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T lymphocytes served as immune surveillance to suppress metastases by physically interacting with cancer cells.
Whereas tumor immune privilege and heterogeneity protect immune attack, it limits immune cell infiltration into
tumors, especially in invasive metastatic clusters. Here, a catalytic antigen-capture sponge (CAS) containing the
catechol-functionalized copper-based metal organic framework (MOF) and chloroquine (CQ) for programming T
cells infiltration is reported. The intravenously injected CAS accumulates at the tumor via the folic acid-mediated
target and margination effect. In metastases, Fenton-like reaction induced by copper ions of CAS disrupts the
intracellular redox potential, i.e., chemodynamic therapy (CDT), thereby reducing glutathione (GSH) levels.
Furthermore, CQ helps inhibit autophagy by inducing lysosomal deacidification during CDT. This process leads
to the breakdown of self-defense mechanisms, which exacerbates cytotoxicity. The therapies promote the
liberation of tumor-associated antigens, such as neoantigens and damage-associated molecular patterns
(DAMPs). Subsequently, the catechol groups present on CAS perform as antigen reservoirs and transport the
autologous tumor-associated antigens to dendritic cells, resulting in prolonged immune activation. The CAS,
which is capable of forming in-situ, serves as an antigen reservoir in CDT-mediated lung metastasis and leads to
the accumulation of immune cells in metastatic clusters, thus hindering metastatic tumors.

1. Introduction cytotoxic T lymphocytes infiltrating into the deep core of solid tumors

hampers the therapeutic efficacy of immunotherapy [3,4]. Especially in

Lung neoplasms and metastases have been recognized as one of the
deadliest types of cancer worldwide [1]. With the advancement of
cancer treatment, various forms of cancer treatment have been imple-
mented clinically, including surgery, radiotherapy, chemotherapy,
immunotherapy, and antibody-targeted therapy. Recently, cancer im-
munotherapies have sprung up, which have the promising feature of
triggering natural immune responses to fight cancer and prevent most of
the side effects of conventional treatments [2]. However, the lack of
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many metastases (typically <100 mm®), poor vascularization exacer-
bates the dilemma of reduced physical activity of T cells and cancer cells
in the early metastatic phase [5,6]. Immune privilege, which limits T-
cell recognition and leads to evasion of T-cell attack, also occurs in
limited activation of antigen-presenting cells (APCs) [7-9]. Therefore,
the induction of tumor-specific T lymphocytes is the key to the immu-
notherapy of secondary tumor invasion.

One approach to enhance antigen immunogenicity is through the use
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Fig. 1. The illustration of catalytic antigen capture sponges (CAS) acting as immunostimulants to enhance the efficacy of immunotherapy. CAS targets cancer cells
through the folate receptor, which catalyzes oxidation and autophagy inhibition leading to cancer cell death and openings in solid tumor tissues, promoting T cell
infiltration. Dendritic cells then present tumor antigens to activate T cells. The combination of CAS and immune checkpoint inhibitors improves the efficacy of

eliminating cancer cells.

of immunogenic species [10-12]. An alternative approach is to utilize a
delivery mechanism for conveying antigens to the lymph nodes and
initiating antigen-specific interactions with T cells. This can be achieved
through the use of tumor cell membranes, tumor lysates, or tumor cell
exosomes that have been activated by epitopes produced by the tumor
[13-15]. Although these approaches improve antigen presentation and
antitumor immune responses, low immunogenicity remains a funda-
mental challenge [16,17]. Moreover, these strategies require complex
procedures and preparations, and antigen transport may not effectively
activate an immune response [6,18-21]. Despite advances in antigen
retention by antigen-loaded gels and capture by functional groups and
maleimides, presentation limitations may still impede successful im-
mune responses [22-24].

The effectiveness of immunotherapy in treating metastases is hin-
dered by low tumor-associated antigen presentation and the presence of
a physiological barrier orchestrated by cancer-associated fibroblasts
[25-27]. One strategy for improving tumor-associated antigens is to use
hyperthermia via the high frequency magnetic field, which causes
localized heating of the tumor to lysis the cell. This causes cell demise
and damage via the activation of either the apoptosis or necrosis
pathway. [28]. Another promising approach is chemodynamic therapy
(CDT), which induces apoptosis in cancer cells by utilizing CDT reagents
and Fenton reaction to generate reactive oxygen species (ROS)
[5,29,30]. The Fenton reaction in CDT catalyzes the breakdown of HyO4
to produce highly reactive hydroxyl radicals (-OH) and hydroxide ions
(OH") to induce oxidative stress, leading to apoptosis. This oxidative
stress causes a range of cellular damage, including DNA damage, lipid
peroxidation, and protein oxidation, that can further facilitate apoptosis
[30,31]. Metal ions, such as Fe*", Cu®*, or Mn®", as well as nano-
particles, are commonly used as CDT reagents to initiate the Fenton
reaction [29,32]. However, one of the major obstacles in CDT therapy is
the overexpression of glutathione (GSH) in cancer cells, which can lead
to drug resistance. Therefore, engineering the tumor microenvironment
and depleting GSH levels are critical for enhancing the effectiveness of
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CDT drugs [33,34].

Despite the recent CDT excitement, therapeutic agents such as metal-
organic frameworks induce genotoxic responses and metabolic deficits
[35], leading to the activation of autophagy, also known as a self-
defense mechanism [36]. Modified MOFs have been documented as an
effective strategy for mitigating autophagy activation in tumors. This
approach aims to decrease the activation of autophagy within tumors
[37,38]. These modified materials can be triggered by light or sound to
carry out the Fenton reaction, using hydrogen peroxide and iron (Fe?*
and Fe®") to generate hydroxyl radicals. Furthermore, to inhibit auto-
phagy, chloroquine (CQ) is used as a well-known inhibitor [39,40]. The
downstream regulation of autophagy can be facilitated by activating
receptors through innate immunity, which can enhance cytokine pro-
duction and phagocytosis. In adaptive immunity, autophagy activation
can promote the increase of antigen sources, resulting in direct cyto-
toxicity of CD8™ T cells to cancer metastasis.

The in-situ depositing adherent nanogels can be administrated
through intravenous injection and formed an adhesive gel upon a
stimulus [33,41]. With the low systemic toxicity, the gel could reach the
targeted site to release the therapeutic agents or execute the chemical
reactions to elicit APCs [42,43]. Here, an in-situ depositing catalytic
antigen-capture sponge (CAS) composed of chloroquine (CQ), copper-
based metal organic framework (MOF), and polydopamine (PDA nano-
gels) for CDT-guided release of tumor-associated antigens and antigen
capture (Fig. 1). Through folic acid (FA)-mediated targeting of lung
metastasis, CAS acts as a programmed peroxide mimics in cancer cells,
promoting sustained ROS generation. Inhibition of autophagy with the
help of CQ regulates autophagic flux through obstruction of the fusion of
autophagosome with lysosomes, reduces cancer cell self-defense mech-
anism then induces autosis cell death pathway and improves CDT effi-
cacy [44]. The combined effect promotes the release of tumor-associated
antigens (TAAs), which are then captured by catechol groups on CAS,
leading to immunogenic cell death. Therefore, antigen capture by CAS
has enormous potential applications in enhancing cancer
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immunotherapy.
2. Materials and methods
2.1. Materials

Copper(I) nitrate trihydrate (Acros Organics, CAS Number:
10031-43-3), 1,3,5 benzenetricarboxylic acid (Alfa Aesar, CAS Number:
554-95-0), polyvinylpyrrolidone (Sigma-Aldrich, CAS Number: 9003-
39-8), folic acid (FA, Sigma-Aldrich, CAS Number: 59-30-3), dopa-
mine hydrochloride (DA salt, Acros Organics, CAS Number: 62-31-7), N,
N- dimethylformamide (Honeywell, CAS Number: 68-12-2), dimethyl
sulfoxide (Sigma-Aldric, CAS Number: 67-68-5), chloroquine diphos-
phate (Sigma-Aldrich, CAS Number: 50-63-5), L-glutathione reduced
(Sigma-Aldrich, CAS Number: 70-18-8), hydrogen peroxide (Honey-
well, CAS Number: 7722-84-1), methyl orange (Sigma-Aldrich, CAS
Number: 547-58-0), 5,5-dithiobis-(2-Nitrobenzoic Acid) (Sigma-
Aldrich, CAS Number: 69-78-3)

2.2. Synthesis of MOF, FA-MOF, and PDA@MOF

The protocol for synthesizing MOF-199 (MOF) was adjusted from the
previous report [45]. First, 0.29 g Cu(NO3)2-3H20, 0.14 g 1,3,5 benze-
netricarboxylic acid (BTC), and 0.1 g PVP were weighed and poured into
centrifuge tubes, respectively. Then, 25 mL of DMF was added to tubes
containing BTC and PVP. Another tube was prepared with 30 mL of
DMF, which was loaded with Cu(NO3)5:3H20. All three tubes were
placed in a sonicator and subjected to 15 min of sonication. Then, three
solutions were added and mixed into one pot. After 15 min, the solution
in blue color was transferred into a Teflon container and then heated up
to 80 °C for 14 h. The produced composite was collected via centrifu-
gation at 12,000 rpm for 10 min, washed by DMF twice and EtOH twice
individually, and placed into the oven at 60 °C for drying storage. For
the synthesis of FA-modified MOF (FA-MOF), FA (0.055 g) was added
during the solution preparation.

To coat PDA on the surface MOF, the process was based on previous
approaches [46,47]. Basically, 0.1 g of MOF powders were re-dispersed
into 20 mL of DMF. Then, 0.08 g of dopamine hydrochloride (DA salts)
were added into the MOF-dissolved DMF solution and mixed for 6 h. The
mixture would go for centrifuging and collecting in the condition of
12,000 rpm and 6 min with the wash of DMF once to remove residual DA
molecules. After resuspending and scattering the remained MOF parti-
cles into 20 mL of DMF, the container was further soaked in the 75 °C
water bath for 12 h for PDA coating formation. Finally, the products
were gathered and washed with EtOH twice. The products were freeze-
dried through the lyophilizer for storage in powder.

2.3. Preparation of catalytic antigen-capture sponge (CQ/FA-
PDA@MOF)

Follow the previous study to bind FA adjuncts on PDA of MOF [48].
0.1 g of PDA-coated MOF was weighed in the container, and dissolved in
10 mL of PBS buffer. Afterward, another solution was prepared by the
addition of 0.03 g of FA powder into 3 mL of DMSO, and 1 mL of this
mentioned DMSO solution was injected into the stirring PDA-modified
MOF-loaded solution stirring for 2 h. The evenly mixed solution was
then kept stationary for another 2 h, washed by 50% EtOH three times,
and the outcomes, FA-PDA@MOF, were freezing-dried via the lyophi-
lizer for preservation in the solid state.

To prepare CQ/FA-PDA@MOF, 0.005 g of CQ was added to 20 mL of
DMF containing 0.1 g of MOF, and the mixture was stirred overnight.
The CQ-loaded products were then centrifuged at 12,000 rpm to remove
the supernatant and resuspended in 20 mL of DMF for further PDA
coating and FA conjugation. The resulting CQ/FA-PDA@MOF is a cat-
alytic antigen-capture sponge (CAS).
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2.4. The material functionality characterization

The Fenton-like reaction and GSH depletion ability for MOF were
determined as follows. GSH levels were determined using a color-change
indicator, 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB). At first, 10 mM of
DTNB dissolved in pH 7.4 phosphate buffer; afterward, 100 pL of 40 mM
GSH, 100 pL of 2 mg/mL MOF, 160 pL of purified water, and 40 pL of pH
7.4, phosphate buffer were mixed for a 3-h reaction after the adjustment
of pH value of the mixture into pH 5.0 and pH 7.4 by adding 10 mM of
NaOH solution for mimicking the intracellular lysosome and tumor
microenvironment, respectively; later, the mixture was centrifuged to
remove MOF and the UV-vis spectra of each sample were measured.

In the context of ROS generation primed by the reaction between
MOF and hydrogen peroxide, methyl orange (MO), was picked up as the
excellent ROS-responsive color indicator for demonstrating the copper-
ion-induced Fenton-like reaction elicited by produced MOF. Then,
UV-vis spectra were measured to determine the level of ROS. For the
cellular ROS determination, the ROS kit (Abcam, ab219931) was used
and followed the manufacturer’s procedure for staining. After that, the
confocal images were taken, and using ImageJ to analyze the fluores-
cence intensity.

2.5. Cytotoxicity, distribution, and cellular uptake of MOF

B16F10 (murine melanoma tumor cell line) was purchased from
Food Industry Research and Development Institute and the B16F10
carrying GFP-P2A-NanoLUC expression vector cell line was obtained
from Professor Chang CW, Department of Biomedical Engineering and
Environmental Sciences, National Tsing Hua University, Hsinchu. The
cells were cultured in Dulbecco’s modified eagle medium (DMEM) with
10% fetal bovine serum and 1% penicillin/streptomycin in a 5% CO»-
enriched environment at 37 °C.

10° cells/mL of cells were added into 96-well microplates. After 24 h
incubation, the various MOF in specific conditions was resolved in
completed culture medium and co-culture with cell for an additional 24
h. Eventually, the PrestoBlue cell viability reagent (Thermo, A13261)
was added to each well according to the manufacturer’s procedure to
develop signals. Then, the fluorescence signal was obtained by the
microplate reader. The non-treated control was considered as 100%
viability for each run of the assay.

MOF were labeled with Cy5.5 Amidite dye (Cytivia, 28,904,250). As
the first step, 10° cells/ mL of cells were added into poly-i-lysine coated
coverslips and cultured for 24 h. Afterward, various labeled MOF were
added and cultured for designed periods. At the end of the assay, the
cells were fixed by 3.7% formaldehyde and permeabilized by 0.1%
Triton-X100. DAPI and phalloidin (Invitrogen, A12379) were added to
stain the nucleus and F-actin, respectively. Then, confocal laser scanning
microscope (Zeiss LSM800) images were taken.

To quantify the uptake of nanoparticles, BI6F10 cells were seeded
into 6-well culture plates at a density of 2 x 10° cells per well. After
incubation for 24 h, various Cy5.5 labeled MOF were added to the well
for different experimental conditions. The cells were harvested by
trypsin-EDTA treatment and resuspended in PBS buffer. Finally, flow
cytometry (Attune NxT) was used to analyze uptake situations and the
data were evaluated by FlowJo software (Tree Star), to quantify the
amount of particle uptake by cells (accumulating 10,000 events).

2.6. Autophagy performance test

10° cells/mL of B16F10 cells were prepared. After 24 h of medium
culturing and an hour of PBS starvation, cells were treated with various
MOF conditions for additional 24 h. Then, PBS buffer containing 1%
BSA, 10% goat serum, 0.3 M glycine, and 0.1% Tween-20 was prepared
and added to each sample for 1 h. 500-fold diluted LC3B (Abcam,
ab192890) and p62 (Irealbio, IR91-394) primary antibodies were pre-
pared with the blocking buffer and added to every sample for 16 h at
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Fig. 2. Synthesis and characterizations of the MOF. (a) The schematic illustration of the synthetic process of the CQ/FA-PDA@MOF. SEM image of (b,c) MOF, (e,f)
FA-MOF, and (h) FA-PDA@MOF. TEM images of (d) MOF, (g) FA-MOF, and (i-k) FA-PDA@MOF. (1) Elemental mapping of FA-PDA@MOF.

4 °C conditions. Washed by PBS buffer, the corresponding 500-fold
diluted secondary antibodies (Abcam, ab150075; Jackson,
AB2340621) dissolved in the blocking buffer were added and incubated
for 1 h. Finally, the antibody solution was moved out and stained with
phalloidin; then, mounting with DAPI mounting media.

2.7. In vivo biodistribution study

The lung metastasis model was built upon the female C57BL/6 mice
with the age range of 8-10 weeks old which were purchased from Bio-
LASCO Co., Ltd. To establish the tumor-bearing mice model, 5 x 10° of
GFP-P2A-NanoLUC B16F10 cells were inoculated to mice via tail veins
intravenous injection.

After 13 days of inoculation, the doxorubicin-labeled MOF were
injected into the mice via intravenous injection. On the next day, the
mice were sacrificed, and perfusion of 15 mL of 4% paraformaldehyde
solution as well as 15 mL PBS buffer. The biodistribution images were
taken by IVIS (PerkinElmer, IVIS Spectrum in vivo imaging system);
then, the lung tissues were further fixed with 4% PFA overnight at 4 °C.

Afterward, immunohistochemistry staining was conducted on lung
sections. 200-fold diluted anti-CD31 primary antibody (BD Pharmingen,
550,274) and 200-fold diluted secondary antibody (Abcam, ab150075)
were used to label CD31 on the normal endothelial cells. The CLSM
images were taken with these samples for evaluation of nanoparticle
distribution within lung tissues.

2.8. Dendritic cells induced immune response in lymph node

After BI6F10 cells inoculated for 13, 16, and 19, Cy5.5 labeled MOF
were injected via intravenous injection. After 22 days of inoculation,
mice were sacrificed and neck lymph nodes were taken and fixed. Then,
1000-fold diluted CD11lc (Abcam, ab219799), and CD80 (Abcam,
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ab62636) primary antibodies and 1000-fold diluted secondary anti-
bodies (Abcam, ab150081, ab150160) were used to stain the dendritic
cells. The CLSM images were taken to evaluate the co-localization of
MOF and dendric cells.

2.9. In vivo analysis of T lymphocytes-associated immune responses

The GFP-B16F10 tumor-bearing mice were established as previous
process. The MOF were treated on day 13, 16, and 19 after tumor
inoculation. After 22 days of inoculation, mice were sacrificed and lung
tissues were fixed and stained with 200-fold diluted anti-CD8 primary
antibody (Abcam, ab217344) and 500-fold diluted secondary antibody
(Abcam, ab150075). The CLSM images were taken to evaluate the
location of CD8+ cells and tumor cells.

2.10. Flow cytometry for cytotoxic T and helper T cells analysis

Flow cytometry is utilized for quantifying the MOF treatment-primed
immune responses within lung metastasis. The isolated lung tissues were
digested by 0.1 mg/mL collagenase solution (Sigma, C0130), 1 pg/mL
DNase solution (Sigma, DN25), and 6.6 pg/mL dispase I solution (Sigma,
D4818) in HBSS buffer (Sigma, H8264) for 50 min in room temperature
and then, filtered through transferring tissue solutions to 70 pm cell
strainers. To prevent the non-specific binding, 50 pL goat serum and 10
uL Fe Blocker (BD Pharmingen, 553,142) were added to samples at room
temperature for 50 min.

Later, the blocked cell solution was then divided into several flow
tubes for immune cell labeling. In terms of the addition of antibodies,
PE/Cyanine7 anti-mouse CD45 antibody (Biolegend, 103,114, dilution
ratio: 1:500), FITC anti-mouse CD3e antibody (Biolegend, 100,306,
dilution ratio: 1:500), PE anti-mouse CD4 antibody (Biolegend, 100,408,
dilution ratio: 1:500) and APC anti-mouse CD8a antibody (Biolegend,
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Fig. 3. Physicochemical characterization of MOF, FA-MOF, and FA-PDA@MOF. (a) Size distributions, (b) Zeta potential, (c) X-ray diffraction spectrum, and (d)
Thermogravimetric analysis of MOF, FA-MOF, and FA-PDA@MOF. (e-f) XPS spectrum of all the elements of MOF and FA-PDA@MOF.

100,712, dilution ratio: 1:500) were utilized to label targeting immune
cells. After the antibody dying in the dark icebox for 30 min, flow tubes
loaded with labeled cell solution would be centrifuged with the rotation
condition of 1550 rpm for 5 min, and cells would be resuspended into 1
mL iced PBS buffer. Finally, samples were used flow cytometry to
analyze the ratio of cytotoxic T and helper T cells in the lung.

For flow data processing, the following steps were conducted. First of
all, the compensation sets were tested as the negative control, and the
gating strategy of obtained flow data was thus determined, respectively
establishing the intensity standard of positive fluorescence ranges after
tuning machinery parameters. Besides, the gating region in the FSC-SSC
plot was adjusted and then fixed to circle the group of lymphocytes and
to exclude noises from other cells [49].

2.11. Invitro antigen capture studies for catalytic antigen-capture sponge
(CAS)

In the beginning, 10° B16F10 cells had been seeded into a 6-well
plate. After two days of culture, the culture medium will be changed
to serum free medium for an additional day culture and followed by
adding CAS to kill the cells. Then, the cell supernatant was collected, and
used 3 k concentrator to remove the residual drugs and culture medium.
Next, CAS were added to the supernatant to examine the antigen capture
ability. Finally, the protein-bound CAS particles were spun down and
run an SDS-PAGE. The Coomassie blue stained band were cut out and
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sent to National Taiwan University Consortia of Key Technologies and
Instrumentation Center for liquid chromatography/tandem mass spec-
troscopy (LC/MS/MS) analysis. Neoantigen proteins in B16F10 cell line
were identified from previous reports [50-52]. Protein class analysis
utilized Panther for analysis.

2.12. In vivo efficacy studies in mice

The B16F10 tumor-bearing mice were established as previous pro-
cess. After 6, 9, and 12 days of tumor inoculation, MOF were injected via
intravenous injection. For the immune therapy groups, anti-PD1 anti-
bodies were administered to mice after 7, 10, and 13 days of tumor
inoculation. On day 14, mice were sacrificed and tumor nodules were
counted under the dissecting microscope.

3. Results and discussion
3.1. Synthesis and characterization of CAS

The synthesis process of CAS composed of chloroquine (CQ), copper-
based metal organic framework (MOF), and polydopamine (PDA nano-
gels) is depicted in (Fig. 2a). Initially, MOF was synthesized through the
hydrothermal method, utilizing Copper (II) Nitrate Trihydrate and 1,3,5
Benzenetricarboxylic Acid (BTC). Subsequently, chloroquine (CQ) was
loaded onto the porous structure of MOF via the n—r interactions and van
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Fig. 4. Hydrolysis and in vitro cancer cells targeting capability of MOF. (a) SEM images of MOF hydrolysis process exposure in water. (b) The illustration of CAS
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flow cytometry results.

der Waal forces, followed by the coating of dopamine through a sol-
vothermal reaction, to obtain CQ/PDA@MOF [5]. Based on previous
literature, CQ has a peak absorption at 340 nm (Fig. S1) [53]. In order to
determine the encapsulation efficiency of the drug, the supernatant of
the loading solution was collected via centrifugation, resulting in an
encapsulation efficiency of approximately 75%. The morphology of
MOF, FA-MOF, FA-PDA@MOF, and CAS were characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
(Fig. 2b-k, S2). The results showed that all particles existed in uniform
size and shape. Subsequent surface modifications did not affect the
morphology uniformity. After the sequential coating of PDA and FA, the
designed FA-PDA@MOF exhibits brown color and retains the original
octahedral shape with obvious polymer coating, as shown in the TEM
images (Fig. 2i—j). The PDA is rich in active functional groups, such as
catechol, amine, and imine groups, which facilitate its coating onto the
copper surface [54]. TEM images also indicated the presence of PDA
shells on the MOF particles (Fig. 2k). It should be noted that for all three
types of MOF, elemental mapping signals of copper, oxygen, carbon, and
nitrogen were detected at some level (Fig. 21). The copper signal is from
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the MOF, while the carbon and oxygen signals are from the MOF or
components used for polymer surface modification. Regarding the ni-
trogen signals, PDA and FA are believed to provide most of the signals
for the FA-MOF and FA-PDA@MOF nanoplatforms.

In this study, we employed dynamic light scattering to evaluate the
physical characteristics of MOF-based nanomaterials, specifically
focusing on particle size and surface charge (Fig. 3a,b). Our findings
demonstrate that the introduction of surface modifications led to an
increase in MOF size, from 250 nm to 300 nm. It is worth noting that all
MOF products exhibited a negative surface charge, which is advanta-
geous in preventing cellular uptake in negatively charged cell mem-
branes. However, we observed that the incorporation of carboxyl-
containing FA molecules resulted in a loss of BTC compounds, leading
to reduced negative surface charges in FA-MOF formulations. Further-
more, FA-PDA@MOF displayed the most negative surface charge due to
the high retention of carboxyl groups in MOF, PDA, and FA components.

To investigate the crystallization of particles, X-ray diffraction (XRD)
analysis was conducted (Fig. 3c). The diffraction peaks detected at 9.5°,
11.7°, 13.5°, 16.5°, 17.5°, and 19.1° represented the standard markers
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Fig. 5. Invitro cellular assay for ROS generation, autophagy inhibition, and cytotoxicity evaluation. (a) The mitochondrial hydroxyl radical ROS generation with the
stimulus MOF. (b) The illustration of CQ function in autophagy inhibition. (c) The intracellularly autophagic p62 accumulation with the stimulus of particles. (d) The
intracellularly LC3B-expressed autophagosome accumulation with the stimulus of CQ. (e) Quantitative mitochondrial hydroxyl levels are expressed as the percentage
of hydroxyl identified in control cells. Statistical significance was assessed using one-way ANOVA. Data represent mean + SEM (f) p62 relative fluorescence intensity.
Statistical significance was assessed using one-way ANOVA. Data represent mean + SEM (g) LC3B relative fluorescence intensity. Less fluorescence was detected in
the control cells. Statistical significance was assessed using one-way ANOVA. Data represent mean + SEM (h) Cell viability testing in B16F10 of MOF treatment.
Statistical significance was assessed using two-way ANOVA. Data represent mean + SEM, Asterisk represents significance values. *p < 0.05, **p < 0.01, ***p <

0.001, **** p < 0.0001.

of MOF, signifying crystal planes (220), (222), (400), (422), (511), and
(440), respectively. These findings indicate that MOF possessed a face-
centered cubic crystal lattice [69,70]. Furthermore, all particles
exhibited these four peaks in their XRD spectra, indicating that their
crystalline structure remained intact despite undergoing modifications
with PDA and FA. Additionally, we observed a bump in the XRD spec-
trum of FA-PDA@MOF within the angle range of 20° to 30°, which
corresponds to the characteristic peaks of PDA materials previously re-
ported [71].

Thermogravimetric analysis (TGA) and X-ray photoelectron spec-
troscopy (XPS) were applied to understand organic/inorganic ratios and
bonding. TGA analysis revealed two major weight losses of the MOF at
100 °C and 300 °C. The former represents the removal of residual or
attached water or solvent molecules adsorbed on the inner or outer
surfaces, and the latter represents the thermal decomposition of the
octahedral framework (Fig. 3d). The curves obtained from FA-MOF
maintained a higher residual weight due to the addition of folic acid.
However, the curve of FA-PDA@MOF showed a larger residual weight
but a smoother weight loss. Based on prior studies, the findings indicate
the successful conjugation of FA and PDA through n-r interactions and
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hydrogen bonding [55].

XPS analysis in Fig. 3e,f showed that the Cu 2p spectra of MOF and
FA-PDA@MOF have two distinct peaks at 933.3 eV and 953.4 eV, rep-
resenting the Cu framework [56]. However, after deconvoluting the
spectrum of FA-PDA@MOF, the Cu signal was greatly attenuated due to
the polymer coating of PDA. Previous studies have reported that the C 1
s spectrum of MOF displays peaks at 284.80 eV, 285.5 eV, 286.1 eV,
286.6 eV, and 288.7 eV, corresponding to C=C, C-C/C-H/C-N, C—O,
C=0, and O-C=0 bonds [57]. The O 1 s spectrum for MOF shows peaks
at 530.5 eV, 531.1 eV, 531.8 eV, and 532.6 eV, respectively corre-
sponding to O—C, C=0, O—Cu, and O-C=0 bonding [58]. The N 1 s
spectrum of FA-PDA@MOF exhibited four peaks, which were fitted at
397.2 eV (Cu—N), 398.6 eV (=N-C), 398.0 eV (=N-R), and 399.3 eV
(RoNH), with the peaks at 398.0 eV (=N-R) and 399.3 eV (RoNH)
attributed to polydopamine [59,60]. Furthermore, the significant shift
of the C=O0 signal from the carbon spectrum range to the oxygen
spectrum region confirmed the successful PDA binding and FA conju-
gation, consistent with previous studies [61,62].
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orescence images of lung metastatic tumor models treated with MOF.
3.2. Nitrogen adsorption-desorption isotherms of MOF, FA-PDA@MOF

The surface area of various particles was evaluated by analyzing the
nitrogen adsorption-desorption isotherms using the BET method
(Fig. S3). Based on the type IV isotherm observed in the analysis, MOF
exhibited the characteristic of materials with mesoporous properties.
However, the presence of macropores arising from the gaps between the
accumulated MOFs, which are evident above relative pressures of 0.4
with some gaps extending beyond relative pressure values of 0.8 [63].
FA-PDA@MOF showed similar result curves but with lower meso-
porosity. This result indicated that PDA filled the surface cavities or
internal pores. FA-PDA@MOFs are considered capable of delivering
small-molecule drugs because of their appropriate porosity and pore
size.
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3.3. Hydrolysis and redox imbalance of MOF

The hydrolytic ability and redox imbalance ability of nanoparticles
are closely related to biocompatibility and cytotoxicity [64]. After 24 h
of exposure to water, the MOF was observed to collapse from octahedral
faces to the entire structure. The hydrolysis is attributed to thermody-
namic reasons and the decomposition of paddle wheel subunits of MOF
[65]. This observation suggests the possible release of intrinsic copper
ions and unloading of the carried CQ molecules (Fig. 4a).

To assess the copper ion-induced Fenton reaction mediated by MOF,
GSH depletion and ROS generation were evaluated in aqueous solutions
with varying pH values (Fig. 4b-d). The ability of MOF, FA-MOF, and
FA-PDA@MOF to consume GSH and form GSSG in an acidic pH 5.0
phosphate buffer environment is determined by the color change of the
DTNB indicator and the peak reduction on the UV-Vis spectrum
(Fig. S4a, b). Although FA-PDA@MOF required a longer time to
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completely deplete GSH molecules in neutral pH 7.4 phosphate buffer
compared to MOF and FA-MOF, the three types of MOFs showed similar
depletion of GSH ability (Fig. 4c). This data demonstrates that the PDA
coating imparts pH-responsive properties to the nanoparticles, which
provides important protection against leakage of copper ions or expo-
sure of the copper-filled surface during the in vivo circulation of the
nanoparticles. Furthermore, the colloidal stability of MOFs in ethanol
and PBS had also been conducted (Fig. S5). The size and surface charges
of the MOFs remained relatively unchanged under the specific
conditions.

In the methyl orange ROS generation assay, a similar trend was
observed for the three MOFs in their ability to induce ROS generation. A
decrease in UV-Vis peak intensity was detected in acidic pH 5.0 phos-
phate buffer solution. However, in neutral pH 7.4 phosphate buffer so-
lution, compared with MOF and FA-MOF, FA-PDA@MOF showed
weaker ROS generation, slower color decay rate, and continuous
decrease of UV-Vis absorption. As reported in previous studies, the pH-
responsive properties were associated with and induced by tertiary
amines on dopamine derivatives used for PDA coatings [66]. This result
demonstrates that the pH-responsive PDA coating can prevent acute
ROS generation in blood circulation (Fig. 4d).

3.4. Invitro cellular uptake of MOF

To assess the cellular uptake capacity of MOFs, different formula-
tions of MOFs were treated at different times. Confocal images and flow
cytometry reveal time-dependent cellular uptake (Fig. 4e-f). Under the
same treatment conditions, the observed phagocytosis of FA-PDA@MOF
was the highest among the three formulations. Meanwhile, the absorp-
tion concentration of FA-MOF is higher than that of MOF. This obser-
vation corresponds to previously reported experiments in which surface
binding of FA induces folate receptor-mediated internalization, whereas

B16F10
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biocompatible PDA coatings induce folate receptor-mediated internali-
zation through various mechanisms such as energy-dependent phago-
cytosis and micropinocytosis [67]. Additionally, charge-associated
interactions between B16F10 membranes and PDA-presenting positive
amino groups with cytomembrane-existing negative phosphate com-
plexes may also contribute to enhanced uptake [68].

3.5. MOF induce intracellular ROS generation

After assessing the cellular uptake capacity, the different particles
were assessed for their ability to perform copper-based Fenton-like re-
sponses and intracellular ROS induction (Fig. 5a, b, e). The results
showed that all three MOFs efficiently triggered the copper ion Fenton-
like reaction, resulting in a significant hydroxyl radical signal. Notably,
the ROS signal intensity in the unmodified MOF was significantly higher
than in the other formulations due to the rapid hydrolysis of the copper
backbone. The results of the combined cell and methyl orange ROS as-
says indicated that the FA and PDA coatings prevented the acute cyto-
toxicity of copper ions and instead resulted in the sustained production
of ROS in cancer cells.

3.6. Synergistic MOF and chloroquine (CQ) on autophagy regulation

To assess the potential synergy of MOF catalysis and autophagy in-
hibition in cancer therapy, two autophagy-specific biomarkers, LC3B
protein, and p62 complex, were evaluated and quantified under CLSM
[69,70]. Results showed that p62 signaling was expressed in all treat-
ment groups, suggesting that CQ or MOF activated intracellular auto-
phagy (Fig. 5b, ¢, f). LC3B signaling was less induced by MOF but
significantly increased in the free CQ and dual combination treatment
groups, suggesting inhibition of lysosome-autophagosome fusion and
autophagosome accumulation to enhance intracellular stress (Fig. 5b, d,
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Fig. 8. (a) The identified proteins represent different classes of proteins. (b) The neoantigens and DAMPs captured by CAS.

g). These results demonstrated the feasibility of combinational therapy
with MOF and CQ.

3.7. Cytotoxicity of MOF in cancer cells

The cytotoxicity of different MOF formulations was evaluated in the
B16F10 cell line and found that cytotoxicity increased with the dose of
all three MOF formulations (Fig. 5h). The cell viability was highest in the
FA-PDA@MOF treatment group, followed by the FA-MOF application
group, then MOF, and then the CQ/FA-PDA@MOF participation group.
This is due to the lower ratio of copper and more polymer modifications
in MOF at the same weight concentration, as well as the remarkable anti-
tumor cytotoxicity provided by CQ for the whole MOF nanomedicine.
These findings corroborate the results of acute ROS accumulation and
autophagy inhibition.

3.8. In vivo biodistribution of MOF

In vivo animal models are used to understand the biodistribution of
MOFs. Thirteen days after tumor inoculation, MOFs were injected
intravenously into tumor-bearing mice (Fig. 6a). After harvesting of
major clearing organs, IVIS analysis shows particle accumulation in vivo
(Fig. 6b). FA-MOF exhibited higher accumulation in lung tumors due to
reduced charge-attraction-induced uptake and enhanced permeability
and retention effects in normal cells [71]. FA linked to MOFs can
enhance internalization of targeted metastases through folate receptor
(FR)-mediated endocytosis. Folate receptor is overexpressed in many
tumor cells, including ovarian, and lung tumors, but not in normal cells
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[72]. Immunofluorescence staining analysis and flow cytometry analysis
showed that FA provided excellent tumor targeting (Fig. 6¢c, S7).
FA@MOF and FA-PDA@MOF facilitated deeper penetration into solid
tumor tissues. Flow cytometry analysis revealed that the majority of FA-
modified MOFs accumulated in the tumor area rather than in the blood
vessels (Fig. S7). Without assistance of FA, MOF alone was mainly
retained in tumor tissues exterior or surface.

3.9. MOF induce the infiltration of cytotoxic T lymphocytes

The induction of intracellular reactive oxygen species (ROS) by CDT
can promote immunogenic cell death (ICD) in cancer cells [73]. How-
ever, increased ROS production leads to the activation of autophagy,
also known as a self-defense mechanism [36]. In this regard, chloro-
quine (CQ) was used as a well-known inhibitor that promotes the
downstream regulation of autophagy through innate immune activation
receptors to exacerbate cancer cell death [74]. In this study, flow
cytometry was used to investigate the expected priming of immune re-
sponses, particularly the populations of CD8" cytotoxic T lymphocytes
and CD4 " helper T lymphocytes (Fig. 7a, b). As the results showed, only
the cytotoxic T cell population exhibited a slight increase with the CAS
and FA-PDA@MOF formulations (Fig. 7a, S8).

To further explore the interaction between tumor cells and T lym-
phocytes, immunofluorescence staining was used to analyze the locali-
zation of CD8 T cells and assess their ability to penetrate the tumor.
Infiltration of CD8" T cells at tumor sites was lower for MOF and FA-
MOF but higher for FA-PDA@MOF and CAS containing PDA, suggest-
ing a critical role of PDA in attracting and accumulating more CD8" T
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Fig. 9. In vivo efficacy study. (a) The confocal images for MOF at lymph node and staining with dendritic cell markers. (b) The therapeutic process for MOF and
immune checkpoint inhibitor treatment. (c) Number of lung metastatic nodules was significantly reduced in the PDA-coated, CQ inhibition, and immunotherapy
combining therapy group. Statistical significance was assessed using one-way ANOVA. Data represent mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

cells to tumors organize (Fig. 7c, d). We propose that PDA can control
and maintain the release of ROS and loaded drugs, can break the tight
junction between tumor cells, and its antigen-capturing ability can train
immune cells to specifically target tumor cells. Furthermore, T cell
infiltration in healthy lung tissue was also evaluted. However, as normal
lung tissue is not as densely populated as the tumor area, T cell infil-
tration is not significant (Fig. S9). These results demonstrate the po-
tential of the CAS as a promising carrier for immunotherapeutic
applications.
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3.10. Antigens capture by catalytic antigen-capture sponge (CAS) trigger
immune response

To investigate the underlying mechanism of T cell infiltration, the
antigen capture ability was analyzed. To assess the ability of CAS to
capture tumor antigens, CAS was incubated with B16F10 cell lysates.
The successful capture of tumor antigens was confirmed by quantifying
the total amount of protein bound by the CAS formulation using LC/MS/
MS. The analysis revealed that 273 proteins were bound by CAS, with
most of them being translational proteins (Fig. 8a). To further determine
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the nature of these captured-proteins, we investigated their functions,
specifically to distinguish between neoantigens expressed by B16F10
cells and damage-associated molecular patterns (DAMPs) that may elicit
an immune response [50-52,75]. Neoantigens are unique antigens that
are specific to tumors and are generated from somatic mutations. Our
results indicate that Actn4, Eef2, and Rp113a, which had been reported
as neoantigens, were captured by CAS [50-52]. Additionally, our results
also showed that the CAS was able to capture several DAMPs, including
heat shock proteins, histone proteins, and alarmins (HMGB1) (Fig. 8b).
DAMPs are a diverse group of pro-inflammatory molecules that have
been demonstrated to enhance immune responses. These findings
confirm that CAS can effectively capture tumor-associated antigens,
thereby further promoting immune activation. Furthermore, to verify
the effect of serum proteins, the in vitro antigen capture assay with the
incubation of CAS with serum collected from tumor-bearing mice was
conducted before it interacts with B16F10 cells. The LC-MSMS results
(Fig. S10) demonstrate that the CAS retains its effective antigen capture
ability even after non-specific interactions with serum proteins.

Next, we aim to evaluate the ability of the CAS to be transported to
the lymph node, an immune organ, and activate dendritic cells. Den-
dritic cells serve as antigen-presenting cells and have the capability to
instruct cytotoxic T cells to specifically target and eliminate tumor cells.
To assess the potential of the MOF to trigger an immune response, we
conducted immunofluorescence staining of the lymph node and lung
(Fig. 9a, S11). The results of CD80 and CD11c staining indicated that the
MOF were able to be captured by mature dendritic cells [76]. This
combined with the results from LC/MS/MS analysis suggests that the
antigen-captured CAS has the potential to enhance the immune response
and eradicate tumors.

3.11. Therapeutic efficacy of the combination of CAS and
immunotherapy

Syngeneic lung-metastasis tumor mice model was used to evaluate
the potential of MOFs to improve the efficacy of immunotherapy. Spe-
cifically, B16F10 melanoma lung cancer mice were treated with MOF
and an anti-PD-1 (aPD-1) immune checkpoint inhibitor. 14 days after
tumor inoculation, mice were euthanized and their lung tissues were
examined to quantify the number of foci (Fig. 9b,c). The treatment effect
was directly observed by a reduction in the number of B16F10 mela-
noma clusters isolated from the lung surface. This observation was
further supported by the results of the survival study (Fig. S12). Ther-
apeutic efficacy was gradually improved from MOF to FA-MOF and FA-
PDA@MOF, which enabled complete targeting of lung metastatic tumor
regions by exploiting FA conjugation for active targeting and PDA shell
stability and antigen capture ability. Furthermore, the combination
therapy of CAS and anti-PD1 showed significant synergy, suggesting that
CAS has the potential to enhance immunotherapy through a combina-
tion of redox potential imbalance, autophagy inhibition, and immune
stimulation. These findings suggest that CAS has promising value in
combination with immune checkpoint inhibitors to improve immuno-
therapy outcomes. Moreover, to assess the potential hepatotoxicity the
levels of alanine transaminase (ALT), albumin (ALB), and blood urea
nitrogen (BUN), as well as conducted HE staining on liver were evalu-
ated after the treatment with MOFs. In Fig. S13, the results indicated
that the tested formulation did not exhibit any signs of liver toxicity.

4. Conclusions

In summary, a catalytic antigen-capture sponge (CAS) containing a
copper-based metal organic framework (MOF) and chloroquine (CQ) has
shown promise in programming T cell infiltration and inhibiting me-
tastases in preclinical studies. The CAS is able to accumulate in tumors
and induces chemodynamic therapy (CDT) via a Fenton-like reaction,
leading to reduced levels of glutathione (GSH) and inhibition of auto-
phagy. The CAS also acts as an antigen sponge, delivering tumor-
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associated antigens to dendritic cells and facilitating sustained im-
mune stimulation. These treatments have the potential to overcome the
immune privilege and heterogeneity of tumors, and the in-situ forming
CAS lung metastasis as a CDT-induced antigen reservoir may lead to the
infiltration of immune cells in metastatic clusters and inhibition of
metastases. Further studies are needed to evaluate the safety and effi-
cacy of this approach in humans.
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