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Abstract: Background/Objectives: With the increase of reactive oxygen species (ROS) production,
cancer cells can avoid cell death and damage by up-regulating antioxidant programs. Therefore,
it will be more effective to induce cell death by using targeted strategies to further improve ROS
levels and drugs that inhibit antioxidant programs. Methods: Considering that dihydroartemisinin
(DHA) can cause oxidative damage to protein, DNA, or lipids by producing excessive ROS, while,
disulfiram (DSF) can inhibit glutathione (GSH) levels and achieve the therapeutic effect by inhibiting
antioxidant system and amplifying oxidative stress, they were co-loaded onto the copper peroxide
nanoparticles (CuO2) coated with copper tannic acid (Cu-TA), to build a drug delivery system of
CuO2@Cu-TA@DSF/DHA nanoparticles (CCTDD NPs). In response to the tumor microenvironment,
DHA interacts with copper ion (Cu2+) to produce ROS, and a double (diethylthiocarbamate)-copper
(II) (CuET) is generated by the complexation of DSF and Cu2+, which consumes GSH and inhibits
antioxidant system. Meanwhile, utilizing the Fenton-like effect induced by the multi-copper mode can
achieve ROS storm, activate the MAPK pathway, and achieve chemotherapy (CT) and chemodynamic
(CDT). Results: Taking pancreatic cancer cell lines PANC-1 and BxPC-3 as the research objects,
cell line experiments in vitro proved that CCTDD NPs exhibit efficient cytotoxicity on cancer cells.
Conclusions: The CCTDD NPs show great potential in resisting pancreatic cancer cells and provides
a simple strategy for designing powerful metal matrix composites.

Keywords: dihydroartemisinin; disulfiram; chemotherapy; chemodynamic; synergetic therapy

1. Introduction

Pancreatic cancer is one of the common tumors in the digestive system, with a high
degree of malignancy, and its treatment is still inadequate because of its unclear cause.
At present, surgery, radiotherapy, chemotherapy, immunotherapy and sometimes their
combinations are used to treat cancer [1,2]. However, the lack of early and effective di-
agnostic methods and means, low targeting, long-term side effects, systemic toxicity and
multidrug resistance limit the effectiveness of these therapies [3–11]. Recently, chemical
kinetic therapy (CDT) based on ROS storm strategy has received close attention in the field
of tumor therapy. The purpose of ROS storm is to produce excessive ROS, and it is based on
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cell iron death [12]. It is reported that reactive oxygen species (ROS) plays an important role
in regulating various cell processes, such as signal transduction, proliferation and survival,
and promoting oxidative damage and cell death [13–15]. The balance between intracellular
ROS and antioxidant programs is a crucial factor in maintaining cellular function in both
normal and cancerous cells [16]. Its low concentration can stimulate the proliferation and
invasion of cancer cells, while an excessive accumulation of ROS leads to oxidative stress,
protein damage, and apoptosis [17]. Notably, cancer cells can counteract the injurious
effects of ROS by up-regulating their antioxidant programs in response to increased ROS
production. This adaptive mechanism enables cancer cells to evade cell death and injury.
The augmentation of antioxidant activity neutralizes ROS and prolongs the survival of can-
cer cells [18]. Glutathione (GSH) represents the most abundant antioxidant in cells, playing
a pivotal role in the neutralization of ROS. In this mechanism, the sulfhydryl group of
cysteine provides a reducing equivalent to ROS [19]. By employing targeted strategies aim-
ing to boost ROS levels while simultaneously administering drugs that inhibit antioxidant
programs, cell death can be more effectively induced [20,21]. Dihydroartemisinin (DHA)
has been studied as an innovative anticancer agent with significant cytotoxicity against
various cancer cells in vitro and vivo [22–24]. It has been proven that DHA, due to its
internal peroxide bridge containing sesquiterpene structures, can be cleaved by Fenton-like
ions (such as Fe2+, Mn2+, and Cu2+), leading to the production of C-centered free radicals
(•C) and enhancing intracellular oxidative stress [25,26]. The effect of DHA on cancer cells
may be related to the production of ROS, which can cause oxidative damage to proteins,
DNA, or lipids by producing excessive ROS, thereby inducing cancer cell apoptosis. Thus,
DHA’s effectiveness against cancer cells may be attributed to its capacity to generate ROS
and induce cancer cell apoptosis [27]. At this point, upon encountering high levels of
reactive oxygen species (ROS), the antioxidant system is stimulated to neutralize these
molecules. To augment the therapeutic impact on cancer cells, a compounded approach
is taken, incorporating pharmaceuticals that inhibit both the antioxidant system and ROS
generation [28]. This conjoined treatment protocol offers the added benefits of lower dosage
requirements, mitigated side effects, and circumvention of drug resistance.

Furthermore, this approach may aid in suppressing or delaying metastasis [29].
Disulfiram (DSF) is an emerging and promising cancer chemotherapy drug, whose an-
ticancer activity is formed by strong chelation with Cu ions (Cu2+) to form a double
(diethylthiocarbamate)-copper (II) (CuET), which has a more significant anticancer activity
against various cancers than the original DSF [30–32]. Zhang et al. [33] demonstrated
that DSF can inhibit GSH levels and exert therapeutic effects by inhibiting the antioxidant
system, amplifying oxidative stress [34]. NC Yip et al. [35] demonstrated that ROS plays
a crucial role in regulating the MAPK pathway and cancer cell growth, inducing MAPK
pathway activation. Activation of the MAPK pathway controls various cellular responses,
including proliferation, differentiation, cell death, and survival [36–38]. In a bid to achieve
enhanced treatment of cancer cells, DHA and DSF have been combined for the first time.
The combination is expected to augment ROS levels, inhibit GSH levels, and regulate the
MAPK pathway. This approach presents an opportunity to explore the potential of DHA
and DSF in cancer treatment.

The interaction between Cu2+ and DHA has been shown to break the peroxide bridge
and form a complex with DSF, resulting in a potent therapeutic effect [39,40]. To this end,
copper peroxide nanoparticles (CuO2) were employed to co-deliver DHA and DSF, given
that they possess a high drug-loading capacity and can release Cu2+ and H2O2 within
cancer cells [41], This phenomenon is further augmented by the fact that Cu2+/Cu+ catalyze
the production of ROS through Fenton-like reactions, which enhance the therapeutic efficacy
of chemodynamic (CDT) treatment [42]. To further improve the poor stability of CuO2, tannic
acid (TA), a phenolic hydroxyl compound [43,44], which can chelate with Cu2+ exhibiting
strong coordination ability, is employed to deposit on the surface of CuO2, leading to the
formation of CuO2@Cu-TA. In particular, the high affinity of Cu-TA to the CuO2 surface also
contributes to the deposition of the Cu-TA network on CuO2, which can not only trigger and
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respond to the endogenous acidic pH of TME but also strengthens the stability of both the
metal peroxide and the co-delivered DHA and DSF [45–47] and co-loaded DHA and DSF.

Studies have shown that for pancreatic cancer cells with a high ROS concentration, the
increase of ROS level may increase the sensitivity of pancreatic cancer cell death, which is
more influential than normal cells. Therefore, the process of elevating ROS has emerged as
an efficacious treatment modality for pancreatic cancer cells [48]. In our work, a CuO2@Cu-
TA@DSF/DHA nanoparticle drug loading system (CCTDD NPs) was constructed to achieve
the Fenton-like effect induced by multi-copper mode, amplify the level of ROS, activate
MAPK pathway, thereby consuming GSH and inhibiting the antioxidant system, and
realize the synergistic treatment of chemotherapy (CT) and chemokinetic therapy (CDT).
As shown in Scheme 1, firstly, CuO2 is prepared by a simple synthesis method and Cu-
TA is deposited on its surface, and then DHA and DSF drugs are loaded by electrostatic
adsorption. The cancer pancreatic cancer cell lines PANC-1 and BxPC-3 were selected as
the research objects. Under the response of the tumor microenvironment, the drug delivery
system cracks and releases Cu2+, DHA, and DSF. Cu2+ accelerates the rupture of DHA
peroxide bridge and chelates with DSF to form CuET, and amplifies ROS level, thus realizing
enhanced chemotherapy (CT). The reducibility of TA in an acidic environment promotes a
Fenton-like reaction of Cu2+, further promotes the accumulation of ROS, achieves the CDT
effect, and finally realizes synergetic CT/CDT therapy. In vitro ROS experiments and GSH
experiments proved that CCTDD NPs can increase the level of ROS and consume GSH. In
addition, CCTDD NPs can mediate the MAPK pathway to regulate pancreatic cancer cells
and achieve effective treatment of pancreatic cancer cells.
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Scheme 1. Building of CuO2@Cu-TA@DSF/DHA nanoparticle targets MAPK pathway to achieve
synergetic CT and CDT for pancreatic cancer cells.

2. Materials and Methods
2.1. Materials

Dihydroartemisinin (DHA) and Disulfiram (DSF) were purchased from MCE (Med-
ChemExpress, Shanghai, China); TA was purchased from Macklin; phosphate buffer
solution (PBS) was purchased from Shenggong Co. Ltd. (Shanghai, China); fetal bovine
serum (FBS) was bought from Biological Industries Co. (shanghai, China); total GSH,
Calcein-AM/PI, apoptosis and the reactive oxygen species assay kit were purchased from
Beyotime (Shanghai, China); deionized water was supplied by a Milli-Q water system. All
other chemicals were used without further purification.
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2.2. Cell Lines

Human pancreatic cancer cell lines PANC-1 and BxPC-3 were obtained from the Insti-
tute of Biochemistry and Cell Biology at the Chinese Academy of Sciences, Shanghai, China.
The cells were routinely cultured at 37 ◦C in DMEM and RPMI 1640 medium supplemented
with 10% fetal calf serum, penicillin (100 U/mL), and streptomycin (100 mg/mL) in a CO2
incubator.

2.3. Cell Viability

The cell viability was tested using the MTT method, and cells were grown in 96-well
plates for 24 h and then incubated with test samples [49]. Fresh medium containing
10% MTT was added to the cells, and they were incubated for 4 h. The formed formazan
was dissolved using DMSO (Shanghai, China), and the absorption was measured at 490 nm
using a microplate reader.

2.4. Live/Dead Staining Determination

PANC-1 and BxPC-3 cells were seeded in a 6-well plate at a density of 2 × 105 per well
for 24 h. Then, after 24 h of treatment with different dosing groups, all cells were collected
by centrifugation and washed twice with PBS. Afterward, cells were stained with Calcein
AM/PI (Shanghai, China) and detected through fluorescence imaging [50].

2.5. ROS and GSH Levels in Cells

The ROS and GSH levels in cells were measured using DCFH-DA and GSH assay
kits [51]. This process involves treating cells with different administration groups of culture
media and observing the results at different time points. After removing the culture
medium, wash the cells were washed with PBS and incubated with the corresponding
reagent kit for 20 min. The cells were then washed three times with an FBS-free culture
medium and observed under a microscope.

2.6. Investigation of In Vitro Apoptosis

Apoptosis in different treatment groups. For the apoptosis assay, PANC-1 and BxPC-
3 cells (2 × 105 cells well−1) were treated with different treatment groups at the same
concentration for 24 h. Then, the cells were washed twice with PBS, collected by centrifuga-
tion, and stained with Annexin V-FITC/PI (Shanghai, China) reagent kit to measure their
apoptosis rate [52].

2.7. Synthesis of CuO2

CuO2 was prepared according to literature methods [53]. In short, 0.5 g of PVP was
dissolved in 5 mL of CuCl2 (0.01 M) solution, to which 5 mL of NaOH (0.02 M) solution
was added, and then stirred for some time. Next, 50 µL H2O2 (Wt: 30%) was added and
stirred for half an hour. The final product was collected by ultrafiltration (8000 rpm/min,
4 min, 4 ◦C) and washed with water three times.

2.8. Preparation of CuO2@Cu-TA@DSF/DHA

Taking our optimized design as an example, 10 mg CuO2 was merged into a 10 mL
centrifuge tube, and 5 mL CuCl2 (0.01 M) solution and 5 mL TA (0.01 M) solution were
added to fully react. Subsequently, 5 mL of DSF (0.01 M) and 5 mL of DHA (0.01 M)
solution were quickly mixed. Then the product was collected by high-speed centrifugation
(8000 rpm/min, 4 min, 4 ◦C).

2.9. Characterization of CuO2@Cu-TA@DSF/DHA

The morphology and change of the Zeta potential of the nanoparticles were character-
ized by SEM (SEM; FEI Talos F200x, Waltham, MA, USA) and DLS (ZEN3600, Malvern, UK)
measurement, respectively. Fourier transform infrared spectroscopy (FTIR) was recorded
using an infrared spectrometer (Thermo Nicolet iS20, Waltham, MA, USA), and X-ray
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photoelectron spectroscopy was performed using an XPS spectrometer (Thermo ESCALAB
250Xi, Waltham, MA, USA), and X-ray diffraction spectra were measured using an X-ray
diffractometer (Panalytical Empyrean, Almelo, The Netherlands).

2.10. Cellular Uptake CuO2@Cu-TA@DSF/DHA

Mark with Rhodamine B CuO2@Cu-TA@DSF/DHA was used to observe whether
PANC-1 cells and B×PC-3 cells could uptake the nanocarrier system. Firstly, PANC-1
and BxPC-3 cells with logarithmic growth phase were inoculated into a six-well plate and
incubated in a culture incubator for 24 h. Then, the cells were combined with those labeled
with Rhodamine B CuO2@Cu-TA@DSF/DHA and the cells were treated with fresh medium
for 2 h. Next, the cells were washed with PBS three times and stain the nuclei were stained
with Hoechst 33342 for 5 min. Finally, the uptake of CuO2@Cu-TA@DSF/DHA by cells
was observed using a fluorescence microscope.

2.11. Quantitative Real-Time Polymerase Chain Reaction (qPCR) Analysis

PANC-1 and BxPC-3 cells (2 × 105 cell wells−1) were treated with different treatment
groups at the same concentration for 24 h, and total RNA was extracted using Trizol reagent,
followed by reverse transcription using a TransGen Biotech kit (TransGen Biotech, Beijing,
China). Based on previous literature, qPCR was performed to analyze mRNA levels. The
primer sequences are listed in Supplementary Materials: Table S1.

2.12. Western Blot Analysis

PANC-1 and BxPC-3 cells were inoculated in a 6-well plate with different treatment
groups for 24 h. Subsequently, the cells were lysed, and collected, and the total protein
concentration was measured using the BCA assay kit. Protein expression was measured
using western blotting and Image J (1.4.3.67) software.

2.13. Statistical Analysis

Each experiment was repeated three times, and data were expressed as mean ± SD.
Statistical comparisons of the results were performed using a student’s t-test. p < 0.05 is
considered statistically significant.

3. Results and Discussion
3.1. Study on Anticancer of Drug Combination on PANC-1 Cells and BxPC-3 Cells

To evaluate the combined effects of DHA and DSF on PANC-1 and BxPC-3, cytotox-
icity was first evaluated. DHA and DSF inhibit the activity of PANC-1 cells and BxPC-3
cells in a concentration-dependent manner in the concentration range of 20 µM-120 µM
(Figure 1A–D), which has a certain anti-pancreatic cancer effect. Secondly, this work contin-
ued to explore whether DHA and DSF have synergistic effects. We investigated the cell via-
bility of PANC-1 and BxPC-3 cells in different ratios of DHA:DSF = 1:1, DHA:DSF = 1:2, and
DHA:DSF = 2:1 through MTT experiments, as shown in Supplementary Materials (Figure S1).
From the above figure and the investigation of the synergy index of Tables S1 and S2, it can
be seen that when the ratio of DHA: DSF is 1:1, the synergy effect is the best. This ratio
will be further investigated in the future. To further investigate the anti-cancer effect, the
living and dead cells of PANC-1 and BxPC-3 cells were stained with Calcein-AM and PI
kits, with red cells representing dead cells and green cells representing living cells. As
shown in Figure 1E,F, compared with the control group, both the single drug group and
the combined group have red fluorescence, and it is observed that the combined group
has more obvious red fluorescence than the single drug group. Mitochondria is one of the
biggest contributors of endogenous ROS, which can promote the apoptosis of tumor cells
through DNA damage, lipid peroxidation, and protein damage, thus being closely related
to the biological characteristics of tumors. Studies have shown that DHA can increase the
level of ROS, and DSF can consume GSH. Therefore, to study whether DHA combined with
DSF can synergistically amplify oxidative stress and increase the effect of ROS in pancreatic
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cancer cells PANC-1 and BxPC-3, DCFH-DA was used as a fluorescent probe detection
index. As shown in Figure 1G, the effects on ROS in PANC-1 cells and BxPC-3 cells were
investigated, respectively. The green fluorescence in the control group is the weakest and
almost invisible; in contrast, the DSF group, DHA group, and DSF/DHA group showed
green fluorescence, which confirmed the increase of ROS content in the cells. However,
when the cells were exposed to the mixed culture medium of the DSF/DHA group, the
green fluorescence was significantly higher than that of the control group and the single
drug group. The results showed that the DSF/DHA group could synergistically increase
the intracellular ROS content of pancreatic cancer cells PANC-1 and BxPC-3. ROS can
promote tumor cell apoptosis through DNA damage, lipid peroxidation, and protein dam-
age. Based on this, the apoptosis of pancreatic cancer cells PANC-1 and BxPC-3 induced
by DHA and DSF was further discussed. Apoptosis was detected by AnnexinV-FITC/PI
staining. As shown in Figure 1H, the percentage of early and late apoptotic cells increased
after treatment in DSF, DHA, and DSF/DHA groups. The apoptosis rates of PANC-1 cells
treated by the control group, DSF, DHA, and DSF/DHA groups were 4.1%, 18.06%, 20.07%,
and 27.6%, respectively. The apoptosis rates of BxPC-3 cells treated by the control group,
DSF, DHA, and DSF/DHA groups were 15.75%, 24.24%, 25.72%, and 37.5%, respectively.
Compared with the control group, the early apoptosis rate of cells in the DSF and DHA
groups increased, and the apoptosis of the DSF/DHA group was higher than that in the
DSF and DHA groups. The results showed that the DSF/DHA group could enhance cancer
cell apoptosis synergistically.

3.2. Preparation and Determination of CuO2@Cu-TA@DSF/DHA

Co-delivery of drugs with nanocarriers has great advantages. The development of
the copper peroxide-tannic acid dihydroartemisinin (CuO2@Cu-TA@DSF/DHA, CCTDD
NPs) drug delivery system will be an effective way to transport DSF and DHA. In this
paper, CuO2 was prepared using a simple method, and it was deposited on the surface of
CuO2 through the coordination of Cu2+ and TA by electrostatic adsorption, thus forming
a metal composite. As shown in Figure 2A, DLS test results show that CuO2@Cu-TA
is about 158 nm. Studies have shown that nanoparticles have passive targeting ability
when the particle size is less than 300 nm, which also proves that they can passively target
cancer cells. In addition, in Figure 2B, the morphology of the particles was photographed
by scanning electron microscope (SEM) at different magnifications, and it was found
that CuO2@Cu-TA was spherical with uniform distribution, and CuO2@Cu-TA had good
particle size and morphology, and this paper continues to study its stability. As shown
in Figure 2C, the stability of CuO2@Cu-TA was observed by DLS within 14 days, and no
obvious change was observed. In addition, as shown in Figure 2D, DLS also showed that
the Zeta potential did not change significantly within 14 days, and the Zeta potential was
negative, which would better enter the cells. Figure 2E shows the particle size change
of nanoparticles after drug loading, and the particle size will increase slightly compared
with before. To sum up, nanoparticles and drug-loaded nanoparticles have good stability
and dispersibility, which lays a foundation for the subsequent study of drug delivery
systems. To prepare CuO2@Cu-TA successfully, the whole wavelength was scanned by an
ultraviolet-visible spectrophotometer, and its absorption spectrum and peak value were
recorded. As shown in Figure 2F, CuO2 has an absorption peak, and CuO2@Cu-TA retains
the characteristic absorption spectra of CuO2 and Cu-TA, which proves that CuO2@Cu-
TA is tested electrochemically according to the redox reaction between molecules, and a
solution with a certain concentration of CuO2, Cu-TA, and CuO2@Cu-TA is obtained. The
unique electrochemical activity of each substance is distinguished according to its redox
properties. As shown in Figure 2G, CuO2 has an obvious signal peak at about 0.2 V, and TA
has an obvious signal peak at about 0.15 V. CuO2-TA composite has two signal peaks with
similar positions because the peak positions of CuO2 and TA are close, while CuO2@Cu-TA
composite has different signal peaks at three potentials, and its electronegativity has a
certain shift. Based on this, the determination of CuO2@Cu-TA was successfully prepared.
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Figure 1. Inhibitory effect of drug combination on (A) PANC-1 cells and (B) BxPC-3 cells. Cell viability
of (C) PANC-1 cells and (D) BxPC-3 cells treated with different concentrations of DHA. Evaluation of
single and dual drugs by double staining of live/dead cells (Calcein-AM/PI) of (E) PANC-1 cells
and (F) BxPC-3 cells (×10). (G) ROS generation levels after treatment with PANC-1 cells and BxPC-3
cells in different dosing groups (×10). (H) Apoptosis of PANC-1 cells and BxPC-3 cells treated with
different administration groups. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Preparation and determination of CuO2@Cu-TA@DSF/DHA. (A) Particle size distribu-
tion of CuO2@Cu-TA nanomaterials. (B) SEM characterization of CuO2@Cu-TA nanomaterials.
(C) Particle size variation within 14 days. (D) Zeta variation within 14 days. (E) Particle size distribu-
tion with and without drug loading. (F) UV absorption spectrum of CuO2, Cu-TA, CuO2@Cu-TA.
(G) Electrochemical test of CuO2, Cu-TA, CuO2@Cu-TA.
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3.3. Characterization of CuO2@Cu-TA@DSF/DHA

To investigate the level of H2O2 produced by nanoparticles, TMB was used as an index
to confirm the production of •OH in a Fenton-like reaction. The generation of •OH will
oxidize colorless TMB into blue-green oxidized TMB, showing the maximum absorption at
652 nm. The UV-visible spectra of various reaction systems are shown in Figure 3A, and the
histogram at about 650 nm is shown in Figure 3B. TMB and TMB H2O2 groups served as
negative controls. When exposed to an acidic environment with a pH of 5.5, the color of the
reaction system turned dark green; however, no obvious color change was observed in a
neutral environment with a pH of 7.4. The experimental results show that the nanoparticles
can mediate a Fenton-like reaction and produce •OH in an acidic environment without
adding extra H2O2. In addition, when adding extra H2O2, they can mediate a stronger
Fenton-like reaction and produce more •OH. To detect ROS, the oxidation reaction of KI
was also carried out. As shown in Figure 3C,D, I− can be oxidized to I3− by ROS, and
ROS has a maximum absorption peak at about 350 nm. The results obtained from the
KI experiment show a similar trend to the TMB experiment. As shown in Figure 3E, the
infrared spectra of each sample were evaluated by Fourier transform infrared (FTIR) spectra.
At 553 cm−1, 1375 cm−1 and 1496 cm−1, the characteristic absorption of DSF was attributed
to the tensile vibration of S-S, C=S, and C-N-C, respectively. The tensile vibration absorption
of C=O (1648 cm−1) and O–H (3640–3160 cm−1) are the characteristic absorption peaks
of DHA and TA. The peak of 1600–1400 cm−1 is attributed to benzene skeleton vibration,
and the peak near 1200 cm−1 is attributed to CO tensile vibration. CuO2 only shows the
characteristic peaks of PVP (1643, 1422, and 1287 cm−1) because it does not involve other
organic materials. The above characteristic absorption peaks at CuO2@Cu-TA@DSF/DHA
verify the coexistence of DSF, DHA, CuO2, and Cu-TA, proving that DSF and DHA are
successfully loaded. In addition, according to the redox reaction between molecules of
substances, the electrochemical test is carried out by the electrochemical method, and the
unique electrochemical activity of each substance is distinguished by the difference in
redox properties, as shown in Figure 3F. DHA, and DSF have obvious signal peaks at about
0.1 V and 0.6 V, respectively, and the signal peaks at 0.1 V and 0.6 V can be observed in the
compound loaded with DHA or DSF alone. However, the complex loaded with DHA and
DSF can observe signal peaks at 0.1 V and 0.6 V at the same time, which proves that DHA
and DSF are successfully loaded in CuO2@Cu-TA. In addition, according to the ultraviolet
characteristic spectra of DSF, the standard curve established to calculate the drug loading
rate of DSF was 12.79%, respectively. Similarly, DHA were 10.98%. At the same time, to
prove that DSF and Cu2+ will combine, the research shows that the ultraviolet absorption
will have a characteristic absorption peak at 400–450 nm, as shown in Figure 3G, and the
characteristic spectra will appear at 400–450 nm in an acidic environment. To sum up, the
successful load of DSF and DHA is confirmed, which will provide a basis for subsequent
research. As shown in Figure 3H, XRD results show that there are two peaks at 15◦ and
21◦, which are similar to those reported in the literature and proved to be crystalline. As
shown in Figure 3I, the XPS test shows that CuO2@Cu-TA@DSF/DHA is composed of Cu,
C, N, O, and S, and the peak of 531 eV belongs to C=O, and the peak of 532 eV belongs to
O-O in CuO2, which is very important for the self-supply of H2O2. As shown in Figure 3J,
the spectrum of Cu 2p shows two prominent peaks at 932 eV and 953 eV, and satellite
peaks at 938 eV and 957 eV, indicating the existence of Cu(II) form. Therefore, the above
experiments proved the successful synthesis of CuO2@Cu-TA@DSF/DHA.
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Figure 3. Characterization of CuO2@Cu-TA@DSF/DHA. (A) UV–vis spectra at about 650 nm.
(B) Absorption bar chart. (C) UV–vis spectra at 350 nm. (D) Absorption bar chart. (E) FTIR spectra
of each sample. (F) Electrochemical test of DHA, DSF, CuO2@Cu-TA@DSF, CuO2@Cu-TA@DHA,
CuO2@Cu-TA@DSF/DHA. (G) UV spectrum of Cu2+ complexation with DSF. (H) XRD patterns of
CuO2@Cu-TA@DSF/DHA. (I) XPS spectrum of CuO2@Cu-TA@DSF/DHA. (J) Cu 2p XPS spectrum
of CuO2@Cu-TA@DSF/DHA.

3.4. Synergistic Anticancer Effect of CuO2@Cu-TA@DSF/DHA In Vitro

To investigate the uptake capacity of CuO2@Cu-TA@DSF/DHA (CCTDD NPs), Rho-
damine B was used to label CCTDD NPs. As shown in Figure 4A,B, the uptake of PANC-1
cells and BxPC-3 cells were investigated respectively. In the control group, there was
only a blue fluorescence signal, while in Rhodamine B labeled CCTDD NPs, there were
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strong red fluorescence signals in the cytoplasm of PANC-1 cells and BxPC-3 cells. The
results showed that CCTDD NPs could be successfully endocytosed into cancer cells.
Nano-material is a good drug delivery system, and its compatibility and safety cannot be
ignored. As shown in Figure 4C,D, cells incubated with different concentrations of the
blank carrier for 24 h still showed a high survival rate, and even incubated for 24 h at
the concentration of 0.32 mg/mL, the cell survival rate still had no significant effect. It is
proved that CuO2@Cu-TA has certain security. As shown in Figure 4E,F, the cell viability of
different administration groups was investigated. From the figure, it can be seen that the
CCTDD NPs group has significant cytotoxicity. To sum up, this drug delivery system has
a good anti-pancreatic cancer effect. In the early stage, it was confirmed that DSF/DHA
can enhance ROS. Here, we will explore the influence of CCTDD NPs on ROS level. Under
the response of the tumor microenvironment, TA can transform Cu2+ into Cu+, and H2O2
into •OH, which can induce CDT to kill cancer cells through the Fenton reaction. However,
CuO2 releases copper ions and H2O2 in the tumor environment, realizing enhanced CDT
effect and producing obvious ROS. Therefore, the effects of different administration groups
on intracellular ROS were evaluated. As shown in Figure 4G, the control group, DSF group,
and DHA group, have weak fluorescence, the DSF/DHA group has certain fluorescence,
and the CCTDD NPs group has the highest fluorescence. Therefore, it is confirmed that the
large production of ROS in the CCTDD NPs group may be related to the synergistic effect
between drugs and carriers. Increasing ROS level is accompanied by consumption of GSH
levels. To detect the GSH level, as shown in Figure 4H,I, the GSH levels in PANC-1 cells and
BxPC-3 cells were investigated respectively. As can be seen from the figure, compared with
the control group, the DSF, DHA, and DSF/DHA groups have a certain GSH consumption
capacity, while the CCTDD NPs group has a more obvious GSH consumption capacity than
other groups. To sum up, the CCTDD NPs have good GSH consumption capacity. As shown
in Figure 4J, the apoptosis levels of PANC-1 cells and BxPC-3 cells in different administration
groups were investigated respectively. The apoptosis rates of PANC-1 cells treated by the
control group, DSF group, DHA group, and DSF/DHA group were 3.91%, 14.16%, 14.39%,
20.35%, and 47.2%, respectively. The apoptosis rates of BxPC-3 cells treated by the control
group, DSF group, DHA group, and DSF/DHA group were 15.29%, 20.94%, 25.1%, 28.4%,
and 38.82%, respectively. Compared with other drug groups, the CCTDD NPs group showed
the highest apoptosis rate. The CCTDD NPs have a good anti-pancreatic cancer effect.

3.5. Study on Anticancer Mechanism In Vitro

A large number of studies show that the production of ROS will activate MAPK to play
a role, and different MAPK pathways will play different biological roles. The proliferation
and differentiation of cells are realized through the ERK signaling pathway; apoptosis and
inflammatory reaction of cells are realized through JNK and P38. Therefore, we made a
preliminary study through a qPCR experiment. As shown in Supplementary Figure S2,
compared with other groups, the mRNA levels of JNK, ERK, and P38 of the CCTDD NPs
group were significantly increased, which preliminarily proved that CCTDD NPs may play
a role through MAPK. Figure 5A is the western blot analysis chart of MAPK pathway-
related proteins, and Figure 5B–D is the quantitative analysis chart. Compared with other
groups, the protein expression levels of JNK, ERK, and P38 in the CCTDD NPs group have
not changed, but the protein expression levels of p-JNK, p-ERK, and p-P38 have increased
significantly. Figure 5E is the protein western blot analysis chart of Bcl-2 and Bax, and
Figure 5F,G is the quantitative analysis chart. After the CCTDD NPs group treatment, the
expression of Bcl-2 protein is the least, and the expression of Bax protein is the most. It can
be proved that CCTDD NPs may mediate the biological process of cells through the MAPK
signaling pathway.
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Figure 4. Synergistic anticancer effect of CuO2@Cu-TA@DSF/DHA in vitro. Fluorescence image
of (A) PANC-1 cells and (B) BxPC-3 cells incubated with Rhodamine B-CCTDD NPs for 2 h and
co-located with nuclear dye Hoechst33342 (×10). Different concentration treatment of CuO2@Cu-TA
on cell viability of (C) PANC-1 cells and (D) BxPC-3 cells. The effect of different administration groups
on the viability of (E) PANC-1 cells and (F) BxPC-3 cells. (G) Measurement of ROS fluorescence of
PANC-1 cells and BxPC-3 cells after treatment with different administration groups (×10). GSH
levels in (H) PANC-1 cells and (I) BxPC-3 cells after treatment in different treatment groups. (J) The
effect of different treatment groups on the apoptosis rate of PANC-1 cells and BxPC-3 cells. * p < 0.05,
** p < 0.01, *** p < 0.001.
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Figure 5. Study on anticancer mechanism in vitro. (A) Western blot analysis of P38, ERK, and JNK
protein expression levels in PANC-1 cells treated with different administration groups. (B) Quan-
titative analysis of p-P38/P38. (C) Quantitative analysis of p-ERK/ERK. (D) Quantitative analysis
of p-JNK/JNK. (E) Western blot analysis of Bcl-2 and Bax protein expression levels in PANC-1 cells
treated with different administration groups. (F) Quantitative analysis of Bcl-2. (G) Quantitative
analysis of Bax. * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Conclusions

In summary, a biodegradable nano drug delivery system CuO2@Cu-TA@DSF/DHA
has been developed (CCTDD NPs) and is used to deliver DSF and DHA to enhance
combination therapy. In vitro experiments have shown that CuO2@Cu-TA @DSF/DHA
can release Cu2+-mediated Fenton-like reactions in tumor microenvironment and produce
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•OH without the need for additional H2O2. It is interesting that when additional H2O2 is
added, CCTDD NPs can mediate stronger Fenton-like reactions and produce more •OH.
The results of cytotoxicity test and flow cytometry showed that CCTDD NPs had a good
anti-pancreatic cancer effect. This is mainly due to the interaction between Cu2+ and DHA,
which enhances the drug’s enhancement effect and achieves ROS amplification through
the cleavage of internal peroxide bridges mediated by Cu2+ and the formation of toxic
free radicals. At the same time, Cu2+ chelates with DSF to form CuET, consumes GSH,
enhances ROS, and enhances the efficacy of DSF. In addition, western blot results showed
that CCTDD NPs significantly increased the protein expression of p-JNK, p-ERK, and p-P38,
while the protein expression of JNK, ERK, and P38 was basically unchanged, indicating that
CCTDD NPs can regulate the MAPK pathway to achieve the effect of treating pancreatic
cancer cells. The therapeutic effect of this therapeutic nano platform has been confirmed
through in vitro experiments, in which the growth of pancreatic cancer cells is significantly
inhibited, and its toxic effect on healthy tissues/cells can be ignored. In conclusion, this
nano drug loading system can play a role by enhancing ROS production and regulating
MAPK pathway, which will provide a basis for pancreatic cancer synergistic treatment and
provide new strategies for pancreatic cancer treatment.
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PANC-1 cells and BxPC-3 cells treated with different administration groups.

Author Contributions: S.S.: conceptualization, Methodology, Practical guidance. J.Z. (Jiaru Zhang),
Z.L.: data curation, writing—original draft preparation and performed the experiments. Z.X., S.Y.:
software and database analysis and performed the experiments. Y.C., Y.Z., J.Z. (Jing Zhang), N.Z.
and X.D.: Contributed reagents/materials/analysis tools. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Project of Science and Technology of Social Develop-
ment in Shaanxi Province grant number [No. 2024SF-YBXM-251], Qin Chuangyuan Traditional
Chinese Medicine Innovation Research and Development Project grant number [No. 2022-QCYZH-
052], Key R&D Projects of Ningxia Hui Nationality Autonomous Region in 2022 grant number
[No. 2022ZDYF0410].

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stoop, T.F.; Theijse, R.T.; Seelen, L.W.F.; Groot Koerkamp, B.; van Eijck, C.H.J.; Wolfgang, C.L.; van Tienhoven, G.; van Santvoort,

H.C.; Molenaar, I.Q.; Wilmink, J.W.; et al. Preoperative chemotherapy, radiotherapy and surgical decision-making in patients
with borderline resectable and locally advanced pancreatic cancer. Nat. Rev. Gastroenterol. Hepatol. 2024, 21, 101–124. [CrossRef]
[PubMed]

2. Martinez-Cannon, B.A.; Castro-Sanchez, A.; Barragan-Carrillo, R.; de la Rosa Pacheco, S.; Platas, A.; Fonseca, A.; Vega, Y.;
Bojorquez-Velazquez, K.; Bargallo-Rocha, J.E.; Mohar, A.; et al. Adherence to adjuvant tamoxifen in mexican young women with
breast cancer. Patient Prefer. Adherence 2021, 15, 1039–1049. [CrossRef] [PubMed]

3. Ryan, D.P.; Hong, T.S.; Bardeesy, N. Pancreatic adenocarcinoma. N. Engl. J. Med. 2014, 371, 1039–1049. [CrossRef] [PubMed]
4. Satoh, K. Molecular approaches using body fluid for the early detection of pancreatic cancer. Diagnostics 2021, 11, 375. [CrossRef]
5. Li, J.; Fu, C.; Zhao, S.; Pu, Y.; Yang, F.; Zeng, S.; Yang, C.; Gao, H.; Chen, L. The progress of PET/MRI in clinical management of

patients with pancreatic malignant lesions. Front. Oncol. 2023, 13, 920896. [CrossRef]
6. Hong, J.C.; Czito, B.G.; Willett, C.G.; Palta, M. A current perspective on stereotactic body radiation therapy for pancreatic cancer.

OncoTargets Ther. 2016, 9, 6733–6739. [CrossRef]
7. Latchana, N.; Davis, L.; Coburn, N.G.; Mahar, A.; Liu, Y.; Hammad, A.; Kagedan, D.; Elmi, M.; Siddiqui, M.; Earle, C.C.; et al.

Population-based study of the impact of surgical and adjuvant therapy at the same or a different institution on survival of patients
with pancreatic adenocarcinoma. BJS Open 2019, 3, 85–94. [CrossRef]

8. Khan, S.; Jaggi, M.; Chauhan, S.C. Revisiting stroma in pancreatic cancer. Oncoscience 2015, 2, 819. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics16121614/s1
https://www.mdpi.com/article/10.3390/pharmaceutics16121614/s1
https://doi.org/10.1038/s41575-023-00856-2
https://www.ncbi.nlm.nih.gov/pubmed/38036745
https://doi.org/10.2147/PPA.S296747
https://www.ncbi.nlm.nih.gov/pubmed/34040357
https://doi.org/10.1056/NEJMra1404198
https://www.ncbi.nlm.nih.gov/pubmed/25207767
https://doi.org/10.3390/diagnostics11020375
https://doi.org/10.3389/fonc.2023.920896
https://doi.org/10.2147/OTT.S99826
https://doi.org/10.1002/bjs5.50115
https://doi.org/10.18632/oncoscience.198


Pharmaceutics 2024, 16, 1614 15 of 16

9. Hartupee, C.; Nagalo, B.M.; Chabu, C.Y.; Tesfay, M.Z.; Coleman-Barnett, J.; West, J.T.; Moaven, O. Pancreatic cancer tumor
microenvironment is a major therapeutic barrier and target. Front. Immunol. 2024, 15, 1287459. [CrossRef]

10. Henze, J.; Tacke, F.; Hardt, O.; Alves, F. Enhancing the efficacy of CAR T cells in the tumor microenvironment of pancreatic cancer.
Cancers 2020, 12, 1389. [CrossRef]

11. Wei, L.; Sun, J.; Wang, X.; Huang, Y.; Huang, L.; Han, L.; Zheng, Y.; Xu, Y.; Zhang, N.; Yang, M. Noncoding RNAs: An emerging
modulator of drug resistance in pancreatic cancer. Front. Cell Dev. Biol. 2023, 11, 1226639. [CrossRef] [PubMed]

12. Glorieux, C.; Liu, S.; Trachootham, D.; Huang, P. Targeting ROS in cancer: Rationale and strategies. Nat. Rev. Drug. Discov. 2024,
23, 583–606. [CrossRef] [PubMed]

13. Atkinson, S.P. A Preview of Selected Articles. Stem Cells Transl. Med. 2018, 7, 839. [CrossRef] [PubMed]
14. Ameziane-El-Hassani, R.; Dupuy, C. Detection of reactive oxygen species in cells undergoing oncogene-induced senescence.

Oncogene-Induc. Senescence Methods Protoc. 2017, 1534, 139–145.
15. Glorieux, C.; Xia, X.; He, Y.Q.; Hu, Y.; Cremer, K.; Robert, A.; Liu, J.; Wang, F.; Ling, J.; Chiao, P.J.; et al. Regulation of PD-L1

expression in K-ras-driven cancers through ROS-mediated FGFR1 signaling. Redox Biol. 2021, 38, 101780. [CrossRef]
16. Plotnikov, E.Y.; Zorov, D.B. Pros and cons of the use of mitochondria-targeted antioxidants. Antioxidants 2019, 8, 316. [CrossRef]
17. Li, Y.; Yang, J.; Sun, X. Reactive oxygen species-based nanomaterials for cancer therapy. Front. Chem. 2021, 9, 650587. [CrossRef]
18. Durand, N.; Storz, P. Targeting reactive oxygen species in development and progression of pancreatic cancer. Expert Rev. Anticancer

Ther. 2017, 17, 19–31. [CrossRef]
19. Asantewaa, G.; Harris, I.S. Glutathione and its precursors in cancer. Curr. Opin. Biotechnol. 2021, 68, 292–299. [CrossRef]
20. Lin, Y.; Chen, X.; Yu, C.; Xu, G.; Nie, X.; Cheng, Y.; Luan, Y.; Song, Q. Radiotherapy-mediated redox homeostasis-controllable

nanomedicine for enhanced ferroptosis sensitivity in tumor therapy. Acta Biomater. 2023, 159, 300–311. [CrossRef]
21. Li, B.; Bu, S.; Sun, J.; Guo, Y.; Lai, D. Artemisinin derivatives inhibit epithelial ovarian cancer cells via autophagy-mediated cell

cycle arrest. Acta Biochim. Biophys. Sin. 2018, 50, 1227–1235. [CrossRef] [PubMed]
22. Hernandez Maldonado, J.; Grundmann, O. Drug-drug interactions of artemisinin-based combination therapies in malaria

treatment: A narrative review of the literature. J. Clin. Pharmacol. 2022, 62, 1197–1205. [CrossRef] [PubMed]
23. Hu, B.Q.; Huang, J.F.; Niu, K.; Zhou, J.; Wang, N.N.; Liu, Y. B7-H3 but not PD-L1 is involved in the antitumor effects of

dihydroartemisinin in non-small cell lung cancer. Eur. J. Pharmacol. 2023, 950, 175746. [CrossRef] [PubMed]
24. Zhang, S.; Shi, L.; Ma, H.; Li, H.; Li, Y.; Lu, Y.; Wang, Q.; Li, W. Dihydroartemisinin induces apoptosis in human gastric cancer cell

line BGC-823 through activation of JNK1/2 and p38 MAPK signaling pathways. J. Recept. Signal Transduct. 2017, 37, 174–180.
[CrossRef]

25. Zhang, Y.; Zhang, X.; Zhou, B. Zinc Protoporphyrin-9 Potentiates the Anticancer Activity of Dihydroartemisinin. Antioxidants
2023, 12, 250. [CrossRef]

26. Huang, D.; Xu, D.; Chen, W.; Wu, R.; Wen, Y.; Liu, A.; Lin, L.; Lin, X.; Wang, X. Fe-MnO2 nanosheets loading dihydroartemisinin
for ferroptosis and immunotherapy. Biomed. Pharmacother. 2023, 161, 114431. [CrossRef]

27. Bader, S.; Wilmers, J.; Pelzer, M.; Jendrossek, V.; Rudner, J. Activation of the anti-oxidant Keap1/Nrf2 pathway modulates the
efficacy of dihydroartemisinin-based monotherapy and combinatory therapy with ionizing radiation. Free Radic. Biol. Med. 2021,
168, 44–54. [CrossRef]

28. Wang, Q.; Qin, W.; Qiao, L.; Gao, M.; Zhou, M.; Zhang, H.; Sun, Q.; Yao, W.; Yang, T.; Ren, X.; et al. Biomimetic nanophotosensitizer
amplifies immunogenic pyroptosis and triggers synergistic cancer therapy. Adv. Healthc. Mater. 2023, 12, 2301641. [CrossRef]

29. Siddharth, S.; Kuppusamy, P.; Wu, Q.; Nagalingam, A.; Saxena, N.K.; Sharma, D. Metformin enhances the anti-cancer efficacy of
sorafenib via suppressing MAPK/ERK/Stat3 axis in hepatocellular carcinoma. Int. J. Mol. Sci. 2022, 23, 8083. [CrossRef]

30. Zeng, M.; Wu, B.; Wei, W.; Jiang, Z.; Li, P.; Quan, Y.; Hu, X. Disulfiram: A novel repurposed drug for cancer therapy. Cancer
Chemother. Pharmacol. 2021, 87, 159–172. [CrossRef]

31. Park, Y.M.; Go, Y.Y.; Shin, S.H.; Cho, J.G.; Woo, J.S.; Song, J.J. Anti-cancer effects of disulfiram in head and neck squamous cell
carcinoma via autophagic cell death. PLoS ONE 2018, 13, e0203069. [CrossRef] [PubMed]

32. Kannappan, V.; Ali, M.; Small, B.; Rajendran, G.; Elzhenni, S.; Taj, H.; Wang, W.; Dou, Q.P. Recent advances in repurposing
disulfiram and disulfiram derivatives as copper-dependent anticancer agents. Front. Mol. Biosci. 2021, 8, 741316. [CrossRef]
[PubMed]

33. Zhang, P.; Zhou, C.; Ren, X.; Jing, Q.; Gao, Y.; Yang, C.; Shen, Y.; Zhou, Y.; Hu, W.; Jin, F.; et al. Inhibiting the compensatory
elevation of xCT collaborates with disulfiram/copper-induced GSH consumption for cascade ferroptosis and cuproptosis. Redox
Biol. 2024, 69, 103007. [CrossRef] [PubMed]

34. Wu, W.; Yu, L.; Jiang, Q.; Huo, M.; Lin, H.; Wang, L.; Chen, Y.; Shi, J. Enhanced tumor-specific disulfiram chemotherapy by in situ
Cu2+ chelation-initiated nontoxicity-to-toxicity transition. J. Am. Chem. Soc. 2019, 141, 11531–11539. [CrossRef] [PubMed]

35. Yip, N.C.; Fombon, I.S.; Liu, P.; Brown, S.; Kannappan, V.; Armesilla, A.L.; Xu, B.; Cassidy, J.; Darling, J.L.; Wang, W. Disulfiram
modulated ROS-MAPK and NF-κB pathways and targeted breast cancer cells with cancer stem cell-like properties. Br. J. Cancer.
2011, 104, 1564–1574. [CrossRef]

36. Zönnchen, J.; Gantner, J.; Lapin, D.; Barthel, K.; Eschen-Lippold, L.; Erickson, J.L.; Villanueva, S.L.; Zantop, S.; Kretschmer, C.;
Joosten, M.H.A.J.; et al. EDS1 complexes are not required for PRR responses and execute TNL-ETI from the nucleus in nicotiana
benthamiana. New Phytol. 2022, 236, 2249–2264. [CrossRef]

https://doi.org/10.3389/fimmu.2024.1287459
https://doi.org/10.3390/cancers12061389
https://doi.org/10.3389/fcell.2023.1226639
https://www.ncbi.nlm.nih.gov/pubmed/37560164
https://doi.org/10.1038/s41573-024-00979-4
https://www.ncbi.nlm.nih.gov/pubmed/38982305
https://doi.org/10.1002/sctm.18-0241
https://www.ncbi.nlm.nih.gov/pubmed/30499243
https://doi.org/10.1016/j.redox.2020.101780
https://doi.org/10.3390/antiox8080316
https://doi.org/10.3389/fchem.2021.650587
https://doi.org/10.1080/14737140.2017.1261017
https://doi.org/10.1016/j.copbio.2021.03.001
https://doi.org/10.1016/j.actbio.2023.01.022
https://doi.org/10.1093/abbs/gmy125
https://www.ncbi.nlm.nih.gov/pubmed/30395153
https://doi.org/10.1002/jcph.2073
https://www.ncbi.nlm.nih.gov/pubmed/35543380
https://doi.org/10.1016/j.ejphar.2023.175746
https://www.ncbi.nlm.nih.gov/pubmed/37105515
https://doi.org/10.1080/10799893.2016.1203942
https://doi.org/10.3390/antiox12020250
https://doi.org/10.1016/j.biopha.2023.114431
https://doi.org/10.1016/j.freeradbiomed.2021.03.024
https://doi.org/10.1002/adhm.202301641
https://doi.org/10.3390/ijms23158083
https://doi.org/10.1097/CM9.0000000000002909
https://doi.org/10.1371/journal.pone.0203069
https://www.ncbi.nlm.nih.gov/pubmed/30212479
https://doi.org/10.3389/fmolb.2021.741316
https://www.ncbi.nlm.nih.gov/pubmed/34604310
https://doi.org/10.1016/j.redox.2023.103007
https://www.ncbi.nlm.nih.gov/pubmed/38150993
https://doi.org/10.1021/jacs.9b03503
https://www.ncbi.nlm.nih.gov/pubmed/31251050
https://doi.org/10.1038/bjc.2011.126
https://doi.org/10.1111/nph.18511


Pharmaceutics 2024, 16, 1614 16 of 16

37. Awasthi, A.; Raju, M.B.; Rahman, M.A. Current insights of inhibitors of p38 mitogen-activated protein kinase in inflammation.
Med. Chem. 2021, 17, 555–575. [CrossRef]

38. Mohanan, A.; Washimkar, K.R.; Mugale, M.N. Unraveling the interplay between vital organelle stress and oxidative stress in
idiopathic pulmonary fibrosis. Biochim. Biophys. Acta Mol. Cell Res. 2024, 1871, 119676. [CrossRef]

39. Song, T.; Yang, G.; Zhang, H.; Li, M.; Zhou, W.; Zheng, C.; You, F.; Wu, C.; Liu, Y.; Song, H. Enhanced ferroptosis therapy with a
“nano-destructor” by disrupting intracellular redox and iron homeostasis. Nano Today 2023, 51, 101896. [CrossRef]

40. Li, Q.; Chao, Y.; Liu, B.; Xiao, Z.; Yang, Z.; Wu, Y.; Liu, Z. Disulfiram loaded calcium phosphate nanoparticles for enhanced cancer
immunotherapy. Biomaterials 2022, 291, 121880. [CrossRef]

41. Tang, Z.; Jiang, S.; Tang, W.; He, Q.; Wei, H.; Jin, C.; Wang, S.; Zhang, H. H2O2 self-supplying and GSH-depleting nanocatalyst for
copper metabolism-based synergistic chemodynamic therapy and chemotherapy. Mol. Pharm. 2023, 20, 1717–1728. [CrossRef]
[PubMed]

42. Rahim, M.A.; Kristufek, S.L.; Pan, S.; Richardson, J.J.; Caruso, F. Phenolic building blocks for the assembly of functional materials.
Angew. Chem. Int. Ed. 2019, 58, 1904–1927. [CrossRef] [PubMed]

43. Yang, P.; Zhu, F.; Zhang, Z.; Cheng, Y.; Wang, Z.; Li, Y. Stimuli-responsive polydopamine-based smart materials. Chem. Soc. Rev.
2021, 50, 8319–8343. [CrossRef] [PubMed]

44. Zhou, J.; Lin, Z.; Ju, Y.; Rahim, M.A.; Richardson, J.J.; Caruso, F. Polyphenol-mediated assembly for particle engineering. Acc.
Chem. Res. 2020, 53, 1269–1278. [CrossRef]

45. Geng, H.; Zhong, Q.Z.; Li, J.; Lin, Z.; Cui, J.; Caruso, F.; Hao, J. Metal ion-directed functional metal–phenolic materials. Chem. Rev.
2022, 122, 11432–11473. [CrossRef]
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