion capability

The GSH-consuming activity of various PDA-based formulations was
evaluated using the DTNB assay. PDA nanoparticles, HP nanoparticles,
HCP nanozymes, and HCIP nanozymes were dispersed in 1 mL of an
aqueous solution containing 0.1 mM GSH, respectively, and incubated at
37 °C for 2, 4, and 8 h. Afterwards, the mixture was centrifuged (16,000
rpm, 10 min), and the supernatant was mixed with 0.1 mL of DTNB (1
mM) for 15 min, followed by determination of TNB absorption in
300-600 nm. On the other hand, the BCS, as a Cu' chelator assay, was
employed to verify that the HCIP nanozymes can deplete GSH by Cu®*/
Cu'-mediated redox reaction. CuCl, molecules or HCIP nanozymes
(Cu®* concentration = 0.01 mg/mL) were reacted with GSH (0.4 mM)
and BCS (0.1 mg/mL) at 37 °C for 1 h. The solution was centrifuged
(16,000 rpm, 10 min), and the absorption of the supernatant in 400-600
nm was analyzed by a UV/Vis spectrophotometer. HP nanoparticles
were also used as the control for comparison.

2.12. Invitro cellular uptake, intracellular cu™ generation, and GSH
consumption

The cellular internalization of HCIP nanozymes was explored using
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CD44-overexpressing CT26 cells as a cell model. CT26 cells (2 x 10°
cells/well) attached onto 22 mm round glass coverslips in 6-well plates
were incubated with HCIP nanozymes (IR820 concentration: 7 pM) in
the presence of HA segments (10 mg/mL) or not at 37 °C for 1 and 3 h.
Free IR820-treated cells were used as a control group. The treated cells
were washed twice with Hank’s balanced salt solution (HBSS), followed
by immobilization using 4 % formaldehyde and staining with Hoechst
33342. The cellular images were acquired by a CLSM (Olympus, Fluo-
View FV3000, Japan) at 405 and 640 nm excitation wavelengths for
Hoechst and IR820, respectively. Also, the effect of free HA addition on
the cellular uptake of HCIP nanozymes by CT26 cells was assessed by
FACSCalibur flow cytometer (BD Bioscience). After being treated with
HCIP nanozymes (IR820 concentration: 7 pM) plus HA segments or not
at 37 °C for 1 and 3 h, followed by detachment with trypsin-EDTA so-
lution, the CT26 cells (2 x 10° cells/well) were suspended in PBS (1.0
mL), and the cellular IR820 fluorescence was analyzed by plotting
fluorescence intensity on a log scale.

The coppersensor-1 was used to confirm the intracellular Cu® pro-
duction from Cu**-rich nanozymes. CT26 cells were seeded onto 22 mm
round glass coverslips in 6-well plates (2.0 x 10° cells/well), then
incubated at 37 °C for 24 h. Afterward, the cells were exposed to IR820
(12 pg/mL), HP nanoparticles, HIP nanoparticles, HCP nanozymes, or
HCIP nanozymes (HP concentration: 67.6 pg/mL) for 3 h. The treated
cells were stained with coppersensor-1 (5 pM) at 37 °C for 30 min. The
intracellular coppersensor-1 fluorescence was observed using fluores-
cence microscopy (ZEISS Axio Imager M2) at an excitation wavelength
of 563 nm.

The intracellular GSH exhaustion of HCIP nanozymes was explored
with the DTNB assay. After being seeded in a 6-well plate, CT26 cells (2
x 10°/well) were incubated with HCIP nanozymes (Cu®* concentration:
3 pg/mL, IR820 concentration: 12 pg/mL) for 24 h. The treated cells
were washed twice with PBS, followed by detachment with trypsin-
EDTA and centrifugation (1500 rpm) for 6 min. The obtained cell pel-
lets were irradiated with 808 nm NIR laser (1.0 W/cm?) for 5 min or not.
The cells were then dispersed in RIPA lysis buffer and frozen overnight.
The cells were then thawed for lysis and centrifuged (12,000 rpm, 10
min). The 0.1 mL of supernatant was mixed with 0.05 mL of 1 mM DTNB
and analyzed by a microplate reader at a wavelength of 405 nm. For
comparison, the intracellular GSH level of CT26 cells incubated with
IR820, HP nanoparticles, HIP nanoparticles, and HCP nanozymes,
respectively, was also assessed based on the above approach.

2.13. Intracellular ROS, mitochondrial damage, and LPO

The DCFH-DA was utilized to evaluate the intracellular ROS level.
CT26 cells (2.0 x 10° cells/well) were seeded in 6-well plates containing
22 mm round glass coverslips and cultured for 24 h. Subsequently, the
cells were incubated with IR820, HIP nanoparticles, or HCIP nanozymes
(IR820 concentration: 12 pg/mL) for 3 h, and treated with or without
808 nm NIR laser irradiation (1.0 W/cmz, 5 min). After adding HBSS
containing DCFH-DA (5 pM) and 30 min incubation, the cells were
imaged using fluorescence microscopy (ZEISS Axio Imager M2) at an
excitation wavelength of 485 nm for DCF detection. For comparison, the
intracellular ROS level of CT26 cells incubated with HP nanoparticles
and HCP nanozymes (HP concentration: 67.6 pg/mL) with laser irradi-
ation was also evaluated similarly.

To evaluate the mitochondrial damage induced by HCIP nanozymes,
a JC-1 staining assay was used to detect the change in mitochondrial
transmembrane potential. CT26 cells (2.0 x 10° cells/well) were seeded
in 6-well plates with 22 mm round glass coverslips, followed by incu-
bation at 37 °C for 24 h. Cells were cultured with IR820, HIP nano-
particles, or HCIP nanozymes (IR820 concentration: 12 pg/mL) for 3 h,
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and treated with or without 808 nm NIR laser irradiation (1.0 W/crnz, 5
min). The cells were then treated with HBSS containing JC-1 (2 pg/mL)
for 30 min and imaged using fluorescence microscopy (ZEISS Axio
Imager M2) at 485 and 535 nm excitation wavelengths for JC-1 mono-
mer and JC-1 aggregate, respectively. The mitochondrial trans-
membrane potential of CT26 cells incubated with HP nanoparticles and
HCP nanozymes (HP concentration: 67.6 pg/mL) plus laser irradiation
was also evaluated similarly for comparison.

The C11 BIDOPY>81/591 assay was employed to explore the intra-
cellular LPO. CT26 cells attached onto 22 mm round glass coverslips in
6-well plates (1.0 x 10° cells/well) were treated with IR820, HIP
nanoparticles, or HCIP nanozymes (IR820 concentration: 12 pg/mL) for
3 h, and treated with or without 808 nm NIR laser irradiation (1.0 W/
cmZ, 5 min). The cells were then treated with HBSS containing C11
BIDOPY>81/5°1 (2 uM) for 30 min and imaged using fluorescence mi-
croscopy (ZEISS Axio Imager M2) at an excitation wavelength of 500
nm. The LPO of CT26 cells incubated with HP nanoparticles and HCP
nanozymes (HP concentration: 67.6 pg/mL) plus laser irradiation was
also evaluated similarly for comparison.

2.14. Invitro anticancer efficacy of combination therapy

CT26 cells (1.5 x 10° cells/well) in a 6-well plate were incubated
with HP nanoparticles, HIP nanoparticles, HCP nanozymes, or HCIP
nanozymes of different concentrations at 37 °C for 3 h. Subsequently,
after being washed twice with PBS and detached with trypsin-EDTA, the
cells were centrifuged (1500 rpm) and the cell pellets were irradiated
with 808 nm NIR laser (1.0 W/cm?) for 1 min. The treated cells were
reseeded in a 12-well plate and incubated for 24 h. MTT (0.25 mg/mL,
1.0 mL) was added to each well, and the plates were incubated at 37 °C
for 3 h. After removing the culture medium, DMSO (0.8 mL) was added
to dissolve the formed precipitate. The absorbance of the resulting so-
lution was then measured at 570 nm using a BioTek 800TS microplate
reader. For comparison, the viability of CT26 cells treated with the
above formulations without NIR laser irradiation was also evaluated
using a similar approach. Moreover, the cytotoxicity of HCIP nanozymes
against PC9 cells, a human non-small cell lung cancer, was assessed
using the same approach with laser irradiation. On the other hand, the
cytotoxicity of HCIP nanozymes on healthy WS1 cells, human skin
fibroblast cells, was evaluated. WS1 cells (1 x 10* cells/well) in a 96-
well plate were incubated with HCIP nanozymes of different concen-
trations at 37 °C for 3 h. After removing the culture medium and adding
fresh medium, the cells were incubated for 24 h. Afterwards, the MTT
assay described above was used to determine the cell viability.

The live and dead cells were stained with calcein-AM and PI to
further confirm the cytotoxicity of various formulations on CT26 cells.
CT26 cells (2 x 10° cells/well) in a 12-well plate were incubated with
HP nanoparticles, HIP nanoparticles, HCP nanozymes, and HCIP nano-
zymes (HP concentration: 67.6 pg/mL), respectively, for 3 h. After-
wards, cells were irradiated using 808 nm NIR laser (1.0 W/cm?) for 1
min, followed by staining with calcein-AM (2 pg/mL) for 45 min and PI
(4 pg/mL) for 15 min. The treated cells were observed by a NIB-100F
inverted fluorescent biological microscope.

2.15. In vitro hemolysis assay

0.5 mL of erythrocyte suspension (0.2 %, v/v) was mixed with 0.5 mL
of HP nanoparticles and HCIP nanozyme and incubated at 37 °C for 0.5
h, respectively. The erythrocytes incubated in deionized water and 0.9
% saline solution were used as the positive and negative controls,
respectively. After centrifugation at 16000 rpm for 10 min, the optical
density (OD) of each solution was measured at 540 nm using a UV/Vis
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spectrophotometer (U2900, Hitachi, Japan). The hemolysis rate was
calculated as follows:
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randomly divided into seven groups (n = 4): (1) control; (2) HP nano-
particles; (3) HCIP nanozymes; (4) IR820 + NIR laser; (5) HCP nano-
zymes + NIR laser; (6) HIP nanoparticles + NIR laser, (7) HCIP

hemolysis rate (%)

2.16. Animals and tumor model

Female BALB/c mice (5-6 weeks old) were acquired from the Na-
tional Laboratory Animal Center (Taiwan). The animal studies (IACUC
Approval No: 112040) adhere to the guidelines approved by the
Administrative Committee on Animal Research at Chung Shan Medical
University (Taiwan). To obtain the tumor model, 5 x 10° CT26 cells in
0.1 mL PBS were injected subcutaneously into the right thigh of the
mice. Tumor volume (V) was estimated as V = L. x W2/2. W is the tumor
measurement at the widest point, and L is the tumor dimension at the
longest.

2.17. In vivo biodistribution

When tumor volume reached 80-120 mm®, 100 pL of aqueous so-
lutions containing free IR820 molecules or HCIP nanozymes were
injected into the mice via the tail vein (IR820 dosage of 1.0 mg/kg). At 2,
4, 6, 24, and 48 h post-injection, the in vivo biodistribution of free IR820
molecules and HCIP nanozymes was monitored by fluorescence signals
of IR820 (Ex. 710 nm and Em. 830 nm) using an IVIS imaging system
(IVIS Lumina II, Caliper, LifeSciences, MA, USA). At 48 h post-injection,
the treated mice were sacrificed by CO5 euthanasia, followed by imaging
of the collected major organs and tumors with IVIS imaging system.

2.18. In vivo tumor hyperthermia and growth inhibition

When the tumor volume of mice reached 80-120 mm®, mice were

OD value of experimental group — OD value of saline group
OD value of deionized water group — OD value of saline group

) x 100%.

nanozymes + NIR laser. Mice in different groups were intravenously
injected with 100 pL of the corresponding reagents. The 1.0 mg/kg
dosages for IR820 and 5.6 mg/kg for HP were used. Each group was
subjected to two doses at days 0 and 2. At 4 h post-injection, the tumor
sites of mice in corresponding groups were irradiated with 808 nm laser
(1.0 W/cm?) for 5 min. The tumor temperature was monitored during
laser irradiation using an infrared thermal imaging camera. The tumor
volumes and body weight of various groups were recorded every two
days. At day 18 post-treatment, all mice were euthanized. The tumors
and major organs (heart, liver, spleen, lung, kidney) were gathered, and
the tumor and spleen were weighed. Afterwards, the tumors and organs
were sectioned into 4 pm-thick slices for individual staining of hema-
toxylin and eosin (H&E), anti-Ki67 antibodies, and anti-GPX4 anti-
bodies, and then observed by an Olympus IX70 inverted microscope
(Japan).

2.19. Statistical analysis

Data are reported as mean + SD. The differences among groups were
determined using one-way or two-way ANOVA analysis; ns > 0.05, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3. Results and discussion

3.1. Synthesis and characterization of HA-SH adducts

The HA-SH adducts utilized to decorate PDA nanoparticles
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Fig. 1. 'H NMR spectra of HA, cysteamine, and HA-SH in D,0.
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Table 1

Journal of Colloid And Interface Science 703 (2026) 139183

Particle size and Cu®*/IR820 loading capability of various PDA-based formulations (n = 3).

Sample Dy, (nm) PDI Cu** loading content IR820 loading content
(wWt%) (Wt%)

PDA nanoparticles 138 + 4 0.09 + 0.04 - -

HP nanoparticles 178 £ 10 0.13 +0.03 -

HIP nanoparticles 186 + 12 0.21 £+ 0.04 - 13.2+0.4

HCP nanozymes 179 +£7 0.15 + 0.05 4.9 + 0.2 -

HCIP nanozymes 179 £ 8 0.18 + 0.02 3.7 £0.2 149 + 0.6

covalently were obtained by the DCC/NHS-mediated amidation reaction
of cysteamine with carboxylic acid groups of HA segments [38], and
characterized by 'H NMR spectroscopy. As shown in the 'H NMR
spectrum of HA-SH adducts (Fig. 1), the presence of feature methylene
proton signals of cysteamine at § 2.7 ppm confirms the successful
conjugation of cysteamine with HA. Moreover, according to the signal
integral ratio of the methylene protons of cysteamine at § 2.7 ppm and
the acetyl methyl protons (6 2.0 ppm) from HA, the degree of substitu-
tion of HA with cysteamine, defined here as the number of thiol groups
per 100 p4-glucuronic acid-p3-N-acetylglucosamine units, was esti-
mated to be ca 30.

3.2. Preparation and characterization of photothermal HCIP nanozymes

As presented in Scheme la, the PDA nanoparticles were attained
upon the self-polymerization of DA molecules in NaOH solution at 50 °C.
Notably, different from the DA solution with a nearly transparent state
and a sharp absorption peak at 281 nm (Fig. 2a), the black PDA nano-
particle solution showed visibly augmented absorption from visible to
NIR light. Similar UV/Vis spectra of PDA nanoparticles and DA mole-
cules were reported elsewhere [31,39]. As shown in the FT-IR spectrum
of PDA nanoparticles (Fig. 2b), two weak feature bands of indole and
indoline at 1633 and 1515 cm ™, respectively, were observed. These
results confirm the effective oxidative polymerization of DA monomers
into PDA nanoparticles. The hydrodynamic diameter of PDA nano-
particles dispersed in pH 7.4 phosphate buffer (I = 0.01 M) was deter-
mined to be ca 138 + 4 nm (Table 1 and Fig. 2c). Notably, after being
transferred from phosphate buffer to PBS (pH 7.4, I = 0.15 M) for 1 h,

the PDA nanoparticles displayed an enlarged particle size from 138 + 4
nm to 336 + 26 nm (Fig. S1). With the time being prolonged from 1 h to
24 h, the particle size of PDA nanoparticles further increased beyond
1000 nm (Fig. S1), indicating serious aggregation of PDA nanoparticles.
Some studies also reported the salting-out-elicited aggregation of PDA
nanoparticles under physiological salt conditions [40,41]. To endow
PDA nanoparticles with robust colloidal stability and active CD44
receptor-targeting capability for tumor-targeted delivery of Cu?* and
IR820, the as-synthesized HA-SH adducts were covalently conjugated on
the surfaces of PDA nanoparticles (HA-SH/PDA feeding weight ratio =
0.17) upon the Michael addition between thiol groups of HA-SH seg-
ments and quinone residues of PDA nanoparticles. As revealed in the
XPS spectra (Fig. 2d and e), in addition to the feature peaks of C=0
(531.9 eV) and C—O (532.4 eV) of PDA nanoparticles, two new peaks of
C-O-C (533 eV) and O=C-O (534 eV) from HA-SH segments were
observed for HP nanoparticles. Also, the absorption band of C-O-C
stretching vibration from HA-SH segments at 1043 cm ™! was observed
in the UV/Vis spectrum of HP nanoparticles (Fig. 2b). The findings
demonstrate the successful coupling of HA-SH adducts with PDA
nanoparticles. Note that after being conjugated with HA-SH adducts, the
PDA nanoparticles showed increased particle size from 138 + 4 to 178
+ 10 nm in pH 7.4 aqueous solution (I = 0.01 M) due to the presence of
HA-rich coating layers (Table 1, Fig. 2c). Based on the TGA profiles in
Fig. 2f, the HP nanoparticles were composed of ca 74 wt% PDA and 26
wt% HA. Notably, the HP nanoparticles maintained nearly unchanged
particle size in pH 7.4 0.15 M PBS during 24 h (Fig. S2), distinct from the
salt-elicited massive aggregation of PDA nanoparticles in the same
environment. This indicates that the hydrophilic HA surface coating
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Fig. 3. (a) Particle size distribution curves of PDA nanoparticles, HP nanoparticles, HCP nanozymes, HIP nanoparticles, and HCIP nanozymes dispersed in pH 7.4
0.15 M PBS for 1 h. (b) Angle-dependent DLS and SLS measurements of HCIP nanozymes in pH 7.4 0.15 M PBS. (c¢) TEM and SEM images of PDA nanoparticles, HP
nanoparticles, and HCIP nanozymes. (d) Cu 2p spectrum of HCIP nanozymes. (e) Elemental mapping images of HCIP nanozymes. Scale bar: 250 nm. (f) Colloidal
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could enhance the colloidal stability of HP nanoparticles under physi-
ological salt conditions, which is a key prerequisite for extended blood
circulation of nanoparticles. Furthermore, when the HA-SH/PDA
feeding weight ratio was adjusted from 0.17 to 0.03, the particle size
of HP nanoparticles dispersed in 0.15 M PBS was gradually enlarged
over time (Fig. S3), signifying the occurrence of some particle aggre-
gation. This further verifies that a sufficient amount of HA decorated on
the PDA nanoparticles is very important to promote the colloidal
dispersion of HP nanoparticles. Due to the outstanding colloidal stabil-
ity, the HP nanoparticles with a fixed HA-SH/PDA feeding weight ratio
of 0.17 were employed as vehicles for Cu?" and IR820 delivery.

Next, through the coordination of Cu®* with catechol groups of HP
nanoparticles as well as the n-n stacking and hydrophobic interactions of
IR820 with the HP nanoparticles, the HCIP nanozymes were obtained.
Notably, the HCIP nanozymes exhibited a visible red shift of IR820
maximum absorption (Fig. 2a) due to the strong n-n stacking and hy-
drophobic interactions between IR820 and PDA. Such a red shift in the
absorption of IR820 incorporated with PDA-containing nanoparticles
was also reported elsewhere [39]. As presented in Table 1 and Fig. 3a,
the particle size (ca 179 + 8 nm) of HCIP nanozymes in 0.15 M PBS is
comparable to that of HP nanoparticles. The angle-dependent DLS data
of HCIP nanozymes showed a high linear correlation between the
relaxation frequency (I') and the square of the scattering vector (q%)
(Fig. 3b), suggesting their nearly spherical shape. According to the Berry
plot of the scattering intensity (I¥'?) versus the square of the scattering
vector (qz) from angle-dependent SLS examination (Fig. 3b), the Rg
value (ca 67 nm) of HCIP nanozymes was gained, and the estimated Rgy/
Ry, ratio (ca 0.77) is close to that (0.78) of solid sphere-like polymeric
nanoparticles as obtained elsewhere [42,43]. Also, the TEM and SEM
images illustrated the uniform spherical form of HP nanoparticles and
HCIP nanozymes (Fig. 3¢). The high-resolution Cu 2p spectrum of HCIP
nanozymes exhibited two characteristic peaks at 934.5 eV (Cu 2ps/2)
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and 954.8 eV (Cu 2p; 2) accompanied with two shake-up satellite peaks
(Fig. 3d). Note that the presence of Cu, O, N, S and Cl elements was
further visualized by the EDS mapping of HCIP nanozymes (Fig. 3e).
These findings demonstrate that the HCIP nanozymes have a spherical
architecture comprising a PDA core loaded with Cu?>* and sulfonate-
containing IR820, and hydrophilic HA-rich surface (Scheme 1la). In
addition, the Cu®>* loading content in HCIP and HCP nanozymes was
determined by ICP-AES analysis to be ca 3.7 &+ 0.2 and 4.9 + 0.2 wt%
(Table 1). The IR820 loading contents of HCIP nanozymes and HIP
nanoparticles were measured to be ca 14.9 + 0.6 and 13.2 + 0.4 wt%,
respectively (Table 1). These results suggest that the HCIP nanozymes
display satisfactory Cu>" and IR820 loading capability. It should be
highlighted that the HCIP nanozymes exhibited prominent colloidal
stability as evidenced by virtually unvaried particle size in pH 7.4 PBS or
10 % FBS-containing RPMI during 24 h (Fig. 3f).

Although Cu?* is a key metal element for CDT-mediated cancer
treatment, excessive Cu®* exposure in free form can be highly toxic and
provoke many diseases [44,45]. Therefore, it is essential to preliminarily
evaluate the in vitro release of Cu?* from HCIP nanozymes at pH 7.4
(mimicking normal physiological conditions) and 5.0 (imitating intra-
cellular acidic organelles). As revealed in Fig. 3g, the cumulative cut
liberation of HCIP nanozymes was remarkably increased from 5 % to 40
% in response to a pH change from 7.4 to 5.0 during 24 h. Also, the
negative zeta potential of PDA-containing nanoparticles and nanozymes
was converted to approach a neutral value by reducing pH from 7.4 to
5.0 due to the increased protonation of phenolic hydroxyl groups (e.g.,
catechol residues) from PDA (Fig. S4). These results indicate that the
acidity-activated protonation of catechol groups could diminish the
coordination interaction between PDA and Cu?! within HCIP nano-
zymes, thus accelerating Cu®* outflow. Similar acidity-triggered Cu®*
liberation from PDA-rich nanoparticles was observed in other studies
[45-47]. Furthermore, the promoted protonation of amine from

-Ln (6)
1.0 15 2.0 25
700

HCP nanozymes

HCIP nanozymes
4600

HIP nanoparticles 4500

. {400 @
4 - g
4300 =
ciP
HCIP nanozymes 1200

| I 100
[ 180: }

0 200 400 600

800 1000 1200

Time (s)

(d) Ln (0 ()
250.0 0.5 1.0 15 . 40 e 20
d - - e nies —— HP nanoparticles wio laser irradiation
FreeIR820 1.., 354 HP nanoparticles HP nanoparticles W/ laser irradiation
20 * £ Off‘ HCIP nanozymes —— HCIP nanozymes wio laser irradiation
4600 30+ O of f 15— HCIP nanozymes Wi laser irradiation
v i
u B {500 . 257 3
c 15 N @ ~;
1 &£ 20 = 104
/“ {400 @ £ =
'2 Dﬁ E = c
10 {m i 1300+ < 154 %
L. 1200 10 ' 5
54 4 e ‘
A gy 4100 5 on on
4 -‘.... on
0 T T T T T 0
0 . . . . —lo : -
0 200 400 600 800 1000 0 300 600 9-00 1200 1500 1800 10 100 1000 10000
Time (s) Hydrodynamic diameter (nm)

Time (s)

Fig. 4. (a) Temperature elevation curves and (b) thermal images of different formulations (n = 3). Photothermal effect and plot fitting of cooling time versus the
negative natural logarithm of the driving force temperature during the cooling procedure of (c¢) HCIP nanozyme and (d) free IR820 solution (IR820 concentration:
56.5 pM) (n = 3). (e) Photothermal capability evaluation for aqueous solutions containing IR820 molecules, HP nanoparticles, or HCIP nanozymes receiving repeated
NIR laser irradiation (808 nm, 1.0 W/cem?). (f) Particle size distribution curves of HP nanoparticles and HCIP nanozymes with or without laser irradiation.
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quinone or indoline groups in a weakly acidic environment partially
declines the hydrophobic interaction of PDA with IR820, thus appre-
ciably increasing IR820 liberation from HIP nanoparticles and HCIP
nanozymes (Fig. 3h). Based on these findings, it was assumed that cut
and IR820 of HCIP nanozymes could be efficiently released under acidic
organelles such as endosomes and lysosomes (pH 4.5-6.0), whereas the
premature leakage could be decreased under normal physiological
conditions (pH 7.4), which is a boon for tumor-specific combined ther-
apy. Also, the significantly reduced Cu®" leakage from HCIP nanozymes
at pH 7.4 was anticipated to minimize Cu®>"-related systemic toxicity.
Given the short lifetime and limited diffusion distance of 102, the acid-
triggered IR820 release is advantageous, allowing the generated 10, via
remotely controlled laser irradiation to act on organelles without delay.

3.3. Photothermal effect and stability of HCIP nanozymes

Considering that the PDA nanoparticles and IR820 molecules can
convert NIR light into heat, the NIR-trigged photothermal effect of HCIP
nanozymes was evaluated by monitoring their solution temperature
variation using an infrared thermal imaging camera. As presented in
Fig. 4a and b, at the same PDA concentration (200 pg/mL), the aqueous
solutions containing HCP nanozymes, PDA, or HP nanoparticles under
NIR laser irradiation for 300 s showed comparable temperature eleva-
tion, indicating that the photothermal conversion capability of PDA
nanoparticles was not affected by Cu®* coordination and HA surface
coating. Notably, compared to the aforementioned formulations, the
HCIP nanozymes showed prominently amplified solution temperature
elevation during the NIR laser irradiation, suggesting the enhanced
photothermal effect of HCIP nanozymes by incorporating IR820 into
HCIP nanozymes. Also, according to the photothermal heating-cooling
curves (Fig. 4c), the photothermal conversion efficiency (n) of HCIP
nanozymes was determined to be ca 43 %, being somewhat higher than
that of PDA and HP nanoparticles (Fig. S5). On the other hand, due to
photobleaching and thermal degradation of IR820 [39,48], free IR820
molecules had a poor photothermal conversion efficiency of ca 19 %
(Fig. 4d), and the temperature rise of free IR820-containing solution
declined gradually 150 s after irradiation (Fig. 4a and b). Importantly,
after three on/off cycles of NIR laser irradiation, the HCIP nanozymes
maintained nearly intact photothermal ability and particle size (Fig. 4e
and f). In contrast, free IR820 molecules showed a vastly diminished
photothermal effect due to serious photobleaching (Fig. 4e). As ex-
pected, the NIR-elicited temperature elevation of HCIP nanozyme so-
lution was boosted by increasing the concentration of HCIP nanozymes
(Fig. S6a). Also, the temperature elevation level of the HCIP nanozyme
solution can be adjusted by changing the laser power density (Fig. S6b).
This controllable photothermal effect of HCIP nanozymes could be
beneficial for optimizing the application of clinical PTT. Based on these
findings, compared to the free IR820 molecules, the designed HCIP
nanozymes exhibited sound photothermal conversion capability, highly
stable photothermal effect and stability, and good colloidal dispersion,
thus being utilized as potential regents to enhance the anticancer effi-
cacy of multiple therapies.

3.4. -OH and 0, production and GSH depletion

The - OH production performance of Cu?*-carrying nanozymes upon
Fenton-like reaction was assessed using TMB as an indicator, which can
be oxidized by -OH to form the product with absorption at 650 nm.
Notably, no significant absorption of TMB was observed in aqueous
solutions containing HoO5 and HCP nanozymes at pH 7.4 (Fig. 5a). By
contrast, the TMB in a pH 5.0 aqueous solution containing HCP nano-
zymes and HyO, showed prominent absorption at 650 nm. Moreover,
the absorbance of TMB in the HCP nanozyme/H205-containing solution
at pH 5.0 was consistently enhanced by prolonging the reaction time
from 5 to 20 min (Fig. 5b). This finding indicates that the HCP nano-
zymes could efficiently convert HoOy into-OH in the weakly acidic

10
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environment upon Cu?*-mediated Fenton-like reaction. Furthermore,
the -OH-producing capability of HCIP nanozymes in the H2O-con-
taining solution was evaluated by employing ABTS. With the pH of the
HCIP nanozyme solution being adjusted from pH 7.4 to 5.0, the ab-
sorption of ABTS from visible light to NIR light was remarkably
increased due to the increased oxidation of ABTS by OH (Fig. 5¢). These
results suggest that the HCP and HCIP nanozymes under weakly acidic
conditions could accelerate the Cu?'-mediated Fenton-like reaction
rate, thus promoting the conversion of HyO2 into -OH. Some cut-
containing nanoparticles also showed the acidity-activated Fenton-like
reaction as reported elsewhere [27,30,49,50]. Because of the tempera-
ture dependence of the Fenton and Fenton-like reaction rate, as
mentioned in the previous studies [36,37,45,51], the - OH generation of
HCP nanozymes at different temperatures was further assessed. As
presented in Fig. 5d, the absorbance of TMB in a pH 5.0 aqueous solution
containing HCP nanozymes and H2O2 was increased with the solution
temperature being elevated from 4 to 37 °C, illustrating the promoted -
OH production upon thermal-enhanced Fenton-like reaction. Impor-
tantly, under NIR laser irradiation, the absorbance of TMB in the above
solution was further increased, signifying that the PDA-mediated pho-
tothermal effect effectively augmented the Fenton-like reaction to
amplify -OH generation. Next, the photo-triggered 'O,-generating
capability of HCIP nanozymes was explored by DPBF, a 10, indicator
that displayed the declined absorbance at about 450-500 nm after being
degraded by '0,. With irradiation of 808 nm NIR laser, different from
nearly unchanged absorbance of DPBF molecules in HCP nanozyme
solution (Fig. S7a), the absorbance of DPBF molecules in aqueous so-
lutions containing HCIP nanozymes, HIP nanoparticles, or free IR820
molecules (IR820 concentration = 56 pg/mL) was remarkably decreased
with the prolonged irradiation time (Fig. 5e, S7b and S7c), demon-
strating 10, production upon IR820-mediated photodynamic effect.
Also, as revealed in Fig. 5f, during NIR laser irradiation, the normalized
absorbance of DPBF molecules treated with HCIP or HIP nanozymes was
appreciably declined relative to that of DPBF incubated with free IR820
molecules. Compared to IR820, the HCIP and HIP nanozymes exhibited
superior 10,-generating performance, indicating that these nanozymes
could mitigate the photo-bleaching effect of IR820, thereby enhancing
the IR820-based photodynamic effect.

Increasing studies report that the high concentration of GSH in the
tumor microenvironment largely restricts the anticancer efficacy of
ROS-mediated therapy [16-18]. The DTNB, being reduced by GSH to
form a yellow product with a characteristic absorption at 412 nm, was
employed as an indicator to evaluate the GSH-depleting capability of
HCIP nanozymes. Notably, the absorbance of DTNB in GSH solution
pretreated with the PDA or HP nanoparticles for 8 h was appreciably
lower than that of DTNB in GSH alone solution as the control group
(Fig. 5g), indicating the GSH consumption by PDA-mediated Michael
addition. Furthermore, at the same reaction time, the absorbance of
DTNB in the GSH solution treated with HCP or HCIP nanozymes further
decreased. This suggests that the HCP and HCIP nanozymes exhibited
prominent GSH-depleting capability compared to PDA and HP nano-
particles. Moreover, the HCP and HCIP nanozymes showed faster GSH-
consuming performance relative to PDA and HP nanoparticles (Fig. 5h).
On the other hand, as shown in Fig. 5i, in the presence of GSH, distinct
from no significant absorption of BCS molecules in the HP nanoparticle
solution, the prominent absorption of BCS molecules (483 nm) in the
aqueous solutions containing HCP or HCIP nanozymes was observed.
This is because the Cu* ions released from HCP and HCIP nanozymes
can be reduced by GSH to Cu" ions that form yellow complexes with
BCS. According to the above results, it can be concluded that the HCIP
nanozymes can not only effectively deplete GSH by a combination of
PDA with Cu®" but also potently generate -OH and 'O, under NIR
irradiation, beneficial for achieving anticancer efficacy of the PTT in-
tegrated with ROS-based CDT and PDT (Fig. 5j).
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3.5. Invitro cellular uptake, intracellular cu™ production, and GSH
depletion

To explore the HA-mediated CD44-targeting capability of HCIP
nanozymes, their internalization by CT26 colon cancer cells with CD44
overexpression was examined by CLSM and flow cytometry. As shown in
the CLSM images (Fig. 6a), at 1-h or 3-h incubation, the intracellular
IR820 fluorescence signals of CT26 cells treated with HCIP nanozymes
were appreciably higher compared to those of CT26 cells incubated with
both HCIP nanozymes and free HA molecules. With the incubation time
being prolonged from 1 to 3 h, CT26 cells exposed to HCIP nanozymes
showed remarkably enhanced intracellular IR820 fluorescence
compared to cells treated with HCIP nanozymes plus free HA segments.
Similar results were also obtained using flow cytometry (Fig. 6b). These
findings strongly demonstrate that the HCIP nanozymes could be effi-
ciently internalized by CT26 cells upon CD44-mediated endocytosis. In
contrast, the cellular uptake of these nanozymes by CT26 cells was
hindered in the presence of free HA molecules due to the competition of
free HA molecules with nanozymes for the CD44 receptors of CT26 cells.
Furthermore, compared to HCIP nanozymes, free IR820 molecules
showed higher cellular uptake by CT26 cells, being ascribed to the
different cellular internalization pathways between HCIP nanozymes
(endocytosis) and free IR820 molecules (passive diffusion). Notably, the
Cu™ probe staining images revealed that CT26 cells incubated with HCIP
or HCP nanozymes displayed a bright red fluorescence, whereas the cells
treated with free IR820 molecules, HP or HIP nanoparticles showed
weak red fluorescence similar to the control group (Fig. 6¢). This in-
dicates that Cu®" ions released from the nanozymes confined within
acidic organelles could be efficiently reduced by intracellular GSH to
Cu" ions, which is beneficial for boosting CDT efficacy. The result is
consistent with the acidity-triggered Cu?* release of HCIP nanozymes
and GSH-mediated Cu®* reduction as presented in Fig. 3g and 5i,
respectively. Next, the intracellular GSH-depleting ability of HCIP
nanozymes was assessed by the DTNB assay. Without NIR laser irradi-
ation, the intracellular GSH level of CT26 cells receiving free IR820
molecules was similar to the control group, suggesting that free IR820
molecules were not able to consume GSH (Fig. 6d). By contrast, the
intracellular GSH level of CT26 cells treated with HP and HIP nano-
particles was somewhat reduced due to PDA-mediated GSH depletion.
Note that HCP- or HCIP nanozyme-treated CT26 cells showed visibly
declined GSH levels, signifying that combining PDA with Cu®* could
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amplify GSH depletion. This result corresponds well to that presented in
Fig. 5g. More importantly, with NIR laser irradiation, the intracellular
GSH level of CT26 cells treated with HIP nanoparticles, HCP, or HCIP
nanozymes was largely declined compared to that of cells receiving HP
nanoparticles. These findings strongly demonstrate that the photo-
thermal effect can further promote PDA-elicited and Cu?*-mediated
GSH exhaustion, and the !0, produced by the IR820-involved photo-
dynamic effect can oxidize GSH into GSSG.

3.6. Intracellular ROS generation, mitochondrial damage, and LPO
production

To assess the ability of HCIP nanozymes in decomposing endogenous
H30, to generate OH and converting O5 into 102, DCFH-DA was uti-
lized to measure intracellular ROS level (Fig. 7a). Without NIR irradia-
tion, no significant DCF fluorescence in CT26 cells incubated with free
IR820 molecules and HIP nanoparticles was observed, similar to the
control group (Fig. 7a and b). In contrast, visible DCF fluorescence sig-
nals of CT26 cells receiving HCIP nanozymes were attained, signifying
the generation of intracellular- OH via the Fenton-like reaction between
Cu?*/Cu* redox couple and endogenous HyO,. Notably, with 808 nm
NIR laser irradiation, CT26 cells incubated with HCIP nanozymes
exhibited the strongest DCF fluorescence among cells receiving various
treatments. Obviously, for HCIP nanozymes under laser irradiation, the
increased -OH production by hyperthermia-enhanced Fenton reaction
combined with the production of 105 from IR820-mediated photody-
namic activity remarkably raised intracellular ROS level with the
assistance of PDA/Cu?'-induced GSH depletion (Scheme 1b). In
contrast, with NIR laser irradiation, the endocytosed HCP nanozymes
only generated limited ROS (- OH) via the Fenton-like reaction, and the
Cu®"-free HIP nanoparticles and free IR820 produced finite 105 upon
single IR820-elicited photodynamic effect.

Numerous studies have shown that mitochondrial damage is a key
characteristic of ROS-associated apoptosis [52,53]. To measure the
change of mitochondrial transmembrane potential provoked by HCIP
nanozymes, the JC-1 staining assay was adopted. Intact mitochondria
have a high transmembrane potential to induce red fluorescent JC-1
aggregates in the cells. In contrast, injured mitochondria display low
transmembrane potential to cause green fluorescent JC-1 monomers to
disperse in the cells [1,7]. As presented in Fig. 7c, without NIR laser
irradiation, CT26 cells incubated with HCIP nanozymes exhibited
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somewhat higher green fluorescence than the control, free IR820, and
HIP groups. This indicates that the HCIP nanozymes could generate
moderate-OH to harm mitochondria. After NIR laser irradiation, the
HCIP nanozymes-treated CT26 cells showed prominently enhanced
green fluorescence among these treated cell groups. Only some green
fluorescence was found in CT26 cells incubated with HCP nanozymes or
HIP nanoparticles. Furthermore, no significant green fluorescence was
observed in CT26 cells treated with HP nanoparticles plus NIR laser
irradiation. These findings demonstrate that massive -OH and 10,
produced from the intracellular HCIP nanozymes under NIR laser irra-
diation could effectively destroy mitochondria, whereas the finite: OH
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and 10, provided by HCP nanozymes and HCP nanoparticles, respec-
tively, cause limited mitochondria damage. Furthermore, only some-
what injured mitochondria were attained for CT26 cells treated with free
IR820 molecules and NIR laser irradiation, ascribed to insufficient
intracellular '05 accumulation due to GSH-induced ROS exhaustion.
Increased studies showed that ferroptosis, a type of programmed cell
death dependent on iron, was elicited by intracellular LPO accumulation
due to excess ROS generation [7,18,54]. To examine the LPO production
in CT26 cells treated with HCIP nanozymes, the BODIPY*®/5! a5 an
LPO indicator was employed (Fig. 7d). Markedly, after NIR laser irra-
diation, CT26 cells treated with HCIP nanozymes showed the highest
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green fluorescence intensity compared to cells incubated with free
IR820 molecules, HCP nanozymes, or HIP nanoparticles (Fig. 7d and e).
Without NIR laser irradiation, the green fluorescence signals of CT26
cells incubated with HCIP nanozymes were higher than those of cells
receiving IR820 molecules or HIP nanoparticles. These findings suggest
that the HCIP nanozymes efficiently promote the intracellular accumu-
lation of toxic LPO by NIR-activated 'O production in combination with
Cu®*/Cu™-mediated -OH generation. In contrast, 10, or -OH alone
generated from HIP nanoparticles or HCP nanozymes cannot produce
sufficient intracellular LPO, while free IR820 molecules only lead to
limited LPO generation owing to inadequate intracellular 'Os. Because
of these results, it was expected that the endocytosed HCIP nanozymes
exposed to NIR irradiation could effectively provoke ferroptosis through
massive LPO generation to enhance the anticancer effect (Scheme 1b).

3.7. In vitro anticancer performance

Encouraged by the prominent intracellular ROS generation, mito-
chondrial injury, and LPO production of HCIP nanozymes, their anti-
cancer performance on CT26 cells was further studied. As a control,
CT26 cells co-cultured with HP nanoparticles in the concentration range
of 4.2-67.6 pg/mL, without NIR laser irradiation, maintained high
viability of over 80 % (Fig. 8a), indicating negligible toxicity of HP
nanoparticles on cancer cells. On the other hand, without NIR laser
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irradiation, compared to the IR820-treated CT26 cells showing reduced
cell viability from 95 to 53 % with increased IR820 concentration
(Fig. S8a), CT26 cells incubated with HIP nanoparticles maintained cell
viability beyond 60 %. This indicates that the HP nanoparticles as IR820
vehicles could somewhat lower the IR820 dark cytotoxicity through
acidity-controlled drug release. Through Cu?*-elicited CDT, the HCP
and HCIP nanozymes exhibited appreciable Cu?' concentration-
dependent cytotoxicity on CT26 cells. Notably, no significant death of
normal WS1 cells, human skin fibroblast cells, incubated with HCIP
nanozymes without NIR laser irradiation, was attained (Fig. S8b). The
results suggest that the HCIP nanozymes diminished the toxicity of Cu®*
and IR820 in healthy cells, thanks to their selective CD44-targeting
ability and the low intracellular HyO, concentration in normal cells.
After laser irradiation, CT26 cells alone maintained high viability (>95
%), comparable to cells without irradiation, indicating that laser expo-
sure alone did not cause cellular damage. With laser irradiation, the
viability of CT26 cells incubated with HCIP nanozymes was markedly
decreased compared to that of cells receiving HCP nanozymes or HIP
nanoparticles (Fig. 8b). Also, as presented in the live/dead cell staining
images (Fig. 8c), the HCIP nanozyme-treated CT26 cells with laser
irradiation showed more PI staining than those receiving other treat-
ments. Given the above findings, the HCIP nanozymes effectively
inhibited the proliferation of CT26 cells upon NIR-triggered hyperther-
mia and ROS storm combined with ferroptosis. In contrast, the single
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Cu®*-triggered CDT or IR820-based phototherapy delivered by HCP
nanozymes or HIP nanoparticles only achieved limited anticancer effi-
cacy. Furthermore, under laser irradiation, HCIP nanozymes exhibited
lower cytotoxicity toward PC9 cells compared to CT26 cells (Fig. S8c),
which can be attributed to the lower CD44 expression in PC9 cells,
leading to reduced nanozyme internalization.

3.8. In vivo biodistribution

To evaluate the capability of HCIP nanozymes in targeting CD44-
overexpressing tumors, their in vivo biodistribution was assessed with
CT26 tumor-bearing mice. After tail-vein injection with free IR820 and
HCIP nanozymes, the in vivo IR820 fluorescence imaging of the treated
CT26 tumor-bearing mice was monitored by an IVIS imaging system. As
presented in Figs. 9a and b, compared to the control and free IR820
group, the HCIP nanozyme group showed remarkably increased IR820
fluorescence signals in the tumor sites. Moreover, at 48 h post-injection,
the HCIP nanozyme group exhibited an appreciably higher IR820 fluo-
rescence intensity in tumor tissues compared to the liver and spleen,
whereas the opposite trend was observed in the IR820 group (Fig. 9c and
d). These data suggest that the hydrophilic HA-constituted surfaces and
robust colloidal stability of HCIP nanozymes could reduce the capture of
nanozymes by the RES-rich liver and spleen, thus promoting their
deposition in tumor regions via the EPR effect and CD44-targeting
performance. In contrast, amphiphilic IR820 molecules tend to

15

aggregate into large particles during blood circulation, thus leading to
massive accumulation in the liver rather than the tumor [39,55]. The
blood compatibility of HCIP nanozymes was evaluated through an in
vitro hemolysis assay. As presented in Fig. S9, no significant hemolysis
was observed for HP nanoparticles and HCIP nanozymes. It was found
that the red blood cells incubated with a high dose of HCIP nanozymes
(100 pg/mL) still maintained a negligible hemolysis rate (less than 2 %).
These results indicate that HCIP nanozymes have good blood compati-
bility, making them a safe candidate for intravenous administration.

3.9. Suppression of in vivo tumor growth by synergistic therapy

To confirm the hyperthermia-generating performance of HCIP
nanozymes accumulated within tumor sites, the tumor temperature
variation of tumor-bearing mice receiving intravenous injection of HCIP
nanozymes and laser irradiation at 4 h post-injection was measured by
an IR thermal imaging camera (Fig. 10a). During laser irradiation for 5
min, the HCIP nanozyme group and HIP nanoparticle group showed
appreciably higher tumor temperature than the HCP nanozyme group
and free IR820 group (Fig. 10b and c). This indicates that combining
PDA-mediated and IR820-based photothermal effects elicited by HCIP
nanozymes or HIP nanoparticles could effectively heat tumors. By
contrast, the HCP nanozymes only caused insufficient tumor hyper-
thermia due to the sole reliance on PDA-induced photothermal proper-
ties. For the free IR820 group, the limited tumor accumulation and low
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photothermal conversion efficiency of IR820 significantly hindered the
temperature elevation within tumors.

Next, CT26 tumor-bearing mice were randomly assigned to seven
groups: PBS control group, HP nanoparticle group, HCIP nanozyme
group, IR820 + laser group, HCP nanozymes + laser group, HIP nano-
particles + laser group, and HCIP nanozymes + laser group to explore
the in vivo antitumor potency. After 18-day treatment, without laser
irradiation, the HP nanoparticle group and HCIP nanozyme group
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showed appreciably enlarged tumor volume comparable to the PBS
group, revealing the failure of inhibiting tumor growth (Fig. 10d). Also,
a visible tumor progression was observed in the IR820 + laser group. In
contrast, with laser irradiation, the administration of HCP nanozymes,
HIP nanoparticles, or HCIP nanozymes remarkably suppressed tumor
growth, especially for HCIP nanozymes. Moreover, significant tumor
shrinkage was observed in CT26 tumor-bearing mice receiving the HCIP
nanozymes and laser irradiation (Fig. S10). Corresponding to the above
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tumor growth inhibition results, the ex vivo studies showed that the
HCIP nanozymes + laser group exhibited the smallest tumor size and
weight compared to other treatment groups (Fig. 10e and f). More severe
tumor tissue damage, cell apoptosis, and necrosis were observed in the
H&E staining of tumor slices from the HCIP nanozymes -+ laser group
than in other groups (Fig. 10g). As presented in the Ki67 staining of
tumor slices, the HCIP nanozymes + laser group exhibited the lowest
Ki67 staining, illustrating the prominent inhibitory ability on CT26 cell
proliferation. More importantly, compared to PBS, HP nanoparticles,
HCIP nanozyme groups, the HCP nanozymes + laser group, HIP nano-
particles + laser group, and HCIP nanozymes + laser group showed
remarkably reduced GPX4 expression of tumor slices, in particular for
the HCIP nanozymes + laser group. Undoubtedly, with laser irradiation,
the HCIP nanozymes achieved potent hyperthermia-enhanced PDA/
Cu?*-mediated GSH depletion and 'O,-elicited GSH oxidation, leading
to the marked GPX4 down-regulation. The GPX4 inactivation of cancer
cells has been verified to decrease their ROS-scavenging capability,
thereby causing intracellular LPO deposition to provoke ferroptosis
[56,57]. Based on the above findings, it is concluded that the HCIP
nanozymes effectively retard tumor growth through NIR-triggered
strong hyperthermia and ROS storm integrated with ferroptosis. In
contrast, the combination of hyperthermia with CDT or PDT using HCP
nanozymes or HIP nanoparticles exhibited only limited antitumor effi-
cacy. Interestingly, under laser irradiation, while the in vitro anticancer
efficacy of HIP nanoparticles was superior to that of HCP nanozymes
(Fig. 8b), their in vivo antitumor effectiveness was slightly lower than
that of HCP nanozymes. This could be attributed to that the tumor
hypoxia unavoidably declined 0, production of HIP nanoparticles to
diminish the PDT performance, thus reducing the ROS-based antitumor
effect.

On the other hand, the spleen, the largest lymphoid organ, plays a
key role in maintaining homeostasis and immune response. Several
studies report that spleen enlargement (splenomegaly) occurs in the
advanced stages of cancer, indicating systemic inflammation and cancer
progression [58,59]. As shown in Fig. 10h and i, the HCIP nanozymes +
laser group displayed minimized splenomegaly and the lowest spleen
weight compared to other treatment groups. Also, the microstructure of
the spleen in the failed treatment groups analyzed by H&E staining was
appreciably changed with disorganized red/white pulp with a non-
specific mantle zone (Fig. S11). The HCIP nanozymes + laser group
presented an organized microstructure with red/white pulp with a
specific mantle zone. These results suggest that the HCIP nanozymes can
effectively reduce splenomegaly through the outstanding NIR-triggered
antitumor effect. Following treatment with HCIP nanozymes, the Cu®*
concentrations in tumors and major organs were measured using ICP-
MS. As shown in Fig. S12, Cu?' ions accumulated primarily in the
liver and kidneys. However, the Cu®* levels in all major organs and
tumors remained below 0.005 ppm, suggesting efficient clearance of
Cu?* by the liver and kidneys. Note that the mice receiving various
treatments had no significant variation in body weight during treatment,
indicating that these therapeutic modalities employed in this work did
not result in severe acute toxicity (Fig. S13). In addition to body weight
monitoring, the H&E staining of the major organs from each group was
conducted to assess the potential adverse effects of different treatments.
All treatment groups showed no significant histopathological alterations
in the heart, liver, lung, and kidney, suggesting that none of the treat-
ments caused notable toxicity to these organs (Fig. S14).

4. Conclusion

Although PDA-based nanoparticles have been used to deliver either
Cu®" ions or photosensitizers [27,34], few studies have investigated the
tumor-targeted co-delivery of Cu?t ions and photosensitizers for syn-
ergistic cancer therapy. To boost the antitumor efficacy of ROS-
mediated therapy based on catalytic therapy and PDT, we herein
fabricated the HA-coated Cu®?'/IR820@PDA nanozymes capable of
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displaying tumor-specific photothermal-reinforced glutathione scav-
enging and ROS production. The nanozymes were characterized as solid,
spherical shapes and exhibited a sound colloidal dispersion in a serum-
containing solution. Moreover, the nanozymes showed acidity-activated
Cu®" and IR820 liberation, a robust photothermal conversion effect, and
structural stability. With the assistance of PDA/Cu®"-elicited GSH
depletion, the photothermal nanozymes effectively produced -OH and
10, by Cu?"-mediated Fenton reaction and IR820-based photodynamic
effect. After being endocytosed by CT26 cells via CD44-mediated
internalization, the nanozymes efficiently depleted GSH and generated
massive ROS as well as hyperthermia under NIR laser irradiation,
leading to mitochondrial damage and LPO to promote apoptosis and
ferroptosis. Importantly, the nanozymes not only were remarkably
deposited at the CT26 tumor tissues but also suppressed tumor growth
and splenomegaly via photothermal-augmented ROS-mediated anti-
cancer efficacy integrated with ferroptosis without severe adverse ef-
fects. This work offers a new perspective on boosting the antitumor
effects of catalytic therapy and PDT, and will be promising in synergistic
cancer therapy. Future studies will focus on evaluating the antitumor
immune response of combination therapy and the long-term efficacy
and safety of HCIP nanozymes in vivo.
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