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A Versatile G-Quadruplex (G4)-Coated Upconverted
Metal-Organic Framework for Hypoxic Tumor Therapy

Xuanxiang Mao, Xiaobo Zhang, Zhicong Chao, Dehui Qiu, Shijiong Wei, Rengan Luo,
Desheng Chen, Yue Zhang, Yun Chen, Yuanjiao Yang, David Monchaud, Huangxian Ju,
Jean-Louis Mergny,* Jianping Lei, and Jun Zhou*

1. Introduction

Given the complexity of the tumor microenvironment, multiple strategies are
being explored to tackle hypoxic tumors. The most efficient strategies G-Quadruplexes (G4s) are four-stranded

combine several therapeutic modalities and typically requires the
development of multifunctional nanocomposites through sophisticated

structures formed by guanine (G)-rich
strands which have emerged as a sub-
ject of intense interest in fields as di-

synthetic procedures. Herein, the G-quadruplex (G4)-forming sequence verse as cell biology, chemical biology,

AS1411-A (d[(G,T),TG(TG,),A]) is used for both its anti-tumor and

and bionanotechnology.!'! G4-forming se-

biocatalytic properties when combined with hemin, increasing the production quences are abundantly present in both

of O, ca. two-fold as compared to the parent AS1411 sequence. The
AS1411-A/hemin complex (GH) is grafted on the surface and pores of a

the human genome and transcriptome,
thereby making them a popular target for
genetic research in order to decipher their

core-shell upconverted metal-organic framework (UMOF) to generate a el T LR, Py el SR I,
UMGH nanoplatform. Compared with UMOF, UMGH exhibits enhanced used to create nanodevices, which have
colloidal stability, increased tumor cell targeting and improved O, production been effectively implemented as artificial
(8.5-fold) in situ. When irradiated by near-infrared (NIR) light, the UMGH enzymes, biosensors, and drug carriers."*!

antitumor properties are bolstered by photodynamic therapy (PDT), thanks to
its ability to convert O, into singlet oxygen ('O,). Combined with the

For instance, several G4 aptamers such as
AS1411,*1 TBA *l apMNK,!®! 813,171 850,
and AT11®! have been reported to in-

antiproliferative activity of AS1411-A, this novel approach lays the foundation teract with cellular targets, resulting in

for a new type of G4-based nanomedicine.
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therapeutic effects through various mecha-

nisms, one example being the inhibition of

the expression of the anti-apoptotic protein
B-cell lymphoma 2 (Bcl-2).1¥*#d] These G4 aptamers display de-
sirable characteristics such as easy chemical access and mod-
ification, high cellular uptake and serum stability, and low
immunogenicity.!”! Although G4 aptamers exhibit interesting tar-
get specificity and potential therapeutic activity,!*”! their appli-
cation is limited due to the complex tumor microenvironment,
which makes them difficult to deploy in a standardized manner.
To address this challenge, we report here on the design, synthesis
and use of a multifunctional nanomaterial as an efficient thera-
nostic agent.

Nanomaterials such as metal-based nanospheres, carbon nan-
otubes, and metal-organic frameworks (MOFs)!'% functional-
ized with DNAs are gaining widespread interest in nanobiotech-
nology. MOFs in particular are interesting nanocarriers ow-
ing to their easy synthetic access, controllable pore size, large
specific surface area, low cytotoxicity and good biocompati-
bility, making them suitable for drug delivery, catalysis and
biosensing applications.!**!!l Moreover, by coating them with G4-
forming aptamers such as AS1411, MOFs can be specifically
driven to cancer cells through the interaction between aptamers
and cell-surface G4-affinic receptors, such as nucleolin.!"?! Por-
phyrinic MOFs can even be used in photodynamic therapy
(PDT) as they enable increasing loading of photosensitizers
(PSs).I"¥! However, a limitation to the broader use of PDT with
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Scheme 1. Schematic illustration of a) the roles of G4/hemin (GH) complexes in the present work, b) the core-shell UMGH nanoplatform, and c) the
antitumor mechanism of the UMGH nanoplatform. Hemin is represented as a purple square, and G-quadruplex/hemin is expressed as G4 /hemin (GH);
UCNP stands for upconversion luminescence nanoparticle, MOF for metal-organic framework, and the GH-functionalized core-shell UCNP@MOF is

referred to as UMGH.

porphyrin-based MOFs lies in the necessity of visible light acti-
vation, which restricts tissue penetration. To overcome this prob-
lem, near-infrared (NIR) light irradiation would be a preferable
option, thanks to its deeper tissue penetration and lower in-
duced tissue damage.I'*! Consequently, upconversion lumines-
cence nanoparticles (UCNPs) are viewed as the best option for
converting NIR light to the visible spectrum, thus enabling NIR-
promoted PDT through fluorescence resonance energy transfer
(FRET) between UCNP and MOFs.!'! However, the efficiency of
0,-dependent PDT is hindered by the highly hypoxic microenvi-
ronment found in solid tumors.!"®!

To produce O, in situ, nanomaterial-based catalysts employ-
ing either natural (e.g., catalase) or artificial enzymes (e.g.,
nanozymes) are commonly used since they are capable of pro-
ducing O, in areas with high concentrations of H,0, such as
tumors.|'72% The use of catalase, in spite of its high efficiency
for the conversion of H,0, into O, in tumor tissues, is limited
by its physiological instability.!'”! Nanozymes, such as ion-doped
nanozymes (Fe'"'-C;N, nanosheets),/'”¢! composite nanozymes
(Prussian blue),'"”*l MOF nanozymes (MIL-100 (Fe))!'” and pre-

cious metal nanozymes (Pt, Au@Rh),''72" offer higher efficien-
cies but their synthesis and colloidal stability are limiting. Re-
cently, the Liu group developed a polymer comprising AS1411,
hemin and chlorin e6 (Ce6), which can effectively convert tumor
endogenous H,0, into O,, thereby mimicking catalase, which
proved to be effective for PDT.I"®]

This system has a great potential for further improvements;
we have thus taken the best elements from these approaches
to design an optimized nanotool. As seen in Scheme 1, we
designed and constructed a G4 aptamer termed AS1411-A
(d[(G,T),TG(TG;)4A]), derived from AS1411, which has already
entered clinical trials for cancer therapy.!*-%%| While preserving
the attractive properties of AS1411 (i.e., targeting cancer cells,
stabilizing nanoparticles, displaying interesting antiproliferative
activity), AS1411-A exhibited a substantially increased efficiency
in converting H,0, to O, in the presence of hemin when com-
pared to AS1411 (further elaborated on below). Then, we an-
chored the AS1411-A/hemin (GH) complex on the surface and
pores of the core-shell UCNP@porphyrinic MOF (referred to
as UMGH), in the aim of using this construct to fight hypoxic



tumors via a combined action of enhanced PDT and antiprolifer-
ative activities. Upon irradiation at 980 nm (NIR region), a FRET
phenomenon enabled the sensitization of the porphyrinic MOF,
resulting in the generation of singlet oxygen ('O,). This PDT ac-
tivity, when combined with the anticancer activity of AS1411-A,
created a nanoplatform with a very high efficiency against hy-
poxic tumors, as demonstrated here both in vitro and in vivo.
These findings thus broaden the possible use of G4s in the oncol-
ogy field, as the UMGH system described hererepresents a novel
type of theranostics agents.

2. Results and Discussion

2.1. Synthesis and Characterization of UMGH NPs

We synthesized the core-shell upconverted metal-organic frame-
work (UMOF) with an individual UCNP as the core and por-
phyrin MOF as the shell, using a heterogeneous nucleation
approach.!’”! We then functionalized the UMOF with the GH
complex through a simple coordination approach between the
terminal phosphate of the G4 and tan unsaturated Zr sites in
the UMOF (Figure 1a). In more detail, the initial core of the
uniform UCNP was stabilized by oleic acid (OA-UCNP) with
an average size distribution of ca. 29 nm, as evaluated by pow-
der X-ray diffraction (PXRD) and transmission electron mi-
croscopy (TEM) imaging (Figure S1, Supporting Information).
We removed the oleic acid with nitrosonium tetrafluoroborate
(NOBF,),'?%! then coated the surface of the UCNP with 3,4-
dihydroxyhydrocinnamic acid (DHCA) to form DHCA-UCNP
(Figure 1b) and PCN-222, combining tetrakis (4-carboxyphenyl)
porphyrin (H,TCPP) with metal ions (Zr(IV))."! As Zr(IV)
tended to adsorb on the surface of DHCA-UCNP by virtue of
the strong interaction with the carboxylic acid groups of DHCA-
UCNP, nucleation and growth of Zr MOF was conducted on
the surface of the DHCA-UCNP for the formation of core-shell
UCNP@MOF heterostructures (UMOF). As shown in Figure 1c,
TEM indicated an average diameter of ~59 nm with a ~100%
encapsulation efficiency for the UMOF. Scanning electron mi-
croscopy (SEM) and elemental mapping demonstrated a uniform
distribution of elements (Y, Yb, and Zr) within the core-shell
nanospheres (Figure S2, Supporting Information).

Next, the core-shell UMOF with coordinatively unsatu-
rated metal sites were functionalized with terminal phosphate-
modified GH to form core-shell UMGH.!*!! An excess of GH
was added to the dispersed UMOF and incubated for 24 h at
room temperature. The GH loading efficiency was evaluated by
UV-vis absorbance changes in the supernatant before and after
functionalization using the corresponding calibration curve of
G4 (Figure S3, Supporting Information). This efficiency was de-
termined to be as high as 4.01 + 0.26 wt %, indicative of higher
loading capacity than our previous system based on MIL-53
(Fe).**! TEM and SEM analyses confirmed the core-shell geome-
try of UMGH (Figure 1d; Figure S4, Supporting Information). A
PXRD analysis further established that the crystalline structure
UMOF was unaffected by GH functionalization (Figure S5, Sup-
porting Information).!??! Both energy dispersive X-ray elemen-
tal mapping and EDS line scan of UMGH showed that Yb, Zr,
P, and Fe elements were homogeneously distributed through-
out the core-shell spheres (Figures 1e and Figure S6, Support-

ing Information) testifying to the presence of two additional el-
ements (P and Fe) belonging to the GH complex (Scheme 1b).
Further verification of the proper formation of UMGH was pro-
vided by Fourier-transform infrared (FT-IR) analyses of GH,
UMOF and UMGH. As shown in Figure S7 (Supporting Infor-
mation), UMOF-containing samples displayed the characteristic
peaks of Zr—O bond (655 cm™'),/**| and GH-containing sam-
ples showed a peak at 1056 cm™' corresponding to the C-N group
of hemin,!?*! thereby confirming the successful formation of
UMGH.

Further information about the UMOF/GH interaction was
obtained through photoelectron spectroscopy (XPS) measure-
ments: as seen in Figure 1f, XPS analyses demonstrated the pres-
ence of C, Zr, and O elements within the UMOF, and of two addi-
tional elements (P and Fe) in UMGH, confirming that GH com-
plexes were efficiently grafted on the outer surface of the UMOF.
In more detail, the typical P peak (2p, 134.3 eV) was absent in
UMOF and present in UMGH (Figure 1g), indicative of the addi-
tion of GH on UMOF. Compared to UMOF, the Zr (3d) peak of
UMGH underwent a redshift due to the greater electronegativity
of P as compared to Zr and the formation of a Zr—O—P bond be-
tween G4 and UMOF that weakens the density of the electron
cloud around Zr atoms (Figure S8a, Supporting Information),
leading to a decrease in the shielding effect on external electrons,
thus boosting the binding energy of internal electrons.?*! The O
(1s) peak in UMGH further proved the GH/UMOF connection
through P—O—Zrbond (531.3 eV) (Figure 1h)./**! In addition, the
interactions between UMOF and tripolyphosphate (STPP) were
compared and analyzed because Zr MOFs could form Zr—O—P
bonds with inorganic phosphates.'”*! As shown in Figure S8b
(Supporting Information), similar variations of O (1s) peaks indi-
cated that GH binds to UMOF through Zr—O—P bonds. Finally,
the Fe (2p) spectrum was analyzed (Figure S8c, Supporting In-
formation), displaying peaks at 710.6, 716.8, 711.2, and 725.1 eV,
which were attributed to Fe’ 2p,,, Fe’ 2p, ,, Fe-N 2p,,, and Fe-
N 2p, ,, respectively, thus implying the presence of hemin within
UMGH 1226.25]

To further characterize the surface area and pore size of
both UMOF and UMGH, the nitrogen adsorption—desorption
isotherm was measured: as seen in Figure 1i, the Brunauer-
Emmett-Teller (BET) surface area decreased from unfunctional-
ized UMOF (1976 m? g~') to UMGH (984 m? g'), which was at-
tributed to the GH loading within the pores of UMOF. Addition-
ally, their pore size distributions were ~27 A, and the pore volume
of UMGH decreased markedly, suggesting partial pore filling by
GH complexes (Figure S9a, Supporting Information). These re-
sults, together with previous XPS data, indicated that GH com-
plexes are present on the surface as well as within the pores of
UMOFs, where their activity is still possible. Additionally, the
zeta ({) potentials of UCNP, UMOF and UMGH (Figure 1j)
were +24.7, +11.1 and —33.9 mV, respectively, indicating a better
dispersion of UMGH in aqueous solution compared to UCNP
and UMOF.”l Dynamic light scattering (DLS) measurements
showed that UMGH had a larger hydrophilic diameter than
UMOF (122 nm vs 105 nm), which again confirmed the GH load-
ing on the surface of UMOF (Figure 1k). After a 5-h incubation in
an aqueous solution, DLS analyses showed that UMGH exhibited
a lower polydispersity (index = 0.281) than UMOF (0.603), prov-
ing that GH increased the colloidal stability of UMOF. Moreover,
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Flgure 1. Preparation and characterization of UMGH nanostructures. a) Schematic illustration of the synthesis of core-shell UMGH starting from oleic
acid-capped UCNP (OA-UCNP). b—d) TEM images of (b) DHCA-UCNP, (c) core-shell UMOF and (d) coreshell UMGH. €) Energy dispersive X-ray
elemental mapping of UMGH. f) Photoelectron spectroscopy (XPS) spectra of UMOF before and after modification with GH. g,h) High-resolution XPS
spectra of (g) P 2p and (h) O 1s. i) N, adsorption and desorption isotherms for UMOF and UMGH. j) Zeta ({) potential of DHCA-UCNP, UMOF, and
UMGH. k) Dynamic light scattering (DLS) size distribution of UMOF and UMGH in aqueous solution (5-h incubation).



no obvious change in UMGH hydrophilic diameter was notable
in aqueous solution after one week (Figure S9b, Supporting In-
formation), thus confirming its very high stability. Collectively,
these results demonstrated the successful synthesis of the core-
shell UMGH nanoplatform, with GH complexes being present
both on the surface and inside the pores of the UMOF.

2.2. The Functionality of G4/Hemin Complex

We then decided to further investigate and optimize the cat-
alytic activity of GH complexes. We first verified that GH com-
plexes could indeed catalyze the decomposition of H,0, to pro-
duce O,, as previously reported.!"*?’! In an effort to enhance the
catalytic performance of GH complexes, we optimized the na-
ture of the G4 core (Figure 2a). To this end, we studied a se-
ries of AS1411 derivatives with different terminal base compo-
sitions (Table S1, Supporting Information). Circular dichroism
(CD) analyses confirmed their G4 structures (Figure S10, Sup-
porting Information).l?®!! As seen in Figure 2b and Figure S11
(Supporting Information), the catalytic activities of all AS1411
derivatives (associated with hemin) were found to be significantly
enhanced in comparison to the original AS1411. Amongst them,
AS1411-A, which had an additional A base at its 3’ end, was the
most active: its initial velocity (V,) of oxygen production from
2 mM H,0, increased to 0.13 mg L~! s~!, being almost two-fold
higher than that of AS1411 (V, = 0.07 mg L~! s7!). The catalytic
activity was further analyzed by varying the H,0, concentration:
the results seen in Figure 2c revealed that the V increased with
the H,0, concentration and that AS1411-A has a superior cat-
alytic activity to AS1411. The catalytic mechanism explaining the
production of O, relies on the oxidation of hemin bound to G4
by H,0, to form compound I (Fe"'=OPor*), which further re-
acts with another molecule of H, 0, to produce O, and H,0, and
regenerates the pseudo-enzyme.!?"!

Next, the antiproliferative activities of AS1411 and derivatives
on both no-ncancerous (MCF-10A) and cancerous cells (mouse
triple-negative breast cancer cell line 4T1) were assessed using
the colorimetric methylthiazolyltetrazolium (MTT) assay. The
results showed negligible effects on the survival of MCF-10A
cells (Figure 2d) whereas AS1411 derivatives elicited strong dose-
dependent cytotoxic effects on 4T1 cells (Figures 2e,f; Figure S12,
Supporting Information). The IC,, values of AS1411 derivatives
were close to that of AS1411 (Table S2, Supporting Information).
To further analyze the ability of AS1411 and AS1411-A to induce
cell apoptosis, the apoptotic profile of 4T1 cells with annexin V-
FITC/PI double staining was assessed by flow cytometry. Simi-
lar results were obtained for both AS1411 and AS1411-A, with
a proportion of apoptotic cells (the sum of early and late apop-
totic cells) of 53.9 and 51.3%, respectively, after 96-h incubation
at 10 pM concentration (Figure 2g).

Finally, we verified that AS141-1A efficiently targets 4T1 cells
by optical imaging (confocal laser scanning microscope, CLSM)
using a FAM-labeled aptamer. As seen in Figure 2h, the ability
of AS1411-A to interact with cancer cells was illustrated by the
strong green fluorescence of the treated 4T1 cells. Collectively,
these data demonstrate that the AS1411-A/hemin complex cat-
alyzes the degradation of H,0, to produce O,, stabilizes UMOF
in aqueous solution, targets and triggers apoptosis of 4T1 cells.

2.3. The Multifunctional UMGH

The functionality of UMGH was investigated through a cascade
catalysis process. This process consisted of two steps, the first
being the production of O, from H,0, and the second being the
FRET-mediated production of 'O, from O,. To assess the ability
of UMGH to convert H,0, into O,, the amount of O, produced
by either UMOF or UMGH was measured in solution. As seen
in Figure 3a, the dissolved O, produced by UMGH increased to
5.88 mg L~! in 300 s, which was 8.5 times higher than the amount
produced by UMOF. This noteworthy difference confirmed the
role of the grafted GH in O, generation, and was further corrob-
orated by the noticeable O, bubbling observed after the addition
of UMGH (Figure S13, Supporting Information).

Next, the energy transfer ability of UMGH was investigated.
Under NIR light irradiation (980 nm), the UCNP core harvested
low-energy photons and exhibited a relatively broad upconver-
sion luminescence (UCL) emission in the range of 510-565 nm
(*Huyz, *S32 = *1ysp5) and 650-675 nm (*Foyp — *Iy57).1*"! This
emission aligned with the Q bands (500-700 nm) of the outer por-
phyrin MOF shells, suggesting a potential energy transfer from
the UCNP core to the porphyrin MOF shell (Figure S14, Support-
ing Information). Subsequently, the UCL spectra of the UCNP,
UMOF, and UMGH were measured and analyzed (Figure 3b):
like UMOF, the emission bands of UMGH suggested an effi-
cient energy transfer from the inner UCNP core to the outer por-
phyrin MOF shell. To confirm this energy transfer, time-resolved
photoluminescence measurements were conducted: as seen in
Figure S15 (Supporting Information), the UCL decay curves of
UCNP and UMGH showed an obvious reduction from 161 to
94 ps after GH grafting, which can be used to estimate the energy
transfer efficiency from UCNP core to the shell within UMGH,
which is ca. 42% according to previously described calculation
methods.!?!

We then determined the effectiveness of UMGH to produce
'0, upon NIR irradiation (980 nm). To this end, we employed
the singlet oxygen sensor green (SOSG) reagent to monitor 'O,
production by the porphyrin MOF, under both normoxia and hy-
poxia conditions, with or without laser illumination (0.5 W cm™2).
As seen in Figure 3c, with UMGH in normoxia conditions, low
and high '0, production was detected before and after 980 nm
laser irradiation, respectively, indicating that light is an active trig-
ger for 'O, production. This generation was much higher than
that of MGH (G4 /hemin anchored Zr MOF), demonstrating the
efficient energy transfer between the UCNP core and the por-
phyrinic MOF shell. The 'O, generation of UMGH decreased to
11% under hypoxia conditions (constant N, flush), which could
be reversed by the addition of H,0, (100 pM), confirming the
strong catalytic activity of UMGH to decompose H,0, into O,.
The '0, quantum yield (®,,) of UMGH was determined to be
0.31 using methylene blue (MB) as a standard (Figure S16, Sup-
porting Information).1*! Additionally, electron spin resonance
(ESR) experiments were conducted to confirm the production of
'0, and O,* upon exposure to NIR light: as seen in Figure 3d,
three characteristic peaks (1:1:1 ratio) were observed in the pres-
ence of 2,2,6,6-tetramethyl-4-piperidine (TEMP) to trap 'O, in
water under continuous N, flush and upon irradiation at 980 nm
for 30 min in the presence of 100 pyM H,0,. This result was
close to the signals detected in normoxia conditions with either
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Figure 2. Properties of AS1411-A/hemin complexes. a) Schematic illustration of the conversion of H,O; into O, by GH complexes. b) Initial velocity
(Vo) of oxygen production in 2.0 mM H, O, solutions after adding a series of AS1411 derivatives in interaction with hemin. **p < 0.01. ) Relationship
between initial velocity (Vy) of oxygen generation and H;0O; concentration. d—f) Antiproliferative activity (ICso) of AS1411 derivatives in (d) MCF-10A
cells and (e,f) 4T1 cells treated for 96 h. g) Apoptosis analysis using annexin V-FITC/PI double staining on 4T1 cells either untreated or treated for 96 h
with 10 uM AS1411 derivatives (the proportion of apoptotic cells was the sum of early and late apoptotic cells). h) Targeting 4T1 breast cancer cells with
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bright field are shown in Figure S19 (Supporting Information).

UMOF or UMGH, in accordance with the results depicted in
Figure 3c. As seen in Figure 3e, four distinctive peaks (1:1:1:1
ratio) were observed in the spectrum of UMGH in the presence
of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in MeOH solution
containing 100 pM H,0, upon irradiation of 980 nm laser for
30 min, confirming the generation of O,"” radicals. In contrast,
a very faint signal was noticed in DMPO in an aqueous solution
containing 100 uM H,0,, suggesting that the production of «¢OH
radicals was minimal under these conditions (Figure 3f).

MOFs have emerged as promising photocatalysts activated by
visible light as the metallic nodes of MOFs act as inorganic semi-
conductors and the bridging organic linkers serve as antennae to
harvest light energy and transfer it to the metal clusters."*”! Given
the semiconductor-like behavior of outer PCN-222 MOF shell
in UMGH,!#%2313321 jt is reasonable to assume that upon expo-

sure to NIR light, photo-induced holes (h*) and electron (e~) may
be generated. The light absorption measurement of UMGH was
conducted using UV-vis diffuse reflectance spectroscopy (DRS)
(Figure S17a, Supporting Information), which revealed the pres-
ence of Soret and Q bands belonging to the porphyrins. Since the
UCNP core emitted green and red light, the band gaps energy
(Eg) was determined to be ca. 1.80 eV from DRS spectrum us-
ing the Tauc plot method (Figure S17b, Supporting Information).
Additionally, Figure S18 (Supporting Information) demonstrated
that the valence band (VB) of UMOF was located at 0.87 eV in the
XPS spectrum, and their conduction band (CB) was calculated to
be —0.93 eV according to the empirical formula E.; = E,; — Eg,
in agreement with previous findings.'”**! On this basis, we can
postulate a mechanism (Figure 3g) for the catalytic production
of '0, by UMGH: we believe that the anchored GH complexes
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Figure 4. a) Schematic illustration of the degradation of UMGH in PBS and of the release of GH, which originates in the high affinity of Zr(IV) to
phosphate ions. b and c) TEM images of UMGH before (b) and after (c) incubation with 10 mM PBS solution for 24 h. d) Degradation profiles of UMGH
incubated in either DMEM or 10 mM PBS. e) Change in size of UMGH before (orange) and after (purple) a 24-h incubation in PBS. f) CLSM images
showing the decomposition of UMGH after internalization in 4T1 cells (nuclei stained with DAPI; scale bars: 50 um).

convert H,0, into O, with high efficiency, which is itself con-
verted into 'O, according to the following cascade: upon irradi-
ation at 980 nm, the UCNP cores emitted green and red light,
which is rapidly absorbed by the outer PCN-222 MOF shell, thus
creating e~ and h* that migrate to the nanoparticle surface and
collide with O,* radicals (produced concomitantly with O;) to
produce 'O,. The core-shell UMGH nanoplatform is thus antic-
ipated to enhance PDT via the in situ generation of oxygen.

The ability of UMGH to target cancer cells was then investi-
gated by optical imaging: as seen in Figure 3h and Figure S19
(Supporting Information), UMGH strongly accumulated in 4T1
cells compared to UMOF (red fluorescence), indicating that
G4/hemin complexes endowed UMGH with good cancer cell tar-
geting ability. The black dots visible in the UMOF image may be
ascribed to its aggregation outside the cells, further indicating
that the presence of GH complexes onto the surface of UMOF im-
proved the stability of the resulting UMGH in DMEM medium.
Altogether, these results showed that the UMGH nanoplatform
can concomitantly trigger the catalytic degradation of H,0, to
produce O, and the conversion of O, into 'O, under 980 nm
irradiation, and also be specific to cancer cells. This makes the
UMGH nanoplatform a good candidate for further biological in-
vestigations.

2.4. Therapeutic Activation of UMGH by High Phosphate
Concentration

From a strategic viewpoint, it could be advantageous for the
UMGH to gradually degrade in order to liberate GH after its in-
ternalization. As illustrated in Figure 4a, UMGH is indeed ex-
pected to degrade in the presence of PBS due to the high affinity
of Zr(IV) for phosphate ions, which associate to form a low sol-
ubility adduct (K, = 10-"*).1¥] TEM images (Figures 4b,c) con-
firmed that UMGH degraded over 24 h in 10 mM PBS, while
it remained stable in the absence of PBS. This degradation was
found to be faster in PBS solution than in DMEM (Figure 4d).
Thiswas confirmed by DLS results, which showed that the hydro-
dynamic size of UMGH markedly decreased from 122 to 58 nm
after being incubated in PBS for 24 h (Figure 4e).

We can thus speculate that in cells, UMGH could be degraded
during endosomal trafficking, where the phosphate concentra-
tion is high. This is supported by CLSM images and an endo-
some/UMGH colocalization experiment (Figure 4f; Figure S20,
Supporting Information): after a 3-h incubation of UMGH in
4T1 cells, a partial overlap of green (lysotracker, lysosome) and
red (UMGH) signals indicated partial colocalization (Figure S20,
Supporting Information). As seen in Figure 4f, the UMGH
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Figure 5. Invitro studies of UMGH nanoplatform. a, b) Intracellular O, (a)
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25 um). ¢, d) Western blot (c) and quantified Bcl-2 expression levels (d) from

4T1 cells under different treatments (CAPDH used as internal reference). e)

In vitro evaluation of PDT and antiproliferative activity of UMOF and UMGH in 4T1 cells (MTT assay), with and without 980 nm irradiation (0.5 W cm™2

for 30 min). **p < 0.01, ***p < 0.001.

nanoplatform is stable in endosomes for 4 h; this is why we de-
cided to expose cells to NIR light (980 nm) for 4 h after the start
of the UMGH incubation in subsequent experiments.

2.5. In Vitro Therapy of UMGH

To go a step further, the concentration of O, in 4T1 cells incu-
bated with UMGH under hypoxic conditions was assessed us-
ing the image-iT™ green hypoxia reagent: as seen in Figure 5a,
both PBS- and UMOF-treated cells exhibited strong green fluo-
rescence; in contrast, after incubation with either GH or UMGH,
the fluorescence intensity was strongly decreased, indicating that
GH and UMGH were indeed capable of diminishing hypoxia in
cells. The generation of intracellular 'O, was estimated by CLSM
imaging (Figure 5b): a bright green fluorescence was observed

with UMGH- and UMOF-treated cells upon 980-nm irradiation
only, the former being far higher than the latter, indicating the
involvement of GH in the conversion of H,0, into O,.

As discussed above, part of the AS1411 anticancer activity re-
sults from a lowered expression of the Bcl-2 protein.*!®l To verify
whether AS1411-A acts in a similar manner, we performed im-
munoblotting experiments (with GAPDH as internal reference)
to measure the expression of Bcl-2 in 4T1 cells upon several treat-
ments. Results seen in Figures 5c,d demonstrated that 4T1 cells
incubated with UMOF under NIR irradiation (980 nm) exhib-
ited a slight decrease in Bcl-2 expression, while cells incubated
with AS1411-A showed a more significant decrease (ca. 58% of
the untreated group); similarly, cells incubated with UMGH ex-
perienced a pronounced reduction of Bcl-2 expression follow-
ing 980 nm light exposure. Additionally, MTT assays were per-
formed to confirm the lack of toxicity of UMOF (cell viability >
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Figure 6. Therapeutic effect of UMGH after intratumoral injection in mice. a-c) Tumor growth curves (a) and body weight changes (b) of 4T1 tumor-
bearing BALB/c mice under different treatments for 14 days. c) Images of tumors collected from 4 groups of mice after different treatments for 14 days.
d, €) H&E stained images (d) and (e) TUNEL assays of tumor slices collected from 4T1 tumor-bearing mice treated with PBS, UMOF and irradiation,

UMGH, UMGH and irradiation (scale bars: 100 pm).

93%, Figure S21a, Supporting Information) and the antiprolifer-
ative activity of GH (100 pg mL~' UMGH triggered a decrease
to 69% of cell viability) for 4T1 cells. In contrast, UMGH had no
significant toxicity to MCF-10A cells (Figure S21b, Supporting
Information) owing to the lack of targeting effect. We also ob-
served that NIR irradiation enhanced UMGH toxicity (Figure 5e):
while the 980-nm irradiation and the incubation of UMOF did
not display any toxicity, a 30-min irradiation of cells incubated
with UMGH triggered ca. 77% of cell death (versus 51% for cells
incubated with UMOF). Collectively, these results showed that
UMGH could exert its anticancer properties through a combina-
tion of ROS production, hypoxia attenuation, and GH antiprolif-
erative activity.

2.6. In Vivo Therapy of UMGH

Taking into account the promising in vitro results of UMGH
against 4T1 cell proliferation, its antiproliferative activity was
evaluated on tumor-bearing mice through intratumoral injec-
tion. After collecting the feces and urine for 6 days after injec-
tion of UMGH, ICP-MS analyses showed that 72.6% of Y and
75.9% of Zr were excreted through feces and urine, respectively,

confirming the degradation of UMGH (Figure S22a,b, Support-
ing Information). In comparison to UMOF, Y and Zr accumu-
lation in tumor one day post-injection of UMGH were much
higher, demonstrating the tumor targeting ability of UMGH
(Figure S22c, Supporting Information). We then monitored the
tumor volume over a period of 14 days after different treatments:
as seen in Figure 6a, the relative tumor volume in mice treated
with either UMGH without laser irradiation or UMOF after laser
illumination was 48% and 29% of that of the control (PBS), con-
firming the antiproliferative effect of GH within UMGH and of
the PDT mediated by UMOF itself. The tumors in mice treated
with UMGH and irradiated were nearly eliminated (decreasing to
5% after 14 days), confirming that UMGH displayed enhanced,
multifactorial antiproliferative activity. The survival rate of mice
treated with UMGH and laser irradiation was higher than for
other groups (Figure S22d, Supporting Information). No notice-
able change in body weight was observed during the treatment,
indicating its safety (Figure 6b). This remarkable antitumor effect
was corroborated by the size of the tumors that were surgically
removed from mice in every group (Figure 6c).

We also evaluated the expression of Bcl-2 in tumor slices
by a Bd-2 staining assay (Figure S23a, Supporting Informa-
tion): the PBS-treated mice and those treated with UMOF with



irradiation exhibited strong and bright Bcl-2 foci whereas those
treated with UMGH without irradiation and UMGH with ir-
radiation displayed weak immunofluorescence only, indicating
reduced Bcl-2 levels. We also assessed the changes in hypoxia
tracking the transcription factor hypoxia-inducible factor 1-alpha
(HIF-1a, Figure S23b, Supporting Information): strong im-
munofluorescence signals were seen within the PBS-treated and
UMOF-treated cells with irradiation, while a low immunofluo-
rescence was observed within those treated with UMGH with-
out irradiation and UMGH upon irradiation, demonstrating that
higher O, concentrations relieved tumor hypoxia.

Hematoxylin and eosin (H&E) staining experiments were
also performed with tumor slices (Figure 6d) to illustrate the
damage triggered by incubation with UMGH, UMOF, and
UMGH upon laser irradiation, which was especially serious in
the UMGH group. Terminal deoxynucleotidyl transferase me-
diated dUTP-biotin nick end labeling (TUNEL) staining exper-
iments (Figure 6e) confirmed these results, showing that the
UMGH:-treated group with irradiation had the highest apopto-
sis level.I'#22] Both H&E and TUNEL results could explain the
drastic decrease of the tumor size after intratumoral injection
of UMGH, which mediated its activity through strengthened
PDT and antiproliferative activity of released AS1411-A, which
translated into the tumor growth curves seen in Figure 6a. Fur-
thermore, the lack of apparent pathological abnormalities within
other major organs (Figure S24, Supporting Information) reaf-
firmed the potential of UMGH as a PDT agent.

3. Conclusion

In this study, we designed, synthesized and studied a novel
G4/hemin (GH) complex that displayed enhanced capacity for
catalytically converting H,0, into O,, stabilizing nanoparticles,
targeting cancer cells and killing them via an apoptotic path-
way. Then, the upconverted MOF (UMOF) was decorated with
GH complexes and the resulting core-shell UMGH nanoplat-
form was used to catalyze O, formation from H,0, and further
catalyze the generation of 'O, upon 980 nm NIR irradiation,
which was responsible for the enhanced photodynamic thera-
peutic (PDT) activity of UMGH. Further, the grafted GH within
UMGH endowed it with improved chemical stability, chemother-
apeutic activity, enhanced O, generation and targeting tumor
ability. Compared to recently reported platforms, the UMGH sys-
tem developed here has the advantages of being easily synthe-
sized, at minimal cost. The chemotherapeutic activity and en-
hanced PDT of UMGH were validated both in vitro and in vivo,
and these results clearly showed that UMGH display remarkable
antitumor properties. This work thus provides a new landmark
in the development of G4-based nanomedicine.

4. Experimental Section

The main experimental procedures were introduced here, while other
protocols were shown in the supporting information.

UMGH Synthesis: The synthesis method of UMGH was based on
the reported method with several modifications.13?] Specifically, 2 mL of
1 mg mL~" prepared UMOF was dispersed into 2 mL 10 uM G4/hemin so-
lution, with vigorous stirring at room temperature for 24 h. Subsequently,
the products were centrifugated and washed three times with water. Ulti-

mately, the obtained products were redispersed in water with 100 mM KCl
for subsequent uses.

Catalyzing the Decomposition of H,0, to Generate O,: The O, concen-
tration in PBS buffer solution was recorded in real time in the presence
of different products including AS1411/hemin complexes with different
AS1411 derivatives, UMOF and UMGH. Briefly, these compounds were
added in 2.0 mM H,0, respectively, followed by N, blowing for 30 min.
The generated O, concentration was immediately monitored by a dis-
solved O, analyzer, using a mixture of PBS and H;0; as control.

Intracellular Oxygen Generation by UMGH: Image-iT green hypoxia
reagent, whose fluorescence was quenched by O; in live cells and tis-
sues, was used as O, indicator to monitor the O, production with UMGH.
Briefly, 4T1 cells were pretreated with fresh culture medium contain-
ing UMOF and UMGH for 24 h in hypoxia environment and then the
medium was replaced with 5 pM image-iT green hypoxia reagent for an-
other 0.5 h. Then, confocal fluorescence images were collected between
510 and 540 nm under an excitation at 488 nm.

Antiproliferative Activity Test of AS1411 Denivatives: The antiprolifera-
tive effect of AS1411 derivatives was evaluated using typical MTT assays.
For the analysis, 4T1 cells were plated in 96-well plates with 5.0 x 10* cells
in each well and incubated for 24 h at 37 °C. The 4T1 cells were then in-
cubated with fresh DMEM medium containing 10 pM AS1411 derivatives
for another 96 h. Then, 50 pL of MTT stock solution (2 mg mL™") were
added to each well and incubated for another 4 h. Next, 150 uL DMSO
were added to dissolve the precipitated formazan after removing the cul-
ture medium. The absorbance at 490 nm was monitored on a microplate
reader, all samples being prepared in triplicate.

In Vivo Anticancer Effect in a Subaitaneous Model:  All animal assays
were conducted in agreement with the NIH guidelines for the care and
use of laboratory animals (NIH Publication no. 85-23 Rev. 1985) and ap-
proved by the experimental animal center of Nanjing University of Chi-
nese Medicine (Approval Number: 202208A041). To establish a 4T1tumor
xenograft mouse model, female BALB/c mice (6-8 weeks-old) were inoc-
ulated with 4T1 cells (1.0 x 10°) subcutaneously into the right flank po-
sition. After the tumor size reached 70-90 mm?3, 4T1 tumor bearing mice
were randomly divided into four groups and treated as follows: i) PBS,
if) UMGH, iii) UMOF with laser irradiation, iv) UMGH with laser irradia-
tion. UMOF and UMGH were injected intratumorally at a concentration of
2 mg mL~1. In the experiments, tumors at 4 h post-injection were irradi-
ated by the 980 nm laser (0.6 W cm™2) for 30 min with 5 min breaks after
every 5 min irradiation. The injection and treatment were repeated with
the same procedure on days 2, 4, 8, and 12. Tumor size was measured
with a vernier caliper every two days and calculated by the formula (length
X width X width)/2. The body weight of each mouse was recorded every
2 days. Tumors and major organs (heart, liver, spleen, lung, and kidney)
were sectioned for hematoxylin-eosin staining (H&E), TUNEL analysis and
immunefluorescence analyses at the end of the experiment.
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