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A B S T R A C T

Chemodynamic therapy (CDT), an emerging cancer treatment modality, uses multivalent metal elements to
convert endogenous hydrogen peroxide (H2O2) to toxic hydroxyl radicals (•OH) via a Fenton or Fenton-like
reaction, thus eliciting oxidative damage of cancer cells. However, the antitumor potency of CDT is largely
limited by the high glutathione (GSH) concentration and low catalytic efficiency in the tumor sites. The com-
bination of CDT with chemotherapy provides a promising strategy to overcome these limitations. In this work, to
enhance antitumor potency by tumor-targeted and GSH depletion-amplified chemodynamic-chemo therapy, the
hyaluronic acid (HA)/polydopamine (PDA)-decorated Fe2+-doped ZIF-8 nano-scaled metal–organic frameworks
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(FZ NMs) were fabricated and utilized to load doxorubicin (DOX), a chemotherapy drug, via hydrophobic, π-π
stacking and charge interactions. The attained HA/PDA-covered DOX-carrying FZ NMs (HPDFZ NMs) promoted
DOX and Fe2+ release in weakly acidic and GSH-rich milieu and exhibited acidity-activated •OH generation.
Through efficient CD44-mediated endocytosis, the HPDFZ NMs internalized by CT26 cells not only prominently
enhanced •OH accumulation by consuming GSH via PDA-mediated Michael addition combined with Fe2+/Fe3+

redox couple to cause mitochondria damage and lipid peroxidation, but also achieved intracellular DOX release,
thus eliciting apoptosis and ferroptosis. Importantly, the HPDFZ NMs potently inhibited CT26 tumor growth in
vivo at a low DOX dose and had good biosafety, thereby showing promising potential in tumor-specific
treatment.

1. Introduction

Chemodynamic therapy (CDT) is an innovative tumor-specific cata-
lytic treatment that utilizes transition metal ions (e.g., Fe2+/Fe3+, Cu+/
Cu2+, and Mn2+/Mn3+) to convert hydrogen peroxide (H2O2) overex-
pressed in the tumor site to toxic hydroxyl radicals (•OH) via Fenton/
Fenton-like reaction [1–7]. The overproduction of intracellular •OH
can lead to lipid peroxidation (LPO) product accumulation, protein
inactivation, and DNA damage, thus eliciting oxidative stress and cell
apoptosis [8–13]. Despite several advantages, including high tumor
selectivity, low side effects, and no dependence on equipment and
external energy input, the anticancer efficacy of CDT is largely restricted
by high expression of the intracellular antioxidant glutathione (GSH)
(up to 2–10mM) and the limited amount of H2O2 (commonly 100 μM) in
tumor tissues [14–18]. To improve CDT potency, some novel tactics for
promoting intracellular GSH consumption and H2O2 generation have
been developed [14–19]. There are two common routes to accomplish
GSH depletion, including conjugation of GSH with specific molecules to
form GS-X adducts [20,21] and oxidation of GSH with metal ions (such
as Fe3+, Cu2+, and Mn3+) [16,22]. Moreover, in addition to frequently
utilized glucose oxidase capable of catalyzing the conversion of glucose
to gluconic acid and H2O2 [11,23], some chemotherapy (CT) drugs such
as doxorubicin (DOX), cisplatin, and camptothecin have been demon-
strated to enhance H2O2 concentration in tumor region [2,24,25].
Therefore, to boost the antitumor effect, substantial efforts have been
devoted to combining CDT and CT in a single smart nanoplatform
capable of depleting GSH and co-delivering CDT agents and CT drugs to
tumor sites [25–28].

Some studies have reported that Fe2+ ions have significantly higher
catalytic activity than Fe3+ ions in generating toxic •OH via the Fenton
reaction [29,30]. Nevertheless, cellular ferritin stores iron in the form of
Fe3+ as well as the inefficient intracellular reduction from Fe3+ to Fe2+

largely diminish the continuation of the Fenton reaction, thereby
lowering the CDT-mediated anticancer effect [29,30]. Therefore, it is
urgent to design a vehicle for the effective tumor-targeted delivery of
Fe2+ to amplify the efficiency of CDT. A varied of metal–organic
frameworks (MOFs) fabricated from the coordination of organic ligands
and metal ions have emerged as suitable materials for applications such
as catalysis, gas storage, drug delivery, gas vapor separation, lithium-ion
batteries, water treatment, and carbon dioxide capture, as well as photo-
and electrocatalysis [1–3,31–34]. Furthermore, MOFs are widely
employed for luminescence sensing and chemical detection of nucleic
acids, proteins, and small physiological molecules for cancer diagnosis
[3]. Among them, the nano-scaled MOFs (nanoMOFs) have been
extensively utilized as multifunctional carriers for metal ions, small-
molecule drugs, and proteins due to their unique merits such as
porosity, biodegradability, structural and functional diversity
[5–8,35–40]. The zeolitic imidazolate framework-8 (ZIF-8), which is
made up of zinc ions and 2-methyl imidazolate, has been broadly
employed as a pH-responsive drug carrier in nanomedicine owing to the
facile preparation, good biocompatibility, and rapid disintegration in
the acidic tumor microenvironment [1,41–44]. Inspired by this, Wei and
co-workers prepared a biodegradable Fe2+-doped ZIF-8-based nano-
construct capable of co-delivering DOX and indocyanine green (ICG), a

photothermal reagent [42]. By the integration of CDT, CT and photo-
thermal therapy, the as-designed nanoconstruct exhibited a significant
anticancer effect on HeLa cells (human cervical carcinoma). Also, Zhong
et al. utilized a similar design to fabricate Fe2+-doped ZIF-8 nano-
composites as DOX vehicles for a combination of DOX-mediated
apoptosis and Fe2+-activated ferroptosis [43]. On the other hand,
Zhao’s group developed polydopamine (PDA)-covered Cu2+-doped ZIF-
8 nanocomposites loaded with DOX (DOX@Cu2+/ZIF-8@PDA, DCZP)
and demonstrated that the DCZP effectively inhibited tumor growth
through GSH depletion and chemo/photothermal/chemodynamic
combination therapy [1].

Despite significant progress of MOF-based delivery systems capable
of combining CDT and CT, to the best of our knowledge, few studies on
the Fe2+-doped ZIF-8 nanoMOFs designed with dual GSH depletion and
active tumor targeting homing were reported. Herein, it should be
highlighted that the effective tumor-targeted delivery of the combined
CDT and CT is required due to the short lifetime and diffusion distance of
•OH in the tumor microenvironment as well as the systemic adverse
effect of CT. Given the above considerations, in this work, a practical
strategy was adopted to endow the Fe2+-doped ZIF-8 nanoMOFs (FZ
NMs) with dual GSH-consuming capability and specific tumor targeting
for improved antitumor efficacy of the integrated CDT and CT. First, the
FZ NMs were prepared and decorated with PDA layers that have been
demonstrated to consume GSH via Michael addition [17,21,45]. Next, to
equip the PDA-coated FZ NMs (PFZ NMs) with active targeting on CD44
that is overexpressed in many cancers [46,47], the CD44-targeting hy-
aluronic acid (HA) segments were partially modified with thiol groups
and then covalently conjugated on the surfaces of PFZ NMs. Through the
hydrophobic and π-π stacking interaction of DOX with PDA and its
charge interactions with HA, the HPFZ NMs with DOX payload (HPDFZ
NMs) were attained (Scheme 1). The HPDFZ NMs exhibited robust
colloidal stability in a serum-containing culture medium and promoted
DOX and Fe2+ release in a weakly acidic and GSH-rich milieu. Moreover,
the HPDFZ NMs effectively depleted GSH by PDA-mediated Michael
addition combined with Fe2+/Fe3+ redox couple and accelerated con-
version of H2O2 into •OH under weakly acidic conditions. After being
internalized by CT26 cells via CD44-mediated endocytosis, the HPDFZ
NMs prominently activated intracellular •OH generation and GSH
depletion to cause mitochondria damage and LPO product accumula-
tion, thereby potently killing cancer cells. The in vivo antitumor efficacy
studies strongly demonstrated that the CT26 tumor-targeted CDT/CT
delivery by HPDFZ NMs significantly retarded tumor progression
without serious side effects. The work presented a promising strategy for
designing versatile nanoMOFs with dual GSH depletion and combina-
tion therapy to realize tumor-specific treatment.

2. Materials and methods

2.1. Materials and cell lines

DOX (97 %) was acquired from Combi-Blocks (USA). Zinc nitrate
hexahydrate (98 %), 2-methylimidazole (99 %), 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA, ≥ 97 %), 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, ≥ 98 %), IR820 (80 %),
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propidium (PI, 94 %), RPMI-1640 medium, D2O (99.9 atom % D),
Hoechst 33,342 (>98 %) were purchased from Sigma-Aldrich (USA).
Ferrum (II) chloride (99.5 %), terephthalic acid (THA, 98 %), N-
hydroxysuccinimide (NHS, 98 %), and dopamine hydrochloride (DA, 99
%) were attained from Alfa Aesar (USA). N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC-HCl, ≥ 95 %) was purchased
from Fetal bovine serum (FBS) was purchased from Hyclone (USA). HA
(Mw 30 k-50 k Da) was obtained from Glentham Life Science (UK). 5,5′-
dithiobis (2-nitrobenzoic acid) (DTNB, ≥ 98 %) was purchased from
Fluorochem (UK). 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 obtained Abcam. Deionized
water was produced fromMilli-Q Synthesis (18MΩ, Millipore). All other
chemicals were reagent grade and used as received. CT26 (murine colon
cancer cell line), TRAPM-C1 (murine prostate cancer cell line) and WS1
(human skin fibroblast cells) cells were obtained from Food Industry
Research and Development Institute (Hsinchu City, Taiwan).

2.2. Synthesis of FZ NMs and PFZ NMs

The FZ NMs were prepared using a method modified from the
literature [42]. In brief, FeCl2 (1.1 mg, 8.4 × 10-3 mmol) and Zn(NO3)2･
6H2O (22.5 mg, 75.6 × 10-3 mmol) were dissolved in deionized water
(0.6 mL) and dropwise added into 1.0 mL deionized water containing 2-
methylimidazole (250 mg). The solution was stirred at room tempera-
ture for 10 min, and the yellow FZ NMs were collected by centrifugation
(10000 rpm, 10 min) and washed three times with deionized water.
Finally, the FZ NMs were dispersed in deionized water for further use.
For comparison, FZ NMs with different feeding ratios of Fe2+ ions to
total moles of Zn2+ and Fe2+ ions (5 %, 20 %, and 30 %) were prepared
in a similar manner. Next, PFZ NMs were prepared by the following

approach. First, the FZ NMs (4.0 mg) were dispersed in 2.0 mL of
deionized water, and DA (4.0 mg) was dissolved in deionized water (2.0
mL) and stirred at 50 ◦C for 10 min. Afterward, the aqueous solution of
FZ NMs was dropwise added into the DA solution, followed by the
addition of 1 N NaOH (30 μL). The mixing solution was stirred at 50 ◦C
for 5 h. PFZ NMs were then collected by centrifugation (12000 rpm, 5
min) and washed five times with deionized water to remove the unpo-
lymerized DA. Finally, the PFZ NMs were re-dispersed in deionized
water for further use.

2.3. Synthesis and characterization of HA-SH

The HA-SH used in this work was synthesized by EDC/NHS-mediated
amidation of cysteamine molecules and HA segments [48]. The detailed
synthetic pathway of HA-SH is presented in Fig. 1a. First, HA (68.1 mg)
and NHS (41.4 mg) were dissolved directly in deionized water (2.25 mL)
under stirring at room temperature. Afterward, EDC (103.5 mg) in solid
form was added to the mixing solution and reacted for 2 h to activate the
carboxylic group of HA. Subsequently, cysteamine (60 mg) was dis-
solved in deionized water (0.45 mL) and added to the above solution.
The pH of the mixing solution was adjusted to 5.0 by adding 1.0 N NaOH
and stirred at room temperature for 24 h. Then, the solution was dia-
lyzed (MWCO 12000–14000) against 0.1 M NaCl (pH 3.5) for 48 h and
deionized water for 24 h, followed by lyophilization to collect the
product. The chemical structures of HA and HA-SH were characterized
by 1H NMR (Agilent DD2 600 MHz NMR spectrometer) using D2O as a
solvent and FT-IR (FT-720 spectroscopy, HORIBA, Japan).

2.4. Synthesis of HPDFZ NMs

HPDFZ NMs were attained as follows. HA-SH in pH 8.0 phosphate
buffer (100 μL, 9.0 mg/mL) was dropwise added into 800 μL aqueous
solution containing PFZ NMs (1.0 mg), and the mixing solution was

Scheme 1. Schematic Illustration of (a) HPDFZ NMs fabrication and (b) antitumor performance of HPDFZ NMs.
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stirred at room temperature for 2 h. Afterward, DOX in DMSO (100 μL,
2.0 mg/mL) was added to the above solution and stirred for 22 h. The
solution containing HPDFZ NMs was dialyzed (MWCO 12000–14000)
against pH 8.0 phosphate buffer to remove unloaded DOX and DMSO.
For comparison, HPZ NMs, HPFZ NMs and HPDZ NMs were prepared in
a similar way.

2.5. Characterization

Ultraviolet–visible (UV/vis) spectra were obtained using a UV/Vis
spectrophotometer (V730, JASCO, Japan). A D8 Discover X-ray
diffractometer (Bruker, Germany) with CuKα radiation (40 kV, λ = 0.15
nm) was utilized to attain the X-ray diffraction (XRD) patterns of various
NMs. The mean hydrodynamic diameter (Dh) and size distribution
(polydispersity index, PDI) of NMs dispersed in aqueous solutions were
measured by a Brookhaven BI-200SM goniometer equipped with a BI-
9000 AT digital correlator using a solid-state laser (35 mW, λ = 637
nm). The zeta potential of NMs in aqueous solutions was examined by a
Litesizer 500 (Anton Paar, USA). The data shown herein represent an
average of at least triplicate measurements. A transmission electron
microscope (TEM) (JEM-1400 FLASH, JEOL, Japan) and a scanning
electron microscope (SEM) (JEOL JSM-7800F Prime Schottky Field
Emission SEM, Japan, an acceleration voltage of 3 kV) were employed to
observe the morphologies of NMs [49,50]. X-ray photoelectron spec-
troscopy (XPS) analysis was conducted by a PHI 5000 VersaProbe III X-
ray photoelectron spectrometer (ULVAC-PHI, Japan) with AlKα radia-
tion (hγ = 1486.6 eV) at 15 kV and 150 W. Thermogravimetric analysis
(TGA) of FZ NMs and PFZ NMs was conducted with thermogravimetric
analyzer EXSTAR TG/DTA 6200 (Seiko Instruments Inc) in an N2 at-
mosphere by heating the sample to 900 ◦C at the rate of 10 ◦C/min [51].

2.6. Determination of Fe2+ and DOX content

To quantify the Fe2+ content of various NMs, a prescribed amount of
the purified NMs was diluted 20 times with HNO3 solution (1 %) and the
mixture was then stirred for 24 h to completely dissociate the iron. The
Fe2+ concentration was quantified by inductively coupled plasma-

atomic emission spectrometry (ICP-AES) with an Agilent 725 emission
spectrometer. The Fe2+ loading content was estimated by the following
equation:

LC of Fe2+ (%) = (weight of Fe2+ loaded/total weight of Fe2+-doped
NMs) × 100 %.

The DOX loading content of different DOX-carrying NMs was
determined as follows. Before dialysis for purification, the solution of
DOX-containing NMs (100 μL) was centrifugated (16000 rpm, 10 min),
the supernatant was withdrawn, and the fluorescence intensity of DOX
(ex: 480 nm, em: 500–700 nm) was measured by a fluorescence spec-
trophotometer (Hitachi F-2700). The calibration curve used for drug
loading characterization was established by fluorescence intensity of
DOX with various concentrations in DMSO/deionized water (1/9 (v/v))
solution. The loading content (LC) of DOX was calculated by the
following formula:

LC of DOX (%) = ((weight of DOX in feed – weight of DOX in the
supernatant)/total weight of DOX-carrying NMs) × 100 %.

2.7. In vitro DOX and Fe2+ release study

For DOX liberation measurement, the HPDFZ NM solution (1.0 mL)
was dialyzed (Cellu Sep MWCO 12000 ~ 14000) against phosphate
buffer saline (PBS) of pH 7.4, acetate buffer of pH 5.0 and 4.0, and pH
5.0 acetate buffer containing 10 mM GSH (ionic strength 0.15 M, 20
mL), respectively, at 37 ◦C. At the prescribed time intervals, 1.0 mL of
dialysate was taken for analysis and replaced with an equivalent volume
of fresh buffer. The amount of DOX released was measured by fluores-
cence measurement.

For Fe2+ release study, the HPDFZ NM solution (1.0 mL) was dia-
lyzed (Cellu Sep MWCO 12000–14000) against pH 7.4 PBS and pH 5.0
acetate buffer containing 10 mM GSH or not (ionic strength 0.15 M, 20
mL), respectively, at 37 ◦C. At the prescribed time intervals, 1.0 mL of
dialysate was taken for analysis and replaced with an equivalent volume
of fresh buffer. The amount of Fe2+ released was analyzed by ICP-AES.

Fig. 1. (a) Synthetic route and chemical structure of HA-SH. (b) 1H NMR spectra of HA and HA-SH in D2O.
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2.8. GSH depletion capability assessment

The GSH-depleting capability of various NMs was evaluated by
DTNB assay. Briefly, 800 μL aqueous solution containing Z NMs (37.5
μg/mL), FZ NMs (37.5 μg/mL), PFZ NMs (50 μg/mL) or HPFZ NMs (50
μg/mL) were added to 100 μL of GSH solution (0.68 mM) and incubated
at 37 ◦C for 1, 4 and 8 h. Next, the resulting solution was centrifugated to
collect the supernatant. Then, DTNB (80 µL, 0.61 mM) was added to the
supernatant, and the absorbance of the mixture at 412 nm was
measured. The calibration curve employed for GSH concentration
analysis was established by absorbance of DTNB treated with GSH of
various concentrations. The GSH content of the mixture was calculated
by the following formula:

Residual GSH content (%) = (GSH concentration of the mixture
attained at different time points/GSH concentration in feed).

2.9. Chemodynamic effect

The catalytic activity (•OH generation) of different NMs at pH 7.4
and 5.0 was evaluated by determining the fluorescence intensity of 2-
hydroxyterephthalic acid generated from the reaction of THA with
•OH. Briefly, Z NMs (37.5 μg/mL), FZ NMs (37.5 μg/mL), PFZ NMs (50
μg/mL), or HPDFZ NMs (50 μg/mL) were dispersed in pH 7.4 phosphate
buffer and pH 5.0 acetate buffer containing 8 mMH2O2 and 50 μM THA.
The mixing solutions were incubated in the dark at 37 ◦C for different
time intervals. The fluorescence intensity of 2-hydroxyterephthalic acid
at 420 nm was determined by a fluorescence spectrophotometer (Hita-
chi F-2700). Moreover, in the presence of GSH (2 mM), the •OH gen-
eration of FZ NMs and PFZ NMs (Fe2+ concentration = 0.625 μg/mL) in
pH 5.0 acetate buffer containing H2O2 (8 mM) and 50 μM THA was
explored in a similar manner. Furthermore, the HPDFZ NMs of different
concentrations were dispersed in pH 5.0 acetate buffer containing H2O2
(8 mM) and MB (10 μg/mL). The mixing solutions were incubated at
37 ◦C for 3 h and then centrifugated (16000 rpm, 10 min) to collect
supernatant. The UV/vis spectrum of MB in the supernatant was
attained with a UV/Vis spectrophotometer.

2.10. In vitro cellular uptake

The CD44-overexpressed CT26 cells (2 × 105 cells/well) seeded in 6-
well plates were incubated with free DOX molecules, HPDFZ NMs with
or without free HA (DOX concentration = 10 μM, HA concentration =

200 μg/mL), respectively, at 37 ◦C for 1 and 4 h. After being detached
with trypsin-EDTA solution, the DOX fluorescence signals of the treated
CT26 cells suspended in PBS (1.0 mL) were analyzed by the FACSCalibur
flow cytometer (BD Bioscience). On the other hand, CT26 cells (2 × 105

cells/well) seeded onto 22 mm round glass coverslips in 6-well plates
were incubated with free DOX molecules, HPDFZ NMs with or without
free HA (DOX concentration = 10 μM, HA concentration = 200 μg/mL),
respectively, for 1 and 4 h at 37 ◦C. After being rinsed two times with
Hanks’ balanced salt solution (HBSS) and immobilized with 4 % form-
aldehyde, the cell nuclei were stained with Hoechst 33342. The cellular
images were obtained by confocal laser scanning microscope (CLSM)
(Olympus, FluoView FV3000, Japan) at the excitation wavelengths of
405 and 480 nm for Hoechst and DOX, respectively.

2.11. Intracellular GSH depletion and •OH generation

To assess intracellular GSH depletion, CT26 cells (3.0 × 105/well)
seeded in a 6-well plate were incubated with Z NMs (62.5 μg/mL), FZ
NMs (62.5 μg/mL) and HPDFZ NMs (62.5 μg/mL), respectively, at 37 ◦C
for 6 h. After being washed twice with PBS, the treated cells were de-
tached with trypsin-EDTA and then centrifugated (1500 rpm, 5 min).
The collected cell pellets were re-dispersed in 0.3 mL RIPA buffer, fol-
lowed by freezing and thawing for cell lysis. The cell-containing solution
was centrifuged (12000 rpm, 10 min), and the supernatant was

withdrawn for analysis. The intracellular GSH level of each group was
examined by DTNB-thiol assay using a microplate reader at a wave-
length of 405 nm.

On the other hand, to explore the intracellular •OH generation, CT26
cells (3× 105 cells/well) seeded onto 22 mm round glass coverslips in 6-
well plates were incubated with free DOX molecules (10 μM) and
various NMs (NM concentration = 62.5 μg/mL), respectively, at 37 ◦C
for 6 h. After discarding the culture medium, the cells were treated with
DCFH-DA (10 μM) for 30 min and rinsed twice with HBSS, followed by
immobilization with 4 % formaldehyde. The cellular images were
attained using fluorescence microscopy (ZEISS Axio Imager M2) at
excitation wavelengths of 485 nm for DCF.

2.12. Mitochondrial membrane potential analysis

CT26 cells (3 × 105/well) seeded in a 6-well plate containing 22 mm
round glass coverslips were incubated with free DOX molecules (10 μM)
and various NMs (NM concentration = 62.5 μg/mL), respectively, at
37 ◦C for 24 h. After removing the culture medium, the cells were
exposed to JC-1 (2 μM) for 30 min and then rinsed twice with HBSS.
Subsequently, the cells were fixed with 4 % formaldehyde and observed
using fluorescence microscopy (ZEISS Axio Imager M2) at excitation
wavelengths of 485 and 535 nm for JC-1 monomer and JC-1 aggregate,
respectively.

2.13. Intracellular LPO detection

CT26 cells (3 × 105/well) seeded onto 22 mm round glass coverslips
in a 6-well plate were incubated with free DOX molecules (10 μM) and
various NMs (NM concentration = 62.5 μg/mL), respectively, at 37 ◦C
for 24 h. After removal of the culture medium, the cells were incubated
with BODIPYTM 581/591 C11 (5 μM) for 30 min and washed twice with
HBSS, followed by immobilization with 4 % formaldehyde. Finally, the
intracellular lipoperoxidation was observed by fluorescence microscopy
(ZEISS Axio Imager M2).

2.14. In vitro anticancer efficacy of combined CDT and CT

To evaluate the cytotoxicity of different NMs on cancer cells, the
MTT assay was used [52]. CT26 cells (1.0 × 104 cells/well) seeded in a
96-well plate were incubated at 37 ◦C for 24 h in RPMI-1640 containing
10% FBS and 1% penicillin. The mediumwas then replaced with 100 μL
of fresh medium containing free DOX molecules, HPZ NMs, HPFZ NMs,
HPDZ NMs, or HPDFZ NMs of different concentrations and incubated for
an additional 24 h. After being washed twice with PBS, MTT (0.25 mg/
mL, 100 μL) was added into each well and further incubated at 37 ◦C for
3 h. Then, the supernatant was removed and the precipitates were dis-
solved in DMSO (120 μL), and the absorbance per well at 570 nm was
measured by a BioTek 800TS microplate reader. Besides, the CDT/CT-
mediated anticancer effect of HPDFZ NMs on TRAMP-C1 cells was
assessed in a similar manner.

On the other hand, to explore the anticancer effect of different NMs
on CT26 cells, the fluorescence staining of live/dead cells was conducted
[53]. CT26 cells (2 × 105 cells/well) seeded in a 12-well plate were
incubated with free DOXmolecules, HPZ NMs, HPFZ NMs, HPDZ NMs or
HPDFZ NMs (DOX concentration= 10 μM, NM concentration= 62.5 μg/
mL) at 37 ◦C for 24 h. Subsequently, cells were washed twice with HBSS,
followed by staining with Calcein AM (2 μM) and PI (4.5 μM). The
fluorescence imaging was observed by a NIB-100F inverted fluorescent
biological microscope.

2.15. IR820 labeling of HPFZ NMs

HA-SH in pH 8.0 phosphate buffer (100 μL, 9.0 mg/mL) was drop-
wise added into 800 μL aqueous solution containing PFZ NMs (1.0 mg)
and the mixing solution was stirred at room temperature for 2 h.

K.-A. Liang et al.
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Afterward, IR820 in DMSO (100 μL, 2.0 mg/mL) was added into the
above solution and stirred for 22 h. The solution containing
IR820@HPFZ NMs was dialyzed (MWCO 12000–14000) against pH 8.0
phosphate buffer to remove unloaded IR820 and DMSO. The mean hy-
drodynamic diameter of IR820@HPFZ NMs was determined by a
Brookhaven BI-200SM goniometer equipped with a BI-9000 AT digital
correlator using a solid-state laser (35 mW, λ = 637 nm). The IR820
loading content of was determined as follows. Before dialysis for puri-
fication, the solution of IR820@HPFZ NMs (100 μL) were centrifugated
(16000 rpm, 10 min), and the supernatant was withdrawn and the
absorbance of IR820 at 700 nm was measured by a UV/Vis spectro-
photometer (V730, JASCO, Japan). The calibration curve used for IR820
loading characterization was attained by absorbance of IR820 with
various concentrations in DMSO/deionized water (1/9 (v/v)) solution.
The IR820 loading content was calculated by the following formula:
Loading content of IR820 (%) = ((weight of IR820 in feed – weight of
IR820 in the supernatant)/total weight of IR820@HPFZ NMs) × 100 %.

2.16. Animals and tumor model

Female BALB/c mice (5 ~ 6 weeks old) purchased from the National
Laboratory Animal Center (Taiwan) were cared according to the Guid-
ance Suggestions for the Care and Use of Laboratory Animals, approved
by the Administrative Committee on Animal Research in the Chung Shan
Medical University (Taiwan) (IACUC Approval No: 2719). 5× 106 CT26
cells were subcutaneously injected into the right thigh of mice, and the
tumor model was attained 10 days post-inoculation. Tumor volume (V)
was calculated as follows: V=L×W2/2, where W is the tumor measure-
ment at the widest point and L the tumor dimension at the longest point.

2.17. In vivo imaging and biodistribution

To observe the in vivo biodistribution of HA/PDA-modified NMs by
an IVIS imaging system, a hydrophobic near-infrared (NIR) dye, IR820,
was encapsulated into these NMs. The IR820@HPFZ NMs were prepared
as described above. When the tumor volume of all mice reached 100 ~
150 mm3, the CT26 tumor-bearing mice were intravenously injected
with PBS, free IR820 molecules, and IR820@HPFZ NMs (dosage of 1.7
mg/kg IR820), respectively. The in vivo biodistribution of free IR820
molecules and IR820@HPFZ NMs was evaluated by observing fluores-
cence signals of IR820 (Ex. 710 nm and Em. 760 nm) at 2, 4, 6, and 24 h
post-injection with an IVIS imaging system (IVIS Lumina II, Caliper,
LifeSciences, MA, USA). The treated mice were sacrificed by CO2
euthanasia at 24 h post-injection, and the major organs and tumors were
gathered for imaging by IVIS.

2.18. In vivo tumor growth inhibition

When the tumor volume of mice reached 100 ~ 150 mm3, mice were
randomly divided into 5 groups (n = 3 per group): (i) PBS; (ii) HPFZ
NMs; (iii) HPDZ NMs; (iv) HPDFZ NMs; (v) free DOX molecules. Mice in
different groups were intravenously injected with the corresponding
reagents at a DOX dosage of 1.3 mg/kg and a Fe2+ dosage of 0.16mg/kg.
The first four groups were treated with a total of two doses on days 0 and
2. The final group was treated with a total of three doses on days 0, 2,
and 4. The tumor volume and body weight of CT26 tumor-bearing mice
in different groups were measured every two days until 18 days post-
treatment. After all mice were euthanized, the tumors and main or-
gans, including heart, liver, spleen, lung, and kidney, were gathered.
Then, the collected tumors were weighed. The harvested tumors and
organs were fixed with 4 % paraformaldehyde and then processed
routinely in paraffin. After being stained with H&E, anti-Ki67 anti-
bodies, and anti-GPX4 antibodies, respectively, tumor sections were
observed by digital microscope.

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.

3. Results and discussion

3.1. Synthesis and characterization of ZIF-8 NMs (Z NMs) and FZ NMs

Through the coordination of 2-methylimidazole with zinc nitrate, Z
NMs were synthesized in a previously reported manner [42]. To boost
CDT by generating enough toxic •OH upon Fenton reaction, the Fe2+

ions (10%with respect to total moles of Zn2+ and Fe2+ ions) were doped
into Z NMs to obtain FZ NMs. As shown in Fig. 2a, the absorption of FZ
NMs in 300 ~ 400 nm was appreciably enhanced relative to Z NMs,
being ascribed to the presence of Fe2+ ions capable of causing a shift in
the band gap of FZ NMs [54]. Also, different from the Z NM solution with
slight grey-blue, the FZ NM solution displayed brightly yellow. These
findings indicate the successful incorporation of Fe2+ ions into Z NMs.
Furthermore, the XRD patterns of Z NMs and FZ NMs are comparable to
the simulated one of ZIF-8 (Fig. 2b), demonstrating that the doped Fe2+

has no obvious effect on the crystal structure of Z NMs. The SEM images
further showed that the Z NMs and FZ NMs exhibited 3-D cubic mor-
phologies with truncated edges (Fig. S1). As presented in the TEM im-
ages (Fig. 2c), the size (ca 99.2 nm) of FZ NMs was appreciably larger
than that (83.7 nm) of Z NMs. The mean hydrodynamic diameter of FZ
NMs dispersed in pH 7.4 0.01 M phosphate buffer was determined to be
ca 164.2 nm was also larger compared to that (127.4 nm) of Z NMs
under the same condition (Fig. 2d). Notably, as the feeding ratio of Fe2+

ions to total moles of Zn2+ and Fe2+ ions was adjusted from 10 to 30 %,
in addition to the increased PDI, the particle size of FZ NMs in pH 7.4
phosphate buffer was remarkably enlarged from ca 164.2 to 360.0 nm
(Fig. 2e). Such an increased size of Z NMs after being doped with Fe2+

ions could be attributed to the larger radii of Fe2+ (0.76 Å) than Zn2+

(0.74 Å) [55]. With more Zn2+ sites being replaced by Fe2+ ions with a
large ionic radius, the size of FZ NMs was gradually enlarged. A similar
result was also reported elsewhere [42]. Based on the above results, the
FZ NMs with a Fe2+ feeding ratio of 10 % were utilized in the following
work due to their small particle size and narrow size distribution. On the
other hand, the chemical structure of the resulting FZ NMs was char-
acterized with XPS. The peaks at 710.9 eV and 724.3 eV assigned to Fe
(2p3/2) and Fe(2p1/2) of Fe2+, respectively, and the characteristic sat-
ellite peak at around 718.1 eV also resulted from Fe2+ were observed in
Fig. 2f, confirming the presence of Fe2+ ions in the FZ NMs [42,56].

3.2. Synthesis and characterization of PFZ NMs and HPDFZ NMs

Several studies report that a high level of GSH in cancer cells can
largely scavenge intracellular •OH to reduce oxidative injury, thus
diminishing the anticancer potency of CDT [14–18]. The biomimetic
PDA has been demonstrated to consume intracellular GSH upon Michael
addition between the quinone moieties of PDA and the thiol group of
GSH [17,21]. Consequently, the surface of FZ NMs was coated with a
PDA layer by in situ self-polymerization of DA molecules to boost their
CDT-mediated antitumor efficacy by reducing intracellular GSH levels.
As shown in Fig. 2a, compared to FZ NMs, the attained PFZ NMs in
aqueous solution exhibited enhanced absorption from 300 to 800 nm.
Furthermore, the PFZ NM solution displayed a black color, distinct from
the yellow color of the FZ NM solution. These results indicate the suc-
cessful incorporation of PDA with FZ NMs. Based on the TGA profiles
(Fig. S2), the PFZ NMs were composed of ca 78.5 wt% FZ NMs and 21.5
wt% PDA. Notably, the XRD profile of PFZ NMs was similar to that of FZ
NMs and Z NMs (Fig. 2b), verifying that the crystal structure of FZ NMs
was unaffected by the PDA surface coating. As shown in the TEM images
(Fig. 2c and fig. S3), the PFZ NMs possessed a cubic-like shape and a size

K.-A. Liang et al.



Journal of Colloid And Interface Science 677 (2025) 400–415

406

of around 153 nm, slightly larger than FZ NMs. Considering the variance
in particle size between FZ NMs and PFZ NMs, the thickness of the PDA
layer was estimated to be approximately 27 nm. Also, the enlarged
particle size of FZ NMs after being coated with PDA layer was observed
in Fig. 2d. The covering of PDA layer on the surface of FZ NMs resulted in
negative zeta potential of − 18.9 mV for PFZ NMs due to the presence of
negatively-charged phenolic hydroxyl groups in the PDA layer (Fig. 3a).
Despite the successful decoration of PDA on the surfaces of FZ NMs, the
attained PFZ NMs dispersed in pH 7.4 0.15 M PBS mimicking physio-
logical salt condition tended to aggregate into precipitates (Fig. S4),
being not beneficial for tumor-targeted drug delivery.

In this work, the hydrophilic HA-SH segments used as crucial surface
coating materials were synthesized and characterized by 1H NMR
(Fig. 1b). Based on the signal integral ratio of the methylene protons (δ
2.7 ppm) of cysteamine and the acetyl methyl protons (δ 2.0 ppm) from

HA, the degree of substitution of HA with cysteamine defined here as the
number of thiol group per 100 β4-glucuronic acid (GlcUA)- β3-N-ace-
tylglucosamine (GlcNAc) units was attained to be ca 11.2. To improve
the colloidal stability of PFZ NMs and endow their capability of actively
targeting CD44-overexpressed cancer cells, the HA-SH segments (90 %
with respect to the weight of PFZ NMs in feed) were covalently conju-
gated on the surfaces of PFZ NMs upon the Michael addition between
thiol groups of HA-SH and quinone residues of PDA (Scheme 1a).
Notably, unlike the visible precipitates of PFZ NMs in pH 7.4 0.15 M
PBS, the stable suspension of HPFZ NMs in the same environment was
achieved (Fig. S4). Next, through the hydrophobic and π-π stacking
interaction of DOX with PDA and its charge interactions with HA, DOX
molecules were encapsulated within HA/PDA-constituted layers of
HPDFZ NMs. As presented in Table 1 and Fig. 2d, when the PFZ NMs
were adorned with HA-SH segments and either loaded with DOX or not,

Fig. 2. (a) UV/Vis spectra of Z NMs, FZ NMs, PFZ NMs, and HPDFZ NMs in deionized water. (b) XRD patterns of Z NMs, FZ NMs, PFZ NMs, HPDFZ NMs, and
simulated ZIF-8. (c) TEM images of (i) Z NMs, (ii) FZ NMs, (iii) PFZ NMs and (iv) HPDFZ NMs. Scale bars are 200 nm. X-ray EDS elemental maps of (v) HPDFZ NMs.
Scale bars are 200 nm. (d) Particle size distribution profiles and PDI data of Z NMs, FZ NMs, PFZ NMs, and HPDFZ NMs in pH 7.4 0.01 M phosphate buffer. (e) Mean
hydrodynamic diameter and PDI of FZ NMs with different feeding ratios of Fe2+ to total moles of Zn2+ and Fe2+. (f) High-resolution Fe 2p XPS spectra of FZ NMs.

Fig. 3. (a) Zeta potential of Z NMs, FZ NMs, PFZ NMs, and HPDFZ NMs in pH 7.4 aqueous solution. (b) Particle size distribution profiles of HPDFZ NMs dispersed in
10 % FBS-containing RPMI 1640 culture medium at different time intervals. (c) Particle size distribution profiles of HPDFZ NMs with various feeding weight ratios of
HA-SH and PFZ NMs. (d) Cumulative DOX release profiles of HPDFZ NMs under different conditions. (e) Time-evolved mean hydrodynamic diameter of HPDFZ NMs
under different conditions. (f) Cumulative Fe2+ release profiles of HPDFZ NMs under different conditions.
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their average hydrodynamic diameter increased gradually from 227.5 to
260.8 nm (for HPFZ NMs) and 281.2 nm (for HPDFZ NMs), respectively.
Moreover, the somewhat larger particle size of HPDFZ NMs as compared
to that of PFZ NMs was observed in the TEM images (Fig. 2c). Note that
the feature absorption of DOX at 480 nm was attained in the UV/Vis
spectrum of HPDFZ NMs (Fig. 2a). Moreover, the surface decoration of
HA led to a more negative zeta potential of − 29.9 mV for HPDFZ NMs
because of the massive negatively-charged carboxylic groups of HA
(Fig. 3a). The findings suggest that DOX molecules and negatively-
charged HA segments could be effectively incorporated into PFZ NMs.
Notably, the HPDFZ NMs maintained nearly unvaried particle size in 10
% FBS-containing RPMI medium for 24 h (Fig. 3b). However, as the HA-
SH feeding weight ratio was reduced from 90 to 30 %, the attained
HPDFZ NMs were apt to aggregate into quite large particles (over 2000
nm) in pH 7.4 0.15 M PBS (Fig. 3c). Moreover, the increase of the HA-SH
feeding weight ratio from 90 to 150 % led to an enlargement in the
particle size of HPDFZ NMs. This could be attributed to the occurrence of
excess HA-mediated inter-particle cross-linking. Based on these results,
the appropriate amount of hydrophilic HA segments adorned on the
surfaces of HPDFZ NMs is crucial in enhancing their colloidal stability.
As a result, the HPDFZ NMs created with a HA-SH feeding weight ratio of
90 % were used in subsequent in vitro and in vivo studies because of
their exceptional colloidal stability. On the other hand, according to the
XRD pattern and TEM images (Fig. 2b and c), the crystal structure and
cubic-like shape of the HPDFZ NMs closely resembled those of Z NMs
and PFZ NMs. The elemental mapping images further confirm that the
Fe2+ and Zn2+ ions coexist in the HPDFZ NMs (Fig. 2c). Interestingly,
more Fe2+ and Zn2+signals were observed in the PDA/HA-constituted
layer. This may be ascribed to that some Fe2+ and Zn2+ ions from
HPDFZ NMs tend to migrate into PDA-rich layers through their coor-
dination interaction with the catechol groups of PDA [17,57]. The DOX
and Fe2+ loading content of HPDFZ NMs were determined to be ca 8.9
wt% and 1.1 wt%, respectively (Table 1). Moreover, the HPFZ NMs and
HPDZ NMs showed Fe2+ or DOX loading capacity comparable to HPDFZ
NMs.

3.3. In vitro DOX and Fe2+ release of HPDFZ NMs

Considering the innate pH difference between the blood/normal
tissues (pH 7.4) and intracellular acidic endosomes and lysosomes (pH
6.0–4.5) as well as the GSH-rich nature of cancer cells (2–10 mM), the in
vitro DOX and Fe2+dissolution of HPDFZ NMs were studied in aqueous
solutions of different pH containing GSH or not. As shown in Fig. 3d, in
the lack of GSH, when the solution pH was adjusted from 7.4 to 4.0, the
cumulative DOX release over 24 h was remarkably increased from 27.0
to 46.7 %. Such an acidity-activated DOX liberation of HPDFZ NMs
could be attributed to the following reasons. First, the hydrophobic and
π-π interaction of DOX molecules with PDA layers of HPDFZ NMs in an
acidic milieu were lowered due to acidity-elicited protonation of DOX.
Moreover, the ionic pairings of DOX molecules with HA segments were
considerably disintegrated because of the reduced dissociation degree of
HA segments under acidic conditions. Interestingly, in the presence of 8
mM GSH, the cumulative DOX release of HPDFZ NMs at pH 5.0 for 24 h
was further increased. Also, the HPDFZ NMs dispersed in a GSH-

containing aqueous solution of pH 5.0 exhibited gradually reduced
particle size over time (Fig. 3e). By contrast, in the lack of GSH, the
HPDFZ NMs showed virtually unchanged particle size at pH 7.4 and 5.0,
respectively. Based on the above findings, it was assumed that the
reductive GSH may change or even destroy the polymerization state of
PDA, thus disrupting the HA/PDA-constituted layer of HPDFZ NMs to
accelerate DOX outflow. Such a GSH-triggered drug release from PDA-
containing nanovehicles was also reported elsewhere [58,59]. On the
other hand, with solution pH being changed from 7.4 to 5.0, the cu-
mulative Fe2+ liberation of HPDFZ NMs was somewhat increased from
14.5 to 31.2 % during 24 h (Fig. 3f), being ascribed to that the coordi-
nation bonds between the imidazole groups and Fe2+/Zn2+ ions of NMs
became unstable due to the acidity-elicited protonation of imidazole
groups. More importantly, virtually complete Fe2+ release from HPDFZ
NMs was achieved at pH 5.0 in the existence of 8.0 mM GSH, indicating
that the GSH-induced disintegration of the PDA layer could remarkably
speed the outflow of Fe2+ ions. As shown in Fig. S5a, for HPDFZ NMs
pretreated with GSH-containing solution at pH 5.0 for 24 h, some
HPDFZ NMs exhibited appreciably reduced particle size, and visible Fe-
based clusters were observed. By contrast, without GSH treatment, the
HPDFZ NMs retained intact structure at pH 5.0 (Fig. S5b), similar to
counterparts at pH 7.4. This further verifies the rapid release of Fe2+

from HPDFZ NMs in GSH-rich aqueous solution of pH 5.0. Interestingly,
compared to the nearly complete release of Fe2+ from HPDFZ NMs at pH
5.0 in the presence of GSH during 24 h, only 48.3 % of DOX was
liberated from HPDFZ NMs. This could be attributed to the following
reasons. Firstly, the aforementioned multiple interactions of DOX with
PDA and HA restricted the outflow of DOX from HPDFZ NMs. Moreover,
DOX molecules are more hydrophobic than Fe2+ ions, thus tending to
aggregate, reducing the diffusion rate. In conclusion, the HPDFZ NMs
developed herein preserve the intact colloidal structure while allowing
DOX and Fe2+ loading and retention in an effective manner at pH 7.4.
Also, the HPDFZ NMs exhibit prominent payload liberation under
weakly acidic and GSH-rich conditions, thus demonstrating great
promise in intracellular cargo delivery.

3.4. GSH depletion and •OH generation

The GSH depletion capability of various NMs fabricated in this study
was assessed by DTNB as the probe with a maximum absorbance at 408
nm [60]. The absorbance of DTNB in the Z NMs + GSH group was
identical to that of DTNB in the GSH alone group as the control (Fig. 4a),
indicating the lack of GSH depletion ability for Z NMs. Compared to the
Z NMs + GSH group, the FZ NMs + GSH group somewhat decreased
DTNB absorbance, being ascribed to that the minor amount of Fe3+ ions
within FZ NMs could consume GSH via GSH-mediated Fe3+ reduction.
Notably, the absorbance of DTNB in PFZ NMs + GSH group was
appreciably declined in comparison with that of DTNB in FZ NMs+ GSH
group, proving that the incorporation of PDA layer can further deplete
GSH via Michael addition between the quinone moieties of PDA and
thiol group of GSH. Based on the similar absorbance of DTNB in HPFZ
NMs + GSH group and PFZ NMs + GSH group, respectively, it was
verified that the extra HA coating on the surfaces of PFZ NMs could not
significantly affect their GSH-depleting ability. Furthermore, as pre-
sented in Fig. 4b, the HPFZ NMs and PFZ NMs efficiently consumed GSH
over time compared to FZ NMs and Z NMs.

Next, the •OH-generating activity of HPDFZ NMs upon the Fenton
reaction was explored by using THA as an indicator, which showed
enhanced fluorescence at 420 nm after being reacted with •OH. In the
presence of H2O2, the fluorescence intensity of THA in pH 5.0 aqueous
solutions containing Z NMs or FZ NMs was remarkably higher than that
of THA alone as the control (Fig. 4c). Moreover, compared to Z NM
group, the FZ NM group showed the appreciably increased THA fluo-
rescence over time (Fig. 4d). Based on these results, the FZ NMs were
demonstrated to effectively promote conversion of H2O2 into •OH as
compared to Z NMs due to Fenton catalytic activity of Fe2+ superior to

Table 1
Particle size and Fe2+/DOX loading capability of NMs.

Sample Dh (nm) PDI Fe2+ loading
content
(wt %)

DOX loading
content
(wt %)

HPZ NMs 258.0 ± 6.8 0.135 − −

HPFZ NMs 260.8 ±

14.4
0.128 1.0 ± 0.25 −

HPDZ NMs 272.6 ± 7.9 0.165 − 8.8 ± 0.04
HPDFZ
NMs

281.2 ± 6.8 0.144 1.1 ± 0.17 8.9 ± 0.01
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Zn2+. Notably, when the PDA and HA layer were sequentially coated on
the surfaces of FZ NMs, the resulting PFZ NMs and HPDFZ NMs exhibited
somewhat lowered Fenton catalytic activity as reflected in the decreased
THA fluorescence intensity (Fig. 4c and d). This was probably attributed
to that the spatial barrier of PDA and HA layers partly hindered Fe2+

release and H2O2 inflow, thus retarding •OH production. Despite this,
the fluorescence intensity of THA in H2O2-containing HPDFZ NM solu-
tion at pH 5.0 was gradually increased with the prolonged reaction time
(Fig. 4d), signifying that the HPDFZ NMs sustainably generated •OH
upon the Fenton reaction between H2O2 and the released Fe2+ ions. On
the other hand, in the presence of H2O2, with the solution pH being
adjusted from 5.0 to 7.4, the increase in fluorescence intensity of THA in
aqueous solutions of different NMs over 24 h was significantly restricted
(Fig. S6), suggesting the limited generation of •OH. As expected, the
highly efficient Fenton reaction favors occur in acidic conditions
[39,61,62]. The •OH-generating capability of HPDFZ NMs at pH 5.0 was
also evaluated by using MB assay. As revealed in Fig. 4e, in the presence
of H2O2 at pH 5.0, the absorbance of MB at 660 nm was remarkably
decreased with the increased concentration of HPDFZ NMs from 0 to
100 μg/mL, illustrating that the HPDFZ NMs catalyzed H2O2 into •OH in
a concentration-dependent manner, thus promoting MB degradation.
Importantly, as revealed in Fig. S7, in the presence of GSH and H2O2, the
fluorescence intensity of THA in PFZ NM solution at pH 5.0 for 24 h was
appreciably higher than that of THA in FZ NM solution at the same pH.
Apparently, compared to FZ NMs, the PFZ NMs prominently reduced
GSH-elicited •OH scavenging by the PDA-mediated GSH depletion, thus
promoting •OH accumulation. According to these findings, the HPDFZ
NMs were demonstrated to remarkably convert H2O2 to •OH in an
acidity-triggered manner and consume GSH, thus reducing •OH scav-
enging by GSH (Fig. 4f). Therefore, it was expected that the HPDFZ NMs
internalized by cancer cells can efficiently catalyze endogenous H2O2 to
generate •OH and exhaust intracellular GSH to boost anticancer efficacy
of CDT.

3.5. In vitro cellular uptake, intracellular •OH generation, mitochondria
damage and LPO generation

In view of the active targeting of HA segments to CD44 on the
membrane of cancer cells [46,47,63], the in vitro cellular uptake of
HPDFZ NMs by CD44-overexpressed CT26 cells was evaluated by flow

cytometry and CLSM to explore their CD44-targeting performance. The
intracellular DOX fluorescence intensity was employed as a quantity for
the HPDFZ NMs internalization by CT26 cells. As presented in Fig. 5a
and b, with the incubation time being prolonged from 1 to 4 h, CT26
cells incubated with HPDFZ NMs alone showed appreciably enhanced
DOX fluorescence intensity compared to cells receiving HPDFZ NMs and
free HA segments. Also, the CLSM images revealed that the uptake of
HPDFZ NMs by CT26 cells pretreated with free HA segments was
remarkably impeded, as reflected by the declined DOX fluorescence
intensity within the cytoplasm (Fig. 5c and Fig. S8). Such a declined
internalization of HPDFZ NMs by the HA-pretreated CT26 cells could be
resulted from the competition of free HA segments with HPDFZ NMs for
CD44 receptors of CT26 cells. Based on these findings, it was strongly
demonstrated that the HPDFZ NMs can be efficiently internalized by
CT26 cells via CD44-mediated endocytosis. Notably, the DOX fluores-
cence intensity of CT26 cells treated with HPDFZ NMs for 4 h, as shown
in Fig. 5a, b, and c, is even higher than that of cells incubated with free
DOXmolecules despite different cellular pathways between HPDFZ NMs
(CD44-mediated endocytosis) and free DOX (passive diffusion across cell
membrane). This may be ascribed to that the CD44 receptor-mediated
endocytosis of HPDFZ NMs could bypass the nature of DOX resistance
of CT26 cells, thus promoting intracellular drug accumulation. Similar
results that the nanovehicles conjugated with ligands or antibodies for
active targeting realized efficient cellular uptake and increased drug
retention in multidrug resistance (MDR) cancer cells via receptor-
mediated endocytosis while avoiding P-glycoprotein (P-gp)-mediated
drug efflux have been reported [64,65].

Next, the intracellular GSH level of CT26 cells incubated with HPDFZ
NMs, FZ NMs, or Z NMs for 6 h was measured by DTNB assay to evaluate
the GSH depletion ability of these NMs. As revealed in Fig. 5d, the
intracellular GSH level of CT26 cells treated with FZ NMs determined to
be ca 68.5 % is markedly lower than that (ca 90.8 %) of cells incubated
with Z NMs. This suggests that the FZ NMs can moderately consume
intracellular GSH by Fenton reaction-mediated Fe2+/Fe3+ redox cou-
ples. Note that the intracellular GSH levels of CT26 cells exposed to
HPDFZ NMs were further decreased compared to that of cells treated
with FZ NMs. According to the above results, it was demonstrated that
the HPDFZ NMs effectively consumed intracellular GSH through
Michael reaction of the PDA layer with endogenous GSH combined with
the Fe2+/Fe3+ redox couple.

Fig. 4. (a) UV/Vis spectra of DTNB incubated with Z NMs, FZ NMs, PFZ NMs, and HPFZ NMs in the presence of GSH, respectively, for 8 h. (b) Residual content of
GSH treated with Z NMs, FZ NMs, PFZ NMs, and HPDFZ NMs, respectively, for different time intervals. (c) Fluorescence spectra of THA incubated with Z NMs, FZ
NMs, PFZ NMs, and HPDFZ NMs, respectively, in the presence of H2O2 at pH 5.0 for 12 h. (d) Fluorescence intensity of THA incubated with Z NMs, FZ NMs, PFZ NMs,
and HPDFZ NMs, respectively, in the presence of H2O2 at pH 5.0 for different time intervals. (e) UV/Vis spectra of MB incubated with HPDFZ NMs of different
concentrations in the presence of H2O2 at pH 5.0 for 3 h. (f) Schematic illustration of GSH depletion and •OH production of HPDFZ NMs.
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In this study, the intracellular •OH generation capability of various
NMs was assessed by DCFH-DA assay [66]. As shown in Fig. S9a and b,
CT26 cells incubated with PFZ NMs exhibited appreciably strong DCF
fluorescence relative to cells exposed to FZ NMs. As expected, compared
to FZ NMs, the PFZ NMs could efficiently promote intracellular •OH
accumulation by Fe2+-mediated Fenton reaction combined with the
reduced •OH scavenging upon PDA-mediated GSH depletion. Subse-
quently, to ensure a fair comparison of intracellular •OH generation
performance among various NMs, the surfaces of Z NMs and FZ NMs
were coated with PDA and HA to minimize the variances in cellular
uptake. As shown in Fig. 6a and b, the intracellular DCF fluorescence of
CT26 cells treated with either HPFZ or HPDFZ NMs was prominently
higher than that of cells incubated with Fe2+-free HPZ NMs or HPDZ
NMs. This clearly illustrates that the HPFZ and HPDFZ NMs can effi-
ciently catalyze endogenous H2O2 into •OH upon Fe2+-mediated Fenton
reaction, while the HPZ or HPDZ NMs cannot sufficiently degrade H2O2
due to poor Fenton catalytic activity of Zn2+ ions. Importantly, CT26
cells exposed to HPDFZ NMs showed a 30 % increase in DCF fluores-
cence intensity compared to cells receiving HPFZ NMs. Several studies
pointed out that the intracellular DOX delivery could increase the local
concentration of H2O2 [2,67,68]. Therefore, compared to DOX-free
HPFZ NMs, the HPDFZ NMs internalized by CT26 cells could release
DOX to generate H2O2, thus enhancing the Fenton reaction together
with Fe2+ ions to produce more •OH.

Considering that the mitochondria damage is a crucial and repre-
sentative mark of •OH-induced apoptosis [20,29,69], the effect of the
HPDFZ NMs internalized by CT26 cells on the mitochondria was
investigated by observing the depolarization of the mitochondria
membranes with JC-1 kit. When the mitochondrial membrane potential
decreases due to apoptosis, JC-1 transforms from the aggregate form

into a monomer, thus leading to a change of fluorescence from red to
green [29,69]. As presented in Fig. 6c, no significant green fluorescence
was observed in the control group, while weak green fluorescence sig-
nals were attained in CT26 cells incubated with free DOX molecules,
HPZ, and HPDZ NMs, respectively, being indicative of minor damage of
mitochondrial. By contrast, the HPDFZ or HPFZ NMs-treated cells
exhibited strong green fluorescence, illustrating severe disruption of
mitochondria. Compared to the HPFZ NM group, the HPDFZ group
displayed higher green fluorescence signals. Being corresponding to the
results of intracellular •OH generation (Fig. 6a and b), the endocytosed
HPDFZ NMs effectively promoted intracellular •OH accumulation via
Fe2+-mediated Fenton reaction in combination with dual GSH depletion,
thus potently damaging mitochondrial. The over-generation of intra-
cellular •OH has been demonstrated to irreversibly oxidize the cellular
unsaturated lipid, thus leading to ferroptosis, a type of iron-dependent
non-apoptotic cell death [69,70]. To explore intracellular LPO product
accumulation of CT26 cells treated with HPDFZ NMs, the BODIPY 581/
591 C11 as an LPO sensor was utilized. As presented in Fig. 6d, CT26
cells incubated with HPDFZ NMs exhibited the strongest green fluores-
cence signal among cells receiving other treatments. This further sug-
gests that the Fe2+-mediated Fenton reaction and dual GSH depletion of
the internalized HPDFZ NMs could prominently enhance •OH produc-
tion, thereby boosting intracellular accumulation of toxic LPO products.
Based on these findings, it was expected that the HPDFZ NMs could not
only effectively promote intracellular DOX delivery but also largely
disturb redox homeostasis, thus augmenting the anticancer effect of the
combined CDT and CT (Scheme 1b).

Fig. 5. (a) Flow cytometric histograms and (b) mean DOX fluorescence intensity of CT26 cells incubated with free DOX or HPDFZ NMs with or without free HA
addition at 37 ◦C for 1 and 4 h (DOX concentration = 10 µМ). (c) CLSM images of CT26 cells incubated with free DOX or HPDFZ NMs with or without free HA
addition at 37 ◦C for 4 h (DOX concentration = 10 µМ). Scale bars are 20 μm. (d) Intracellular GSH level of CT26 cells incubated with Z NMs, FZ NMs, and HPDFZ
NMs, respectively, at 37 ◦C for 6 h.
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3.6. In vitro anticancer effect of combined CDT and CT

To evaluate the anticancer efficacy of DOX-based CT combined with
Fe2+-mediated CDT, the viability of CT26 cells treated with HPDFZ NMs
was determined by MTT assay. As shown in Fig. 7a, the viability of CT26
cells treated with HPFZ NMs was appreciably reduced from 81.1 to 34.3
% in the NM concentration-dependent manner, while CT26 cells incu-
bated with HPZ NMs retained mean viability above 70 % (Fig. 7a).
Evidently, compared to HPZ NMs, the HPFZ NMs efficiently produced
•OH via Fe2+-mediated Fenton reaction, thereby eliciting massive
mitochondrial damage and LPO to provoke cell apoptosis and ferrop-
tosis. Notably, at the same DOX or NM concentration, the HPDFZs
exhibited higher cytotoxicity against CT26 cells than HPDZ NMs and
HPFZ NMs. Also, the fluorescence staining of live/dead CT26 cells
showed that most of CT26 cells treated with HPDFZ NMs displayed
considerably PI-positive staining as compared to cells receiving HPZ,
HPFZ or HPDZ NMs (Fig. 7b). These data clearly demonstrate that the
combination of DOX chemotherapy and Fe2+-involved CDT delivered by
HPDFZ NMs could effectively kill cancer cells in comparison with single
CT of HPDZ NMs or CDT of HPFZ NMs. Also, the IC50 value of HPDFZ
NMs attained to be ca. 2.9 μM is lower relative to that (9.3 μM) of HPDZ
NMs and that (4.3 μμM) of free DOX molecules (Fig. 7c), indicating that
the HPDFZ NMs could realize a low DOX dosage but effective anticancer
efficacy against CT26 cells, mainly due to CD44-targeted delivery of the
combined CDT and CT. On the other hand, similar findings that the
HPDFZ NMs displayed the capability of killing cancer cells superior to
HPDZ NMs and HPFZ NMs by the combination of CDT and CT were also

obtained in another cell model, TRAMP-C1 cancer cells (Fig. 7d). It
should be mentioned that different from CT26 cells, TRAMP-C1 cells
treated with free DOX molecules showed significantly reduced viability
compared to cells receiving HPDFZ NPs. This may be ascribed to that
TRAMP-C1 cells are more sensitive to DOX than CT26 cells. The colon
cancer cells have been found to have high levels of P-gp, an ATP-binding
cassette transporter that contributes to MDR [71,72]. This over-
expression occurs on the cell and nuclear membranes, resulting in a high
IC50 value for free DOX against CT26 cancer cells [71,72]. On the other
hand, the HPFZ NMs (7.8 ~ 125 μg/mL) showed quite low cytotoxicity
on the healthy WS1 cells, human skin fibroblast cells, as evidenced by
relatively high viability of WS1 cells (beyond 90 %) (Fig. S10). The re-
sults further verify that the CDT delivered by HPFZ NMs specifically kills
cancer cells rather than normal cells because H2O2 is overexpressed in
cancer cells compared with normal cells, thus amplifying Fenton reac-
tion-mediated･OH production within cancer cells.

3.7. In vivo biodistribution and tumor accumulation

Considering the poor NIR fluorescence of DOX and nonnegligible
autofluorescence of BALB/c mice, the amphiphilic IR820, a NIR dye,
instead of DOX, was encapsulated into HPFZ NMs for observing the in
vivo biodistribution of NMs using fluorescence imaging. Through the π-π
stacking and hydrophobic interactions of IR820 with PDA layer of HPFZ
NMs, IR820 molecules were incorporated into HPFZ NMs. As presented
in Fig. S11, the IR820@HPFZ NMs exhibited enhanced absorption from
600 to 900 nm compared to HPFZ NMs, confirming the successful

Fig. 6. (a) Fluorescence images and (b) quantified DCF fluorescence intensity of CT26 cells receiving different treatments for 6 h and stained with DCFH-DA for
detection of intracellular •OH production. Scale bars are 50 μm. (c) Fluorescence images of CT26 cells receiving various treatments for 24 h and stained with JC-1
reagent for the measure of mitochondrial damage. Scale bars are 50 μm. (d) BODIPYTM 581/591 C11 staining of CT26 cells receiving various treatments for 24 h.
Scale bars are 50 μm.
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encapsulation of IR820 into HPFZ NMs. Also, the particle size of
IR820@HPFZ NMs was determined to be ca 276.7 nm, being slightly
larger than that of HPFZ NMs. Upon intravenous injection with

IR820@HPFZs or free IR820 molecules as the control, the in vivo IR820
fluorescence images of CT26 tumor-bearing mice were attained at
different time intervals. Notably, compared to the free IR820 group, the

Fig. 7. (a) Cell viability and (b) calcein-AM/PI-staining of CT26 cells receiving different treatments at 37 ◦C for 24 h. The viable cells were stained green with
calcein-AM, and the dead cells were stained red with PI. Scale bars are 200 μm. (c) IC50 values of free DOX, HPDZ NMs, and HPDFZ NMs on CT26 cells. (d) Cell
viability of TRAMP-C1 cells receiving different treatments at 37 ◦C for 24 h. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 8. (a) In vivo NIR fluorescence images of CT26 tumor-bearing mice receiving intravenous injection of free IR820 molecules or IR820@HPFZ NMs attained by
IVIS. The tumor sites were marked with pink circle. (b) NIR fluorescence images of the isolated major organs and tumors at 24 h post-injection with different IR820-
containing formulations. (c) Average IR820 fluorescence intensities of individual organs and tumor from CT26 tumor-bearing mice treated with free IR820 molecules
or IR820@HPFZ NMs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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IR820@HPFZ NM group showed visibly higher IR820 fluorescence in-
tensity in the tumor sites during the identical period (Fig. 8a). Moreover,
the ex vivo fluorescence intensity of tumors receiving IR820@HPFZ
NMs at 24 h post-injection was remarkably stronger than that of tumors
from free IR820 groups (Fig. 8b and c). Based on these data, obviously,
compared to small-molecule IR820 with poor tumor deposition due to
lack of tumor specificity, the IR820@HPFZ NMs exhibited promoted
tumor accumulation by the enhanced permeability and retention (EPR)
effect and HA-mediated CD44 targeting. However, due to inevitable
nanoparticle capture by the reticuloendothelial system, the ex vivo
IR820 fluorescence signals of the liver and spleen of tumor-bearing mice
treated with IR820@HPFZ NMs were much higher in comparison with
that of the tumor. Similar biodistribution of payload-carrying nano-
particles in tumor-bearing mice has been observed in other studies
[73–76].

3.8. In vivo tumor growth suppression by combined CDT and CT

Inspired by the prominent in vitro anticancer effect of HPDFZ NMs
on CT26 cells, we further evaluated their CDT/CT-mediated antitumor
potency in the CT26 xenograft mouse model in vivo (Fig. 9a). The
change of tumor volume and body weight of CT26 tumor-bearing mice
receiving different treatments were recorded for up to 18 days post first
intravenous injection. As revealed in Fig. 9b, the tumor volumes of mice

treated with HPDZ NMs were only slightly smaller than those of mice
receiving PBS as the control during the treatment process, indicating the
failure of a single DOX-mediated CT in inhibiting tumor growth.
Compared to HPDZ NMs, the HPFZ NMs exhibited a limited suppression
on tumor growth over the period of 10 days post-treatment, beyond
which tumors receiving this formulation gradually enlarged. Notably,
18 days after treatment, the tumor volume of mice treated with HPDFZ
NMs was much smaller than that of mice receiving either HPFZ NMs or
HPDZ NMs. Moreover, despite that free DOX molecules were adminis-
tered at a total dose 1.5 times higher than the DOX dose of HPDFZ NMs,
the former still showed appreciably lower antitumor effectiveness
compared to the latter. In line with the results of in vivo tumor growth
inhibition, tumors collected from the sacrificed mice treated with
HPDFZ NMs showed the smallest weight and size compared to tumors
receiving other treatments (Fig. 9c and d). These findings suggest that
the HA-mediated CD44-targeted CDT and CT of HPDFZ NMs potently
inhibited tumor growth at low DOX dose as compared to free DOX
molecules. Besides, the treated mice in all groups maintained virtually
unvaried body weight (Fig. S12), revealing that the single CDT, DOX-
based CT, or the related combined therapy did not elicit severe acute
toxicity.

As shown in the H&E staining images of the tumor sections (Fig. 9e),
the HPDFZ NM group exhibited lower cell density and more nuclear
fragmentation in comparison with other treatment groups. Also, an

Fig. 9. (a) Experimental flowchart of in vivo tumor growth inhibition study. (b) Tumor growth inhibition profiles of CT26 tumor-bearing mice receiving different
treatments. (c) Weight and (d) photographs of the tumors harvested from the euthanized mice at day 18 after the treatment. (e) H&E, Ki-67 and GPX4 staining of
tumor slides from CT26 tumor-bearing mice receiving different treatments. Scale bars are 200 μm.
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appreciable reduction in Ki67 proliferation staining was attained in the
tumor sections of HPDFZ NM group. These results further illustrate that
the combined CDT and CT delivered by HPDFZ NMs can execute potent
anti-proliferative effects. Additionally, the GPX4-stained images
revealed that the tumor sections of mice treated with HPDFZ or HPFZ
NMs displayed largely decreased expression of GPX4 compared to those
of other treatment groups. This could be attributed to that the HPDFZ
and HPFZ NMs can effectively consume GSH of tumor cells by Fe2+/
Fe3+-based redox couple and PDA-mediated Michael reaction, thereby
inducing GPX4 inactivation. As observed in some previous studies
[2,7,10], when the activity of GPX4 in cancer cells was inhibited, the
capability of the tumor to scavenge •OH was appreciably declined, thus
promoting LPO to elicit ferroptosis. Note that no appreciable abnor-
mality was observed in the major organs of mice receiving different
treatments (Fig. S13). In view of these findings, it can be verified that the
HPDFZ NMs designed in this work not only actively target CD44-
overexpressed tumor but also effectively realize intracellular DOX de-
livery and destroy redox homeostasis by promoting ･OH production and
GSH depletion, thus leading to intracellular mitochondrial damage and
LPO (Scheme 1b). Therefore, through the combination of CDT-triggered
ferroptosis and CT-mediated apoptosis, the HPDFZ NMs potently
inhibited tumor growth at low DOX dose without significant systemic
toxicity.

4. Conclusions

To potently enhance antitumor potency by the active tumor-targeted
combined CDT and CT, the FZ NMs were fabricated, sequentially
decorated with PDA and HA, and employed as DOX vehicles. Different
from the previously reported FZ NMs [42,43], the HPDFZ NMs designed
in this study not only effectively consumed GSH by the PDA-mediated
Michael addition combined with Fe2+/Fe3+ redox couple but also
showed CD44-targeting capability. Also, the HPDFZ NMs exhibited
prominent colloidal stability in the FBS-containing culture medium and
accelerated DOX and Fe2+ release under GSH-rich and weakly acidic
conditions. Moreover, the HPDFZ NMs promoted the degradation of
H2O2 into •OH in response to pH reduction from 7.4 to 5.0. After being
internalized by CT26 cells via CD44-mediated endocytosis, the HPDFZ
NMs sufficiently generated •OH, depleted GSH, and released DOX, thus
leading to cell apoptosis and ferroptosis upon the combination of CDT
and CT. The in vivo animal studies further verified that the CD44-
targeting HPDFZ NMs efficiently accumulated within the CT26 tumor
and significantly inhibited tumor growth with a satisfied biocompati-
bility. Overall, the versatile HPDFZ NMs developed in this work can
realize the tumor-targeted and GSH depletion-boosted CDT/CT com-
bined therapy, thus showing great promise in future catalytic tumor-
specific treatment.
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