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MOF-Based Single-Atom and Metal Cluster Catalysts by
Room-Temperature Synthesis for Tumor Therapy

Subin Yu, Haeun Kang, Seohyeon Jee, WooYeon Moon, Dohyub Jang, Wen-Tse Huang,
Dongjun Kim, Kyungwha Chung, Dong-Il Won, Jungwon Park,* Ru-Shi Liu,*

Kyungmin Choi,* Sehoon Kim,* Luke P. Lee,* and Dong Ha Kim*

Metal-organic frameworks (MOFs) are widely used as substrates for creating
single-atom catalysts due to their abundance of ligands, facilitating enzyme-
like activity for biomedical applications. However, the high-temperature
calcination process for single-atom catalysts limits economical, efficient,

and large-scale synthesis. Here, a simple room-temperature synthesis

of MOF-based single-atom and metal cluster catalysts is presented for
tumor therapy. Fe/MOF is obtained through a coordination reaction at room
temperature, while Au/MOF is synthesized from Au?* /MOF by introducing
a reducing agent. Au/MOF effectively generates hydrogen peroxide

(H,0,) from glucose, outperforming Au**/MOF, and Fe/MOF subsequently
produced hydroxyl radicals (¢OH) by decomposing the generated

H,0,via accelerated peroxidase-like activity in an acidic environment.

In vitro and in vivo studies confirm a significantly enhanced cancer
eradication ability compared to the PBS-treated group by combining cascade
enzymatic activity, destruction of oxidative homeostasis, and excessive
mitochondrial-mediated lipid peroxidation. The novel synthesis process

of MOF-based metal single-atom catalysts establishes a new paradigm for
fabricating effective enzyme-like nanomaterials for multimodal tumor therapy.

1. Introduction

Nanomaterials with natural enzyme-like
properties have been widely considered
reactive oxygen species (ROS)-based
nanomedicine for catalytic tumor treat-
ment. Noble metal and transition metals,
including iron (Fe), palladium (Pd), plat-
inum (Pt), ceria (Ce), gold (Au), and silver
(Ag), have shown biological enzyme-like
features such as peroxidase, catalase, oxi-
dase, and superoxide dismutase, which all
are involved in cellular redox homeostasis.
These biocompatible enzyme-like nanoma-
terials effectively generate numerous ROS
or mimic the glucose oxidase (GOD) to ini-
tiate the starvation of cancer cells.['"3] Iron,
typically a ferrous ion, has been recognized
as a peroxidase-like nanomaterial, decom-
posing the hydrogen peroxide (H,0,) to
ROS, especially hydroxyl radical (¢OH), for
contaminant elimination under an acidic
environment.[¥l ROS eradicate tumors by
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destroying cellular organelles and membranes and regulating
cell signaling.®! On the other hand, gold (Au) has also been con-
sidered as enzyme-like nanomaterials that exhibit GOD-mimic
activity to oxidize glucose to gluconic acid and H,0,.[%”] How-
ever, the lack of high-performance with desirable catalytic activ-
ity hinders the enzyme-like nanomaterials-mediated therapeutic
application due to the inherent surface defect of present nano-
materials to produce sufficient #OH for efficient killing of cancer
cells.l®%] Additionally, limited H,0, availability or relatively high
pH levels adversely affect catalytic activities, leading to a lack of
eOH production.['®!

Single-atom catalysts (SACs) have been recognized as effec-
tive electrocatalysts and heterogeneous catalysts.['12] The char-
acteristic benefit of SACs arises from combining the homoge-
nous catalysts with the isolated active site and highly stable
and recyclable heterogeneous catalyst features. The SACs show-
case significantly enhanced catalytic performance in electrocatal-
ysis and chemical synthesis with enlarged specificity and ac-
tivity at an atomic level of the active site.3] Utilizing a sin-
gle atom as a catalytic center can be beneficial in maximiz-
ing atom utilization in the catalytic system with high selec-
tivity and reactivity.'!l Numerous approaches have been devel-
oped to synthesize the SAC, including the wet chemical,[**! spa-
tial confinement,>! sacrificial template,!'®! and atom-trapping
via high-temperature treatment.'’”] In brief, the wet chemical
method needs the distribution of metal precursors on support
materials, followed by calcinating ligands under high temper-
atures to activate the metal single atom. Spatial confinement
means anchoring the metal atom on porous materials such as
MOF and zeolitic-imidazolate-framework (ZIF). The sacrificial
template method utilizes porous templates to isolate metal pre-
cursors with pyrolysis treatment. The high-temperature medi-
ated atom trapping method indicates that the metal atoms an-
chor at the defect sites of N-doped support by evaporating the
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metal precursor. It is noted that the above-mentioned synthetic
approaches require high-temperature treatment with support-
ing materials during the fabrication. Insoluble and cheap sup-
ports for manufacturing SAC include carbon, ceria, Al,O,, and
metal-organic framework (MOF).["®! Among these, MOF pos-
sesses abundant ligands (e.g., N, O, P, and S-ligands), facil-
itating the production of the highly stable SAC with an ad-
ditional metal coordination center.'”! Transition metal coordi-
nated with N ligand mimics the natural enzymes chemically,
geometrically, and electronically with great activity and selec-
tivity. N-doped carbon materials, including graphene, porous
carbons, nanofibers, and fullerenes, are widely used to fabri-
cate the transition metal-nitrogen coordinated SAC under high
reaction temperatures. Utilization of certain MOFs, instead of
N-doped carbon materials, would precisely manipulate the lo-
cation of metal-nitrogen coordinated active centers by con-
trolling types and ratios of organic ligands during the prepa-
ration of MOF. However, the unavoidable technological ob-
stacle for the natural enzyme mimicking SACs toward scal-
able synthesis mainly focuses on a green synthesis with a
cost-effective approach. Until now, most SACs are prepared
through high-temperature (700 — 1000 °C) pyrolysis treatment.
Nevertheless, the challenge arises in the large-scale produc-
tion of SACs due to the high energy costs associated with
this high-temperature process, thereby restricting their broader
applications.[?]

In this work, we developed MOF-based single-atom and metal
nanoclusters using a simple room-temperature synthetic ap-
proach for tumor therapy (Figure 1). Specifically, we established
a cascade enzymatic reaction system that incorporates peroxi-
dase (POD)-mimic single Fe atom catalysts alongside glucose ox-
idase (GOD)-mimic Au nanocluster (Au NC) catalysts. We uti-
lized a unique support for metal-nitrogen coordination, specif-
ically a zirconium-based MOF (UiO-67-BPY) and N-doped car-
bon materials, metal oxides, and silica. A single Fe atom was
isolated in the ultrasmall MOF Dby a lone-pair electron from ni-
trogen (referred to as Fe/MOF), while Au NC was loaded into
the pores of the MOF (referred to as Au/MOF) (Figure 1a).
The entire synthesis was conducted at room temperature, dis-
tinguishing the current protocol from conventional approaches.
The Au/MOF as-prepared acted as a GOD-mimic for oxidizing
glucose to gluconic acid and hydrogen peroxide (H,0,). Gener-
ated single Fe atoms decomposed additional H,0O, to produce
o¢OH through a POD-like reaction. Furthermore, Au/MOF was
modified with a mitochondrial targeting moiety (triphenylphos-
phonium, TPP) to facilitate the internalization of Au/MOF into
the mitochondria. The resulting TPP-modified Au/MOF exhib-
ited the ability to deplete glutathione (GSH), disrupting the redox
balance inside the mitochondria and promoting excessive lipid
peroxidation. Overall, catalytic activities were enhanced due to
the acidic environment, additional H,O, produced by Au/MOF,
and redox imbalance via GSH depletion, which generated a suf-
ficient amount of eOH to kill cancer cells. To further incorpo-
rate chemotherapy, an anticancer drug (doxorubicin, DOX) was
introduced into the Fe/MOF (denoted as Fe/DOX/MOF), facil-
itating drug delivery due to high porosity (Figure 1b). Our sys-
tem overcomes the conventional limitations of nanocatalysts and
may represent a multimodal nanomedicine approach for cancer
treatment.
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Figure 1. a) Schematic diagram of prepared Au/MOF and Fe/MOF. b) cascade enzymatic reaction mediated overall cell death mechanism. Fe/MOF
induced the peroxidase-like activity, eventually leading to the ferroptosis of cancer cells. Simultaneously, delivered DOX caused the cell death via DNA
break. In addition, DOX was accumulated in mitochondria for mitochondrial-mediated excessive lipid peroxidation. Besides, Au/MOF generated the
H,0, by decomposing the glucose to induce the starvation of cells. In addition, Au/MOF was uptaken by mitochondria to deplete GSH and cause

additional oxidative stress to accelerate lipid peroxidation.

2. Results and Discussion

Zirconium-based metal-organic frameworks (UiO-67-BPY) were
prepared using a solvothermal method by mixing ZrCl, pre-
cursor, 4,4'-biphenyl-dicarboxylic acid (H,BPDC), and 2,2'-
bipyridine-5,5'dicarboxylate (H,BPYDC) (Figure S1, Supporting
Information).!l By introducing the bipyridine (BPY) docking
centers, precisely controlled post-modifications are available to
anchor the metal atoms and nanoclusters.[??] The single unit of
prepared UiO-67-BPY and high-resolution transmission electron
microscopy (HR-TEM) images with the Gaussian denoising pro-
cess were depicted in Figure 2a,b. Based on HR-TEM, (002), (1),
and (11) planes were observed from the Fourier transform (FFT)
pattern along the [110] direction, well verifying the octahedra unit
cell structure of UiO-67-BPY. The obtained denoised TEM pre-
sented the Zr node (bright) and ligands (dark) of UiO-67-BPY,
well matched with the schematic of a single UiO-67-BPY unit.
The obtained distance between the two of Zr node was around
0.12 nm, consistent with the length of BPY ligand (Figure 1b,
left). Interestingly, an unexpected phenomenon in TEM was ob-
served: the heavier elements appeared brighter, contrary to ex-
pectations based on atomic numbers. This phenomenon was in-
vestigated through TEM simulations varying both sample thick-
ness and defocusing levels (Figure S2, Supporting Information).
The results, as depicted, revealed an inversion phenomenon cor-
related with the degree of defocusing and sample thickness, con-
trary to the atomic numbers. This simulation provided evidence
supporting the possibility of an inversion phenomenon observed
in the experimental results. The scanning electron microscopy
(SEM) image of prepared UiO-67-BPY showed a uniform poly-
hedral shape with an average size of 42 nm, suggesting the ultra-
small size MOF was well synthesized as the support of single
atom and metal cluster (Figure S3a, Supporting Information).
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Proton nuclear magnetic resonance ('H-NMR) result demon-
strated the ratio between 4,4-biphenyl-dicarboxylic acid and 2,2’-
bipyridine-5,5’-dicarboxylate is 1:1, facilitating the isolation of a
single atom in the solid supports (Figure S3b, Supporting In-
formation). The crystallinity of prepared UiO-67-BPY was then
assessed by X-ray diffraction (XRD) measurement and HR-TEM
with FFT pattern (Figure S3c, Supporting Information). The char-
acteristic peaks of 5.76°, 6.66°, and 9.46° were observed in the
XRD pattern with sharp bands for (111), (200), and (220) planes,
respectively, suggesting high crystallinity of UiO-67-BPY.I2324]
This result was well matched with the FFT pattern obtained
from HR-TEM. To investigate the porosity of as-prepared UiO-
67-BPY, we then measured the Brunauer-Emmett-Teller (BET)
(Figure S3d, Supporting Information). UiO-67-BPY exhibited a
BET surface area and total pore volume of 2257.3 m?g~! and
1.5687 cm?g~!, respectively. The obtained average pore size was
~2.75 nm. It indicated that UiO-67-BPY was an excellent carrier
for drug and Au NC. Fourier transform infrared (FT-IR) measure-
ment of UiO-67-BPY was conducted, and characteristic bands of
carboxylate linker were monitored between 1300 and 1750 cm™,
further supporting the successful formation of UiO-67-BPY MOF
(Figure S3e, Supporting Information). In sum, nano-sized UiO-
67-BPY were well prepared with precisely controlled ligand ratio
and size as a unique support for producing single atom catalyst
by formation of metal-nitrogen coordination bond.

We then prepared the GOD-like Au/MOF using UiO-67-BPY
as a support material. We assume that introducing a single Au
atom to UiO-67-BPY support would maximize the GOD-like ac-
tivity. A single Au atom was incorporated into UiO-67-BPY sup-
port by mixing Au precursor and UiO-67-BPY solution via Au-N
coordination (Au**/MOF). Scanning transmission electron mi-
croscope (STEM) image and TEM image supported the success-
ful formation of a single Au atom GOD catalyst (Figure 2d;
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Figure 2. Characterization of Au/MOF and Fe/MOF. a) Schematic diagram of Zr-based metal-organic framework. b) HR-TEM of as-prepared UiO-67-
BPY (scale bar = 20 nm). Inset: the FFT pattern of as-prepared UiO-67-BPY. Gaussian denoised TEM image of as-prepared UiO-67-BPY and mapping of
their crystal structures (scale bar = 1 nm). c) Schematic diagram of Au/MOF preparation procedure. d) STEM image of Au**/MOF (scale bar =5 nm).
The red circle indicates the single Au atom. The black arrow indicates the Zr metal site. ) TEM image of Au/MOF (scale bar = 10 nm). The orange circle
indicates the gold nanocluster embedded in the MOF. f) Synthetic procedure of single Fe/DOX/MOF. g) TEM images of the as-prepared Fe/MOF (scale
bar = 10 nm). Inset: the FFT pattern of as-prepared Fe/MOF. h) STEM images of the as-prepared Fe/MOF (scale bar = 5 nm). i) XANES spectra of Fe
foil, Fe,03, FeO, and Fe/MOF (2 wt.%). j) FT-EXAFS spectra of Fe foil, Fe,O; and Fe/MOF (2 wt.%). k) Quantitative EXAFS fitting analysis of Fe/MOF

(2 wt.%).

Figure S4a, Supporting Information). The GOD reaction was
conducted, and the production of H,0, was confirmed by mea-
suring the UV-vis absorbance of titanium oxysulfate (TiSO,), an
indicator for H,0,.[?! Colorless-TiSO, reacts with H,0, to form
a yellow-colored peroxide-titanium complex, exhibiting UV-vis
absorbance at 410 nm. After the GOD reaction with Au**/MOF
or Au NP, the spectra showed a characteristic peak at 410 nm, in-
dicating the formation of H, 0O, by oxidizing glucose (Figure S4c,
Supporting Information).

However, Au** /MOF showcased a less efficient GOD-like ac-
tivity than Au NP, contrary to our assumption. During the GOD
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reaction, glucose lost its electrons through Au catalyst to form
gluconic acid, and oxygen was used to earn two electrons from the
catalyst to produce H,0,. Our Au** /MOF facilitated the oxidiza-
tion of glucose and the formation of Au metal rather than giving
these electrons to surrounding oxygen (Figure S4b,d, Supporting
Information). This finding demonstrated that the Au nanoclus-
ter is more favorable for the GOD-like performance than a sin-
gle Au atom due to the GOD reaction requiring the multi-active
site.?*] Thus, we decided to fabricate the Au NC in the UiO-67-
BPY MOF instead of incorporating the single Au atom. Figure 2c
describes the overall synthesis process of Au/MOF. The Au
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precursors started nucleation to form Au NC at the lone-pair elec-
tron of the BPYDC ligand site due to high surface energy. As-
prepared UiO-67-BPY MOF was re-dispersed in DMF solvent,
and then the Au precursor and reducing agent were injected
and stirred overnight. To incorporate the mitochondrial targeting
ability, glycol chitosan-(3-carboxypropyl)triphenyl phosphonium
bromide (GC-TPP) was then introduced via electrostatic inter-
action with polystyrene sulfonate (PSS) treated Au/MOEF. TPP
is a representative lipophilic cationic moiety that targets mito-
chondria, rapidly accumulating within mitochondria without a
specific transportation mechanism.[?”! To confirm the structure
of Au/MOF@GC-TPP, TEM and energy dispersive X-ray spec-
troscopy (EDX) were measured, as shown in Figure 2e and Figure
S5 (Supporting Information). Au NC was homogeneously dis-
persed inside the MOF, and the average size was ~8 nm. EDX
mapping data showed that Zr and Au atoms were well distributed
in the MOF, evidencing the successful preparation of Au/MOF.
X-ray photoelectron spectroscopy (XPS) data of Au/MOF exhib-
ited the binding energy for Au 4f,, and Au 4f;, at 84.0 and
87.71 eV, respectively, corresponding to the metallic Au, further
confirming the formation of Au NC in the MOF (Figure S6a,
Supporting Information). The optical property of Au/MOF was
assessed as illustrated in Figure S6b (Supporting Information).
Compared to the bare MOF (light orange line), after the in-
corporation of Au NC, a plasmonic band appeared at 540 nm,
demonstrating the successful introduction of Au NC as GOD-
mimic nanomaterials. FT-IR analysis of GC-TPP revealed the
C—N stretching mode at 1232 cm™!, proving the well-synthesized
GC-TPP as a mitochondrial targeting moiety (Figure S6c, Sup-
porting Information). To evaluate the surface modification of
Au/MOF, zeta-potential was measured following the step-by-step
ligand addition (Figure S6d, Supporting Information). Bare MOF
displayed a slight negative charge, whereas a more pronounced
negative zeta potential of PSS-modified MOF was detected. This
result confirmed the introduction of PSS to MOF by Zr*"-SO;~
interaction.[?®] After introducing GC-TPP, MOF showcased the
positive charge, demonstrating the well incorporation of GC-TPP
onto the MOF surface by electrostatic interaction.

Next, we conducted the structural and optical characterization
of POD-mimic Fe single atom MOF (Fe/MOF). The synthetic
route was schematized in Figure 2f. As-prepared MOF was re-
dispersed in a DMF solvent, and then Fe precursor was injected
and kept undisturbed overnight at room temperature. HR-TEM
and STEM images display the location of the Fe atom inside the
MOF, as shown in red circles, demonstrating the anchoring of a
single Fe atom inside the UiO-67-BPY MOF structures via metal-
bipyridine interaction (Figure 2g,h). EDX mapping data showed
the atomic distribution profiles, further demonstrating the suc-
cessful introduction of the Fe atom in the UiO-67-BPY MOF sup-
ports (Figure S7, Supporting Information). To further verify the
single Fe atom, X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) were mea-
sured (Figure 2i-k). We mixed the 2 and 5.5 wt.% of FeCl, with
MOF solution. to optimize the Fe precursor amount. Compared
to the 5.5 wt.% of FeCl, the oxidation state of the Fe atom in 2
wt.% was far higher, suggesting that 2 wt.% of Fe precursor was
suitable for isolating the single Fe in the MOF supports (Figure
S8a, Supporting Information; Figure 2i). Compared to the con-
trol groups (Fe foil, Fe,0;, and FeO), the energy position of our
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Fe/MOF (2 wt.%) was well-matched with FeO, indicating the ox-
idation states of Fe in our nanocatalyst corresponds to was +2
(Figure 2i). The atomic bond distance was investigated to con-
firm the atomic structure of Fe/MOF by EXAFS measurement
(Figure 2j,k). In the case of 5.5 wt.% Fe precursor treated MOF,
atomic distances of 2.6 A were observed, corresponding to the
Fe—Fe metal bond (Figure S8b, Supporting Information). No-
tably, MOF mixed with 2 wt.% of Fe precursor exhibited ~1.72
A bond distance correlated to the Fe—N bond, demonstrating
the coordination of Fe with lone pair electrons from nitrogen,
which are the ligands of constructing MOF (Figure 2k; Table S1,
Supporting Information). Based on simulated EXAFS, estimated
coordination structures of Fe—N, were obtained (Figure S9 and
Table S1, Supporting Information). The fitted average coordina-
tion number (CN) is 3.4; thus, the estimated coordination num-
ber between Fe and N could be either 3 or 4. We assume that
the defect site of UiO-67-BPY existed due to the small size and
branched BPY placed near intact BPY ligand to form Fe—N coor-
dination bonding, inducing the slight distortion of overall struc-
tures, as illustrated in Figure S9 (Supporting Information). These
may result in the maintenance of Fe single-atom structures with-
out the pyrolysis process. In sum, POD-mimic Fe/MOF was suc-
cessfully produced by facile coordination chemistry at room tem-
perature for mass production with UiO-67-BPY as support mate-
rials.

Considering the superior porosity of MOF, this property has
facilitated the use of MOF as a drug carrier for target-specific
chemotherapy. In this study, we loaded doxorubicin (DOX) as a
representative chemotherapeutic drug inside the Fe/MOF cav-
ity (denoted as Fe/DOX/MOF). UV-vis absorption was mea-
sured after loading DOX to the Fe/MOF to confirm the DOX
loading (Figure S10a,b, Supporting Information). We measured
the concentration-dependent absorption spectra to investigate
the DOX loading concentration and obtained the concentration-
dependent standard curve. As shown in Figure S10c (Support-
ing Information), compared to the Fe/MOF, a specific DOX ab-
sorption peak around 500 nm was detected in the presence of
Fe/DOX/MOF, demonstrating the successful incorporation of
DOX into the pores of Fe/MOF. Based on the standard curve
for determining the loading concentration, the concentration of
DOX loaded inside the MOF was around 0.1 mwm. The time-
dependent DOX release profile was investigated under different
pH conditions (Figure S10d, Supporting Information). Under
acidic conditions, protonation weakens the electrostatic interac-
tions between DOX and the MOF surface, thereby facilitating the
faster release of DOX within 1 h, compared to the relatively mod-
erate release observed under neutral pH conditions. These find-
ings suggest that Fe/DOX/MOF facilitates the delivery of DOX
to the tumor site, which can be site-specific due to the acidic mi-
croenvironment of a tumor.

Cascade enzymatic activities of Au/MOF and Fe/MOF combi-
nation were then examined (Figure 3). First, GOD-mimic prop-
erties of Au/MOF were evaluated by detecting generated H,O,
using Amplex red assay (Figure 3a,d; Figure S11a, Supporting
Information). Generated H,O, was reacted with Amplex red
in the presence of horseradish peroxidase (HRP), and it con-
verted into red fluorescent resorufin, exhibiting a fluorescence
peak at 580 nm.[?] In the presence of Au/MOF with glucose,
a significant resorufin fluorescence spectrum was monitored

© 2025 Wiley-VCH GmbH

85U8017 SUOWWIOD aAII8.1D) 8|t (dde au A pauienoh aJe Ss(Ie YO ‘8sn J0 Se|nl 1o} Afiq1 8UUO A8]IM UO (SUORIPUOD-PUR-SLLIBY/LID™AB | 1M Al 1l |UO//STIY) SUONIPUOD Pue SWS | 84} 88S *[G202/50/.2] U0 Akeld)Tauluo A8]im ‘AseAlun SusWom BunAuwxoos Aq 850T0SZ0Z WUPe/Z00T 0T/I0p/W0o" A8 M Akeid 1 pul UO"peoueApe//Sdny Wouy papeojumod ‘0 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

GOD-like activity

¢ ;;j’}dGlucose

non-fluorescent
Amplex red

POD-like activity

www.advhealthmat.de

Cascade GOD- and POD-like activity

T™MB

Gluconic acid
+H.0 Fluoresct_ant ox-TMB
252 resorufin
d e f
—Ctrl - ——Ctrl —— Au/MOF + GSH
AU/MOF (10 pL) + GL 7.0- ©) 0.8 *
— Au/MOF (50 pL) + GL . &
= —— AU/MOF (100 pL) + GL C.H.O soHl| = S B 7 e F| L, g
; 6 12 7%‘ % P l g 0.64 **$‘* Au-S GSHl
% § * GSH depletion
[ =
[0} @ Al
g .g 04
7 £
0.2
. . . -~ Ctrl —# AWMOF + GL 0.0 - >
550 600 650 700 750 0 5 10 15 20 25 400 450 500 550
Wavelength (nm) Time (h) Wavelength (nm)
906 h i =
- H202 - Fe/MOF * H202 - HZOZ - Fe/MOF * H202 : deF » G—
— AUMOF + GL
- = = — AWMOF + Fe/MOF + GL
= S S
5047 s S
3 2 =
C 1% 17
=4 =
8 s s
] £ £
<021 & 2
00 T T T T T T T r v T v T v T v T v
400 500 600 700 350 400 450 500 550 350 400 450 500 550 600

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 3. Enzymatic activities evaluation. a) Schematic illustration of Au/MOF mediated GOD-mimic reaction. Glucose was oxidized to form gluconic
acid and H,0,. Generated H,0, was quantified by measuring the photoluminescence of resorufin. b) schematic illustration of Fe/MOF mediated POD-
mimic reaction. H,O, was decomposed to form hydroxyl radicals, and POD-mimic performance was examined by measuring the UV-vis absorption
of TMB substrates. c) overall cascade enzymatic activity of Au/MOF and Fe/MOF. d) Glucose oxidase-like activity of Au/MOF with glucose. e) Time-
dependent pH change profile of Au/MOF reacted with and without glucose f) Ellman’s test for detection of GSH depletion ability of Au/MOF. g)
Peroxidase-like activity of Fe-MOF with H,0,_h) Photoluminescence spectra of Fe/MOF with H, O, containing TA solution i) Photoluminescence spectra
of TA solution containing various samples (Ctrl, Fe/MOF, Au/MOF, and Au/MOF + Fe/MOF) with glucose.

compared to the Au/MOF without glucose, demonstrating the
generation of H,0, via Au/MOF-mediated glucose oxidation.
With increasing the Au/MOF amount, the overall fluorescence
signal of resorufin also increased. To further examine the GOD-
mimic properties of Au/MOF, we then monitored the gluconic
acid production. Gluconic acid is another product of glucose
oxidation, and the generation of gluconic acid was confirmed
by monitoring the pH changes (Figure 3e). A fast pH decrease
was detected in the presence of Au/MOF with glucose, veri-
fying the generation of gluconic acid by oxidizing glucose via
GOD-mimic Au/MOF. This resulted in the acidic environment
of the tumor site, leading to the acceleration of the POD-like ac-
tivity of Fe/MOF. Another valuable characteristic of Au/MOF is
GSH depletion ability by forming Au—S bonding.**) GSH is an
essential antioxidant to preserve cell homeostasis and prevent
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ROS-induced cell damage. GSH regulates mitochondrial lipid
peroxidation by controlling glutathione peroxidase 4 (GPx4).3!l
Thus, depletion of GSH at the tumor site would be a valu-
able strategy to maximize oxidative stress and achieve exces-
sive lipid peroxidation for stimulating ferroptosis. Au/MOF-
mediated GSH depletion was interrogated via UV-vis absorp-
tion spectroscopy (Figure 3f). To determine the GSH deple-
tion, Ellman’s (5,5'-dithio-bis (2-nitrobenzoic acid), DTNB) as-
say was conducted. During the Ellman’s assay, DNTB was re-
acted with GSH and produced yellow 5’-thio-2-nitrobenzoic acid
(TNB) with maximal absorbance at 412 nm.*?! In the absence of
Au/MOF, the solution containing GSH and DTNB showcased
the absorption peak at 412 nm. In contrast, the GSH absorp-
tion peak disappeared in the presence of Au/MOF, confirm-
ing the GSH depletion ability of Au/MOF by forming Au-S
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interaction. Next, the POD-like activities of Fe/MOF were ex-
plored, as shown in Figure 3b,g,h. 3,3’,5,5-tetramethylbenzidine
(TMB) is a well-known substrate to detect POD-like activity by
monitoring the absorption of oxidized-TMB (0x-TMB), which re-
sulted from POD-like activity-induced H,0O, decomposition.!*]
Specific absorption peaks of ox-TMB at 370 and 650 nm were ob-
served in the presence of Fe/MOF with H,0, Meanwhile, the
negligible peaks were detected in H,0,, affirming the POD-like
activity of Fe/MOF (Figure 3g). To explore the reaction mecha-
nism of Fe/MOF, time-dependent absorption changes of ox-TMB
were monitored at varying H,O, concentrations (0 — 800 mm).
Based on these profiles, the Michaelis—Menten and Lineweaver-
Burk kinetic models for Fe/MOF were derived (Figure S12, Sup-
porting Information). According to the Lineweaver-Burk equa-
tion (Equation 1)i3*], the Michaelis—-Menten constant (Km) for
Fe/MOF was determined to be 89.8 mm while the maximum re-
action velocity (Vmax) for Fe/MOF with H,O, was calculated as
1.314x10™° M s~

1_Km 1 1 )
V ~ Vmax [S]  Vmax

Notably, the V.. of Fe/MOF exceeded that of HRP(** and
previously reported Fe-N SACs,*! suggesting a more rapid and
efficient decomposition of H,O, at the single-atom active sites
within the Fe/MOF framework. This superior catalytic perfor-
mance highlights the effective stabilization and activation of sin-
gle Fe atoms by the MOF structure, contributing to enhanced en-
zymatic mimicry compared to natural enzymes and other SAC
systems.

To evaluate the e«OH generation ability of Fe-MOF, the pho-
toluminescence (PL) spectra of terephthalic acid (TA) in the
presence of our samples were investigated (Figure 3h). TA is
the eOH indicator, which reacted with eOH to generate the 2-
hydroxyterephthalic acid (TAOH) fluorescent molecules, exhibit-
ing the PL spectrum at 450 nm.3®] The presence of Fe/MOF with
H,O0, displayed a significant PL spectrum compared to the H,0,
only case, indicating the superior POD-like activities of Fe/MOF.
Fe-MOFs exhibiting POD-like activity have also been shown to de-
plete intracellular GSH levels effectively.l’”] We further assessed
the additional GSH depletion efficiency of Fe/MOF, as shown
in Figure S13 (Supporting Information). The GSH absorption
peak decreased in the presence of Fe/MOF compared to the con-
trol, suggesting that Fe/MOF possesses an additional GSH oxi-
dizing ability of Fe/MOF through the production of ¢OH. Based
on the individual enzymatic properties of Au/MOF and Fe/MOF,
we assessed the cascade enzymatic activities of Au/MOF and
Fe/MOF combination by monitoring the eOH generation us-
ing TA assay (Figure 3c). The presence of Au/MOF with glu-
cose showcased the moderate PL peak at 425 nm, indicating
the generation of H,0, by decomposing the glucose via GOD-
mimic Au/MOF (Figure 3i, orange line). In the presence of only
Au/MOF, Fe/MOF, or Au/MOF + Fe/MOF without glucose, PL
peaks of TAOH were not detected, implying no ¢OH was gen-
erated (Figure S11b, Supporting Information). Notably, the pres-
ence of Au/MOF + Fe/MOF + glucose showcased the superior
PL peak of TAOH compared to the other control groups, which
demonstrated the cascade enzymatic activity of Au/MOF as a
GOD-mimic and Fe/MOF as a POD-like activity to generate the
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eOH from glucose (Figure 3i, red line). Taken together, our hy-
brid catalytic system of both Au/MOF and Fe/MOF facilitated the
induction of oxidative stress by decomposing glucose, which is
the energy source of cells, to ¢OH for cancer treatment.

Having demonstrated the efficient cascade enzymatic activ-
ities of our nanomaterials, we investigated the potential of in
vitro nanomedicine toward the CT26 cells by employing it in
combinatorial catalytic therapeutics and chemotherapeutics for
tumor treatment (Figure 4a). First, to verify the mitochondrial
targeting ability of GC-TPP, we monitored the fluorescence im-
ages of MOF-GC-TPP-treated CT26 cells (Figure S14, Support-
ing Information). MitoTracker is a fluorogenic dye tracking the
mitochondrial location, showing green fluorescence after stain-
ing the mitochondrial proteins.'**! Red fluorescent dye (Cyanine
5; Cy5) was loaded inside the MOF-GC-TPP and MOF-GC to
observe the internalization properties of samples. After treating
the as-prepared samples and MitoTracker dye to CT26 cells, we
monitored the cell images using Nuance. Compared to the GC-
modified MOF (MOF-GC) treated group, cells with MOF-GC-
TPP exhibited colocalized green and red fluorescence signals.
These results supported the superior mitochondrial targeting
ability of TPP-modified GC, which would deliver the Au/MOF
to mitochondria for the depletion of mitochondrial GSH to in-
terfere the cellular redox balance. Based on the above results,
we further examined the mitochondrial GSH depletion ability
of Au/MOF-GC-TPP, as shown in Figure 4b. In the presence
of Au/MOF-GC-TPP, the GSH level of mitochondria was sig-
nificantly reduced compared to control groups, whereas negligi-
ble reduction was detected for all groups of cytosolic GSH level.
These results support the possibility of mitochondrial excessive
lipid peroxidation by down-regulation of GPx4 due to reduced
GSH levels in mitochondria.®”) We assessed the cellular GOD-
mimicking activity by measuring glucose levels to evaluate the
effectiveness of Au/MOF at different concentrations (Figure S15,
Supporting Information). CT26 cells treated with Au/MOF (0-
300 pug mL!) exhibited a substantial decrease in glucose levels,
indicating the potent GOD-like activity of Au/MOF. The cell cyto-
toxicity of our enzyme-like nanomaterials was assessed by water-
soluble tetrazolium salts (WST) assay with increasing concentra-
tion (final concentration of each sample: 0 — 125 pg mL™). The
WST solution was treated onto the CT26 cell after incubation of
samples for 24 h, and the absorbance at 450 nm was then mon-
itored to validate the cell viability. As shown in Figure 4c, only
treated with Au/MOF -TPP or Fe/MOF-GC showed negligible
cell cytotoxicity (red bar for Au/MOF-GC-TPP; light blue bar for
Fe/MOF-GCs). Cells treated with Au/MOF-GC-TPP + Fe/MOF-
GC exhibited decreased cell viabilities with increasing the sample
concentration due to the generated ¢OH from tumor microenvi-
ronment abundant glucose via cascade enzymatic activities me-
diated by Au/MOF-GC-TPP and Fe/MOF-GC (Figure 4c, fuchsia
bar). To confirm the therapeutic effect of DOX, cell cytotoxicity
of Fe/DOX/MOEF-GC was also monitored (Figure 4c, blue bar).
With increasing the Fe/DOX/MOF-GC concentration, cell viabil-
ities were decreased proportionally, indicating the chemothera-
peutic effect of DOX, which was loaded inside the pore of MOF.
Importantly, the presence of Au/MOF-GC-TPP + Fe/DOX/MOF-
GC showcased the superior therapeutic effect compared to those
of control groups, suggesting the combination of catalytic and
chemotherapeutic effect of our enzyme-like nanomaterials via
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Figure 4. In vitro and in vivo study. a) Schematic diagram of in vitro experiment. b) Mitochondrial and cytosol GSH depletion ability test treated with bare
MOF-TPP and Au/MOF-TPP. c) Cytotoxicity of various samples (Au/MOF, Fe/MOF, Fe/DOX/MOF, Au/MOF + Fe/MOF, and Au/MOF + Fe/DOX/MOF)
treated CT26 cells in a concentration-dependent manner (final concentration of each sample: 0 — 125 ug mL~"). d) MDA assay treated with a: Ctrl, b:
Fe/MOF, c: Au/MOF, d: Fe/DOX/MOF and e: Au/MOF + Fe/DOX/MOF. e) Schematic illustration of in vivo experiments with bearing CT26 cells. f)
Time-dependent tumor suppression profiles of tumor-bearing mice treated with PBS, Au/MOF, Fe/DOX/MOF, and Au/MOF + Fe/DOX/MOF (n =5).
Tumor size was measured at an interval every 2 days. g) Body weight change profiles of mice treated with PBS, Au/MOF, Fe/DOX/MOF, and Au/MOF
+ Fe/DOX/MOF. Body weight was measured every 2 days interval. h) H&E staining of tumor treated with PBS and Au/MOF + Fe/DOX/MOF. i) TUNEL
staining of tumor treated with PBS and s Au/MOF + Fe/DOX/MOF. j) Quantitative analysis of TUNEL-positive cells treated with PBS and Au/MOF +
Fe/DOX/MOF. Statistical analysis was performed by one-way ANOVA test (**** p<0.00001, *** p<0.0001, ** p<0.001, * p<0.07).

cascade enzymatic activities and efficient delivery of drugs for
cancer treatment. The observed cytotoxicity results were further
validated by live/dead cell imaging by using calcein-AM (green)
and propidium iodide (PI, red), as shown in Figure S16 (Sup-
porting Information). The green fluorescence from calcein-AM
is observed only in the living cell with esterase. In contrast,
the dead cell exhibits red fluorescence due to the permeable
PI dye inside the cell nucleus.*”) The control group revealed
green fluorescence, whereas a red fluorescence signal was ob-
served with our enzyme-like nanomaterials-treated groups. Im-
portantly, cells treated with Au/MOF-GC-TPP + Fe/DOX/MOF-
GC exhibited significant red fluorescence compared to other con-
trol groups, rectifying the above WST assay result. The cellular
ROS levels were then investigated to confirm the ROS-generating
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ability of our enzyme-like nanomaterials combinations (Figure
S16, Supporting Information). Dichloro-dihydro-fluorescein di-
acetate (DCFH-DA) acts as a cellular ROS indicator, converting to
DCFH by intracellular esterase and then transforming into fluo-
rescent DCF (green) in the presence of ROSI*!] Fe/MOF-GC-only
or Fe/MOF + Glu-treated cells exhibited no green fluorescence
signals, suggesting that cellular ROS were not generated with-
out glucose and Au/MOF. To mimic the TME, which naturally
contains excess H,0,, we added H,O, to confirm the combina-
tional generation of eOH through POD-like and cascade GOD-
like reactions. Strong green signals were observed in cells treated
with Fe/MOF + H,O,, indicating that effective H,0, decomposi-
tion occurred via the POD-like activity of the prepared Fe/MOF.
Compared to the PBS-treated group, cells incubated with
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Au/MOF-GC-TPP + Fe/MOF-GC + Glu also demonstrated
strong green fluorescence. Interestingly, Au/MOF + Fe/MOF +
Glu + H, 0, exhibited the strongest ROS signal, indicating a com-
binational enhancement of ROS generation ability through the
supply of additional H,0, by GOD-like Au/MOF. These results
illustrate the generation of cellular ROS by decomposing glucose
into eOH via the cascade of enzymatic activities of our enzyme-
like nanomaterials.

To assess the cell death mechanism, we monitored the mal-
ondialdehyde (MDA) level of cells treated with our enzyme-like
nanomaterials (Figure 4d). The MDA is the product of polyunsat-
urated lipid bilayer peroxidation.!*?] The level of MDA is usually
used as an indicator of ferroptosis, and MDA production would
be increased during the ferroptosis. As a result of Fe/MOF-GC
being uptaken by cells, the MDA level was effectively increased
compared to the control group, suggesting ferroptosis-mediated
cell death. In the case of Au/MOF-GC-TPP, an increase in MDA
level was observed compared to the PBS-treated group. These
findings supported that the GSH depletion led to mitochondrial-
mediated lipid peroxidation. Recently, it is reported that DOX-
mediated cellular toxicity also relates to the down-regulation of
GPx4, leading to mitochondrial ferroptosis.[**] Fe/DOX/MOF-
GC treated group and Au/MOF-GC-TPP + Fe/DOX/MOF-GC
treated one show the increased level of MDA molecules, veri-
fying the effective cellular cytotoxicity mediated by our system
via the combinatorial POD-mimic and mitochondria-mediated
excessive lipid peroxidation, eventually leading to the ferropto-
sis. To investigate the downregulation of GPx4, we conducted
immunofluorescent imaging of CT26 cells treated with various
control groups (ctrl, Au/MOF + Fe/MOF, Fe/DOX/MOF, and
Au/MOF + Fe/DOX/MOF) (Figure S18, Supporting Informa-
tion). The Au/MOF-GC-TPP + Fe/DOX/MOEF-GC treated group
showed a significantly reduced expression level of GPx4, further
demonstrating mitochondrial ferroptosis. These results further
support the cytotoxicity of our system described above. In conclu-
sion, we deduce that the combination of Au/MOF-GC-TPP and
Fe/DOX/MOF-GC has the potential to generate ROS, leading to
a powerful anticancer effect without external stimulation, mak-
ing it valuable for catalytic cancer therapy through excessive lipid
peroxidation-mediated ferroptosis.

We then conducted in vivo study to validate the therapeu-
tic efficacy of our enzyme-like nanomaterials, as depicted in
Figure 4e. The time-dependent relative tumor volume is pre-
sented in Figure 4f. Treatment with only Au/MOF-GC-TPP or
Fe/DOX/MOF-GC exhibited tumor suppression ability within 4
days of monitoring, but significant tumor recurrence was ob-
served starting from day 6. This suggested that the sole use
of Au/MOF-GC-TPP-mediated glucose consuming (starvation
therapy) or the POD-mimic by Fe/DOX/MOF-GC in combina-
tion with chemotherapy was insufficient for complete tumor
eradication. In stark contrast, the combination of Au/MOF-GC-
TPP and Fe/DOX/MOF-GC demonstrated superior tumor sup-
pression ability with minimal recurrence. These findings sup-
port that our system effectively facilitated tumor suppression
by combining consumption of glucose-mediated starvation ther-
apy, adequate H,O, supplement with acidic conditions for POD-
mimic acceleration, chemotherapy, and depletion of mitochon-
drial GSH, leading to excessive oxidative stress and lipid peroxi-
dation. Despite the significance of our system, the hypoxic condi-
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tions of the tumor microenvironment could limit the Au/MOE-
mediated GOD-like activities. Future studies need to demon-
strate this by incorporating oxygen-generating components (e.g.,
MnO, or catalase mimics) or oxygen carriers to solve current
limitations.!***7] No significant body weight changes were moni-
tored during the treatment, indicating the biocompatibility of our
system, as shown in Figure 4g. To further confirm the effective
tumor suppression, hematoxylin and eosin (H&E) staining of tu-
mor slices treated with Au/MOF-GC-TPP + Fe/DOX/MOF-GC
and control groups was performed, as shown in Figure 4h. After
1 week of treatment, the mice were sacrificed, and tumor slices
were obtained. The most significant tumor tissue damage was
observed in the Au/MOF-GC-TPP + Fe/DOX/MOF-GC group
compared to the PBS-treated group. This observation supported
the synergistic tumor eradication ability of the cascade enzymatic
reaction combined with starvation and the chemotherapeutic
effect.

Furthermore, tumor tissue damage was evaluated using ter-
minal deoxynucleotidyl transferase (TdT)-mediated deoxyuri-
dine triphosphate (dUTP) nick end labeling (TUNEL) staining,
and quantification analysis was performed (Figure 4i,j). The
TUNEL positive signal was four times higher in the Au/MOE-
GC-TPP + Fe/DOX/MOF-GC group compared to the PBS-
treated group, which aligns with the H&E staining results. Ad-
ditional histological analysis was conducted to highlight the
biosafety of our enzyme-like nanomaterials. The five major or-
gans (lung, heart, liver, kidney, and spleen) were extracted from
mice treated with PBS and Au/MOF-GC-TPP + Fe/DOX/MOF-
GC. As shown in Figure S19 (Supporting Information), no se-
vere tissue damage or organ morphological alterations were ob-
served, indicating the biocompatibility of our enzyme-like nano-
materials. These findings strongly support that our enzyme-
like nanomaterials specifically target the tumor region with-
out causing nonspecific tissue damage. In summary, the in
vivo study further validated the remarkable therapeutic poten-
tial of our system in generating ROS with excessive oxidative
stress for combinatorial catalytic, chemo-, and starvation cancer
therapy.

3. Conclusion

In this contribution, we presented ultrasmall UiO-67-BPY MOF-
based SAC produced through a simple mixing method at room
temperature. A single Fe atom was anchored to the lone-pair elec-
trons of nitrogen in the MOF to form stable Fe—N bonding, while
Au NC was introduced instead of a single Au atom due to the ne-
cessity of a multi-active site during the GOD reaction. The combi-
nation of Au/MOF and Fe/MOF induced a cascade of enzymatic
reactions in living systems. To take advantage of the abundant
porosity of MOFs, we loaded a cancer drug, doxorubicin (DOX),
into the Fe/MOF, creating Fe/DOX/MOF. To disrupt the home-
ostasis of the cellular redox system, Au/MOF was further modi-
fied with a mitochondrial targeting moiety to deplete GSH. These
changes resulted in an imbalance of the redox system and exces-
sive mitochondrial lipid peroxidation. The constructed Fe/MOF
exhibits an oxidation state of 2+ with Fe-N, , coordination bonds,
demonstrating well-established POD properties. The overall cas-
cade of enzymatic activity effectively generates «OH from glu-
cose as the substrate. Gluconic acid further induces an acidic
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environment, accelerating the POD-mimic reaction. In vitro
studies confirmed the practical therapeutic effect of the cascade
glucose oxidation and eOH generation in eradicating cancer
cells. Depleting GSH and Fe?*-induced lipid peroxidation ulti-
mately leads to ferroptosis. In vivo studies further validate our
system’s four-fold enhanced therapeutic efficacy compared to the
PBS-treated group. Our novel and straightforward synthesis pro-
cess of UiO-67-BPY MOF-based SAC and metal clusters repre-
sents a new paradigm for fabricating single-atom enzyme-like
nanomaterials for multimodal cancer treatment.

4. Experimental Section

Chemicals:  Gold(lll) chloride trihydrate (HAuCl,e3H,0; >99.9%
trace metals basis), iron (I1) chloride tetrahydrate (FeCl,e4H,0O, >99.99%
trace metals basis), sodium borohydride (NaBH,, >99.99% trace metals
basis), sodium hydroxide (NaOH, 98%), N,N-Dimethylformamide (an-
hydrous, 99.8%), ethanol (C,HgO, 99%), 3,3',5,5"-Tetramethylbenzidine
(TMB, >99%), terephthalic acid (TA, 98%), 2',7’- Dichlorodihydrofluo-
rescein diacetate (DCFH-DA, >97%), phosphate buffered saline tablet
(PBS), sodium acetate (>99%), hydrochloric acid (HCl, ACS reagent,
37%), glacial acetic acid (pharmaceutical secondary standard), peroxide
assay kit, Live/Dead cell double staining, and Lipid peroxidation (MDA) as-
say kit were all purchased from Sigma-Aldrich. Hydrogen peroxide (H,0O,,
30%) was purchased from Junsei Chemical Co. Ltd. MTT assay kit (EZ-
cyTox) from Daeil Lab Service Co. Ltd, Republic of Korea. The solvents
were used as received and without any further purification.

Instruments and Measurements: Transmission electron microscopy
(TEM) images were collected from a JEOL JSM2100-F microscope oper-
ated at 100 K. Elemental analysis and mapping were accomplished by
energy dispersive X-ray spectroscopy (EDX) using a JEOL JEM-3011 at
an accelerating voltage of 200 kV. Scanning electron microscopy (SEM)
images were taken using JEOL JSM6700-F. UV—vis absorbance spectra
measurements were conducted on a Varian Cary5000 UV—vis—NIR spec-
trophotometer. Cell viability tests were done using an Infinite M200 PRO
microplate reader. Photoluminescence (PL) spectra were collected using
a PerkinElmer LS 55 spectrofluorimeter at room temperature. X-ray ab-
sorption spectroscopy (XAS) was collected from the TPS 44A and TLS
17C1 beamlines of the National Synchrotron Radiation Research Center
(NSRRC) in Hsinchu, Taiwan. The storage works at 1.5 GeV with a beam
current of 360 mA at TLS. Fluorescence mode was used to collect the XAS
spectra in the Fe K-edge.

Multi-Slice TEM Simulation:  Simulated TEM images for UiO-67, with
a consistent size of 2.7 nm and varying thickness, were generated using
multi-slice TEM simulation, as detailed in references 1 and 2. Simulated
TEM images were obtained from a tetragonal supercell measuring 26.56
A x 26.56 A x 5-13 A, with a pixel size of 0.166 A. The super cells were
split into multiple 1.0-A-thick slices along the z-axis, with 256 x 256 pix-
els sampling in the x and y axes. Key simulation parameters included an
acceleration voltage of 200 kV, condenser aperture of 20 mrad, objective
aperture of 100 mrad, C3 aberration of 1 um, incoherence effects of 3 nm,
and spatial incoherence of 0.3 mrad. The resulting simulated TEM images
were displayed with maximum contrast, mapping image intensities to the
full grayscale range of 0 to 255. This comprehensive simulation approach
allows for a detailed investigation of UiO-67 structural and morphologi-
cal features, providing valuable insights for comparison with experimental
TEM images.

Preparation ~ of  Zirconium-Based ~ Metal-Organic  Framework
(MOF):  First, ZrCly (9.3 mg, 0.04 mmol) was dissolved in N,N’-
dimethylformamide (DMF, 5 mL) with acetic acid (0.5 mL) in a 20 mL
glass vial. The ligand solution was prepared by combining biphenyl-4,4'-
dicarboxylic acid, 2,2’-bipyridine-5,5'-dicarboxylic acid, and DMF (5 mL).
The well-dispersed ligand solution was then added to the metal solution,
and the sealed vial was placed in an 85 °C oven for 12 h without exposure
to light. Afterward, it was cooled to room temperature, and the solid was
separated using a centrifuge (8000 rpm for 10 min). The product was
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washed once with DMF and three times with methanol. Following the
washing steps, the product was dried in a vacuum oven.

Preparation of a Single-Atom Coordinated MOF:  The synthesized MOF
(1 mg mL™") was dispersed in DMF and mixed with FeCl, (1 mg mL™").
The ratio of MOF to FeCl, was adjusted to achieve a concentration of 2
wt.%. After incubating for one day, the mixture was washed using centrifu-
gation.

Preparation of Gold Cluster-Embedded MOF: The synthesized MOF
(1 mg mL™") was dispersed in DMF and mixed with HAuCl, (1 mgmL™").
The mixture was incubated for one day. After incubation, residual HAuCl,
was removed using centrifugation. Then, NaBH, (0.6 m) was added, and
the mixture was stirred overnight. Washing was performed using centrifu-
gation.

Cascade Enzymatic Activity Test: The Fenton-like ability of Fe/MOF
nanostructures was monitored by colorimetric assay using 3,3',5,5'-
tetramethylbenzidine (TMB). The Fe/MOF was suspended in a 0.1 m ac-
etate buffer (pH 4.5), and TMB and H,0O, were added to obtain a final
concentration of 80 mm for each. The reaction was conducted at a con-
stant temperature (35 °C). The UV-vis absorption was monitored.

The glucose-mimicking Au/MOF activity was monitored by measur-
ing the fluorescence of Amplex Red with and without glucose. Au/MOF
(1 mg mL™"), D-glucose (0.1 m), and Amplex Red solutions were mixed
and incubated for 30 min at 35 °C. Amplex Red was converted to fluo-
rescence resorufin in the presence of H,0, and horseradish Peroxidase.
The cascade enzymatic activities of both single Fe/MOF and Au/MOF
were then monitored by measuring the fluorescence of terephthalic acid
(TA). Au/MOF, Fe/MOF, D-glucose (0.1 m), and TA solutions were mixed
well and incubated for 30 min at 35 °C. After the reaction, fluorescence at
450 nm was measured under 315 nm excitation.

In Vitro Cell Test: Colon cancer cells (CT26) were obtained from the
Korean Cell Line Bank and cultured in Roswell Park Memorial Institute
Medium (RPMI 1640) supplemented with 10% fetal bovine serum and
1% antibiotic-antimycotic solution. The cells were maintained at 37 °C in
a 5% CO, atmosphere.

Assay of Cellular and Mitochondrial GSH Levels:  CT26 cells were treated
with various formulations, harvested, and lysed. The lysates were cen-
trifuged at 11 000 r.p.m. for 10 min, and the resulting supernatant was
utilized for GSH detection. To quantify the GSH concentration, 0.2 mL
of the supernatant was combined with 1 mL of 0.5 mm DTNB, and the
absorbance was measured at 405 nm. The GSH levels in cells treated
with nanoparticles were compared to the baseline GSH levels in untreated
CT26 cells. For mitochondrial GSH measurements, mitochondria were
isolated and lysed using a mitochondria isolation kit. The GSH levels in
the lysates were assessed following the same protocol used for cellular
GSH determination. Mitochondria extraction was performed according to
the manufacturer’s instructions.

Glucose Concentration Analysis: CT26 cells were plated in 96-well
plates at a density of 1 x 10* cells per well and cultured for 24 h. Sub-
sequently, the cells were treated with Au/MOF (0 — 300 ug mL™") and in-
cubated for 24 h. According to the manufacturer’s protocol, glucose levels
were then measured using a glucose assay kit (Abcam, ab65333).

In Vivo Tumor Suppression Test:  Balb/c nude mice were allowed to sta-
bilize for 1 week prior to CT26 inoculation. Balb/c nude mice were subcu-
taneously injected with 1 x 10% CT26 cells. Once the tumor size reached
100 mm?3, the therapeutics (the final concentration of each sample was
125 ug mL™") were peritumorally injected into the tumor region. For the
initial 4 days, the therapeutics were injected every 2 days to optimize the
therapeutic effectiveness. Tumor size was monitored at 2-day intervals for
18 days, and the mice were sacrificed for further analysis. All animal exper-
iments were conducted in compliance with relevant laws and institutional
guidelines of the Korea Institute of Science and Technology (KIST) and
were approved by institutional committees (approval number: KIST-2020-
073).

TUNEL Assay:  To confirm apoptosis in the sample-treated tumor tis-
sue, a TUNEL assay was conducted. The analysis utilized a commercially
available TUNEL kit (ab206386, Abcam, Cambridge, USA). All procedures
were carried out following the manufacturer’s instructions. Photomicro-
graphs were taken using an optical microscope.
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