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Oxidative stress induced by reactive oxygen species (ROS) is promising treatment approach for pancreatic ductal
adenocarcinoma (PDAC), which is typically insensitive to conventional chemotherapy. In this study, BxPC-3
pancreatic cancer cell membrane-coated upconversion nanoparticles/ZnyMn; S core-shell nanoparticles
(abbreviated as BUC@ZMS) were developed for tumor-targeted cancer therapy via synergistically oxidative stress
and overcoming glutathione (GSH) overexpression. Using a combination of photodynamic therapy (PDT) and
chemodynamic therapy (CDT), the BUC@ZMS core-shell nanoparticles were able to elicit the death of pancreatic
cancer cells through the high production of ROS. Additionally, the BUC@ZMS core-shell nanoparticles could
deplete intracellular GSH and increase the sensitivity of tumor cells to oxidative stress. The in vivo results
indicated that BUC@ZMS nanoparticles can accumulate specifically in tumor locations and suppress PDAC
without generating obvious toxicity. Thus, it was determined that the as-prepared core-shell nanoparticles would
be a viable treatment option for solid malignancies.

1. Introduction cell death, but that are conducive to tumor growth and progression,
therefore causing endogenous tolerance to first-line chemotherapeutics

Pancreatic ductal adenocarcinoma (PDAC) is among the most [5,6]. In an extreme scenario, however, excessive ROS accumulation can

aggressive malignancies, with a 5-year survival rate of 9% [1]. The poor
prognosis stems from the advanced stage of the disease at diagnosis, the
loss of surgical alternatives, and the limited sensitivity and efficacy of
traditional chemotherapeutic regimens [2,3]. Therefore, it is imperative
to develop more effective and safer treatments for PDAC. In 90% of cases
of PDAC, oncogenic mutations of KRAS (a protein family implicated in
cell signaling pathways) are identified [4]. These alterations result in the
production of ROS at levels lower than those that cause senescence or

induce pancreatic cancer cell death [7,8]. Consequently, ROS-based
therapies such as photodynamic [9], chemodynamic [10,11], and
sonodynamic therapies [12] have recently been developed to address
PDAC therapeutic challenges.

Photodynamic therapy (PDT) has came into view as a prospective
alternative therapy for patients with unresectable pancreatic cancer due
to its efficacy against chemotherapy-resistant and radio-resistant cells
[13]. Nevertheless, PDT frequently confronts the issue of low efficiency
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brought on by solid tumor hypoxia. A promising therapeutic approach
for PDAC involves further boosting already raised ROS levels over the
threshold necessary for cytotoxicity [7,8]. Chemodynamic therapy
(CDT) can transforms HyO9 into highly cytotoxic hydroxyl radicals
(eOH) through Fenton/Fenton-like reaction to produce more ROS and
trigger severe oxidative damage for cancer synergistic therapy [14,15].
Moreover, CDT can overcome the limitation of tissue depth and hypoxia
in tumor microenvironment (TME) [16,17]. Chen et al. application of
CDT to PDAC revealed that the nanocomplex specifically stimulated the
Fenton reaction to induce oxidative damage to cancer cells and suppress
tumor growth without observable adverse effects [18]. Therefore,
increasing ROS levels to achieve the synergistic impact of PDT and CDT
in this study may be able to overcome pancreatic cancer cells’ intrinsic
resistance.

In this work, the core-shell nanoparticles comprised of upconversion
nanoparticles (UCNPs) and ZnyMn; S (abbreviated as ZMS) was pro-
posed to fabricated firstly, which would be coated with BxPC-3
pancreatic cancer cell membrane (denoted as BUC@ZMS) for
improved homologous targeting and combination therapies of pancre-
atic tumors (Scheme 1). The UCNPs give emissions in the ultraviolet
(UV) light under 980 nm laser irradiation [19,20], would can be excited
the shell (ZMS) to produce ROS via fluorescence resonance energy
transfer (FRET) [21-23]. The shell of ZMS could react with HyO in the
tumor’s slightly acidic environment to form cytotoxic e¢OH, while syn-
ergistic consumption of intracellular glutathione (GSH) reduces ¢OH
elimination and enhances the Fenton-like reaction efficiency.
BUC@ZMS was transported to tumor tissues by homologous targeting of
cancer cell membrane, displaying high tumor tissue targeting and con-
verting the restricted passive endocytosis of nanoparticles to active
targeting, which is expected to accomplish tumor precision therapy. As
expected, under the homologous targeting effect on pancreatic cancer,
the oxidative stress induced by PDT/CDT synergy and the effect on
overcoming GSH overexpression are effective in the treatment of PDAC.

2. Materials and methods
2.1. Materials

Our group proposed a sequential growth protocol for generating
NaYF4:Yb (30%), Tm (0.5%)@NaYF,4 (abbreviated as UCNPs) core-shell
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nanoparticles, UCNPs@ZnO and UCNPs@ZnS nanoparticles with good
dispersibility [24].

2.2. Synthesis of UC@ZMS core-shell nanoparticles

A classic approach included adding 0.45 mmol of UCNPs@ZnS to 30
mL of ethylene glycol solution containing 0.45 mmol of manganese
acetate, followed by stirring for 20 min. After that, 1 mL ammonia and
0.45 mmol r-cysteine were added to the aforesaid mixture and stirred
continuously for 60 min to generate brownish yellow solution milky
dispersion. The above solution was then transferred to the reaction
kettle and reacted at 120 °C for 2 h.

2.3. Preparation and characterization of BUC@ZMS

Cell membrane of BxPC-3 were extracted according to previous
research with some modifications [25,26]. The cancer cell membrane
coated UC@ZMS was obtained by direct extrusion. A mixture of BxPC-3
cell membrane and UC@ZMS was extruded from a liposome extruder
loaded with 400 nm polycarbonate membrane to produce
membrane-modified UC@ZMS (abbreviated BUC@ZMS). Protein pro-
files of the obtained BxPC-3 cell membranes, BxPC-3 cancer cell and
BUC@ZMS were extracted with RIPA buffer and were analyzed by the
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
After being stained with Coomassie brilliant blue, rinse with deionized
water for observation and imaging of the electrophoresis gel. ChemiDoc
XRS was used to obtain the band images. Western blot analysis was used
to identify specific protein markers present on the cell membrane.
Briefly, the sample lysates obtained from the cells were electrophoreti-
cally separated and transferred to polyvinylidene difluoride (PVDF)
membranes (MerckMinipore, IPVH00010). 1% BSA blocking solution
was applied to block the membrane for 2 h, followed by overnight in-
cubation with an anti-Na'/K'-ATPase primary antibody at 4 °C. Sec-
ondary antibodies were then used to bind to the primary antibody.

2.4. Characterizations

The nanoparticles were characterized for surface morphology, phase,
X-ray photoelectron spectra (XPS), X-ray diffraction (XRD), chemical
composition, crystal phase, fluorescence and optical properties based on
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Scheme 1. Schematic illustration of BUC@ZMS core-shell nanoparticles designed for synergetic PDT/CDT and tumor-targeted therapy for pancreatic cancer model.
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our previous protocols or instruments [24,27]. Hitachi U-5100 spec-
trophotometer (Hitachi High-Technology Corporation) was used to
detect UV-Vis-NIR absorption spectra. The morphology of UC@ZMS
and BUC@ZMS were obtained by transmission electron microscope
(TEM). The particle size and zeta potential were measured by dynamic
light scattering at room temperature. Fluorescence images were recor-
ded using a confocal laser scanning microscope (CLSM) (LMS-800, Carl
Zeiss). All animal experiments were authorized by the Ethical Com-
mittee of Anhui Medical University (approval number: LLSC20210077).

2.5. Ability of BUC@ZMS to target homologous cancer cells

UC@ZMS or BUC@ZMS was labeled with Cy5.5 (UC@ZMS-Cy5.5 or
BUC@ZMS-Cy5.5) to evaluate the targeting potential of BUC@ZMS for
homologous tumor cells, and CLSM was performed to evaluate the ab-
sorption of BUC@ZMS-Cy5.5 by different cell lines. A density of 10° cells
per dish of cells (BxPC-3, 3T3, 4T1 and PANC-1) were seeded into
confocal culture dishes respectively and incubated overnight, fresh
medium containing UC@ZMS-Cy5.5 or BUC@ZMS-Cy5.5 at gradient
concentrations (25, 50, 75, pg mL ') was used to replace the medium
and incubated for 4 h. After gently washing the cells three times with
pre-cooled PBS, the treated cells nuclei were counterstained with DAPI,
and Cy5.5 fluorescence was detected using CLSM. Fluorescence intensity
was analyzed using Image j8.0. The fluorescence intensity of varied
concentrations (25, 50, 75, ug mL’l) of BUC@ZMS-Cy5.5 endocytosed
by BxPC-3 cells was assessed by flow cytometry. A density of 5 x 10*
cells per well of BXxPC-3 cells were inoculated into 6-well plates and
incubated for 18 h. Following that, fresh medium with varyings doses of
BUC@ZMS-Cy5.5 was introduced and incubated for another 4 h. Before
the fluorescence intensity of Cy5.5 was measured by flow cytometry, the
collected processed cells were gently washed three times with pre-
cooled PBS.

2.6. Cytotoxicity experiment

A CCKS8 test was used to determine the cytotoxicity of BUC@ZMS
against 3T3, HUVECs and BxPC-3 cells, which were used as control and
tumor cell models, respectively. The cells were inoculated into 96-well
plates with a density of 10* cells per well for cytotoxicity test. After
24 h of culturing, replace the culture medium with 10% FBS-medium
containing UC@ZMS or BUC@ZMS in dose series concentrations (O,
12.5, 25, 50, 100, and 150 pg mL 1), and culture media as the control
group. For PDT or CDT groups or PDT combined with CDT groups, cells
were incubated with BUC@ZMS for 4 h before prior to exposure to NIR
laser irradiation (980 nm, 1 W c¢m~2) for 3 min or/and H205 (100 pM)
treatment. After continued incubation for 24 h, cells were incubated
with Cell Counting Kit-8 (GLPBIO Co. Ltd) for 2 h, and the absorbance
value at 450 nm was measured to estimate cell viability.

2.7. Apoptosis

Cell apoptosis was quantitatively observed by flow cytometry. A
density of 10° cells/well of BxPC-3 cells was inoculated on 6-well plates
and incubated for 24 h. The cells were subsequently cultured with new
media containing BUC@ZMS (50 pg mL™!) for 4 h, then incubated with
or without HyO2 (100 pM) for 2 h, then irradiated with 980 nm laser (1
W cm™ ) or without irradiation for 3 min, and then incubated with fresh
medium for 12 h. After the cells were digested and collected, the
Annexin V-FITC/PI labeled cells were detected by flow cytometry and
the apoptosis rate was calculated.

2.8. In vitro ROS measurement
2/,7'-Dichlorofluorescein diacetate (DCFH-DA) (Beyotime, China)

was used to detecte intracellular ROS production. A density of 10° cells/
dish of BxPC-3 cells was seeded into confocal culture dishes and
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incubated overnight. After a further 4 h of incubation with fresh DMEM
media containing BUC@ZMS (100 pg mL 1), the cells were subsequently
incubated with or without HyO5 (100 pM) for 2 h and exposed or not to
NIR (980 nm, 1 W em 2, 3 min). Following that, to produce a green
fluorescent material (DCF), the cells were treated with DCFH-DA (10
pM) for 30 min. Free DCFH-DA was completely removed by gentle
washing with PBS, followed by the confocal imaging of the intracellular
green fluorescence with CLSM after DAPI staining (Beyotime, China).

2.9. In vivo antitumor therapeutic efficacy

BxPC-3 tumor-bearing mice were randomized divided into six groups
at random and received the following treatments once their tumor vol-
ume reached about 100 mm®: (1) PBS (control group), (2) PBS + NIR
(placebo control group), (3) BUC@ZMS (CDT and homologous target
group), (4) BUC@QZMS +0.5 W cm 2 NIR (PDT combine CDT and ho-
mologous target group), (5) RUC@ZMS +1 W em 2 NIR (PDT combine
CDT group), and (6) BUC@ZMS +1.0 W c¢cm~? NIR (PDT-enhanced
combine CDT and homologous target group). A dose of 10 mg kg ™! of NP
was given to the mice, and the (4), (5) and (6) groups were irradiated
with NIR (980 nm, 1 W cm™2) for 10 min at 4 h after injection. The mice
body temperatures were monitored and kept below 38 °C throughout
the exposure with an infrared thermal imaging camera. Tumor volume
and weight were assessed every 2 days in all mice. On the 14th day after
treatment, all mice were sacrificed, and the tumor tissues were stained
with H&E, TUNEL and Ki-67, and the major organs were stained with
H&E.

3. Results and discussion
3.1. Synthesis and characterization of UC@ZMS nanoparticles

Fig. 1a shows the formation process of BUC@ZMS nanoparticles. The
core-shell nanoparticles were verified by TEM. Based on our previous
study, NaYF4:Yb/Tm@NaYF,4 upconversion nanoparticles were synthe-
sized with uniform morphology and excellent dispersion, as shown in
Fig. 1b [24]. UC@ZMS core-shell nanoparticles were synthesized as
homogenous spherical structures with an average diameter of approxi-
mately 100 nm, with UCNPs in the core and ZMS wrapped around
UCNPs as the shell (Fig. 1c). Fig. 1d-i illustrates the elemental distri-
bution of the core-shell nanoparticles using elemental mapping images.
Mn, Zn, and S elements were distributed throughout the entire shell
layers of the core-shell nanoparticles, and Y element was distributed in
the inner core, indicating that the particles had a 50 nm-diameter,
hexagonal UCNPs nucleus and a 25 nm-thick ZMS shell. Sharp peaks of
the ZMS phase (JCPDs 32-0635) emerged together with the character-
istic peaks of UCNPs (JCPDs 28-1192), as shown by XRD (Fig. 1j),
indicating a successful coating of the ZMS shell [24]. Moreover, the
electronic states of UC@ZMS were studied using XPS, and the overall
survey revealed that all of the elements of UC@ZMS existed (Fig. S1). A
peak related to Mn 3s orbital are observed at 88.75 eV and 83.25 eV, in
Fig. 1k. The AE of the 3s orbital of Mn was 5.5 eV, indicating that the
element existed as Mn** [28]. From Fig. 11, the average hydrodynamic
size of UC@ZMS measured by dynamic light scattering (DLS) was about
149 nm.

3.2. Characterizes the ROS production of UC@ZMS core-shell NPs and
the properties of BUC@ZMS

Previous studies have shown that composite nanostructures incor-
porated UCNPs and photosensitizers (PSs) can produce desired ROS
when exposed to NIR laser light because the selective PSs have excita-
tion bands that match the UCNPs emission range [29]. Additionally,
when exposed to near-infrared light, the emitted energy can be trans-
ferred from the UCNPs core to the PSs shell to excite the PSs by FRET
[30,31]. Substantial overlap exists between the ZMS absorption bands
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Fig. 1. (a) Schematic diagram of a synthetic of BUC@ZMS nanoparticles. (b, ¢) TEM images of NaYF4:Yb/Tm@NaYF, upconversion nanoparticles and UC@ZMS
core-shell nanoparticles, respectively. (d-i) Elemental mapping images of Y, Zn, Mn, S, and merged image of UC@ZMS core-shell NPs. (j) XRD pattern of UC@ZMS
core-shell nanoparticles. (k) The survey of XPS of UC@ZMS (Mn 3s). (1) The size distributions of the UC@ZMS.

and the UCNP emission peaks. Particularly, the intensity of emission at
about 361 nm nearly completely disappears due to the significant ab-
sorption of ZMS, and we observed that the fluorescence lifetime of
UC@ZMS was significantly decrease compared with that of UCNP,
which may be the result of enhanced FRET efficiency between the UCNP
cores and ZMS shells (Fig. 2a and b and Fig. S2). [24]. UC@ZMS has
considerably lower upconversion fluorescence than UCNPs, indicating
that energy is transferred from UCNPs to the ZMS shell, which generates
ROS by absorbing UV radiation. ZMS substantially quenched the emis-
sion intensity of UC@ZMS upconversion fluorescence, potentially pro-
ducing cytotoxic singlet oxygen (105). UV-Vis absorption at 400-600
nm of the prepared UC@ZMS core-shell nanoparticles enhances the
overlap between the fluorescence spectrum of UCNPs and ZMS absorp-
tion spectrum, resulting in reduced photo luminescence (PL) emissions
of UCNPs via FRET process and increased ¢OH generation amount of
ZMS under irradiation of NIR light [32,33].

Under 980 nm NIR laser irradiation, UC@ZMS NPs were exposed to

the photocatalytic decomposition of methylene blue (MB), demon-
strating that ZMS shells formed on UCNPs are photocatalytically active.
As shown in Fig. 2c, following near-infrared laser stimulation, the color
of MB decreased, showing that the ZMS shell has excellent photo-
catalytic activity for MB. As catalytic nanomedicines, manganese-based
nanostructures are sensitive to TME, contribute to TME-mediated Fen-
ton/Fenton-like reactions, catalyze overexpressed H,O5 to produce ¢OH
at the tumor site, and induce tumor cell death [34]. It was verified by
fluorescence spectra that UC@ZMS exhibits Fenton-like reactivity by
utilizing terephthalic acid (TAOH) as a detection probe to identify the
formation of eOH. A high fluorescence peak at 425 nm suggested that a
significant quantity of eOH was generated (Fig. 2d). We explored
UC@ZMS at different pH values through the 3,5,3,5-Tetramethylbenzi-
dine (TMB) probe, UC@ZMS showed good TMB oxidation ability at pH
= 4 (Fig. S3). Accordingly, UC@ZMS demonstrated
peroxidase-mimicking catalytic activity to produce ROS in the presence
of HyO2 under acidic conditions. The results indicated that UC@ZMS
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Fig. 2. (a) UV-Vis absorption spectrum of UC@ZMS core-shell nanoparticles overlapping with UCNP fluorescence spectrum. (b) Fluorescence spectra of UCNPs and
UC@ZMS core-shell nanoparticles and the corresponding digital photographs. (c) Absorbance changes of MB at 650 nm. (d) Intensity changes of TAOH at 425 nm. (e)
The absorbance changes of ABDA at 380 nm under different treatments in the presence of UC@ZMS. (f) Concentration-dependent GSH consumption by UC@ZMS. (g)
TEM image of BUC@ZMS core-shell nanoparticles. (h) The size distributions of the BUC@ZMS; (i) BXxPC-3 cell membrane, BUC@ZMS and UC@ZMS’s Zeta potential.
(j) Protein expression of BxPC-3 cell membrane and BUC@ZMS. (k) Protein expression of BxPC-3 cells, cell membrane and BUC@ZMS were detected by Western blot.

was capable of triggering Fenton-like reactions efficiently [35,36].
These properties conferred the controllability of UC@ZMS to initiate
Fenton-like reactions in tumor cells but not in other cells, which pro-
vided a prerequisite for the application of CDT in PDAC therapy. The
formation of 10, was identified by 9,10-anthracenediyl-bis (methylene)
dimalonic acid (ABDA). The absorbance intensity rose after adding
UC@ZMS and irradiating the solution with a 980 nm laser, proving that
102 generated from the activated ZMS (Fig. 2e). To summarize, these
results demonstrated that UC@ZMS was successfully synthesize with the
capability to generate 'O, under 980 nm laser irradiation and accu-
mulate ¢OH under acidic conditions via Fenton-like reactions. GSH, an
endogenous antioxidant, has been shown to maintain redox balance in
cells and to suppress ROS-induced apoptosis. As reductive Mn*" redox

could consumed intracellular GSH, thus disrupting the natural antioxi-
dant defense system (ADS) to improve CDT effect [37]. In addition, ZMS
acting as an oxidant could improve photodynamic efficiency by
consuming intracellular GSH [38]. 5,50-dithio-bis (2-itrobenzoic acid)
(DTNB) was used to investigate the GSH-depleting properties of
UC@ZMS [39]. With the increase of UC@ZMS concentration, the
characteristic peak of DTNB at 412 nm gradually decreases, indicating
that UC@ZMS has a great capacity to utilize GSH (Fig. 2f).

The cancer membrane coating on the nanoparticles was verified by
TEM. As depicted in Fig. 2g, the UC@ZMS cores are covered around by a
BxPC-3 cell membrane. The average size of BUC@ZMS NPs as assessed
by DLS was around 179 nm, as shown in Fig. 2h and Fig. S4. After BxPC-
3 cell membrane was inserted successfully, the zeta potential of
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BUC@ZMS was —17.98 + 0.74 mV compared with UC@QZMS (—11.85
+ 0.77 mV), which was closer to that of pure BxPC-3 cell membrane
(—23.57 +1.99 mV) (Fig. 2i). As shown in Fig. 2j and k, similar protein
profiles were found in BUC@ZMS and BxPC-3 cell membranes. More-
over, BUC@ZMS was shown to have the cell membrane protein Na*/K -
ATPase by Western blot. The results manifested that the cell membrane
of BxPC-3 human pancreatic cancer cell was successfully extracted and
modified on UC@ZMS surface. According to the above results,
BUC@ZMS NPs were effectively synthesized. Finally, ROS related
probes (MB, TAOH, ABDA, and DTNB) were also used to investigate the
production of ROS and the consumption of GSH in BUC@ZMS, and the
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results showed corresponding ROS production and GSH depletion
(Fig. S5).

3.3. In vitro homologous targeting of BUC@ZMS

NPs only function as antitumor agents when they infiltrate tumor
cells. Previous studies showed that cell membrane biomimetic nano-
particles outperformed conventional medication delivery methods at
targeting homologous tumors [40,41]. We demonstrated that
BUC@ZMS contains BxPC-3 cell membrane proteins (Fig. 2j and k). Flow
cytometry and CLSM were applied to detect endocytosis in BUC@ZMS
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Fig. 3. (a,b) CLSM images and fluorescence intensity analysis of BxPC-3 cells after a 4 h incubation with UC@ZMS or BUC@ZMS at various concentrations. Scale bar
= 50 pm. (c, d) Detected the uptake of BUC@ZMS at various concentrations by BxPC-3 cells after 4 h of incubation by FCM, and the mean fluorescence intensity of
Cy5.5. (e, f) Bio-TEM images and local magnification images of BxPC-3 cells incubated with PBS and BUC@ZMS for 24 h. The experimental results were analyzed

with mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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loaded with Cy5.5 red fuel. To investigate the targeting specificity of
BUC@ZMS, CLSM images were used to assess its absorption by homol-
ogous BxPC-3 cells (Fig. 3a) and non-homologous 4T1, 3T3, and Pancl
cells (Fig. S6a). After 4 h of NPs culture in BxPC-3 cells, fluorescence
intensity increased with increasing NP concentrations (Fig. 3b), as
validated by flow cytometry and fluorescence intensity analyses (Fig. 3¢
and d). BUC@ZMS induced stronger fluorescence than UC@ZMS at the
same concentration, possibly because BUC@ZMS exhibited a higher
degree of cellular internalization than UC@ZMS (Fig. 3b, d). Never-
theless, non-homologous cells absorption of BUC@ZMS was lower in the
presence of the same material concentration than homologous cells, and
there was also little difference between the uptake of UC@ZMS and
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BUC@ZMS by non-homologous cells (Fig. S6b). Our findings suggest
that BUC@ZMS has tumor-targeting ability and can precisely distribute
NPs to homologous tumor cells. Autophagosomes were observed by
bio-TEM pictures, as the gold standard method for the determination of
autophagy, it can be observed that BUC@ZMS may be swallowed into
autophagosomes (Fig. 3e and f) [42]. BUC@ZMS may be internalized
from outside the cell by endocytosis, or may be present inside the cell
due to the formation of autophagy vacuoles.

3.4. Invitro PDT synergies with CDT

After applying 3T3 cells and HUVEC cells as normal cell models to
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co-culture with NPs, CCK8 was utilized to test BUC@ZMS and UC@ZMS
cytotoxicity in vitro [43]. Cell viability maintained above 85% under the
treatment of 100 pg mL™ 1 of BUC@ZMS and UC@ZMS, as shown in
Fig. 4a and Fig. S7a, demonstrating that NPs exhibit favorable in vitro
biocompatibility. NPs, on the other hand, were shown to be more
cytotoxic to BxPC-3 cells following co-incubation for 24 h (Fig. 4b),
possibly because of the higher HoO, concentration and acidic pH con-
ditions of cancer cells’ TME [44]. Moreover, this might explain some of
the particular cytotoxicity of UC@ZMS against cancer cells. Surpris-
ingly, BUC@ZMS was more cytotoxic to BxPC-3 cells than UC@ZMS,
which might be attributed to BUC@ZMS targeting homologous BxPC-3
cells and BxPC-3 cells uptake of more BUC@ZMS. The ability of oxida-
tive stress of BUC@ZMS as an anticancer agent on cell viability was
assessed based on its strong PDT function, excellent Fenton-like activity,
and homologous targeting of tumor cells. BxPC-3 cells treated with
BUC@ZMS were substantially more toxic in the presence of HyO or/and
980 nm NIR irradiation than those treated with BUC@ZMS alone,
indicating that the peroxidase-mimicking characteristics of UC@ZMS
may be able to accelerate the conversion of HyO; into extremely toxic
ROS (Fig. 4c) [37]. UCNPs can transform low-energy near-infrared light
into high-energy ultraviolet light, and the core-shell UC@ZMS has an
excellent FRET efficiency between UCNPs core and ZMS shell. Excessive
ROS lead to oxidative damage in cancer cells, may be the reasons for
cancer cell cytotoxicity. 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) was used to assess the oxidative stress of BxPC-3 cells. CLSM
results, shown in Fig. 4d, directly validated the formation of intracel-
lular ROS, namely the non-fluorescent ROS probe DCFH was oxidized to
green fluorescent DCF. DCF fluorescence emerged in the cells after in-
cubation with BUC@ZMS, and the intracellular DCF fluorescence in-
tensity was marginally raised when further co-incubated with HyO5 or
irradiated with NIR laser. Furthermore, after treatment with BUC@ZMS
combined with H,05 and NIR irradiation for 3 min (980 nm, 1 W cm2),
intracellular DCF fluorescence increased significantly (Figs. S7b and c),
indicating that UC@ZMS can generate ROS in a simulated acidic TEM,
and that NIR irradiation improved intracellular ROS generation. CLSM
observations indicate that the peroxidase-mimicking ability of UC@ZMS
can generate deadly ROS in cells, with laser irradiation enhancing this
process. Apoptosis was identified by flow cytometry after cells were
stained with Annexin V-fluorescein isothiocyanate/propidium iodide
(FITC/PI) staining (Fig. 4e). Fig. S7d demonstrates that significant
apoptotic cell populations appeared in the other four groups compared
with the control and NIR + H30, groups, early and late apoptotic cell
populations increased in the PDT group and CDT group after treatment.
Furthermore, CDT combined with PDT significantly accelerated the
apoptosis of BxPC-3 cells, indicating that the main mode of cell death in
this investigation was apoptosis. To further explore the therapeutic ef-
fect of BUC@ZMS, calcein acetoxymethyl (AM)/PI experiments was
applied to stain BxPC-3 live/dead cells (green/red fluorescence)
(Fig. S8). The PDT and CDT groups displayed bright red fluorescence in
contrast to the control and the NIR + HO, group, demonstrating that
the CDT and PDT effects of BUC@ZMS were considerable. In the PDT
combined with CDT group only red fluorescence was observed, sug-
gesting nearly total cancer cell elimination. The inhibitory effect on
BxPC-3 cells migration that treated with BUC@ZMS and BUC@ZMS +
NIR (PDT) and BUC@ZMS + H302 (CDT) gradually increased after 24 h
treatment in the same concentration compared to the control and
H202+NIR groups, and the PDT combined with CDT group had the most
significant relative scratch area ratio and the strongest inhibitory effect
(Fig. S9). Moreover, results of CCK-8 matched those results.

ROS were produced during PDT and CDT treatments, interfering
with electron transport chains and resulting in mitochondrial destruc-
tion [45,46]. Mitochondrial staining with JC-1 was used to investigate
apoptosis mechanisms [46]. The mitochondrial status is determined by
the variation in mitochondrial membrane potential (MMP, A¥m), and a
reduction in MMP is indicative of early apoptosis, as indicated by the
conversion of JC-1 from red to green fluorescence [47]. Fig. 4f reveals
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that neither the control group nor the NIR + H,05 group had green
fluorescence; rather, a relatively high red fluorescence was found, sug-
gesting that the cells were healthy. Nevertheless, green fluorescence
appeared in the BUC@ZMS group, indicating that the uptake of
BUC@ZMS by BxPC-3 cells decreased the membrane potential. Green
fluorescence in the cells was greatly elevated after NIR laser irradiation,
indicating PDT-induced early apoptosis, this is consistent with the cell
death results shown by flow cytometry analysis (Fig. 4e). Fluorescence
intensity was greater in the BUC@ZMS group when Hy05 was added to
the media to imitate TEM, demonstrating that CDT lowered mitochon-
drial membrane potential and promoted apoptosis. The intensity of red
fluorescence in mitochondria was greatly reduced in the BUC@ZMS
combined with Hy0, and 980 nm NIR laser irradiation group, whereas
the green fluorescence was significantly elevated in the cytoplasm. The
alterations in CLSM images suggest that PDT combined with CDT might
trigger apoptosis via the mitochondrial apoptotic pathway. The accu-
mulated data suggest that there is crosstalk between apoptosis and
autophagy [48], because autophagy is a lysosomal dependent process
used to eliminate abnormal or damaged structures (e.g., protein aggre-
gation or loss of mitochondrial membrane potential) [49], which is
when the selective autophagy pathway is typically driven, leading to
exposure of specific signals as “eat me”, and then detected by autophagy
receptors [50]. We observed the entry of nanomaterials into autopha-
gosomes by bio-TEM (Fig. 3e and f), and found the Mitochondrial
membrane potential damage in the BUC@ZMS group by JC-1 staining
(Fig. 4f), and we have reasons to suspect that autophagy may occur. GSH
is a major intracellular antioxidant [51]. In TME, high levels of GSH can
reduce ROS produced by NPs, lowering the PDT and CDT therapeutic
effect and severely restricting the utility of NPs in cancer treatment.
Moreover, a decrease in GSH production promotes lethality in cancer
cells harboring RAS oncogenes [52]. GSH levels were assessed in
BxPC-3 cells using ThiolTracker™ Violet [53]. As NPs concentration
increased, as seen in Fig. S10, the intensity of green fluorescence grad-
ually reduced in comparison to the control group, demonstrating that
BUC@ZMS may efficiently deplete GSH in BxPC-3 cells, lessen antioxi-
dant activity, and therefore improve the CDT effect. In addition, the
BUC@ZMS group exhibited a lower fluorescence intensity than the
UC@ZMS group at the same concentration, most likely because to the
increased intracellular absorption of BUC@ZMS due to its homologous
targeting of BxPC-3.

3.5. The anti-tumor ability of BUC@ZMS in vivo

Inspired by the remarkable therapeutic impact of BUC@ZMS on
BxPC-3 cells in vitro, in vivo therapeutic efficacy was explored in nude
mice harboring BxPC-3 tumors (Fig. 5a). Biosafety of BUC@ZMS was
further evaluated. There was no significant change in blood biochemical
tests between the treatment and the control group, proving that
BUC@ZMS is biosafety at appropriate dosages (10 mg kg™ 1) (Fig. S11a).
H&E staining showed that there was no obvious injury or inflammation
in major organs after 15 days of treatment (Fig. S11b).

Not only do the metabolism and biodistribution of NPs affect their
effectiveness, but they also dictate their biosafety. In this study, we
hypothesized that BUC@ZMS has homologous targeting capacity to
BxPC-3 cancer cells in vivo. To assess the efficacy of passive targeting
and homologous targeting, UC@ZMS and erythrocyte membrane-coated
UCNPs (denoted as RUC@ZMS) served as control groups. BALB/c nude
mice with BxPC-3 subcutaneous tumors were injected with PBS con-
taining the same concentrations of BUC@ZMS, RUC@ZMS, or UC@ZMS
via tail vein. To prevent the effects of liver uptake on the imaging of
tumor areas, mouse models were injected with cancer cells in the lower
limbs [54].

The cy5.5-labeled nanocomplex (BUC@ZMS-cy5.5) was utilized to
obtain the fluorescence signal following injection to observe the distri-
bution of BUC@ZMS within mice. The BUC@ZMS group’s tumor loca-
tion had the strongest fluorescence signal, indicating that BUC@ZMS
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could target the BxPC-3 tumor by homologous binding (Fig. 5b,
Fig. S12a). The liver is a prominent organ of the reticuloendothelial
system (RES) that is abundant in phagocytes and can accumulate the
most nanoparticles [55]. The BUC@ZMS group had less liver accumu-
lation than the RUC@ZMS group, indicating that cell membrane coating
of cancer cells could indeed reduce RES absorption. In addition to EPR
effect, the tumor aggregation in RUC@ZMS group was more obvious
than that in UC@ZMS group because RUC@ZMS was in circulation
longer than UC@ZMS [56]. We introduced 4T1 subcutaneous tumor as
the control group, and the results showed that BUC@ZMS was less
enriched in the tumor area of 4T1 subcutaneous tumor than that of
BxPC-3 subcutaneous tumor, which further verified that BUC@ZMS had
homologous targeting to BxPC-3 subcutaneous tumor (Fig. S12b). Ex
vivo fluorescence imaging was performed on tumors and major organs
of mice sacrificed 24 h after injection. The maximum rate of tumor
accumulation was seen following BUC@ZMS injection into BxPC-3
tumor bearing mice (Figs. S12c and d). In vivo, the prepared
BUC@ZMS demonstrated a good homologous tumor targeting effect.

The pharmacokinetic data of Mn in blood samples at various time
points (0, 0.5, 1, 2, 4, 6, 8, 12, 24 h) were identified by inductively
coupled plasma-mass spectrometry (ICP-MS), and the half-life (T1/2)
was determined to be 3.51 h (Fig. 5¢). Because of the erythrocyte
membrane lengthens RUC@ZMS’s blood circulation time, RUC@ZMS
has a longer half-life than UC@ZMS (Fig. S13), but it is still shorter than
the blood circulation time of BUC@ZMS. It has been demonstrated that
BUC@ZMS possesses lengthy blood circulation in addition to homolo-
gous tumor targeting [57]. At various time periods (2-24 h) following
intravenous (iv) injection of BUC@ZMS, main organs and tumors were
collected for ICP-MS analysis [22]. BUC@ZMS were found mostly in the
liver and tumor sites, and gradually eliminated primarily in feces over
time (Fig. 5d and e), which we attribute to hepatointestinal circulation.
Pharmacokinetic and biodistribution investigations have shown that
cancer cell membrane-coated UC@ZMS prolongs blood circulation and
accumulates preferentially in homologous tumors.

Mice with tumor volume of ~100 mm? were randomly divided into
six groups (n = 5), including the (1) PBS, (2) NIR, (3) BUC@ZMS, (4)
BUC@ZMS+0.5 W cm™2 NIR, (5) RUC@ZMS+1 W cm™2 NIR, and (6)
BUC@ZMS+1 W cm ™2 NIR, to investigate the tumor therapeutic effect
of the material in vivo. Prior to that, it’s essential to investigate how
materials that are injected affect the body weight of mice, which in-
dicates how toxic they are to the mice’s system. As shown in Fig. S14, the
mice body weight showed a continuous rising trend over the course of 14
days, demonstrating that all five groups were safe for mice. Throughout
the 14 days of therapy, the relative tumor volume of each cohort of mice
was recorded on alternate days (Fig. 5f). The tumor model was suc-
cessful, as shown by the mice in the PBS group who did not receive any
treatment and gradually developed tumors. The tumor weights and
volumes were comparable across the NIR and control groups, showing
that NIR had no therapeutic impact on the tumors. The BUC@ZMS group
(CDT group) had a decreased tumor volume than the control group,
however the CDT impact did not entirely eradicate the tumors. PDT was
introduced as a therapeutic approach to further improve tumor killing
ability.

The BUC@ZMS+0.5 W cm™2 NIR group (PDT + CDT group), as
compared to other groups (PBS, NIR, and BUC@ZMS), suppressed tumor
development. As the intensity of NIR irradiation was increased, the
BUC@ZMS+1 W cm ™2 NIR group demonstrated the greatest reduction
of tumor development (Fig. 5f). Similar results were obtained with
tumor weight curve (Fig. Sh). After treatment with BUC@ZMS NPs
under NIR laser irradiation, the results demonstrated a considerable
inhibition of tumor development, indicating that the CDT and PDT ef-
fects of BUC@ZMS might cooperate to generate more ROS and, ulti-
mately, kill tumors in vivo. While smaller than those in the BUC@ZMS
+0.5 W em ™2 NIR group, tumor weight in the RUC@ZMS +1 W cm ™2
NIR group was greater than those in the BUC@ZMS+1 W cm ™2 NIR
group. It is hypothesized that BUC@ZMS has a stronger tumor-targeting
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capacity than RUC@ZMS, and tumor tissue uptakes more BUC@ZMS,
indicating that BUC@ZMS has a favorable impact when CDT and PDT
are combined. By increasing the power, however, the PDT impact of the
RUC@ZMS+1 W cm ™2 NIR group was amplified, thus the RUC@ZMS
+1 W em ™2 NIR group suppresses cancers more effectively than the
BUC@ZMS+0.5 W cm ™2 NIR group. It demonstrates the effective PDT
function of the core-shell structure of UC@ZMS.

Different groups of mice were dissected and their tumors were
removed. Fig. 5g and h revealed intuitively that BUC@ZMS significantly
suppressed tumor development under 1 W ecm ™2 NIR laser irradiation;
nevertheless, tumor volume and weight rose higher in other experi-
mental groups. Hematoxylin-eosin (H&E) and terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) tumor staining
were performed to evaluate the killing effect on tumor cells, showed
necrosis and apoptosis of tumor cells (Fig. 5i, Fig. S15), which was
consistent with the previous conclusions [37].

According to H&E-staining images of tumor slices, BUC@ZMS+1 W
cm 2 NIR group demonstrated the most substantial matrix degradation,
cell fragmentation, and lysis, whereas the pure NIR laser group had little
or no apparent apoptosis (Fig. 5i). Furthermore, TUNEL staining images
showed that the tumor tissue in the BUC@ZMS+1 W c¢m~2 NIR group
had the lowest level of Ki-67 proliferation and the highest level of
apoptosis, demonstrating that BUC@ZMS has a beneficial therapeutic
effect on the tumor tissue when exposed to 980 nm NIR laser irradiation
(Fig. 5i). Oncogenic KRAS-containing cancer cells were suppressed by
blocking glutathione production [52]. Moreover, immunofluorescence
labeling was used to determine the level of GSH present at the tumor
site, BUC@ZMS and BUC@ZMS + NIR groups exhibited weaker green
fluorescence, indicating BUC@ZMS lowered antioxidant capacity and
enhanced CDT effects in BxPC-3 cells by successfully depleting GSH
(Fig. S16).

Through using Dihydroethidium (DHE) immunofluorescence label-
ing, we investigated the oxidative stress caused by BUC@ZMS in the
tumor site. Surprisingly, tumor sections from mice treated with
BUC@ZMS + NIR showed a bright red fluorescence, indicating the
tumor tissue had a high amount of ROS, comparable to what was seen in
cell research (Fig. S17). The aforesaid findings suggest that BUC@ZMS
combined CDT and PDT actions might completely suppress tumor
development, considerably enhancing therapeutic efficiency. Excellent
biosafety is required for the use of nanoparticles in biomedicine. There
were no noticeable pathological anomalies in the mice’s main organs
(Fig. S18), indicating that BUC@ZMS had a negligible deleterious effect
on animals. Our findings fully support the use of BUC@ZMS as a safe and
effective homologous targeting reagent in combination with PDT syn-
ergistic CDT for the treatment of pancreatic cancer.

4. Conclusions

In this research, we developed a tumor-targeted multifunctional
BUC@ZMS core-shell nanostructure with synergistic PDT/CDT capa-
bilities and the ability to combat GSH overexpression as an effective
treatment agent for PDAC. The cancer cell membrane coating greatly
enhanced the circulation and tumor-retention of UC@ZMS. The ho-
mologous tumor targeting effect of UC@ZMS core-shell nanomaterials
coated with cancer cell membrane were confirmed by in vitro and in vivo
experiments. The coexistence of multivalent Mn allows for the con-
sumption of GSH, whereas the Fenton-like reaction of Mn2* substan-
tially increased ROS generation, hence decreasing the antioxidant and
strengthening the CDT impact. Meanwhile, as a result of the FRET
interaction between ZMS and UCNPs, large amounts of intracellular ROS
were generated in response to NIR irradiation. The outcomes showed
that BUC@ZMS effectively treated PDAC in vitro and in vivo via
decreasing the level of GSH of the TEM and increasing the oxidative
stress brought on by PDT/CDT combination. In conclusion, BUC@ZMS
core-shell nanospheres have been suggested as an alternate strategy to
generate high-performance, multifunctional composite nanostructures
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for the combination therapy of pancreatic cancer.
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